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General introduction
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Chapter 1

General introduction

Cardiovascular disease (CVD), including coronary heart disease and cerebrovascular
disease, are the most common non-communicable diseases globally, and were
responsible for an estimated 17.8 million deaths worldwide in 2017 In the prevention
of CVD events, effective strategies have been developed by reduction of the most
important modifiable risk factors: smoking, systolic blood pressure and cholesterol.
Interventions in risk factor levels have all been proven to effectively reduce these CVD
events,?* similar to treatment with antithrombotic medication.5¢ Whereas all these
treatment options are effective in reducing CVD risk on a population level, most of
these therapies also have disadvantages like the risk of adverse events, increased
medicalization or substantial costs in the case of some novel lipid lowering options
like PCSKg inhibitors?” Even intensive lifestyle interventions may not be beneficial for
all.®2 Therefore, risk factor interventions are not recommended to all individuals but
only to those who are expected to benefit most from preventive therapy.®

To identify those who benefit most, the potential risk reduction from preventive
therapy should be weighed against disadvantages like the risk of adverse events,
treatment costs, and the preferences of both patient and physician, taking the
expected treatment duration into account. All these elements may be used in the
shared decision process between health care provider and patient to decide upon
treatment initiation.

Individualized prevention

Clinical trials investigating the preventive effect of risk factor interventions, such as
cholesterol lowering, blood pressure lowering or antithrombotic treatment, report
an average result for the whole study population.’*®* In clinical practice, however,
treatment decisions need to be taken for a single individual rather than for the whole
population. The relative effect measures of risk factor interventions are generally
representative to the individual, but the absolute effect of such interventions also
depends on an individual's risk factor levels and risk of CVD events** As those at
the highest predicted CVD risk generally benefit most from preventive therapy, the
prediction of CVD event risk to decide upon treatment initiation has already been
recommended for quite some time for apparently healthy individuals?*3 The use
of such a risk-based approach to initiate statin therapy or blood pressure reduction
have been shown to be effective and cost-effective strategies.*5

Prediction reliability

To reliably use such predictions in the shared decision process to decide upon
treatment initiation, it is important that the predictions for individual patients are
accurate and the prediction model is applicable to the specific clinical situation.
Of all currently available models for the prediction of CVD, the vast majority shows
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important methodological shortcomings or is not externally validated, thereby
hampering clinical usefulness.*® To prevent systematic under- or overoptimistic
expectations from the benefit of preventive treatment, the predicted risks should
match the actual disease incidence for the individual of interest, i.e. the model should
be well-calibrated. Ideally, this should be proven in independent data, which is as
representative to the clinical target population as possible.

Since the incidence of CVD greatly varies over geographical regions and over periods
of time, more than can be explained by risk factors in the model alone, regional
recalibration with contemporary data is usually a necessary step to ensure reliable
individual predicted risks.” Moreover, the used prediction model should be up to
the latest methodological standards, and should include correction for competing
risks in those cases where this is necessary to prevent systematic overestimation of
predicted CVD risks.*®

Apart from the accuracy of the prediction models, the clinical applicability should
be as high as possible, meaning that the model should be well suited for the clinical
practice is intended for and should be as easy to use as possible. This is affected
by model-specific factors, like the use of routinely available or easy-to-measure
risk predictors and the prediction of an outcome that captures the actual burden of
disease. In addition, the prediction measure used is in the shared decision process
is only useful if this is understandable to both patient and physician.

In addition, clinical applicability is also related to factors not directly in the model.
These include how well a model is implemented for use in clinical practice, the way
the model is distributed (for example, easy scoring charts is a lot easier than an excel
calculator) and guideline adaption. A model is only really applicable if both patient
and physician feel confident that predictions from a certain CVD prediction model
present a reliable prediction for this individual.

Apparently healthy individuals

The best-known model for the European clinical practice is the SCORE model,
published in 2003 to predict the 10-year risk of CVD mortality for apparently healthy
individuals using age, sex, systolic blood pressure, total cholesterol and current
smoking status.? This model has been widely used throughout Europe. In those with
predicted risks higher than 5% 10-year risk of CVD mortality (‘very high risk), risk factor
reduction was recommended.® Even though this model has been the recommended
model for some time, the model's predictions may be improved on in several ways.
First, the SCORE model to predict the risk of 10-year CVD mortality in the apparently
healthy was already published in 2003, based on relatively old data, often from before
1980.8 The model, nor the treatment thresholds associated with the SCORE model
have been updated since then. The SCORE model was only derived and validated
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in Western European data, using no data from the regions classified as high or very
high risk in the 2021 ESC CVD prevention guidelines.? In addition, SCORE includes only
fatal CVD outcomes, meaning it underestimates total CVD burden, which in recent
decades has shifted toward non-fatal outcomes, especially for younger people

Secondary prevention

With higher survival rates from acute CVD events, as well as due to the aging society,
the number of individuals with established atherosclerotic cardiovascular disease
(ASCVD) is increasing.® As these individuals have a high risk of recurrent CVD events,
this is an increasingly relevant group for prevention strategies. Clinical guidelines
advise classification of all patients with established ASCVD as being at 'very high
risk' for future (recurrent) CVD events.2222 After treatment to risk factor targets
recommended for all these individuals at very high risk of CVD events, large variation
in CVD risk remains between these patients.z More intensive treatment options, such
as lower treatment targets for blood pressure and low-density lipoprotein cholesterol,
or additional antithrombotic strategies have been proven to further reduce the risk
of CVD events, including novel treatment options like PCSKg inhibitors and dual
platelet inhibition.5” However, their implementation has been generally modest, in
part reflecting uncertainties about cost benefits from implementing these at scale
or uncertainties about individual risk-benefits such as the risk of major bleeding. This
makes identification of patients who may benefit most from more intensive therapy
is a key issue in clinical practice today.57 Therefore, more recent guidelines have
begun to recommend risk stratification to guide treatment decisions for secondary
prevention,®24 for example using the SMART risk score or the EUROASPIRE risk
calculator.s:2

The SMART risk score to predict residual CVD event risk was developed in a single
center in the Netherlands?, and whereas it was externally validated in several trial
and routine care populations?2829, it has currently no parameter to reflect regional
incidence differences. The EUROASPIRE model was developed using contemporary
data from the EUROASPIRE registry, using different centers from many European
countries in order to assess and implement regional incidence differences.?® However,
the EUROASPIRE risk calculator only predicts two-year risk of CVD-events and
includes predictors not routinely available in clinical practice. None of these guideline
recommended models for those with established ASCVD have been adjusted for
competing risks.?

Thesis objective
The general objectives of this thesis are to improve upon the accuracy and clinical

applicability of prediction-based treatment by developing or updating CVD
risk prediction algorithms in apparently healthy individuals and individuals with

10
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established ASCVD, and to evaluate the effectiveness of prediction-based treatment
strategies.

Thesis outline

In chapter 2, the SCORE2 model to estimate 10-year fatal and non-fatal CVD
risk in individuals without previous CVD or diabetes aged 40-69 years in Europe
is developed, validated, and illustrated. In chapter 3, the SCORE2-OP model was
developed and validated, which can be used to estimate 10-year fatal and non-
fatal CVD risk in older persons without previous CVD or diabetes. In chapter 4, the
reclassification potential of possible risk modifying characteristics in addition to the
SCOREz2 algorithm for apparently healthy individuals was evaluated and as well as
the accuracy and reclassification potential of adding a variable number of additional
risk factors for these predictions. In chapter 5, the goal was to illustrate the clinical
impact of competing risk adjustment with real-world data. In chapter 6, the pragmatic
method for real time and geographic calibration was adapted to the lifetime setting
and applied to recalibrate the LIFE-CVD model to facilitate accurate predictions of
10-year CVD risk of apparently healthy individuals. In chapter 7, the clinical endpoint
of major adverse limb events is evaluated, assessing incidence in different patient
populations and to explaining to which extent these are attributable to non-HDL
cholesterol, systolic blood pressure and smoking. Chapter 8 shows the providing
derivation, geographic recalibration, and external validation of SMART2 risk algorithm
to estimate 10-year residual ASCVD event risk in patients with established ASCVD
aged 40-80 years. The aim of the chapter 9 was to evaluate the effectiveness and
cost-effectiveness of blood pressure lowering, lipid lowering and antithrombotic
therapy guided by predicted lifetime benefit compared to treatment based on risk
factor threshold levels in terms of total gain in CVD-free lifetime and CV events
avoided in patients with symptomatic atherosclerotic disease. Chapter 10 illustrates
the potential benefit on a lifetime perspective of reaching guideline-recommended
risk factor targets for stroke patients. Chapter 11 assesses current prescription
patterns of lipid lowering therapy in stroke patients in order to evaluate patient groups
with most potential for further CVD risk reduction.

11
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CHAPTER 2

SCORE2 risk prediction algorithms: revised models
to estimate 10-year risk of cardiovascular disease in
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Chapter 2

Abstract

Aims To develop, validate, and illustrate an updated prediction model (SCORE2) to
estimate 10-year fatal and non-fatal cardiovascular disease (CVD) risk in individuals
without previous CVD or diabetes aged 40-69 years in Europe.

Methods and Results \¥e derived risk prediction models using individual-participant
data from 45 cohorts in 13 countries (677,684 individuals, 30,121 CVD events). We used
sex-specific and competing risk-adjusted models, including age, smoking status,
systolic blood pressure, total- and HDL-cholesterol. e defined four risk regions in
Europe according to country-specific CVD mortality, recalibrating models to each
region using expected incidences and risk factor distributions. Region-specific
incidence was estimated using CVD mortality and incidence data on 10,776,466
individuals. For external validation, we analysed data from 25 additional cohorts
in 15 European countries (1,133,181 individuals, 43,492 CVD events). After applying
the derived risk prediction models to external validation cohorts, C-indices ranged
from 0.67 (0.65-0.68) to 0.81 (0.76-0.86). Predicted CVD risk varied several-fold across
European regions. For example, our results suggested that the estimated 10-year
CVD risk for a 50-year-old smoker, with a systolic blood pressure of 140mmHg, total
cholesterol of 5,5mmol/L, and HDL-cholesterol of 1.3mmol/L, ranged from 5.9%
for men in low-risk countries to 14.0% for men in very-high-risk countries, and from
4.2% for women in low-risk countries to 13.7% for women in very-high-risk countries.

Conclusion SCORE2 - a new algorithm derived, calibrated, and validated to predict

10-year risk of first-onset CVD in European populations - enhances the identification
of individuals at higher risk of developing CVD across Europe.
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Graphical abstract

SCORE2

SCORE2

risk prediction algorithms

1. Model development

Sex-specific, competing risk-
adjusted risk models derived in 45
prospective cohorts in 13 countries

(~680,000 individuals, and
~30,000 CVD events)

!

Recalibration to four risk regions in
Europe using age-, sex-, and region-
specific risk factor values and CVD
incidence rates (derived using data
on ~10.8 million individuals)

I

2. Model validation

External validation in 25 prospective
cohorts in 15 European countries
(~1.1 million individuals, and
~43,000 CVD events)

!

C-indices ranged from 0.67 (95%
confidence interval [CI] 0.65-0.68)
to0 0.81 (95% Cl 0.76-0.86)

SCORE?2 risk prediction algorithms key features

Sex-specific risk prediction models

Estimate 10-year risk of fatal and non-fatal CVD

Calibrated to the most contemporary and representative CVD rates
. Available for four distinct European risk regions

Can be rapidly updated to reflect future CVD incidence and risk
factor profiles

‘ Individual example .
Patient risk factors:
50 years old
Smoker
SBP: 140 mmHg
Cholesterol: 5.5 mmol/L
HDL-c: 1.3 mmol/L

; | 10|-year risk Idepending °|" risk regilon |

1
Very high

Low Moderate High Veryhigh Low Moderate High
risk risk risk risk risk risk risk risk
4.2% 5.1% 6.9% 13.7% 5.9% 7.5% 8.1% 14.0%
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Introduction

Cardiovascular diseases (CVD), which include coronary heart disease and stroke, are
the most common fatal non-communicable diseases globally, responsible for an
estimated 18.6 million deaths in 2019.22 CVD remains a major cause of morbidity and
mortality in Europe. The European Society of Cardiology (ESC) provides guidelines and
advocates the use of risk prediction models to enhance healthcare and population-
wide prevention 34 Risk models, which integrate information on several conventional
risk factors, typically estimate individual risk over a 10-year period. The goal is to
identify people at higher risk of CVD who should benefit most from preventive action.

The ESC has convened an effort to revise its recommended risk prediction algorithm,
known as the Systematic COronary Risk Evaluation (SCORE) model.® to address inter-
related needs. SCORE includes only fatal CVD outcomes, meaning it underestimates
total CVD burden, which in recent decades has shifted toward non-fatal outcomes,
especially for younger people! SCORE does not allow for substantial variations of risk
across countries from the same risk region, meaning it may mis-estimate risk in these
circumstances. SCORE was developed from cohorts recruited before 1986 and has
not been systematically “recalibrated’ (i.e, statistically adapted) to contemporary CVD
rates, meaning it is not ideal for use in contemporary European populations. Finally,
risk prediction models recommended for other global regions,®” may not be readily
applicable to European populations because they typically include risk factors not
available in routine European data sources needed for risk model recalibration 61

To address these limitations we provide development, validation, and illustration

of SCORE2 to estimate 10-year fatal and non-fatal CVD risk in individuals in Europe
without previous CVD or diabetes aged 40-69 years.

18
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Methods

Study design

The SCORE2 project involved multiple data sources (Figure 1). First, to enable
reliable estimation of age- and sex-specific relative risks, we derived prediction
models for fatal and non-fatal CVD outcomes using individual-participant data
from 45 prospective cohorts involving 677,684 participants in 13 countries. Second,
to adapt risk prediction models to the circumstances of each European regions,
we recalibrated the derived risk models using estimated contemporary age- and
sex-specific incidences and risk factor distributions. Third, to enhance validity and
generalisability, we completed external validation using individual-participant data
from a further 25 prospective cohorts (i.e., studies not in the model derivation) involving
1,133,181 participants in 15 European countries. Fourth, to illustrate the variation of CVD
risk across European regions, we applied the model to contemporary populations.

Figure 1: Study design

Prospective cohort data with baseline after 1990
<+ 45 cohorts, 677,684 individuals, 30,121 CVD events, included in the
ERFC and UKB

Derivation of sex-specific
coefficients

CVD incidence rates
Age- and sex-specific incidence calculaled by rescaling country-

17 specific WHO CVD mortality data from 49 countries and age- and
sex-specific multipliers calculated using registry and cohort data on

10.78 million individuals

Recalibration to four risk regions
in Europe

Model development

t Mean risk factor levels

Region-specific mean risk factor values by age and sex from NCD-
RisC estimates from 55 countries

External contemporary cohorts
External i 1,133,181 individuals from 15 countries, 43,492 CVD events,
included in 25 cohorts

Estimated country-specific risk distribution
lllustration of Country-specific data derived using risk factor estimates from NCD-
predicted risks RisC and comrelation structures from prospective cohorts

Model validation and illustration

CVD, cardiovascular disease; ERFC, Emerging Risk Factors Collaboration; UKB, UK Biobank; WHO, World Health
Organizalion; NCD-RisC, Non-Communicable Disease Risk Faclor Collaboration
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Data sources and procedures

For model derivation, we used individual-participant data from the 44 cohorts
included in the Emerging Risk Factor Collaboration (ERFC) and the UK Biobank
(UKB).**2 The ERFC has collated and harmonised individual-participant data from
many long-term prospective cohort studies of CVD risk factors and outcomes.
Prospective studies in the ERFC were included in this analysis if they met all the
following criteria: had recorded baseline information on risk factors necessary to
derive risk prediction models (age, sex, smoking status, history of diabetes mellitus,
systolic blood pressure, and total- and HDL-cholesterol); were approximately
population-based (i.e., did not select participants on the basis of having previous
disease le.g., case-control studies] and were not active treatment arms of intervention
studies); had a median year of baseline survey after 1990; and had recorded cause-
specific deaths and/or non-fatal CVD events (i.e., non-fatal myocardial infarction or
stroke) for at least 1-year of follow-up. The UKB is a single large prospective cohort
study with individual-participant data on approximately 500,000 participants aged
>40 years recruited across 23 UK based assessment centres during 2006-2010, and
followed-up for cause-specific morbidity and mortality through linkages to routinely
available national datasets and disease-specific registers. Data selection for model
derivation is shown in Supplementary Figure 1. Details of contributing cohorts are
provided in Supplementary Appendix 1 and Supplementary Table 1.

For recalibration of models, we obtained country-specific CVD mortality rates
reported by the World Health Organization (WHO),*3 and estimated fatal and non-
fatal CVD incidences by using age- and sex-specific multipliers. Multipliers were
derived in the Clinical Practice Research Datalink (CPRD),* the Finnish CVD register,
the Swedish population data (linked to the Swedish National Inpatient and cause of
death registries) ** the Estonian Biobank,”” and the Health, Alcohol and Psychosocial
factors In Eastern Europe (HAPPIEE) study.’® Details of these data sources are
provided in Supplementary Table 2. Age-specific and sex-specific risk factor values
were obtained from the Non-Communicable Disease Risk Factor Collaboration
(NCD-RisC).**?° The incidence rates predicted by the recalibrated models for low
and moderate risk regions were then compared to 2018 incidence rates as reported
in national registry data from the Netherlands, Denmark, UK, Germany and Spain
(Supplementary Table 3).

For external validation of models, we included prospective cohort studies if they met
the following criteria: did not contribute to the model derivation; met the same criteria
as for the cohorts selected from the ERFC for the model derivation stage; and made
individual-participant data available to our working group. The following consortia
and individual studies were used for external validation: the MOnica Risk, Genetics,
Archiving and Monograph (MORGAM) project,? the Biomarker for Cardiovascular
Risk Assessment in Europe (BiomarCaRE) consortium,? the European Prospective
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Investigation into Cancer and Nutrition - cardiovascular disease (EPIC-CVD), % CPRD,*
Heinz-Nixdorf Recall study (HNR),2* Estonian Biobank,”” HAPIEE study,’®* HUNT study,??
DETECT study,?® and Gutenberg Health Study (GHS).?” Details of these cohorts are
provided in the Supplementary Appendix 1 and Supplementary Table 4.

The primary outcome was CVD, defined as a composite of cardiovascular mortality,
non-fatal myocardial infarction and non-fatal stroke. The CVD mortality component
of the primary outcomes resembles the endpoint definition of the original SCORE
model and includes death due to coronary heart disease, heart failure, stroke and
sudden death.5 Follow-up was until the first non-fatal myocardial infarction, non-fatal
stroke, death or end of the registration period. Deaths from non-CVD were treated
as competing events. Details of the different ICD-10 codes included in both the fatal
and non-fatal components of the endpoint are provided in Supplementary Table 5.

Statistical analysis

Details of statistical analysis are provided in Supplementary Methods. For model
derivation, sex-specific coefficients (i.e. subdistribution hazard ratios [SHRs]) were
estimated using Fine and Gray competing risk-adjusted models stratified by cohort.
The sex-specific models included the following predictors: age, current smoking,
history of diabetes mellitus, systolic blood pressure, and total- and HDL-cholesterol.
The risk factors were selected due to their predictive ability as well as their availability
in: derivation cohorts, target populations for screening, and population statistics
needed for model recalibration. Since previous research showed that associations
of these risk factors with CVD decline with increasing age, age-interactions were
added for all predictors.2®8 To maximise statistical power when estimating age-
interactions, risk models were derived in participants aged 40-79 years at baseline
without previous CVD. However, SCORE2 risk models are intended for use in people
aged 40-69 years. Similarly, while the SCORE2 risk models are not intended for use
in individuals with diabetes, participants with a history of diabetes were included at
the model derivation stage (with appropriate adjustment for diabetes status), since
people with diabetes cannot be excluded from population-level mortality statistics
and risk factor data used in re-calibration efforts. There were no (or only very minimal)
violations of the proportional hazards assumptions. Meta-regression was used to
determine temporal and geographical heterogeneity.

Risk models were recalibrated to risk regions using age- and sex-specific mean
risk factor levels and CVD incidence rates.?® All European countries were grouped
into four risk regions according to their most recently reported WHO age- and sex-
standardized overall CVD mortality rates per 100,000 population (ICD 10 chapters IX,
100-199)33 The four groupings were: low risk (<100 CVD deaths per 100,000), moderate
risk (100 to <150 CVD deaths per 100,000), high risk (150 to <300 CVD deaths per
100,000), and very high risk (3300 CVD deaths per 100,000). Incidence rates were
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estimated by rescaling region-specific CVD mortality rates, by derived age-, sex- and
region-specific multipliers, estimated in contemporary representative cohorts from
each region (Figure 2 and Supplementary Table 6). We assessed discrimination using
external validation cohorts by calculating Harrell's C-index, adjusted for competing
risks3° and in the case of EPIC-CVD weighting according to the case-cohort structure
of the data3* Comparison of SCORE2 and SCORE in relation to discrimination and
calibration was performed in CRPD, as the only nationally representative data source
with both risk factor and outcome information available at the individual-participant
level. To compare the proportion of the population at different levels of CVD event risk
according to the SCORE2 models, predicted risk distributions were simulated using
age- and sex-specific risk factor value means and prevalences from NCD-RisC and
correlation structures observed in ERFC cohorts.

Figure 2: Risk regions based on standardised CVD mortality rates

W k

Risk regions

W Very high risk
[ High risk
W Lowrisk
[] Moderate risk

Countries were grouped into four risk regions according to their most recently reported WHO age- and sex-
standardized overall CVD mortality rates per 100,000 population (ICD chapter 9, 100-199). The four groupings
were: low risk (<100 CVD deaths per 100,000), moderate rist (100 to<150 CVD deaths per 100,000), high risk (150 to
<300 CVD deaths per 100,000), and very high risk (300 CVD deaths per 100,000).

Approaches used to handle missing data are described in the Supplementary
Methods. \¥e adopted analytical approaches and reporting standards recommended
by the PROBAST guidelines3? and TRIPOD33. Analyses were performed with R-statistic
programming (version 3.5.2, R Foundation for Statistical Computing, Vienna, Austria)
and Stata (version 15.1, StataCorp, College Station, Texas). The study was designed
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and completed by the SCORE2 Working Group in collaboration with the ESC
Cardiovascular Risk Collaboration, the ERFC academic coordinating centre, and the
MORGAM and BiomarCaRE coordinating centres.

Results

Model derivation involved 677,684 participants from 45 cohorts without previous
CVD recruited between 1990 and 2009. Mean age at recruitment was 57 (SD Q) years,
300,735 (44%) were male (Table 1). During median follow-up of 10.7 (5", 95" percentile;
5.0, 18.6) years, a total of 30,121 CVD events and 33,809 non-CVD deaths were
recorded. SHRs are shown in Supplementary Table 7. The strength of associations
of model predictors decreased with older age of participants (Supplementary
Figure 2). Associations of smoking and diabetes mellitus with CVD were stronger in
women than men. Calibration and “goodness of fit" for the prediction models were
reasonable within the derivation dataset, both overall and in region-specific and in
time period-specific analyses. The C-index in the derivation dataset was 0.739 (95%
Cl 0.736-0.741). Results were similar in sensitivity analyses that omitted UK Biobank,
or excluded studies with information only on fatal events (Supplementary Table 8).
Similar SHRs were also found in analyses of the MORGAM/BiomarCaRE consortium
(Supplementary Table 9).

Table 1: Summary of available data used in SCORE2 risk model derivation

N (%) or mean (SD)

Total participants 677,684

Male sex 300,735 (44%)
Age (years) 57+9
Current smoker 101,211 (15%)
Systolic blood pressure (mmHg) 136 (19)
Diabetes mellitus 31413 (5%)
Total cholesterol (mmol/1) 5.8 (1.1)
HDL-cholesterol (mmol/1) 1.4(0.4)
Follow-up (years, 5"/95'" percentile) 10.7 (5.0-18.6)
Cardiovascular events 30,121
Non-cardiovascular deaths 33.809

Regional sex- and age-specific multipliers for conversion of CVD mortality rates to
incidence rates involved 5,256,013 men and 5,520,453 women, with 731,265 CVD
events recorded during follow up (Supplementary Table 2). Multipliers were similar
over calendar time, and across different data sources within each risk region, but
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decreased with age, were somewhat greater in women than men, and were lower in the
high/very high-risk regions compared to low/moderate risk regions (Supplementary
Table 10, and Supplementary Figures 3-5). Age- and sex-specific mean risk factor
levels used for recalibration are presented by region in Supplementary Figure 6.
Age and sex-specific 10-year mortality CVD rates and derived incidence rates are
shown for each region in Supplementary Figures 7-8. After recalibration, the SCORE2
predicted risks based on mean risk factor levels showed good agreement with the
estimated CVD event incidence (Supplementary Figure 9) and with incidence rates
obtained from external national registries (Supplementary Figure 10).

The SCORE2 charts for CVD risk estimation in four European risk regions are shown in
the Supplementary Appendix. For practical and presentational purposes, the charts
are displayed according to non-HDL cholesterol rather than total cholesterol and
HDL-cholesterol. The estimated absolute risk for a given age and combination of
risk factors seemed to differ substantially across regions. For example, the estimated
10-year CVD risk for a 50-year-old male smoker and with a systolic blood pressure of
140mmHg, total cholesterol of 5.5mmol/L and HDL cholesterol of 1.3mmol/L, ranged
from 5.9% in low risk countries to 14.0% in very high-risk countries. Similarly, the 10-
year risk for a 50-year-old woman with the same risk factor profile ranged from 4.2%
in low risk countries to 13.7% in very high-risk countries (Figure 3).

Figure 3: Predicted 10-year cardiovascular disease risks for an individual with total cholesterol
concentrations of 5.5 mmol/L, HDL cholesterol of 1.3 mmol/L, and systolic blood pressure of
140 mm Hg, for each region
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External validation of risk models involved calculation of C-indices using data from
1,133,181 individuals without previous CVD or diabetes in 25 prospective studies
from 15 European countries (43,492 CVD events were observed). C-indices showed
moderate-to-good discrimination in all regions (Figure 4), with country-specific
values ranging from 0.67 (0.65-0.68) to 0.81 (0.76-0.86). In comparison to SCORE,
SCORE2 improved overall risk discrimination (difference in C-index: 0.0100, 95% Cl
0.0085, 0.0115; P<0.001), particularly at younger ages (difference in C-index at ages
40-50 years: 0.0216, 95% Cl 0.0164, 0.0269; P<0.001), and for non-fatal CVD outcomes
(difference in C-index: 0.013, 95% Cl 0.0097, 0.0130; P<0.001; Supplementary Tables
11-12, and Supplementary Figure 11).

Figure 4: C-index upon assessing ability of the SCORE2 model to discriminate CVD in external
validation cohorts

Risk region  Country Cohort Participants Cases C-index (95% CI)
Low Denmark DanMONICA il 979 159 —— 0.724 (0.688,0.761)
DanMONICA | 1970 205 —a— 0.726 (0.694, 0.758)
EPIC-CVD 5436 3545 =i 0.727 (0.713, 0.741)
Total 8385 3909 b = 0.727 (0.711, 0.743)
France EPIC-CVD 599 36 —_— 0.728 (0.657, 0.798)
Norway Tromso 1994-1995 12919 1352 - 0.773 (0.762, 0.784)
HUNT 31473 5630 - 0.731(0.724,0.737)
Total 44392 6982 [ 0.739 (0.732,0.746)
Spain MONICA»CaIaIuma n 1605 46 — 0.754 (0.686, 0.822)
EPIC-CVI 2490 648 —— 0.731(0.708, 0.754)
Total 4095 694 —0— 0.733 (0.707, 0.759)
The Netherlands EPIC-CVD 1145 375 —— 0.721(0.684, 0.757)
United Kingdom CPRD 978752 21443 = 0.720 (0.717,0.724)
EPIC-CVD 1010 308 — 0.754 (0.715,0.792)
SHHEC 1608 173 —a— 0.731(0.697, 0.765)
Total 981370 21924 = 0.721(0.717,0.725)
Moderate Finland FINRISK 2002 4997 126 — 0.762 (0.724, 0.800)
FINRISK 1992 2702 252 —— 0.739 (0.707, 0.770)
FINRISK 1997 3590 231 —— 0.779 (0.752, 0.805)
Total 11289 609 —— 0.759 (0.728, 0.789)
Germany GHs 9509 187 —— 0.758 (0.728,0.788)
MONICA/KORA S4 2006 — 0.746 (0.702,0.790)
3322 178 0.711(0.678,0.743)
DETECT 3518 0 —_— 0.683 (o 603, 0.762)
MONICA/KORA S3 2256 145 — 0.720 (0.682, 0.759)
EPIC-CVD 2587 910 —— 0.781 (0 757,0.805)
Total 23198 1541 —0— 0.760 (0.731, 0.789)
Italy PAMELA 1250 54 —— 0.813 (0.762, 0.863)
MONICA-Brianza lll 982 60 —— 0.754 (0.696, 0.813)
Moli-sani 16594 15 — 0.750 (0.703, 0.797)
EPIC-CVD 2857 700 —— 0.751 (0.728, 0.773)
tal 21683 929 —0— 0.754 (0.725, 0.784)
Sweden Northern Sweden 2004 468 21 e — D 654 (0.550,0.777)
Northern Sweden 1990 406 79 — 08 (0.653, 0.762)
Norther Sweden 1999 1023 9 — 0704 (0.719,0. ws)
Norther Sweden 1994 498 62 — 0.715 (0.662, 0.767)
EPIC-CVD 5800 3560 — 0.737 (0.724,0.751)
Total 8195 3815 -+ 0.737 (0.720, 0.753)
High Czech Republic HAPIEE 6861 763 —a— 0.739 (0.716,0.762)
Poland HAPIEE 7530 435 —— 0.705 (0.688, 0.722)
Estonia =13 2176 157 —a 0.694 (0.650,0.739)
Very high Lithuania HAPIEE 5076 535 —— 0.669 (0.647,0.691)
Russia HAPIEE 71% 774 —-— 0.665 (0.646, 0.684)
—H— Cohort-specific estimate T T T T T

—{— Pooled estimate 05 06 07 08 09 1.0
C-index (95% Cl)

Removing the contribution of total and HDL-cholesterol from SCORE2 model
reduced C-index by 0.0078 (95% Cl 0.0091, 0.0064), providing context for the C-index
improvement of 0.01 observed in using SCORE2 rather than SCORE. To directly
compare SCORE and SCORE2, we converted fatal CVD risk estimated using SCORE
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to fatal and non-fatal CVD risk using the approach recommended by the 2019 ESC/
EAS Guidelines for the Management of Dyslipidaemias (i.e., to multiply estimates by
3 in men and by 4 in women), showing SCORE2 outperformed SCORE by avoiding
overestimation of risk (Supplementary Figure 12) and by appropriately classifying as
high-risk individuals with higher observed lifetime CVD risk (Supplementary Figure
13).

When we applied recalibrated SCORE2 models to simulated data representing
populations from each risk region, the proportion of individuals aged 40-69 years
with an estimated risk greater than 10% varied by region, from 3.4% in the low-risk
region to 51% in the very-high risk region in men and from 0.1% to 32% respectively in
women, with these proportions increasing with age, as would be expected (Figure
5 and Supplementary Figure 14).

Discussion

We have developed SCORE2, an updated algorithm tailored to European populations
to predict 10-year risk of first-onset CVD. The 2021 European Guidelines on CVD
Prevention in Clinical Practice, and its associated ESC CVD risk prediction application,
have adopted SCORE2 and its risk charts as the ESC's recommended risk prediction
algorithm. By updating SCORE in several aspects, the use of SCORE2 will enhance
the identification of individuals at higher risk of developing CVD across Europe.

First, SCORE2 provides risk estimates for the combined outcome of fatal and non-
fatal CVD events, in contrast with SCORE's use of CVD mortality only. Furthermore,
SCORE2 has been systematically recalibrated, using the most contemporary and
representative CVD rates available, whereas the original SCORE model was based
on data collected before 1986. Although it would have been possible to recalibrate
SCORE to contemporary CVD mortality rates, CVD mortality-only risk models
underestimate total risk, particularly when the case-fatality rates are lower (as in
younger individuals). Our results suggest that SCORE2 better estimates the total
burden of CVD, particularly among younger individuals, as well as showing better
risk discrimination, than SCORE.

of CVD risk and over-estimation of the benefit of treatment in populations where
the risk of competing non-CVD deaths is high. For example, this adjustment should
predominantly benefit treatment decisions in older individuals, and those from high
or very-high risk regions.
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Figure 5: Distribution of 10-year CVD risk according to recalibrated SCORE2 models across
European countries
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The proportion of individuals expected in each risk category was estimated to reflect the age-group and sex- specific
risk factor values and specific population structure of each country (Supplementary Methods 1.3).

Second, SCORE2 accounts for the impact of competing risks by non-CVD outcomes
whereas SCORE did not do so. This statistical adjustment prevents overestimation

N
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Third, the recalibration of SCORE2 to four distinct European regions defined by
varying CVD risk levels improves on the two-level regional stratification provided
by SCORE.5 Furthermore, as the recalibration used for SCORE2 avoids reliance on
sparse cohort or country-level data, it provides recalibrated calculators tailored to
sex-specific CVD rates and risk factor levels of each region. Because the recalibration
approach we used is based on registry data, the model can be readily updated to
reflect future disease CVD incidence and risk factor profiles of any target population
of apparently healthy individuals to be screened.?2° This means that if descriptive
age- and sex-specific epidemiological data are available from individual European
countries (or within-country regions), they can be readily incorporated to revise
models at a country-level 4

Fourth, the derivation, calibration, validation, and illustration of SCORE2 have been
underpinned by exceptionally powerful, extensive and complementary datasets
of contemporary relevance to European populations. These features enhance the
accuracy, generalisability and validity of the approach. In particular, SCORE2 was
developed using data on a total of more than 12.5 million individuals from dozens of
countries.

Fifth, our project illustrated the performance of SCORE2 with data estimated from
all European countries, showing that the proportions of individuals in specific risk
categories seem to differ across countries. This diversity highlights why policy makers
and practitioners need tailored tools like SCORE2 to help make more appropriate and
locally informed decisions about the allocation of prevention resources.

The potential limitations of this effort merit consideration. We derived risk prediction
models from 45 cohorts, mostly in European regions and populations at low- or
moderate-risk CVD risk. Ideally, however, the derivation of risk models for use in high
and very high-risk countries would have involved large nationally representative,
prospective cohorts in these countries, coupled with prolonged follow-up and
validation of fatal and non-fatal CVD endpoints. Unfortunately, such data do not yet
generally exist. Indeed, even in low- and moderate-risk regions, the cohorts involved
may not be nationally representative, reflecting past periods of time or self-selected
participants such as healthy volunteers .3+ \¥hile healthy volunteer bias can lead to
low estimates of absolute risk, relative risks are generally unaffected.3 Furthermore,
our approach makes the assumption that the relative risks obtained in the derivation
dataset are transferable across different populations, as evidenced by broadly similar
relative risk and good discrimination in external validation populations in all regions.
We then recalibrated models using nationally representative incidence rates from
all regions, an important step not commonly considered by other CVD risk scores,
avoiding the limitations of mis-calibration provided by potentially non-representative
incidence rates in cohort studies.®®9
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Data on medication use, family history, socio-economic status, nutrition, physical
activity, renal function, or ethnicity, were not available in cohorts and registries used
for model derivation and recalibration. Hence, interpretation of SCORE2 estimates may
require clinical judgement, especially for individuals in whom these factors may be
relevant (e.g., those taking lipid or blood pressure lowering treatments, 3¢ with a family
history of CVD,?” with chronic kidney disease ® or in at-risk socio-economic and ethnic
groups¥). In addition, some individuals in our model derivation cohorts may have
initiated preventative treatment (e.g., statin) during follow-up and accounting for this
could improve model calibration and discrimination. However previous analyses have
suggested that inclusion of information on statin-initiation during follow-up provides
only limited clinical and public health benefit39 We did not compare the performance
of SCORE2 models with other risk equations already developed for use in specific
high-income countries because these equations contain variables often not available
in European datasets used for derivation and recalibration. However, previous
analyses have suggested that only minor differences exist in risk discrimination
among guideline-recommended risk prediction models. By contrast, the clinical
performance of risk prediction models depends importantly on differing ability to
predict the correct level risk in the target population (i.e., extent of “calibration”).?
We, therefore, ensured SCORE2 was well-calibrated to current absolute risk levels
for each European region by adapting the model to contemporary CVD incidence
rates. We did not assess calibration of SCORE2 in our external validation cohorts
other than the large nationally representative dataset from the CPRD, because these
cohorts do not necessarily reflect contemporary absolute risk levels across European
regions. We did not include diabetes as a risk predictor in SCORE2 as individuals with
diabetes are generally considered at high risk of CVD (and, therefore, automatically
eligible for statin medications and other preventive interventions), and specific risk
scores already exist for this population.44

To recalibrate SCORE2 to the target European populations, we used CVD mortality
rates provided by the WHO, rescaled to estimate CVD event incidence rates, based
on multipliers derived from representative cohort studies or national registries from
three of the four risk regions we defined in Europe. For the very high-risk region
we did not have suitable data for deriving the multipliers, and therefore applied
the same multipliers as for the high-risk region. Our approach assumes that CVD
mortality rates provided by WHO are representative of each country, and that
multipliers are valid across countries within the same region, an assumption that
is difficult to test due to the lack of available incidence data in particular in the high
and very high-risk regions. However, we observed that multipliers were similar
across available studies from the same region and over calendar time, suggesting
that they are stable despite differences in CVD event rates. Furthermore, estimated
CVD rates agreed well with national incidence rates from available independent
external registries. Our risk models might have underestimated CVD risk because
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data used to estimate multipliers were likely to include some people already on
CVD prevention therapies (eg, statins or anti-hypertensive medication), but available
data were insufficient to evaluate this possibility. As we have not evaluated SCORE2
in non-European populations, its value in such settings is not entirely known. Finally,
further studies should assess the value of longer-term risk prediction (especially in
younger individuals),3* understand barriers to implementations,“2 and define the role
of using CVD risk prediction models in primary CVD prevention.4344

In summary, the 2021 European Guidelines on CVD Prevention in Clinical Practice,
and its associated ESC CVD risk prediction application, have adopted SCORE2 and
its risk charts as the ESC's recommended risk prediction algorithm, which we have
derived, recalibrated, validated and illustrated in this report.
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Supplementary Materials

Supplementary Appendix: SCORE2 charts for estimation of CVD risk in four European risk

regions.
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Supplementary Methods

1.1 Model Development

The interlinked stages of model development, including model derivation and
recalibration are summarised in Figure 1. An overview of the process is as follows:
Fine and Gray models were derived using data from the UK Biobank (UKB) and 43
cohorts included in the Emerging Risk Factor Collaboration (ERFC) (Box 1); Four risk
regions in Europe were defined according to the age-standardised country-specific
cardiovascular mortality rates. For each region, annual age and sex-specific mortality
rates were then translated to 10-year mortality risk estimates, allowing for competing
risk of non-CVD death (Box 2); In order to translate 10-year mortality to 10-year risk
of fatal and non-fatal CVD, region- age- and sex-specific multiplication factors were
estimated using representative registry data and cohorts from each risk region.
Multiplication factors were defined as the ratio between the cumulative incidence
of fatal and non-fatal CVD events and the cumulative incidence of fatal CVD (Box 3);
Multipliers were then used to translate region, sex and age specific 10-year mortality
incidence to expected 10-year risk of fatal and non-fatal CVD events (Box 4); Region,
sex and age-specific predicted 10-year risks were then estimated using the core,
un-calibrated 10-year risk models (derived in Box 1) with region, sex and age-specific
risk factors from the Non-Communicable Disease Risk Factor Collaboration (NCD-
RisC) (Box 5). The region and sex and age-specific predicted risks (from Box 5) were
compared to expected risks (from Box 4) and rescaling factors were estimated to
recalibrate the models for each region and sex (Box 6). Finally, the rescaling factors
are applied with the original un-calibrated model to give new, recalibrated risk
predictions in new individuals (Box 7).

The methods applied in Boxes 1, 2, 3 and 6 warrant further explanation and are
detailed as follows:

Box 1: For model derivation, sex-specific coefficients were estimated using Fine
and Gray competing risk-adjusted models stratified by cohort. Risk predictors were
age, sex, current smoking, history of diabetes mellitus, systolic blood pressure,
and total and HDL cholesterol and age-interactions were added for all predictors.
Continuous risk predictors were centred before analysis. The SCORE2 risk models
are not intended for use in individuals with diabetes since CVD risk among people
with diabetes may depend on additional risk factors not considered in SCORE2 (e.g.
age of diagnosis, duration, current treatment, and others). However, participants with
a history if diabetes were included at the model derivation stage, since they cannot
be excluded from population-level mortality statistics and risk factor data used in
the re-calibration process. Appropriate adjustment using a dummy-indicator for
presence of diabetes mellitus was applied, and this indicator was removed (i.e. set to
zero) for individual predictions with the final risk algorithm. There were no or minimal
violations of the proportional hazards assumptions as assessed visually based on
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plotted Schoenfeld residuals. Meta-regression was used to determine temporal or
geographical heterogeneity, which was found to be minimal.

Box 2: Estimation of 10-year competing risk adjusted mortality for each risk
region

WHO cause-specific mortality rates were supplied by country and coded in ICD-9
or ICD-10. Rates included all mortality which was included in the original SCORE
endpoint. Non-CVD mortality was defined as all mortality not included in the SCORE
endpoint. Region-level estimates were obtained by taking the age- and sex- specific
median of all country-specific estimates of CVD mortality rates from the relevant
region.

For every age-group, WHO rates representative of the midpoint of the 10-year interval
ahead were used - i.e. for the 40 to 44 year age-group the rates for 45 to 49 years
was used. WHO rates of both the fatal cardiovascular outcome and the competing
outcome non-CVD mortality were converted to 1-year mortality risks (r) using the
following formula:

r=1- e(—fatal rate)

The 1-year risks of fatal CVD were corrected for the competing risk of non-CVD
death and extrapolated to 10-year risks. This was done using life-tables with 1-year
intervals, using follow-up time as a timescale. For every interval, CVD-free survival
was calculated using the following formula:

Ser1 = S¢ X (1 — Tevar — rcomp,t)-

In which Si=probability of being alive at start of interval t. S =probability of being
alive at end of interval t; and Tewat and reomp,t are the probabilities of experiencing a
fatal CVD event or competing event respectively during interval f, given disease-free
survival up to start of interval t; For every 1-year interval of the 10-year time frame
of interest, the cause-specific cardiovascular mortality risk was calculated using:

. rcvd,t
CVrisk, = ——————% (S¢ — S¢41)
rcvd,t + rcomp,t

The fatal 10-year cumulative cause-specific risk was then calculated as the sum of
the 1-year cause-specific risks:

CVriskyy_10 = Z CVrisk,
1-10
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A worked example of this process is shown in the bottom panel of Table 1, for the
40-45 age group.

Box 3: Estimation of Multipliers to convert mortality to incidence estimates in
eachrisk region

To convert 10-year mortality estimates to incidence estimates, age- and sex-specific
multiplication factors were defined as:

Cumulative 10 year incidence total CV events,ithout prior cvp
Cumulative 10 year incidence fatal CV eventsepsire popuiation

These allowed the population level mortality statistics, which are calculated among
the whole population, regardless of prior disease status, to be converted into first
event incidence estimates, representative of the target primary prevention population
(those without prior CVD). Multiplication factors were derived in the CPRD cohort, the
Swedish Population linked to National Patient Registry and cause of death register,
and the Finnish CVD regster data for the low/moderate risk region, the Estonian
biobank and the HAPIEE study of Czech Republic for the high and very high risk
region. In each cohort and sex, two Fine and Gray models, adjusted for baseline age
and age-squared were fit: one modelling 15t CVD event as the outcome and using only
individuals without prior CVD, and one with fatal CVD as the outcome and including
all participants (regardless of prior disease). In the Finnish register, which provided
mortality and incidence rates for three years, 10-year risks were calculated using
life-table methods, as described in Box 2 above. The relevant cumulative 10-year
incidence was then predicted using each model, for each age group, and age group-
specific 10-year CVD event risk was then estimated as follows:

Cumulative incindence fatal + nonfatal CV eventsytnout prior cvp

CVDrisk = o a inci
total,10 Cumulative incindence fatal CV eventSgonerar nomutation

* CVrisky;_q0

Multiplication factors were assumed to be stable within each region and over time
(supplementary figure 3-5). To aggregate the multipliers from the different cohorts
to a single set of multipliers for the low/moderate risk region, the mean was used of
the different sets of nationally representative multipliers. For the high/very high risk
regions, the mean was calculated of all relevant multipliers, weighted by the size of
the multiplier-derivation cohort.

Box 6 Relate expected to predicted risks to calculate rescaling factors for
model recalibration

Recalibration of the core SCORE2 models was completed separately for each target
region and sex using the previously published general process described in Figure 2.
This involved the use of country-sex-specific mean risk factor levels (from NCDRisc)
and region-sex-specific estimates of expected cumulative 10-year risk, estimated
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as described above and in Boxes 2 and 3. We used the core SCORE2 risk models to
estimate 10-year predicted risk of each endpoint for each of the age groups (40-80)
using the mean risk factor values as described in Box 5. Table 1 shows a worked
example for the single age group 40-45, using the model parameters as shown in
Table 2. Having completed this process for each age group, as shown in Figure 2
we then regressed transformed expected 10-year risk across age groups on that
predicted by the core SCORE2 models to derive recalibration factors (the intercept
and slope of the resulting regression line, Table 3). The SCORE2 risk models, rescaled
using the recalibration factors were then used to estimate appropriate risks for each
potential risk factor combination, for a new individual or for formation of the example
risk charts. An example calculation for a new individual is shown in Table 4.

1.2 Missing data

Because complete case analysis may lead to loss of statistical power and possible
bias?4, values of predictors were imputed by single regression imputation with
predictive mean matching for all cohort data.

As the CPRD consists of care-as-usual data, missing data was much more frequent
and missingness was more likely to correlate with cardiovascular disease risk.
Therefore, multiple imputation was performed for the external validation in CPRD
with fully conditional specification using 5 imputed datasets.

1.3 Estimation of nationally representative predicted risk distributions

To compare the proportion of the population at different levels of CVD event risk
according to the SCORE2 algorithms, predicted risk distributions were simulated
using age- and sex-specific risk factors values means and prevalences from NCD-
RisC and correlation structures observed in ERFC cohorts. This involved the following
steps for men and women separately:

Within four subgroups of the population defined according to smoking and diabetes
status, and for 5 year age groups (agegrp) between 40 and 70 years a multivariate

normal was assumed:

pdfi(sbp, tchol, hdl, bmi | agegrp) ~ MVN(Imean_sbp, mean_tchol, mean_hdl, mean_bmil,
[sd_sbp, sd_tchol, sd_hdl, sd_bmil & corr_matrix])

where
mean_" = agegrp-specific risk factor means from NCD-RisC

sd_" = global standard deviation calculated using ERFC data
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corr_matrix = assumed correlation matrix based on ERFC data

Under the above assumptions, the probability of belonging to each cell of the risk
chart was estimated by integrating the multivariate normal probability density
function defined by the parameters and the lower and upper bounds of the risk
factor classification.

The age-specific prevalence of smoking and diabetes from NCD-RisC was used to
subdivide the age-specific total population numbers (npop, according to the Global
Burden of Disease study 2017) into the four following population subgroups, under
the assumption that smoking and diabetes are approximately independent:

a) Non-diabetic, non-smoker = npop’(1 - prev_smoking)(1 - prev_diabetes)

b) Non-diabetic, smoker = npop’( prev_smoking)'(1 - prev_diabetes)

c) Diabetic, non-smoker = npop’(1 - prev_smoking)'( prev_diabetes)

d) Diabetic, smoker = npop’( prev_smoking)'( prev_diabetes)

Expected population numbers for each cell of the risk chart were obtained by
multiplying the cell probabilities estimated in 2) by the expected population
denominators for the 4 population subgroups estimated in 3).

Estimated expected population numbers from 4) were used as weights when assessing
risk distributions based on averaging or classifying the predicted probabilities for

each cell of the risk chart (Figure 5 of the main paper and Supplementary Figure
14, which represent those without diabetes only)
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Chapter 2

Supplementary methods table 2: Model coefficients and baseline survival of the SCORE2

algorithm

Risk factor (units) Transformation Log SHR SHR
equation Male Female Male Female

Age (yrs) cage - (age - 60)/5 0.3742 0.4648 1.45 159
Smoking (current vs. other) Current = 1, other = 0 0.6012 0.7744 1.82 217
Systolic blood pressure (SBP, mm Hg)  csbp = (sbp - 120)/20 0.2777 0.3131 1.32 1.37
Diabetes’ (yes vs. no) Yes=1,n0=0 0.6457 0.8096 1901 2.25
Total cholesterol (mmol/L) ctchol = (tchol - 6)/1 0.1458 0.1002 1.16 111
HDL cholesterol (mmol/L) chdl = (hdl-1.3)/0.5 -0.2698 -0.2606 0.76 077
Smoking x age interaction cage x smoking -0.0755 -0.1088 0.93 0.90
SBP x age interaction cage x csbp -0.0255 -0.0277 0.08 0.97
Total cholesterol x age interaction cage x ctchol -0.0281 -0.0226 0.97 0.08
HDL cholesterol x age interaction cage x chdl 0.0426 0.0613 1.04 1.06

Diabetes' xageinteraction ______cagexdiabetes 00983 01272 091 088
Baseline survival 0.9605 0.9776

‘Diabetes mellitus was included in the modelling since this was necessary for the recalibration approach, which
relies data from the whole population, including those with diabetes. However, SCORE2 is not intended for use in
individuals with diabetes and has not been validated in this population. For risk prediction in the target population
of individuals without diabetes this risk factor will always be 0, meaning the coefficient can effectively be ignored.

Supplementary methods table 3: Region and sex-specific recalibration scales of the SCORE2

algorithm
Male Female
Risk region Scale1 Scale2 Scale1 Scale2
Low risk region -0.5699 0.7476 -0.7380 0.7019
Moderate risk region -0.1565 0.8009 -0.3143 0.7701
High risk region 0.3207 0.9360 0.5710 0.9369
Very high risk region 0.5836 0.8294 0.9412 0.8329

Rescaling factors for the SCORE2 model to scale individual predicted risks to the target population, based recent
nationally representative estimates of incident cardiovascular disease and risk factor levels.

44



SCORE2

Aigeqoud e ueyy Jeyjes ebejusdiad e se ssaidxe 0} Jopio ul 00T Ag paidinwi g PINoYs 81ewise eul ;930N

YIPT'0 = ((2EE0'0-T)U)-)U] X 62E£8°0+216 0)dxa-)dxa-T Q0ST 0 = ((((TFG0°0-T)u1-)U] X ¥628°0+9€8G 0)dXxa-)dxo-T ybiy Aiap
€1/0°0 = ((EE0"0-T)U1-)U] X 69EB'0+0TLG 0)dxo-)dxa-T 1880°0 = (((T¥'S0'0-T)U)-)U] X 09E6'0+£02E 0)dxa-)dxa-T yb6iH
€250°0 = (((2EE0'0-T)U]-)U] X TOLL 0+EVTE 0-)dxa-)dxa-T 1180°0 = ((((T¥S0'0-T)U]-)U] X 6008 0+G9ST 0-)dxo-)dxo-T ojelapop
YEV0'0 = (((REE0'0-T)U]-)U] X BTOL 0+08EL 0-)dXa-)dxo-T 1€90°0 = ((T¥'S0'0-T)U)-)U] X 9L/ 0+669G 0-)dXa-)dxo-T mo

ajeway aen uolBal ysiy

(({SM JA-0T pajeIqed-un-Tyul-)u] X 2o1eos + 1a1eds)dxa-)dxa-T = XS 1eak-0T pajelqine)d
sJo3orj Bureas syioads uoibai 03 Buipiodde ajewl}sa ysi Jo uoneiqned (€

2EE0"0=ggror 0y 9LLEO-T 750" 0=(zze 0)dxe G096°0-T
ajewad alen
woripeid sesundve AINSSSEQ-T = (PA3RIGIIED-UN) UOIFRWI}SD YSM JedA-0T (2
88/6€0-=% 122€0=X 1Jo1o1pald Jeaurn
..... 2Gv20'0- = ¥0-XE€1900  ¥0/100-- ¥o-x9zvoo yo--zoxz 7T hopoelsyul ebe x 10181581040 1dH
QG€T0'0= Q'0-XQ2200- 989100 = Q90-X18200- 9Q0-=€0Xe- uoloeIaiul 8be X 104915810y 18101
¥9500= 2-Xx//200- 1900= 2-XxGS200- 2-=TXz2- uoljoelaiul abe x 4gs
9/12'0= 2-X8goT0- 1910 = 2-x599/00- 2-=1X2- uoljoelaul abe x Bupjows
21250°0- = 20X Q092 0- Q6€50°0-= 20xg869z0- 20=90/(ET1-¥T) 7T (71/10WwW) 10483591042 1AH
Q00€0'0= €0X200T0 V/E70'0= €0X8SPT0 €0=1/(9-€9) €9 (7/10WwW) 101831591040 18310
T1€T€0 = TXTIEIE0 L/ll20= TX/[/[[20 1 =02/(02T - OFT) oyt (BH wwi 'dgs) ainssald pooiq 2101sAS
Yv/L0= T1XVVLLO 21090 = TXZ2T090 T +Sok (19410 "SA JuaIND) Bujows
Q6z6'0-= 2-xghaovo v/ 0-= 2-Xxev/E0 2- = 9/(09-09) 09 (SIA) aby
ojewad SIEW anjea anjep
anjen pawJojsuel} xyH 6o pawuojsue] 1030e4 sy (S}un) J1032ey} Nsiy

103}21palid Jeaul jo uoljeinoied (T

SONeA 1010} XSU USAID Yl UBLUOM JO UBW D119eIP-UOU  J0J UOIIRWIISS ¥SI JO uoiesisny| i a1qel spoyiaw Arejuswaiddng

45



Chapter 2

9661 o ¢} 2lg 096 (021016G) L6 (62) L6S €V o) EPT @129 (81) GET (21) G1P2 (Pr)9€26  (6)65  ££€g02 THONDId3 Nl
0002 2LE Y6¥ Y9z LYE (€€rtoyeeyeer €v)ivrt (S¥0) L9T @n’l9 (Ge) gt (21) 16E (0)0 (9) 89 €9e€ SHHME MN
0661 ot sl [eYA1 ge (9'610100) 8 €T 62) S8 (eto) St @TT9 (6T) 2T (62) LEQ (LY) 8G€T (£) 259 G162 1093IMSON uspams
€661 oz 12 134 yad (LT10}6/) 01T (Te) 9ot (FE€o)1€T (01) 69 (91) OFT (1€) 6€2 (00T) SLL (0) 09 GLL €010 uspams
Y661 4 z 1T 1T (T501LY) TG (L21) 2€9 (Q€0)zr't (01)6'9 (91) €T (61) 108 (P¥) Y81 (1T) 89 [eYAs74 VYZOOVIVZ ureds
1661 54 o€t gt .8€ (961016 EBT  (POT)EST  (8E€0)2h'T (I1 98 (61) 2T (92) 06€ (LV) 669 (905 LIt 3034a uleds
spuelsyleN
8661 99 99 141 81 (BE0ITT)2E (0'21) 18T (GE0)1ET (6°0) L'G (12) 991 (9€) 2¥S (EV) LV9 (€))L 15T 43dSOoud /puelal|
/PUENOOS
2002 25 25 .92 .92 (§£01SL)SL 62) LS (LE0)TV'T (T1)8'G (12) S€T (V€) 649 (EY) €98 (21) 19 LL6T SINOYL AemioN
0002 828 828 .0lz2 .0lz2 (G96010€)96 (2'9) L9z v o)t onT9 (12) LVT (22) 9111 (00T) 8019 (L) 69 8019 2071S0O AemdioN
1002 ey ey 29T 29T (96010498 (G2)€ee (LE0)8E'T (T1)8'G (22) €t (1€) 6962 (Svyegetr  (en) 29  vgvb ad3Hddo AemioN
1002 474 374 g€z  obe (§60109)5'8 (62) 1TV (EV0)2ST (T1) 89 (B1)SE€T  (62) LEOY (Eb)2€19  (EMYS  TPIPT odgnH KemioN
2002 L92 192 91T 91T (GL0109)GL (oY) €re (2¥'0) 09T (TT)T9 (€2) ovt (LE) €EEBT (G¥) 2G€2 (6) 69 9929 MIVIANNNIE AemioN
0002 e Ao} YET Tt (6otoyet)rot (Tot) 212 (LE'0)BET (60)6'G (12) 2Vt (Ge2) 619 (Y¥) 0€6 (9) €9 yote I"SY  spuepayleN
2661 129 26/ 1354 119 (2v1019€) 02t (€9) 182 (8€0)g8E'T @1 L9 (22) g€t (Fe2) 9got (6€) G¥/T (£) 99 gviy I”Sd  spueusylaN
G661 TLS S€6 919 ovL (2L101QL)EVT (02)12€ (1h'0) BY'1T (TT)T9 (02) €€t (€2) 685€ 0)0 (9)/LS 61851 DldJoadsold  spuelsylaN
8661 852 062 ftor €52 (211019°€) 901 (S'Y) €2z (o¥'0) EE€T (116G (12) 2€T (€€) 619T (8v)og€e  (Oo1PS  vE6Y AN3IATHd  spuepsyieN
G661 /1€ o124 ot Keins (0€to1€v) L0t (LT)022 (6€0) LET 0199 (L1) G2t (9€) BLLY (9F) ¥909 (9) 09 12et NIDIOW  SspuelsyieN
1661 6¥1 6v1 LLT LLT 66019€)8'8 (9'6) 612 (LE0)VET @1 L9 (02) G€t (2€) G2L (P¥) 6oot )19 Ggee NYOOH  SpuelsyleN
7661 9z 9z 6€ 6¢ (88016998 (0'9) 99 (6€0) 09T (TT)6'G (0z2) ott (Ge) 9Lz (8¥) 225 (£)19 60T 76144ANOIN Aey
7661 [e14 [e}4 gz gz (€6010/) €8 (9'9) 99 (9€0)0€'T (TT) LS (€2)evt (S2) gbe (09) 26¥ (8) 29 686 £6SSILVIN Aey
9661 S S 8 8 (2£01599)89 (Ly) Lt (e o) ¥St (T1)6'9 (81) 9Pt (92) 26 (6¥) 91 (9) 99 09€ 1440nW3 Aey
0661 oL 0ST 2S 1544 (Goz019t)20e (9°€) 62 (LE0) LT onLs (22) GvT (P2) 961 (6%) 16€ (IT) LS 008 NNYg Aey
G661 62 62 o€ o€ (180129 89 (9'2)G1T (et'0)29'T @129 (12) S€T (6€) gELT (0)0 (L) 15 fele) 474 VYNILY Aey
1002 gt gt .Ge .Ge (001 0109) 09 (8°6) 26T (6€0) 52T 0T €9 (61) g2t (T¥) 808 (19) €66 (0T) €S 0961 VOILLVY FEEID)
6661 0o o o S (6’110} 0°0) £'0T (0'¥1) 09€ (St°0)GY'T @119 (12) VT (92) 199 (6¥) G521 (1T) 89 G/Sz dIHS Auewian
1002 YL 174 €22 €22 (6:'50102) 09 (611)826  (Ob0)ob'T (€1 LS (02) BET (1) TheT (2b) 91€€ (£)19 €28/ Y3IHLS3 Auewlon
2661 [e}or4 [e)74 g6z 089 (092010929 (€€) et (€€0)9z'T onLS (61) V€T (L2) ¥¥Se (00T) €896  (€) 99 €996 JNIHd IN / @ouelq
G661 T T 09 0S (€6010€)06 (8'9) G2z (P¥'0)59'T (01)6'G (91) €E€T (91) €VS (6Y) 9€9t (L) 29 g2€ce dis3aa aouel4
€661 098 7891 w6 7S5t (F'gror€e) ot (€€) vee (19°0)09'T @nec9 (22) VT (19) 92tE (2¥) ¥Sge (01) 19 0849 N3IdOD Mlewuaq
adoung
sieak ot sieak (auadsad (@S)ues  (QS)UeslN  (QS)uesiy

jLwiinIdal  alojeq -0t wS6 pue ,,9) (7/10Ww) (1/10ww)  (Bywiw) (%) U (asj

Apnis jo yeap  yjesp alojeq dn monj04 (%)u 1049159104d>  104931S310Yd dg 19¥ows (%) u uespy
aeak ueipsiy 194lo J@ylo and and ueipaiy salaqgelq 1dH lejol U:O.._w>w uauin) usiy mmm< uoyoo >\_uCJOU

UOII_ALISP 19POW 10} PASN S1I0Y0D Ul B1ep a)ge)ieA. Jo Alewwns T ajqe] Atejuswaiddng

©
<



SCORE2

SjUBA® 181y AJUO BPNIDUI SIUBAS OAD.

18892 60QE€E 6VLbz 1T2ZTOE (9'8T0310'9)L0T (9'V)ETvIE (obo)PP'T (T'T) 89 (6t)9€t (St)TTeTor (VP)GELOOE (6)LS ¥89ll9 qvLOL
TELS €b9l  €€89 €LEL (z9zoy9V)TLT  (V'L)E2ES  (Th0)2ET (0T V'S (LT)g82T (S§T)9980T (L£)Ebgoz (6)6S 1822L (seduswy) jejoigns
7661 9t €6 099 250t (0'02016'Q) 16T (L2)89L (6€0)6ET (TS99 (1) Let (21) 992€ 0)o (£) SS9 L1162 SHM SN
/661 929 069 €9 1] (G'1T016'7) 60T (2'0) G2 (8€0) 41T (60)€G (21) 82t (9) L0S (oot)¥elot  (8)¥9  Pelot 2SHASN VSN
0661 £€rg ghez B1G  Ev11  (veeoygEe)bgr  (Por)098  (Th0)EET (198 (02)2€T  (L2)g022 (L¥)g€8E  (21)8S  2beg IISINVHN vsn
1002 152 L9V 0123 05 (T/101872) LT (Gen vig (g€0)2eT (60)0'G (T2) 9zt (91) gOOT (L¥) 2g0€ (01) 19 G159 YSIW vSN
2661 G52 felerd yoz yoz (9L015T1) €9 (8'92)98Y  (¥€0)€ET (8'0)0'G (22) gbt (8) 291 (00T) 481 (2)9L  LLgT TONOH vsn
€661 61 6% €8 €g (G6016T) 16 (2'€2) 96 (ov'0) 6T ©ontsg (Fe)ebt (L1) 0L (LE) G9T )L 7474 2SHD VSN
6861 6v1 619 .9 £68 (Bzeroyte)eer (8'21) veEY (o) byt 0199 (12) S€T (1) EEY (LE) 0Get )L 08Ee TSHD VSN
1661 921€ [er443) g86/2  g6/z (9Lz01E€V)ESGe  (@YT)TLLT (EV0)62T (RN (61) 12T (v2) L262 (GY)S9€S (949  9oozT 214V vsn
G661 96 96 19 19 (00T01EY) L6 (T'9) 0L (LE0) 62T 0199 (L1) 62T (92) G662 (8t) 259 (I1) LS [e) 441 SHSN epeue)
seouawy
o114 74 99192 9t6gt gb/lzz (0'€T0310'9)90T €h) (6€'0)S¥'T (T'T)8'S (6t) LET (ST)GVE06 (SV)268Elz (6)LS €EobSo9 (0doan3) Je303ans
06092
0661 69 69 00€ 00€ (090152 8V (TT) S€ (G2o) vt (9'0)0L ({1)9€T  (YP)ogvT  (0OT)EB2E  (9)GS  €62¢ SdODSOM N
2661 0ge 0ge €z¢€ for43) (0€rto}6€)zer (L) 8vt (o) vt @199 (P1) 121 (6T) 99T (69) L06S (9) 09 1298 H3LIHM MN
1661 099 0€6 .89€ 625 (€€101G?) 62T (G)ebt (8€0)TT'T (0199 (02) Sb1 (Y1) L2y (00T) LETE  (€)SL LETE 13LIHM N
6002 LEQET [VBST  BE6TT  Q/LLET (P21 01g/)gorl  (EP)eShgr (g€ 0)9ob'T (T1)8'G (61) g€t (o1) S0ESY  (Gh)¥EE2BT ()99 GobIEY adn MN
9661 o g6 o 16 (8/10196) VLT (r'1) Ge (LE0)ev'T onts (9T) g2t (S2) €St (Pt) 108 (9) LY 928t WV4alN MN
1661 Q€ 9t 9L 9L (890101 €Y (0°91) ¥9 (6go)ezt 60)L9 (22) 6¥1 (6€) g9t (oort) L2¥ (8) L9 L2y d3ava MN
1002 Q61 Soz LS .29 (9110199 68 (621) 05€ (eto) St (TT) €9 (61) €ET (P1) 69€ (09) 9G€T (€)99 Lolz SOH MN
sieak ot sieak (auadtad (as) ues (@s)uesay  (Qs)uesiy
jLwiyinIdal - alojeq -ot w56 pue ,,9) (/10ww) (1/10ww)  (Bywiw) (%)u as)
Apnis jo yeap  yjesp aloyeq dn monjo4 (%)u 10491s910Yyd>  104931S310Yd dg 19¥ows (%) u uespy
aeahk ueipsiy 1924l0 J@yjo and and ueipaiy salaqeiq 1AH 1ejol U:O.._m>w uanin) usi wwm< JOON uoyoo >\_«CZOU

(panuiuUoD) T @1qe) Atejuswolddng

47



Chapter 2

69-9| :€2-12| soBauUIMMM//:SAIly  SDIISITEIS JO 9IN}IISU| 1euoneN ureds
69-09| ‘€2-12| /9p'siieIsapsisauab-mmm //:sdy sieseq Auewion
69-09] ‘12| /AN BIoygmmm// sdiy uonepunod 1eaH ysiug  wopbury pajun
69-09| ‘z2-12| /M pusbujuaiojenaly//isdiy usbujusiojealH ylewusq
69-09| 12| /upypamm//:sdiy ele1endsoH yoing  spuepsyloN eyl BIeP SduUsplou|
96y '€£:0£:69:09 '25i9¥ G202 '9T:0T| soBuUIMMM//iSAIIY  SDIISITRIS JO 81NY1ISU| jeuoneN uleds
66-0| /9p'sieIsapsisaual-mmm //:sdy snelseq Auewon
66-0| /3N 0o gamsiuoummm//:sdiy SOI1SI1BIS JeUOleN JO 90WO  wopbuly payun
66-0| /P usbuluaiojepaly //sdiy uabuluaiojorialH slewuaq
66-0| /0jurBiozuspleypuozabsyjonmmm//:sdiy SPUBLIOYION SONSHEIS SED  SPUBHBUIBN @UL  prop Ajqeriop
julodpua Ul papnIduUl SBP0d AD)| EREIETEN 22IN0S Anunod

(8102 Jeak wouy 1e) so0inos ejep Assiboy
92UBPIDUI PaALIBP 3082 01 pasnh elep Ansibal Jo Alewwns € ajqe] Arejusawalddng

(spoyrew Asejuswialddns 99s) sysli Jeak-0T sejewi}se o} pajejodesixe pue (91oz-71oz) poliad Jeak 8a.y) e Jono pabeiaae alom sajel jenuuy,,
AnsiBal yieap Jo asned ysipams pue Jaisibay jusiiedu] jeuoneN ysipams ayy o abexur ybnoiyl pauieigqo aiam sjuiodpus,

ongndey
€00z 0/1T (8'G1-2'v1T) 19T (%LY) €2ty 6'9) LS /598'g J3I1dVH yoaz)d ybiH
Q102 08/59 (£8'8-12'0) 9L'0 (%8'TE) EEVTL2 (g'01) 9T'99 | WA Ao yueqgolg ueluoisy e|uolsy ybiH
..g1oe 11991 V/N (%8V) L0g'gEE'T (L'1T) G'69 886'09/'2 Jo1s1Bay AAD ysiuul4 pueul EICIE ol
6002 8v1'889 (0'0T-0°0T) 0'0T (%8Y) 695'865'2 (LY1)6LS 9L0'V¥E'S .eiep uonendod ysipams USpaOMS  91eISPO
o0z 959'6TT (OTI-7€) G2 (%467) 160°'€62°T (9'€T) 2'€S /0'685'2 addo Ewwm_m_m MO
juawyinidal
Apnis jo (40O|) s1ealk (%)u (as) uesiy sjuedidijed uolbai
Jeafuelpay sjuana AD  dn-mo1)04 ueipap usap saby jo JaquinN @24nos ejeq A1uno) ysiy
sJojoe) uoneodinu ay) JO UoIIBALIBP 4O S&2IN0S klep Jo Arewwns 2 a1qel Adejuswalddng vo..



SCORE2

8)

6002 /8T (0'G-09 09 r'o)st o189 (LT) OET (12) 561 (8Y) G95Y L€S 6056 91eI9POA SHO Auewsn SHO
€002 oy (Ov-0T) g€ (G091 (TT)6'G (LT) OET (€2)6rg  (6€)9S€T (L'Q)L VS fe3actol a1eJopon 12313a Auewsn 12313a
JAVOdVWOIg
2002 [eF41 (6'3-8'8)8'8 (r'0)G1 (0189 (02)8€T  (£2)L¥ET (9P)€1€2 (8L T'ES 166Y EISIE eI 2002 MSIYNI puejui4 /INVDIOW
(6er (r'g) JAVOdVWOIg
1661 €2 -g'€T) g€t oyt 0T LS (61) 9fT (L2)196  (BY)ev/t 125 065€ 9]eIoPON LB6T MSIYNI4 puejul4 /INVDIHONW
(gt JAVOdVIWOIG
2661 2Se -8'8T)8'8tT ot (T1) 89 (61) LET (Lz)SelL (9Y)tver (1) 019 zolz 81elopo 2661 MSIYNI puejui4 /WVYDHONW

(€10} wopbury
9661 g80€ 601) G2t (Pvo)grt (2129 (02) G€T (91) 89T (LE) 0LE (8) LS o1ot MO adAD-DId3 payun aAD-2ld3

(L) (6) (€8) wopBury
Qo002 Ehy'1e (OT1-¥'€)GL (oSt (T1) 99 (9T) 2€T 2hgegl oseegy 0'€S 25/'g/6 Mo addo panun addd
wopbury FAVOHVINOIG
G661 €1 (GL1-€9T) 9P (rovt (T e29 (22) vET (Sb) LtL (Lr)¥SL  (18)GES 8091 Mo O3JHHS palun /IWVDHONW

spuelsyieN
G661 74 (€101T6)9TT (6E0)EET (2199 (61) OET (W) ¥L¥  (69) 089 (9) 29 1427 Mo aAAD-2Id3 oyl AdAD-DId3
(9t oy
Y661 8v9 GeEnGvT (gEo) vt (TT)0'9 (02) €T G2)etL ()l (L) 25 06tz MO AAD-DId3 ureds AAD-DId3
Il BluoRIReD JAVOIVIOIg
1661 09 (08-22)9L (o€t 01 LS (61) €2t (LE)T6S  (F9)0fotr (TZ/)2eS G091 Mo -VOINOW ureds /IWVOHOW
G661 JAVOIVIWOIG
G661 2G€1  (T9T-2hT)8ST (r'0)G1 (@1 €9 (BT)8ET  (BE)S86Y (8Y)2919 (1'8) 9'1S 61621 Mo -¥66T OSWoI| KemioN /INVOHONW
(€€) (L)
9661 0£99  (8'22-T6T)T22 (royvt (@1ne9 (02) 8€T 0/20T €6/YT (99 TES €LV1E Mo INNH AemuoN INNH
/661 9€ (TT01/6)50t  (T70) 78T (01)09 (1) Get (6) 99 (0)0 (9) 99 669 Mo aAAD-2Id3 aouel4 aAAD-2Id3
9661 g¥Ge  (Etoy69) ot (GF0)9ET (2129 (22)Gvt  (YP)Give (09)/L82€ (V)89 9EYS MO dAD-DId3 siewuaq dAD-OId3
g9 FYvodvINOIg
1661 691 (9'61-T9T) €61 oSt (TT)T9 (8T) L2T (19) 96Y  (6Y) b €9 6.6 Mo 111 YDINOIWuUeq slewusaq J/INVOHONW
JHVOHVIOIg
7661 goz (T/1-T91) 9'OT ot (TT)T9 (8T) 92t (29) Lzot  (BY)696 (T'Q)TTS o/L6t Mo | VOINOWuUeQ lewuaq /INWVDHONW
(as) uesp (as)uesi (as)uesn o
jusluinisad LSuana (o) sreak (1/10Wiw) (/10w (Bywiw) Caru (%)u (as) sjueddijed uoibai
Apnis jo dn-mon)o) Jvows uesp Hoyod Anunod $924no0s ejeq
and 10193S810Y2  10493S810YD dg usW JOON sty
Jeal ueipap uelpap N saby
1aH 1ejoL anoishs

UOIBPIIeA 1eUIS]X 10} PasN S0Y0D Ul elep algelieAe Jo Alewwns ¥ aiqel Arejuswalddng



sa1deIp UM STeNPIAIPUL Ul 95N Joj pasodold Jou S| 2340DS 92UlS JoSeep UOIePIIeA 83 LU0} POPN]OXS 81om SO19gRIP Ylinm SJenpIAIpU|,
uBisep 110402-8582 B SMON10) YdIym AJUO GAD-DIdT 10) JUBAS]SI '11040D-NS 8] 8PISINO S8SED SOpN|dul OS]y ,

€00z VLl (€€T1-LQ) V6 (G091 €1¢€9 (Ge2) vt (62) 6012 (Y¥)egit (1) LLS [e]} 94 ybiy Aiap J3I1dVH e|ssny J3IdVH
(97)
9002 GEG (T01-6'g) 56 (o9t (TT)0'9 (e2)obt (22) Lzt (S¥)60o€z 09 905 ybiy Asan J3IdVH eluenyi 33I1dVH
€ooz ey (r'v1-9€n) L€ (royvt (1) 89 (22) g€t (PE)BEGZ (8h)185E (0/)2LS 0€SL ybiH 33IdVH puejod J31dVH
vL)
8002 LSt (T'11-8'6) 8'0T (Go)Lt (THT9 (€1) €21 (€€)89L  (2€)9EL 0’09 L9te ybIH yueqolg ueluois3 eluols3 yuegolg ueluols3
ongndey
€00z €9/ (8'GT-2¥1) TGt yovrt onTsg (02) B6ET (£2)00LT (V) EBOE (6'Q) LLS 1989 ybiH J3I1dVH yoozd J31dVH
¥661T 095€ (rrorelter (7o) vET (2119 (02)ePT  (EE)6B68T (€9)980E (L) LS 00859 81elopo aAD-2ld3 uspams dAD-DId3
(r'g) JAVOIVINOIG
ooz 12 (6/4-81)6L (€0)TT (2129 (61) 2€T (reyott  (Lp)oze S felei4 8lelopoly Y00z Uspams'N uspams /IWVDHOW
(9'8) FHVOdVYINOIg
6661 £6 (6et-Lz21) 82t (ro)St @TT9 (12) G€T (G2)09z  (6¥)¥0S Tvs g€zot 8]eJopo|N 6661 uspams ‘N uapams J/INVOHONW
8) JHVOHVIOIG
7661 29 (6L1-LLT) QLT (royvt €199 (22) Vet (2€)69T  (8h) Ltz g8'€g g6V o1elopolN V66T uspams ‘N uspams J/IWVOION
(612 69 JHVOHVIOIG
0661 6L -0'61) 8’12 ot @19 1) veT (0€) €2t (L) 16T 0'2s Qov 81eIopPOo|N  066T UBpPams ‘N uspams J/INVOIONW
S66T ool (2To196)TIT  (TF0)erT (T T'9 (61) €T (0€)6598 (th)ogIt  (H)ES 198z 81elapoN aAD-Dld3 Aey adAD-Dld3
6'8) JAVOdVINOIG
1661 ¥S (LT1-6°0T) E'TT (r'0) Gt (TT) 09 (02) G€T (62)29€  (6Y) 219 S¥S oget 81elopoN VI13INVd Aey J/INVOHON
Gt 1l FHVOdvYINOIg
v661 09 -eYT)ovT (¥'0)St (T1)09 (og)2€T (92)2Se  (BY) gy (¥L)6eS 2g6 S]eISPON  ezuelg-YOINOW Aey /WVOHdONW
€8) JHVOHVIOIG
/ooz git (€S9-v€ et (ro)gt (T 99 (61) B6ET (Ge) g6ty (9V) 1L9L 2Eeg 6591 8]eISPON 1ues-11o0N Aey /INVOHONW
(99 nesey
1002 8/1 (§°G1-T0o1T) 9 €T (G0)9T (TT) 09 (61) O€T (Ge) L18  (9F) Geqt 299 22Ee 8]eISPON JIOPXIN-ZUIoH Aueuwsty 11eo8y JIOPXIN-ZUIoH
9661 o016 (010169)9'8  (EV0)erT (T 19 (61) €T (92)699 (§9)o0zvT  (£) €S 18592 81elopoN dAD-2Id3 Auewis adAD-Dld3
(r'g) IS JIVOIVINOIG
0002 18 (26-€9) L8 (r'0) gt (T T'9 (61) TET (22)6YY  (8%) 6596 orS [e]eler4 81eISPOIN  VHOM/VIINOW Auewien J/INVOHON
€rr (€8) €S FHVOdVYINOIg
G661 14 -Got)o'vtT ot (T 19 (02) 9€T (92) 789  (09) 6TTT €vg [el°rt 91eJopPON  VHOM/VIINOW Auewst /INVOHOW
(a@s)uesp (as)uesi (@s)uesi o
justuginidad .S1uana (o) sreak (1/10Ww) (1/10Wiw) (Bywiw) Cau (%)u (as) sjuedidijed uoibai
Apnis jo dn-mon)o) Jows uesp Hoyod Anunod $924n0s ejeq
and 1049359102  10493S810Yd dg us JOON Aty
aeak ueipap uelpap N saby
1aH 1ejol ano3shs

Chapter 2

(penunuo) ¥ aiqel Atejuswaiddng o
Yo}



Suppementary Table 5: Endpoint definitions

SCORE2

Fatal cardiovascular disease- cause specific mortality due to any of the following:

Endpoints included ICD10-codes ICDg-codes
Hypertensive disease 110-16 401 - 405
Ischemic heart disease 120-25 410 - 414
Arrhythmias, heart failure 146-52 426 - 429
Cerebrovascular disease 160-69 430 - 438
Atherosclerosis/AAA 170-73 440 - 443
Sudden death and death within 24h of symptom onset R96.0-96.1 798.1,798.2
Endpoints excluded from the above endpoint:

Myocarditis, unspecified 151.4 426.7
Subarachnoid haemorrhage 160 429
Subdural haemorrhage 162 430
Cerebral aneurysm 167.1 4321
Cerebral arteritis 168.2 437.3
Moyamoya 167.5 437.4
Non-fatal cardiovascular disease

Non-fatal myocardial infarction 121-123 410
Non-fatal stroke 160-69 430-438
Excluded from the non-fatal stroke endpoint:

Subarachnoid hemorrhage 160 429
Subdural hemorrhage 162 430
Cerebral aneurysm 167.1 4321
Cerebral arteritis 168.2 437.3
Moyamoya 167.5 437.4
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Chapter 2

Supplementary Table 6: Age- and sex- standardized WHO CVD mortality rates per country

Age and sex Age and sex
standardised CVD standardised CVD
Countr mortality per 100 000 W Country mortality per 100 000 VL
v Y collected collected
person years, person years,
ICD chapter 9 ICD chapter 9

Moderate risk region

Iceland 101.0 2016
Portugal 107.9 2014
Sweden 109.0 2016
Italy 1101 2015
San Marino -

Ireland 1115 2014
Cyprus 111.5 2016
Finland 128.5 2015
Austria 130.9 2016
Malta 1333 2015
Greece 138.8 2015
Germany 139.0 2015
Slovenia 143.3 2015

Countries without available population or incidence data
in the WHO database (indicated by - ) were grouped
using rates available from neighbouring countries.
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SCORE2

Supplementary Table 7: Summary of subdistribution hazard ratios for predictor variables in

the SCOREZ2 risk models

Men Women

(292710 participants, 16339 CVD (370957 participants, 11072 CVD
cases) cases)

Main effect Age interaction Main effect Age interaction

term

term

Age (per 5 years) 1.45 (1.43,1.48)

Current smoking 1.82(1.76, 1.89)

SBP (per 20mmHg) 1.32(1.30, 1.34)
Total cholesterol (per 1 116 (1.14, 1.17)

mmol/L)

HDL cholesterol (per 0.5 0.76 (0.74, 0.78)
mmol/L)

History of diabetes
mellitus®

1.01(1.81, 2.01)

0.93(0.91, 0.95)
0.98 (0.97, 0.98)
0.97 (0.96, 0.98)

1.04 (1.03, 1.06)

0.91(0.88, 0.93)

1.59 (1.56, 1.62)
217(2.07,2.27)
1.37 (134, 1.39)

111(1.09,1.12)

0.77(0.75,0.79)

2.25(2.11, 2.40)

0.90 (0.87,0.92)
0.97 (0.96, 0.98)

0.98 (0.97, 0.99)

1.06 (1.05, 1.08)

0.88(0.85, 0.91)

Sex-specific subdistribution hazard ratios (SHR) from Fine and Gray models predicting the risk of fatal and non-fatal
CVD events as derived in the ERFC and UK Biobank. Age was centered at 60 years, systolic blood pressure at 120
mmHg, total cholesterol at 6 mmol/L, and HDL cholesterol at 1.3 mmol/L. The median baseline survival at 10 years
in the derivation cohorts was 0.9605 for men and 0.9776 for women.
These SHRs are relevant for risk estimation only and have not real eatiological interpretation. Log(SHRs) are shown
in supplementary methods Table 2 with sufficient precision for risk estimation.
‘Diabetes mellitus was included in the modelling since this was necessary for the recalibration approach, which
relies data from the whole population, including those with diabetes. However, SCORE2 is not intended for use in
individuals with diabetes and has not been validated in this population. For risk prediction in the target population
of individuals without diabetes this risk factor will always be 0, meaning the coefficient can effectively be ignored.
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Supplementary Figure 1: Data selection for model derivation

135 studies from ERFC and UK
Biobank

1,976,392 participants

v

v

129 studies
1,912,419 participants

v

A 4

62 studies
1,256,807 participants

A 4

Combined total
45 studies
677,684 participants

- 5 studies, 7,481 participants dropped
since case control design

- 56,492 participants dropped since
from active trial arms of clinical trials (6
trials)

- 67 studies, 655,712 participants
dropped since minimum year of study
recruitment before 1985 or median year
of study recruitment before1990.

- 8 studies, 61,010 participants dropped
since studies were non-European or
American.

- 96,077 participants dropped since
participants had prior vascular disease
or missing follow-up

- 9 studies, 390,108 participants
dropped since cohort has at least 1
covariate completely missing

- 31,828 participants dropped since age
was less than 40 or greater than 80

59



Chapter 2

aby

0L S9 09 ¢¢ 0 S¢ O
I I I 1 1 1 1

(loww g0 Jad) |oJs)saloyd T1aH

aby

0L 69 09 &§ 0S GF OF
1 1 1 1 1 1 1

sajaqelq

90 %0 <¢0 00

80

ol

oljes pIezey uoiNqUISIpans

ohjel piezey uonnguisipgng

aby

0L 69 09 S 05 St O
| 1 | | 1 I 1

/-

(loww L Jad) jo48)sajoy) )0 L

aby

0L 69 09 G5 0§ GF OF
I 1 I 1 1 1 1

/|

UBWOA\ ——
uspyy —

Bujows juangy

gL gL v TL 01

U4

Oljel piezey uohnquisipang

onel piezey uonnqguisipgng

aby

0L S9 09 S¢ 0S5 S¢ OF
1 | 1 I 1 1 1

/

(BHwwogz Jad) dgs

aby

0L 89 09 S% 09 G OF
1 1 1 1 1 1 1

(sJeak g 1ad) aby

8L 9L ¥IL 2L 01

0

Oljel plezey uonnquisipang

ofjes piezey uonnaquisIpans

sebe jJuaialip 1 SI0108) ¥SI JO 10848 aAleIal 8y ‘2 ainbi4 Atejuswalddng



SCORE2

"SJUBAS QAD Joud Inoyim uolreindod sy Ul SJUSAS AD JO 82USPIDUl BAIFRINWIND 8y} pue uojjeindod 83191dwod ayj ul dAD 1e1es
JO ©2UBPIOUI SAITRINWIND BU1 USO8 Oljel 8] SB PaULsp 8lam S1010.) uoieddimniA “MN ‘addD Ul SjeAlajul Jeak 81Buls JoA0 pe1eInoled se ‘UoiBal sl Mo 8y Ul S1010e) uoneondimniy

Jea A Jea A
910¢ S10C ¥L0C €10C ¢10Z L1L0C 0L0C 600C 800C¢ L00C 900C S00C 910¢ SL0C ¥L0C €10C ¢L0C L1L0C 0L0C 600C¢ 800C £00C 900C S00C
-0 O
08 —o—
LG L
Gl —e— B
0, —e—
L0 L
GO —e ol
09 —e— W W
= lgL =
S5 - S S
o) [0}
0§ —e— = =
- 0C
Sy e 0C
oy —e— oz
obe 8¢
- 0€
F0g
USWOAN usiy

QydD wody sio1oey uoiedndimnui ul sesualiayip jesodwsa] € ainbi4 Arejuawalddng

61



Chapter 2

Supplementary Figure 4: Aggregated and cohort-specific multiplication factors
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Multiplication factors as derived in all relevant cohorts. The regional estimate lines shows the final multiplication
factors as used for the recalibration, a weighted mean of the regional cohort-specific estimates.
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Supplementary Figure 5: Comparison of SCORE2 age and sex specific-multipliers with those
estimated in several validation cohorts
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Table 9
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Supplementary Figure 7: Cardiovascular mortality, derived incidence, and multipliers by risk
region
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Supplementary Figure 8: Cardiovascular mortality and derived incidence in all risk regions
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Supplementary Figure 9: Estimated CVD incidence rates and predicted risks
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Supplementary Figure 13: Calibration of SCORE and SCORE2 in CPRD data
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Conversion of fatal CVD risk estimated using SCORE to fatal and non-fatal CVD risk, was completed using the
approach recommended by the 2019 ESC/EAS Guidelines for the Management of Dyslipidaemias (i.e., to multiply
estimates by 3in men and by 4 in women).
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Supplementary Figure 14: Risk stratification using SCORE2 and SCORE and observed lifetime

risk of CVD
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Comparison of appropriateness of risk stratification using SCORE2 and SCORE in CPRD assuming that both were
used to independently select 20% of the population at "high-risk”. Observed CVD risk over the lifetime were devided
into four groups according to "high-risk" status using SCORE and SCORE2.
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CHAPTER 2

SCORE2 models allow consideration of sex-specific
CVD risks by region

Steven Hageman, Lisa Pennells, Francisco Ojeda, Stephen Kaptoge, Jannick Dorresteijn,

Emanuele Di Angelantonio

on behalf of the SCORE2 working group and ESC Cardiovascular Risk Collaboration

Eur Heart J. 2022,43(3).241-242
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Chapter 2

This commentary refers to ‘SCORE2 risk prediction algorithms: new models
to estimate 10-year risk of cardiovascular disease in Europe’, by the SCORE2
working group and European Society of Cardiology (ESC) Cardiovascular Risk
Collaboration, https://doi.org/10.1093/eurheartj/ehab309 and the discussion
piece ‘A sex-specific prediction model is not enough to achieve equality for
women in preventative cardiovascular medicine’, by D.M. Kimenai et al., https://
doi.org/10.1093/eurheartj/759.

SCORE2 is a risk algorithm developed to estimate 10-year cardiovascular disease
(CVD) risk in men and women from four different risk regions of Europe,* which is
now recommended for use by the 2021 ESC Guidelines on cardiovascular disease
prevention in clinical practice.2 We agree with Kimenai et al3on the need for
consideration of sex differences in cardiovascular disease risk in both basic, clinical
and translational research and prevention guidelines. Indeed, our development of the
SCORE2 algorithm recognized this, with all steps of model development performed
separately for each sex. This has resulted in accurate and externally validated
prediction algorithms for both men and women, with further research validation and
clinical application facilitated by different translational tools already provided (or in
progress), including: easy-to-use risk charts (main paper Figure 3), and the statistical
software program—scorezrisk—(https://www.phpc.cam.ac.uk/ceu/erfc/programs/).

Furthermore, all relevant sex-specific model parameters were included in the
Supplementary materials, in particular: Supplementary Table 7 (for beta coefficients
and baseline hazards) and Supplementary Methods Table 3 (for recalibration
scales).* We do, however, recognize the relevance of making all model parameters
available to a greater precision in order to facilitate appropriate usage. Therefore,
we have included with this comment an additional table of sex-specific model
coefficients and recalibration scales (Table 1) rounded to four decimal places. To
make these parameters as easily accessible as possible, these tables have been
included in the updated version of the article supplement.
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Table 1: Model coefficients, baseline survival and recalibration scales of the SCORE2 algorithm

Model coefficients:

Risk factor (units) Transformation Log HR HR
equation Male Female Male Female
Age (yrs) cage - (age - 60)/5 0.3742 0.4648  1.45 159
Smoking (current vs. other) current=1, other=0 0.6012 0.7744 1.82 217
Systolic blood pressure (SBP, mm Hg)  csbp = (sbp - 120)/20 0.2777 0.3131 1.32 1.37
Diabetes’ (yes vs. no) yes=1, No=0 0.6457 0.8006  1.01 2.25
Total cholesterol (mmol/L) ctchol = (tchol - 6)/1 0.1458 0.1002 116 111
HDL cholesterol (mmol/L) chdl = (hdl-1.3)/0.5 -0.2698 -0.2606 0.76 077
Smoking x age interaction cage x smoking -0.0755 -0.1088 0.93 0.90
SBP x age interaction cage x csbp -0.0255 -0.0277 0.98 0.97
Total cholesterol x age interaction cage x ctchol -0.0281 -0.0226 0.97 0.08
HDL cholesterol x age interaction cage x chdl 0.0426 0.0613 1.04 1.06
Diabetes” x age interaction cage x diabetes -0.0083 -0.1272 001 0.88
Baseline survival 0.9605 0.9776
10-year risk estimate (un-calibrated) = 1-baseline survival exlinear predictor™
Recalibration scales Male Female
Risk region Scale1  Scale2  Scale1  Scale2
Low risk region -0.5699 0.7476 -0.7380 0.7019
Moderate risk region  -0.1565 0.8009 -0.3143 0.7701
High risk region 0.3207 0.9360 0.5710 0.9369
Very high risk region  0.5836 0.8294 0.9412 0.8329

Calibrated 10-year risk = 1-exp(-exp(scale1 + scale2 x In(-ln(1-un-calibrated 10-yr risk))

‘Diabetes mellitus was included in the modelling since this was necessary for the recalibration approach, which
relies on data from the whole population, including those with diabetes. However, SCORE2 is not intended for use
in individuals with diabetes and has not been validated in this population. For risk prediction in the target population
of individuals without diabetes this risk factor will always be 0, meaning the coefficient can effectively be ignored.
" linear predictor= X(transformed risk factor value x log HR)
Final estimate should be multiplied by 100 in order to express as a percentage rather than a probability
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CHAPTER 3

SCORE2-OP risk prediction algorithms: estimating
incident cardiovascular event risk in older persons in
four geographical risk regions
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Chapter 3

Abstract

Aims: To derive and validate the SCORE2-Older Persons (SCORE2-OP) risk model to
estimate 5- and 10-year risk of cardiovascular disease (CVD) in individuals aged over
65 years in four geographical risk regions.

Methods and results: Sex-specific competing risk-adjusted models for estimating
CVD risk (CVD mortality, myocardial infarction, or stroke) were derived in individuals
aged over 65 without pre-existing atherosclerotic CVD from the Cohort of Norway
(28,503 individuals, 10,089 CVD events). Models included age, smoking status,
diabetes, systolic blood pressure, total- and HDL-cholesterol. Four geographical risk
regions were defined based on country-specific CVD mortality rates. Models were
recalibrated to each region using region-specific estimated CVD incidence rates and
risk factor distributions. For external validation, we analyzed data from 6 additional
study populations (338,615 individuals, 33,219 CVD validation cohorts, C-indices
ranged between 0.63 (95%Cl 0.61-0.65) and 0.67 (0.64-0.69). Regional calibration of
expected-versus-observed risks was satisfactory. For given risk factor profiles, there
was substantial variation across the four risk regions in the estimated 10-year CVD
event risk.

Conclusions: The competing risk adjusted SCORE2-OP model was derived,
recalibrated and externally validated to estimate 5- and 10-year CVD risk in older
adults (aged 65 or older) in four geographical risk regions. These models can be used
for communicating the risk of CVD and potential benefit from risk factor treatment,
and may facilitate shared decision making between clinicians and patients in CVD
risk management in older persons.
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Graphical abstract

SCORE2-OP

SCORE2-OP: estimating incident cardiovascular event risk in older persons in four geographical risk regions

1. Model derivation
Competing risk-adjusted, sex-specific
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4. Individualized predictions
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their risk region of origin
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Introduction

Risk of cardiovascular disease (CVD) increases with age.* The risk of non-CVD
mortality generally also rises with age so that remaining life expectancy inevitably
decreases with age. Hence, the treatment of important CVD risk factors needs to be
carefully considered to balance the benefits and risks in this population. Meaningful
treatment benefit is different in this population where life expectancy is limited,23
while older persons are generally at high risk of developing adverse drug events
and side effects.#5 It is thus important to identify those individuals who might benefit
from preventive treatment.

For this purpose, CVD risk prediction models can be used to identify those at higher
risk of CVD and those potentially benefiting the most from risk factor treatment.®
These prediction models may also aid in patient-centred clinical decision making,
taking into account other patient characteristics such as frailty, biological age and
patient preferences’

Most 10-year CVD risk prediction models generally have a poor performance in older
individuals for several reasons 8 First, the relationship between traditional risk factors
and CVD attenuates with age,*? and traditional risk prediction models do not take into
account competing risk of non-CVD mortality, leading to overestimation of CVD risk
and consequently overestimation of potential benefit from risk factor treatment in
older persons 331 This overestimation may lead to unnecessary treatment in older
persons, polypharmacy, increased risk of drug interactions, adverse events, reduced
quality of life and unnecessary costs.’* To deal with short-comings of traditional risk
models, an older person-specific risk score should be used. However, previously
developed risk models for older persons only estimate risk of cardiovascular mortality
while non-fatal events are also of importance (e.g. stroke and heart failure). Finally,
previous models have not been extensively externally validated and shown to be
applicable in different geographical risk regions where risk levels vary.216+

We aimed to develop and validate a competing risk-adjusted model for individuals
aged over 65 years without pre-existing CVD to estimate 5- and 10-year risk of
incident CVD - the new SCORE2-Older Persons (SCORE2-OP). This risk model is
calibrated to four different geographical risk regions using an approach based on
aggregate level data that can be easily applied to further update the accuracy of risk
predictions with changing CVD epidemiology in the future.
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Methods

Study design

The SCORE2-OP project involved several interrelated components and data sources
(Figure 1). The study design is closely related to the new SCORE2 model that estimates
10-year fatal and non-fatal CVD risk in individuals without previous CVD or diabetes
aged 40-69 years.®® First, model coefficients were derived in the Cohort of Norway
(CONOR) study (Supplementary Methods).* This study population was selected
because it is a large, representative population-based cohort and has previously
been used for model derivation.’*72° Second, the model was recalibrated to four
geographical risk regions across Europe and beyond using estimated contemporary
age- and sex-specific incidences and risk factor distributions. Third, external validation
was performed in prospective cohorts from different risk regions. Finally, the model
was applied to estimate individualized treatment benefit from blood pressure and
cholesterol lowering to illustrate how SCORE2-OP can be used for treatment decision
making in clinical practice.

Figure 1: Study design

Derivation of sex-specific coefficients,
corrected for competing risk using total -
CVD as outcome

CONOR prospective cohort study
(n = 28,503)

A

CVD incidence rates

Group countries based on country- Age- and sex-specific incidences calculated by
specific CVD mortality rates rescaling country-specific WHO CVD mortality data

from 49 countries and age- and sex-specific multipliers

calculated using registry and cohort data on 7.9 million

v individuals

Model recalibration to four risk regions
using region-specific event rates and risk
factor levels

Mean risk factor levels

Region-specific mean risk factor values by age and sex
from NCD-RisC estimates from 55 countries

A 4

External study populations
< ARIC (n = 5,153)
CPRD (n = 319,390)
HYVET (n = 3,381)
MESA (n = 2,977)
PROSPER (n = 3,254)
SPRINT (n = 4,460)

External validation
in 338,615 individuals

Abbreviations: ARIC = Atherosclerosis Risk in Communities; CONOR = Cohort of Norway; CPRD = Clinical Practice
Research Datalink; CVD = cardiovascular disease; MESA = Multi-Ethnic Study of Atherosclerosis; NCD-RisC = non-
Communicable Disease Risk Factor Collaboration; PROSPER = PROspective Study of Pravastatin in Elderly at Risk;
SPRINT = Systolic Blood Pressure Intervention Trial; WHO = World Health Organisation
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Sources of data

This study derived the risk model coefficients from the prospective CONOR study,*®
and used combined data from several cohort studies and clinical trials for external
validation and testing: the Atherosclerosis Risk in Communities (ARIC) study,® from
which we used baseline data from visit 5 to include more individuals aged over
65 years; the Clinical Practice Research Datalink (CPRD);?? the Hypertension in the
Very Elderly Trial (HYVET); the Multi-Ethnic Study of Atherosclerosis (MESA);24 the
"PROspective Study of Pravastatin in Elderly at Risk" (PROSPER) trial;?6 and the Systolic
Blood Pressure Intervention Trial (SPRINT).?¢?” Details of the included studies can be
found elsewhere and have been summarized in the Supplementary Methods. The
current study was conducted using data from the target population of individuals
aged 65 years or over. Individuals with a history of CVD (i.e. coronary heart disease,
stroke, or peripheral artery disease) were excluded from analysis. All included studies
comply with the Declaration of Helsinki, were approved by local institutional review
boards and all participants provided written informed consent.

Endpoint definitions

The primary endpoint was a composite of the first fatal or non-fatal CVD events in
each study participant, defined as non-fatal myocardial infarction, non-fatal stroke,
and cardiovascular mortality. Secondary endpoint included also hospitalization from
heart failure (HF), as this is an important source of morbidity and loss in quality of life
in older persons.

The CVD mortality component of the primary and secondary outcomes resembles
the endpoint definition of the original SCORE project, including e.g. death from
coronary heart disease, HF, stroke, and sudden death. An overview of the ICD-10
codes included in both the fatal and non-fatal component of the composite endpoint
can be found in Supplementary Table 1. Deaths from non-CVD were treated as
competing events. Follow-up time was defined as years until the first event, death,
or end of the registration period.

Risk regions

The four risk regions (low, moderate, high, and very-high risk) were chosen based
on the definition used in the newly developed SCORE?2 risk model, according to the
most recent overall age- and sex-standardized CVD mortality rates in all included
countries (ICD 10 chapter IX, 100-199). The following age-standardized rates were used
for categorization: <100 CVD deaths per 100,000 (low risk), 100-149 CVD deaths per
100,000 (moderate risk), 150-299 CVD deaths per 100,000 (high risk), and 2300 CVD
deaths per 100,000 (very-high risk). The four geographical risk regions can be found
in Supplementary Figure 1 and Supplementary Table 2.
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Statistical analysis

Details of statistical analysis are provided in Supplementary Methods. For model
derivation, sex-specific coefficients were estimated in the CONOR study using
competing risk-adjusted Fine and Gray proportional subdistribution hazards models.
The models included the following pre-specified baseline predictors: age, current
smoking, diabetes mellitus, systolic blood pressure (SBP), total cholesterol (TC), and
high density lipoprotein cholesterol (HDL-c). The risk factors were selected based on
their predictive ability as well as availability in the derivation dataset and population
statistics needed for model recalibration. Variable selection was not applied in
order to prevent overfitting of the model to the derivation data (over-optimism). Age
interaction terms were added as the effect of these risk factors may change with age.®
Continuous predictors were truncated at the 1°t and 99" percentile to minimize the
influence of outliers in the model.2° Whether the association of continuous predictors
with the outcome variable was adequately explained with a log-linear relationship
was assessed using the Akaike information criterion. Internal model performance
was assessed with Harrell's C-index for discrimination, and visually with calibration
plots of estimated versus observed risk in a random sample with replacement of the
CONOR study population to account for overfitting. The model was then recalibrated
internally for the risk of the secondary CVD endpoint including heart failure using
age- and sex-specific multiplication factors, using the same model coefficients.

Risk models were recalibrated to risk regions using age- and sex-specific mean risk
factor levels and CVD incidence rates3° Age-specific and sex-specific risk factor
values were obtained from the Non-Communicable Disease Risk Factor Collaboration
(NCD-RisC)3t3 e obtained country-specific, age- and sex-specific CVD mortality
rates reported by the World Health Organisation (WHO),3? and estimated fatal and
non-fatal CVD incidences by using age- and sex-specific multipliers derived in the
SCORE2 project in multiple cohorts from the different risk regions with a total of
4,056,218 men and 3,869,443 women, with 732,471 CVD events.*® The multipliers for
fatal CVD to total CVD events per region are listed in Supplementary Table 3.

External validation was performed in 6 studies, including the ARIC, MESA, and CPRD
cohorts, and the combined study populations of the HYVET, PROSPER and SPRINT
trials (adding the trial treatment effect to account for differences in observed risk
between the active treatment and control arm of the trials) as the separate trial
populations have limited number of events in a short follow-up time. External model
performance was assessed in terms of discrimination using Harrell's C-index, and in
terms of model calibration using plots of observed versus estimated risks recalibrated
using cohort-specific observed-versus-expected (O/E) ratios reflecting differences
in baseline risk. SCORE2-OP was compared in terms of discrimination with the
ASCVD (Atherosclerotic Cardiovascular Disease) risk calculator from AHA/ACC, an
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internationally widely used risk model for the general population also including older
persons.34

Allanalyses were conducted with R-statistic programming (version 3.5.2, R Foundation
for Statistical Computing, Vienna, Austria). Our approach to model development and
validation complies with PROBAST guidelines,® and TRIPOD.3® The approaches used
to handle missing data are described in the Supplementary Methods.

Absolute CV event risk reduction from risk factor treatment in older people
SCORE2-OP can be used to estimate individualized treatment effect estimations from
cardiovascular risk factor treatment,® as described in detail in the Supplementary
Methods. To estimate the effect of blood pressure lowering on CVD, average relative
treatment effects from large meta-analyses were added to SCORE2-OP. We estimated
absolute treatment effect from blood pressure lowering to the target of <140mmHg
in older persons with hypertension from the HYVET and SPRINT trials,2®% using a
hazard ratio (HR) of 0.80 per 10 mmHg SBP reduction from a large meta-analysis3®
For the effect of lipid lowering, a HR 0.78 per 1 mmol/L LDL-cholesterol lowering
was used,?® and the absolute risk reduction (ARR) of lowering LDL-cholesterol to <2.6
mmol/L was estimated in participants with hypercholesterolemia from the PROSPER
trial.» The ARR is defined as the baseline (“untreated") CVD risk minus the CVD risk
with added risk factor management.
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Chapter 3

Results

A total of 211,184 women and 155,934 men aged 65 years or over from seven studies
were included in the analysis for model derivation and validation. Study and baseline
characteristics of all study populations are presented in Table 1.

Model derivation and recalibration

A total of 10,089 non-fatal and fatal CVD events occurred in 305,640 person years of
follow-up in the 28,503 participants included from the CONOR study, the derivation
data. SCORE2-OP model coefficients and subdistribution hazard ratios for CVD events
are shown in Table 2. Supplementary Figure 2 shows the change in the effect of

model predictors with increasing age.

Table 2: Sex-specific coefficients and subdistribution hazard ratios for CVD events of SCORE2-

OoP
Men Women
Coefficients Subdistribution Coefficients Subdistribution
(95% CI) hazard ratios (95% ClI) hazard ratios
Age (per year) 0.063 1.07 0.079 1.08
(0.055-0.071) (0.070-0.087)
History of diabetes 0.425 1.50 0.601 1.80
(0.305-0.544) (0.465-0.737)
History of diabetes -0.017 -0.011
“age (per year) (-0.040-0.005) (-0.032-0.011)
Current smoking 0.352 1.39 0.492 1.59
(0.279-0.426) (0.398-0.587)
Current smoking -0.025 -0.026
*age (per year) (-0.040- -0.009) (-0.043- -0.008)
SBP (per 10 mmHg) 0.094 1.09 0.102 110
(0.079-0.109) (0.085-0.119)
SBP (per 10 mmHg) -0.005 -0.004
*“age (per year) (-0.008- -0.002) (-0.007- -0.002)
Total cholesterol 0.085 1.10 0.060 1.06
(per 1 mmol/L) (0.054-0.116) (0.027-0.094)
Total cholesterol 0.007 -0.001
(per ammol/L) (0.002-0.013) (-0.056-0.004)
“age (per year)
HDL cholesterol -0.356 0.71 -0.304 0.75
(per 1 mmol/L) (-0.445- -0.268) (-0.403- -0.205)
HDL cholesterol 0.009 0.015
(per 1 mmol/L) (-0.009-0.027) (0.0002-0.031)

“age (per year)

95% Cl = 95% confidence interval

Sex-specific coefficients and subdistribution hazard ratios (SHRs) from Fine and Gray models predicted the risk of
fatal and non-fatal CVD events as derived in the CONOR study. The SHRs are shown for age centred at 73 years,
systolic blood pressure at 150 mmHg, total cholesterol at 6 mmol/L, and HDL cholesterol at 1.4 mmol/L.

These SHRs are relevant for risk estimation only and have no etiological interpretation.
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In the internal validation set of the CONOR study, the 10-year estimated risk showed
good agreement with the 10-year observed risk over all deciles for all outcomes of
interest (Supplementary Figure 3). C-index were 0.66 (95% confidence interval [95%
Cl] 0.65-0.66) for CVD events, and 0.65 (95% C 0.65-0.66) for CVD events including
heart failure. The age- and sex-specific multiplication factors for estimating the risk
of CVD events including heart failure can be found in Supplementary Table 4.

Age and sex-specific 10-year mortality CVD rates and derived incidence rates
are shown for each region in Supplementary Figure 4. The age-specific and sex-
specific mean risk factor levels and estimated CVD event rates used for recalibration
are presented by region in Supplementary Table 5. After regional recalibration,
SCORE2-OP estimated risks based on mean risk factor levels agreed well with the
regional estimated CVD event incidence in the four risk regions across age-groups
(Supplementary Figure 5).

In the external validation study populations, a total of 33,219 primary outcome events
were observed in 338,615 individuals in 2,259,933 person-years of follow-up. The
external validation showed C-index for discrimination (Figure 2) ranging between 0.63
(95% Cl 0.61-0.65) and 0.67 (95% Cl 0.64-0.69). Calibration plots per study population
after accounting for differences in baseline risk are shown in Supplementary Figure 6.
For the secondary CVD endpoint including heart failure, the external C-index ranged
between 0.63 (95% Cl 0.61-0.65) and 0.67 (95% Cl 0.65-0.69). When we applied the
recalibrated SCORE2-OP models from each risk region to individual risk factor data
from participants from ARIC and MESA, the risk distribution varied greatly between
risk regions (Figure 3). Comparison of SCORE2-OP and the ASCVD risk engine can
be found in Supplementary Table 6. C-index for SCORE2-OP were comparable to
or higher than for ASCVD in the other study populations. In the external validation
cohorts, the time-dependent ROC were comparable to or higher than Harrell's
C-index (Supplementary Table 7).
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Figure 2: External validation of SCORE2-OP for (A) the estimation of risk for myocardial infarc-
tion (MI), stroke, or CVD mortality (primary endpoint); (B) the estimation of risk for Ml , stroke,
hospitalization for heart failure, or CVD mortality (CVD events including heart failure)

(A) CVD events

Study N Cases C-statistic (95%Cl)
ARIC 5,163 427 = 0.67 (0.64-0.69)
CPRD 319,390 31,484 - 0.66 (0.65-0.66)
MESA 2,977 501 I 0.65 (0.63-0.68)
Trial 11,095 807 [E— 0.63 (0.61-0.65)
populations

I T 1

0.5 0.7 1

C-statistic (95%Cl)

(B) CVD events including hospitalization for heart failure

Study N Cases C-statistic (95%Cl)
ARIC 5,153 587 batal 0.67 (0.65-0.69)
CPRD 319,930 35,850 o 0.66 (0.66-0.66)
MESA 2977 604 i 0.64 (0.62-0.66)
Trial 11,095 950 e 0.63 (0.61-0.65)
populations
T T 1
0.5 0.7 1

C-statistic (95%Cl)

Trial populations: HYVET, PROSPER and SPRINT

Two-dimensional risk charts of SCORE2-OP for all four risk regions are shown in
the Supplementary Appendix, for practical purposes displayed according to non-
HDL rather than total cholesterol and HDL-cholesterol. We have also added risk
charts for the estimated 5-year risk, as this may fulfil a clinical need especially in the
very old. The estimated absolute risk for a given age and combination of risk factors
differed substantially across regions. For example, the estimated 10-year CVD risk
for a 75-year-old male smoker with a systolic blood pressure of 150 mmHg, and a
non-HDL cholesterol of 4.5, ranged from 16% in a low risk country to 37% in a very
high-risk country (Supplementary Figure 7). Similarly, the 10-year risk for a 75-year-
old woman with the same risk factor profile ranged from 14% in a low risk country to
44% in a very high-risk country. A sensitivity analysis taking into account uncertainty
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around individual predictions is described in the Supplementary Methods and shown
in Supplementary Figures 8.

Figure 3: Age- and sex-specific distributions of fatal and non-fatal CVD risk in the four risk
regions according to SCORE2-OP.
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Absolute 10-year CVD event risk reduction from risk factor treatment in older people
The distribution of individual estimated 10-year CVD risk and associated ARR for
blood pressure lowering therapy when targeting an SBP of <140 mmHg in 5,579 older
persons with hypertension (SBP at baseline >140) in the SPRINT and HYVET blood
pressure lowering trials is shown in Figure 4. The overall median estimated 10-year
risk for CVD events was 30% (IQR 19-50%); for CVD events including heart failure,
this was 36% (22-55%). The overall median estimated individual 10-year ARR from
blood pressure lowering for the primary endpoint CVD events was 13% (IQR 4-21%);
for CVD events including heart failure, this was 16% (IQR 5-23%). The distribution of
the individual estimated 10-year CV event risk and associated ARR for lipid lowering
therapy targeting an LDL-cholesterol <2.6 mmol/L in the PROSPER trial is shown in
Figure 5. In these 3,051 older persons, the overall median estimated 10-year risk for
CVD events was 18% (IQR 13-24%), for CVD events including heart failure this was 21%
(16-28%); the overall median estimated individual 10-year ARR from lipid lowering
for the primary CVD endpoint was 4% (IQR 3-6%); for the secondary CVD endpoint
including heart failure this was 5% (IQR 3-7%).
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Figure 4: Distribution of estimated 10-year fatal and non-fatal CVD events and estimated 10-
year absolute risk reduction (ARR) from blood-pressure lowering in older persons with hyper-
tension (SBP >140 mmHg) in the HYVET and SPRINT trials (n = 5,579).
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Discussion

The current report describes the development, recalibration, and external validation
of a new competing-risk adjusted model for older individuals aged over 65 years
without pre-existing CVD - SCORE2-OP to estimate 5- and 10-year risk of incident
CVD. There is a wide range in estimated individual CVD event risk in older persons.
Using SCORE2-OP, individualized effects of CVD risk factor treatment can be
estimated, e.g. from blood pressure lowering or lipid lowering, which can be used for
treatment decision making in clinical practice. The full clinical tool for individualized
estimations will be made available to use in online calculators.

In the SCORE2-OP project investigators from 3 previously published older person CV
risk algorithms joined forces by combining datasets and using advanced methodology
for data analyses. The original SCORE O.P. model,** derived in more than 40,000
European older individuals (including participants from the CONOR study) estimated
risk of fatal CVD. However, it did not take into account non-fatal CVD events, (such as
non-fatal stroke), that are clinically relevant in older persons, and was not adjusted
for competing non-CVD mortality risk. Another risk model derived in CONOR is the

92



SCORE2-OP

NORRISK2 model for CVD risk estimation in elderly men and women up to age 79
years. This risk score is competing risk adjusted, includes interaction terms with age,
and was externally validated within Norway, but it was not recalibrated or externally
validated outside Norway. Additionally, it was not derived specifically in older persons,
including persons aged <65 years.”2° The older person-specific risk score derived
in the PROSPER trial is competing-risk adjusted, and estimates the risk of fatal and
non-fatal CVD events.2 However, this risk model was derived in a relatively small
study population from a randomized clinical trial, and did not include age interactions.

Figure 5: Distribution of estimated 10-year non-fatal and fatal CVD events and estimated 10-
year absolute risk reduction from lipid lowering in older persons with cholesterol >2.6 mmol/L
in the PROSPER trial (n = 3,051).
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The SCORE2-OP model has combined these previous efforts and as such has several
important strengths and advantages. First, the coefficients been derived in a large
population-based cohort study, specifically in older persons. The model has been
externally validated in populations with different baseline risks including both cohorts
and trials from several countries. It was shown that SCORE2-OP recalibrated to the
different risk regions corresponds well to the regional estimated WHO incidence
rates, suggesting that calibration between estimated and observed risk is good for
all risk regions. Although the discrimination in the external study populations is only
moderate, the excellent calibration shows that the risk model can be used for clinical
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decision making and risk communication. For this purpose, calibration is arguably the
more important metric than discrimination.4® Use of the risk model in regions outside
of the included countries should be done with caution, as no validation has (yet) been
performed outside of these regions.

Second, SCORE2-OP can be used to estimate the risk for the combined outcome of
both fatal and non-fatal CVD events. Especially in older persons, non-fatal CVD events
may be of clinical importance, as they may severely impact quality of life. The model
also gives the option to include hospitalization for heart failure in the composite
endpoint, which is an important source of morbidity in the older population.4* In
clinical practice, this may therefore be a very relevant endpoint for older persons
especially when considering the consequences of heart failure for quality of life.

Third, the model is competing risk adjusted and includes age-interactions for
all risk factors to account for differences in the relationship between risk factors
and outcomes across different ages. This allows for estimations of 5- and 10-year
prognosis truly tailored to the individual person.

Fourth, the model has been recalibrated using contemporary CVD rates currently
available for the different risk regions using WHO data. The method used for
systematic recalibration has previously been shown to give reliable estimations with
good agreement between estimated and observed risks.3° The recalibration methods
avoid reliance on sparse or unreliable cohort or country-level data, providing stable
recalibrations using age- and sex-specific CVD rates and risk factor levels of each risk
region. Due to the flexible recalibration approach based on the most recent registry
data, the model can easily be updated in the future to accommodate changes in
CVD risk and risk factor levels in populations over time. If individual countries or even
regions within a country have reliable data sources available, the model may even be
recalibrated for even more precise risk estimations in that country or region. Because
the same risk regions and data sources were used for systematic recalibration of
SCORE2-0OP as used in the SCORE2 project,*® these two models can be used next to
each other with persons naturally progressing from the SCORE2 model to SCORE2-
OP as they get older.

Finally, the model can be used to estimate the absolute CVD risk reduction from
blood pressure and cholesterol-lowering to blood pressure and LDL-cholesterol
treatment goals, by applying the HRs from meta-analyses or clinical trials in older
persons to the SCORE2-OP risk estimations. Higher levels of non-HDL-c confer a
smaller increase in CV risk in older persons compared to young and middle-aged
people. It should be noted that lowering cholesterol produces significant reductions
in major vascular events irrespective of age, although there is still less direct evidence
of benefit among people older than 75 years without a history of previous vascular
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disease.“? In general older persons are at high 10-year CVD risk as age is a major driver
of risk. For older persons there are currently no CVD risk threshold for initiating risk
factor lowering treatment in international guidelines. Should those thresholds appear,
these may differ according to age as both the potential harms and the gain in CVD-
free life expectancy from preventive therapy heavily depend on age. National and
international guidelines need to consider (different) treatment thresholds for young,
middle-aged and older persons. For example, the Norwegian guideline for primary
prevention of CVD has a graded recommendation for consideration of intervention
with pharmacological risk factor management (10-year CV risk over 5% in ages 45 - 54
years, over 10% in ages 55 - 64 years and over 15% in ages 65 - 74 years).3 Using the
SCORE2-OP model, no uncertainty regarding individual predictions was estimated.
10-year risk of CVD events can already be hard to interpret in clinical practice and
having to interpret confidence intervals as well might make risk communication even
more difficult, rather than more informed. Clinicians who want to incorporate the
uncertainty of treatment decisions could consider adding the confidence intervals
from meta-analyses or trials in the calculation of the ARR.

Estimation of absolute benefit may therefore guide treatment decisions in a shared
decision making process taking frailty, biological age and patient preferences into
account. Although on average the CVD risk is high in older persons, the current study
shows that there is a wide distribution in 10-year CVD event risk in older persons, and
that risk factor treatment does not necessarily yield a clinically significant benefit in
all older persons. Therefore, in the future it might be interest to focus more on lifetime
benefit from risk factor treatment based on lifetime CVD risk calculators.44-4¢

Several potential limitations of the current study should also be considered. First, the
model was developed in a cohort study from the low-risk region alone. As such, the
assumption is made that the model coefficients are transferrable to other risk regions.
Previous studies have indeed shown homogeneity of model coefficients across
different geographical regions and also across time for a CVD risk model, indicating
transferability of model coefficients across different populations.’#28 Results from the
current study have shown that discrimination was adequate in all countries where
external validation was performed, indicating transferability of model coefficients
was valid, although this validation could not be performed in all risk regions due to
lack of adequate data. Ideally, the SCORE2-OP algorithm should be validated in those
regions as soon as reliable data are available in these regions.

Second, for the systematic recalibration approach estimated total CVD event
incidence rates rather than observed CVD event incidence rates were used within
the four risk regions by using a multiplier-based approach. This approach is based on
the assumption that the multipliers are valid across all countries within the same risk
region. Previous studies have shown that the multipliers showed good consistency
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across both different cohorts from the same region and across time*® As such, we
believe that this assumption is sufficiently met to give reliable estimations of total
CVD event risk after systematic recalibration.

Third, part of the European validation data consisted of trial populations rather than
unselected cohort data. Whereas the discrimination in our cohort populations was
acceptable, especially compared to discrimination of a general risk model (namely
ASCVD) in the same populations, slightly lower C-indices were reported in the
external validation in the trial populations. Trial populations often make up a much
more selected proportion of the population at large in comparison to cohort data
(e.g. HYVET only contains patients aged 80 or older, with SBP ranging from 156 to
200 mmHg) and the maximum C-index is strongly associated to the distribution of
risk within a study population.4® Therefore, it is likely that the discrimination in these
trials is an underestimation of the discrimination in real-life populations. As regional
calibration (i.e. goodness of fit of the model) is satisfactory for all risk regions, the
model can be used reliably for risk communication and treatment decisions in older
persons.

Fourth, during model derivation in CONOR, no adjustment was made for treatment
of risk factors at baseline. The assumption is made that, for example for cholesterol
or blood pressure levels, the current risk factor level is predictive of the 10-year risk,
regardless of whether this is treated or untreated. SCORE2-OP can thus be used
for estimating 10-year risk in both untreated and treated individuals. However,
caution should be given when risk factor treatment has been recently initiated.
However, SCORE2-OP can be used for making treatment decisions in persons on a
stable treatment regimen. Together with the fact that only one baseline risk factor
measurement was used, which means that there may be underestimation of risk
associations due to “regression dilution”,+4® this may contribute to the relatively low
discrimination. Additionally, no adjustment was made for the potential initiation of
risk factor treatment during study follow-up, which may also influence discrimination.
However, it has been shown that accounting for statin drop-in during follow-up in
model development had only a limited impact on model performance.

Fifth, predictors related to co-morbidity or frailty (e.g. kidney function, height and
body weight, co-morbidity at baseline) may be important determinants for CVD risk in
older persons, but were not included in SCORE2-OP due to the availability in the data
sources. Including the number of drugs used as a measure of co-morbidity added to
the predictive accuracy in the PROSPER older person score,? but this variable was
not available in all relevant data sources.

Finally, an inherent limitation of absolute risk estimations, is that older individuals
are invariably at higher risk for CVD than younger individuals with the same risk
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factors. As higher CVD risk translates to higher absolute risk reductions, this may
give the impression that risk factors such as blood pressure and LDL-cholesterol
should always be treated in the very old. It should be noted that 5- or 10-year CVD
risk estimation should be combined with some assessment of treatment benefit, as
life expectancy could be limited, together with patient preferences to make individual
treatment decisions. For this purpose, lifetime treatment benefit approaches could
be used, such as the LIFE-CVD model for primary prevention.+

In conclusion, the competing risk adjusted SCORE2-OP model to estimate 5- and
10-year CVD event risk in persons aged over 65 years was derived, recalibrated, and
externally validated in four risk regions. These models can be used for communicating
the risk of CVD events and potential benefits from risk factor treatment, and may
facilitate shared decision making in CVD risk management in older persons.
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Supplementary Materials

Supplementary Appendix: Regional risk charts of predicted 10-year cardiovascular disease
risks.
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Supplementary Methods

1.1 Model derivation study population

Cohort of Norway (CONOR) is a collaboration between several population based
regional health surveys in Norway carried out between 1994 and 2003. The data
collection followed a standard procedure. Participants underwent a simple physical
examination and a non-fasting blood sample was drawn at the screening site.
Participants filled in one or more questionnaires about their health and disease, family
history of disease, use of medication and lifestyle *.

Cardiovascular endpoints were obtained through the CVDNOR project (CVDNOR)
project (https://cvdnor.b.uib.no) 23. The CVDNOR project is a collaboration between
the University of Bergen and the previous Norwegian Knowledge Centre for the
Health Services, now part of the Norwegian Institute of Public Health. CVDNOR
includes information from cardiovascular-related discharge diagnosis lInternational
Classification of Disease (ICD)-9 codes 390-459 or ICD-10 codes 100-199)] retrieved
from the electronic patient administrative systems (PAS) of all Norwegian hospitals
from 1994 through 2009. The project obtained date and cause of death from the
Cause of Death Registry and information about hospital stays 2008-2014 from the
Norwegian Patient Registry. CONOR was linked to the endpoint registries by means of
the personal identification number unique for each resident in Norway and this leads
to high level of complete outcome registration of both fatal and non-fatal events 45.

The Regional Ethics Committee approved the baseline health surveys and follow-up
record linkages. The participants have signed a written informed consent for research
and linkage of health registries.

Selmer et al. have previously used the linked CONOR data in the development of a
Norwegian cardiovascular risk model (NORRISK2) which is included in the Norwegian
guidelines for prevention of cardiovascular disease ©. Furthermore, the CONOR study
has previously been used for model derivation for SCORE O.P, using only the fatal
CVD endpoint .

1.2 External validation study populations

ARIC

This study is a cross-sectional analysis, using data from visit 6 (2016-2017) of the
ARIC study, which was originally designed to investigate the natural history of
atherosclerotic disease from mid- to late-life. 15,792 participants were recruited
during 1987-1989 from four communities in the United States (Forsyth County, NC;
Jackson, MS; Minneapolis, MN; and Washington County, MD) and completed the first
study visit (visit 1). The participants subsequently completed six study visits (visit 2 in
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1990-1992, Visit 3 in 1993-1995, Visit 4 in 19096-1998, visit 5 in 2011-2013, visit 6 in 2016-
2017, and visit 7 in 2018-19). Additionally, they were contacted annually (semiannually,
beginning in 2012) to obtain updated information on medical history and lifestyle. For
the current study, baseline data collected at visit 5 were used, including assessment
for cardiovascular disease and risk factors including laboratory testing. The ARIC
study was approved by the institutional review board of each participating center, and
written informed consent was obtained from participants at each study visit. Further
details on ARIC study design have been described elsewhere &,

CPRD

We used data from the UK Clinical Practice Research Datalink (CPRD) that were
linked to Hospital Episode Statistics (HES) inpatient data, and Office for National
Statistics (ONS) mortality data. The CPRD database prospectively collects primary
care records from consenting general practitioners across the UK. Approximately
7% of the UK population are represented in the database. CPRD obtained approval
from a national research ethics committee for researchers to use deidentified data
for observational research subject to the approval of a study protocol from the
Independent Scientific Advisory Committee. Approximately 80% of CPRD practices
registered in England have consented to their patients’ primary care records being
linked to other data sources. HES records include all National Health Service-funded
inpatient hospitalizations in England since 1997, including diagnoses and procedures.
ONS-linked mortality data contain the underlying cause of death, recorded on the
death certificate, along with up to 15 other recorded causes of death. The data
requested for this study covers the period 2006 to 2017 and participants could be
enrolled in the study at any time between these years. Further details on CPRD study
design have been described elsewhere °.

HYVET

HYVET was a double blind placebo controlled trial of an antihypertensive regimen
(thiazide-like diuretic, indapamide 1.5 sustained release, with the optional addition of
an angiotensin converting enzyme inhibitor, perindopril 2-4mgq) in those aged 80 and
over. Participants with hypertension (mean systolic BP 160-199mm Hg and a standing
systolic BP 2140 mm Hg) were recruited between February 2001 and October 2007
from over 90 primary and secondary care centres in 13 countries and randomised
to receive trial treatment or matching placebo. All required ethical approvals were
obtained. Participants were seen during a 2-month placebo run-in phase, at baseline,
every 3 months during the first year and every 6 months thereafter. Trial endpoints
were reported as they occurred and included death, stroke, myocardial infarction, and
incident or worsening heart failure. Validation of trial endpoints was carried out by a
trial endpoint committee of international experts blinded to trial treatment allocation
and with full access to supporting documentation, for example, death certificates,
hospitalization reports etc. Median follow-up was 1.8 years, after the study was
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stopped preliminary at second interim analysis due to a significant reduction in all-
cause mortality in the active treatment arm. Full details of the HYVET protocol have
been published elsewhere *°.

MESA

MESA is a multi-ethnic, community-based, multiethnic prospective cohort study of
6,814 men and women of 4 self-identified racial/ethnic groups (non-Hispanic whites,
African American, Hispanic, or Chinese American). MESA participants were recruited
between 2000 and 2002 in 6 field centers: Wake Forest University in Winston-Salem,
NC; Columbia University in New York, NY; The Johns Hopkins University in Baltimore,
MD; University of Minnesota in Minneapolis; Northwestern University in Chicago, IL;
and University of California in Los Angeles. The age range at baseline was 45 to 84
years, and participants had to be free of clinically overt atherosclerotic cardiovascular
conditions to be eligible for inclusion. All study participants provided written informed
consent at each examination, and study protocols were approved by site-specific
Institutional Review Boards at respective MESA-participating institutions. Further
details on the MESA study design have been described elsewhere .,

PROSPER

The PROSPER trial is a large, prospective multicenter randomized clinical trial that
assessed whether treatment with pravastatin diminishes the risk of major vascular
events in older individuals from three countries (the Netherlands, Scotland, Ireland).
Between December 1997 and May 1999, 5804 men and women aged 70-82 years
were enrolled if they had pre-existing vascular disease or increased risk due to
smoking, hypertension, or diabetes. Participants with the following conditions
were not recruited in the PROSPER study: congestive heart failure; significant
arrhythmia; cognitive impairment (Mini-Mental Score Examination score <24). Included
participants were randomly assigned to either pravastatin or placebo for an average
3.5-year intervention period. The full methodology of PROSPER has been described
in more detail elsewhere .
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SPRINT

The design, eligibility, and baseline characteristics of SPRINT have been described
elsewhere 1314, SPRINT was a randomized, controlled, open-label trial that was
conducted at 102 clinical sites (organized into 5 clinical center networks) in the
United States. The trial protocol was approved by the institutional review board at
each participating site. Study participants were required to be at increased risk for
cardiovascular disease. A person was excluded if he or she had type 2 diabetes, a
history of stroke, symptomatic heart failure within the past 6 months or reduced left
ventricular ejection fraction («<35%), a clinical diagnosis of or treatment for dementia,
an expected survival of less than 3 years, unintentional weight loss (>10% of body
weight) during the preceding 6 months, an SBP of less than 110 mm Hg following
1 minute of standing, or resided in a nursing home. Sociodemographic data were
collected at baseline, whereas both clinical and laboratory data were obtained at
baseline and every 3 months. Eligible participants were assigned to a systolic blood-
pressure target of either less than 140 mm Hg (the standard-treatment group) or
less than 120 mm Hg (the intensive-treatment group). For the current study, patients
aged 65 years or older were included between November 2010 and March 2013. To
investigate the effect of blood pressure lowering therapy in older persons, a subgroup
of elderly aged 75 years or older was pre-specified in the study design and, as such,
well-represented within the study population 4.

A committee unaware of treatment assignment adjudicated the protocol-specified
clinical outcomes. The primary cardiovascular disease outcome was a composite of
nonfatal myocardial infarction, acute coronary syndrome not resulting in a myocardial
infarction, nonfatal stroke, nonfatal acute decompensated heart failure, and death
from cardiovascular causes. Secondary outcomes included all-cause mortality and
the composite of the SPRINT primary outcome and all-cause mortality. In August
2015, the trial was ended preliminarily after interim analysis, after a median follow-
up of 3.3 years.

1.3 Model development (adapted from Hageman et al. 15)

The interlinked stages of model development, including model derivation and
recalibration are summarised in Supplementary Methods Figure 1. An overview
of the process as follows: Fine and Gray models were derived using data from
CONOR (Box 1). Four geographical risk regions were defined according to the age-
standardized country-specific cardiovascular mortality rates. For each region, annual
age- and sex-specific mortality rates were then translated to 10-year mortality risk
estimates, allowing for competing risk of non-CVD death (Box 2). In order to translate
10-year mortality to 10-year risk of fatal and non-fatal CVD, region- age- and sex-
specific multiplication factors were estimated using representative registry data and
cohorts from each risk region. Multiplication factors were defined as the ratio between
the cumulative incidence of fatal and non-fatal CVD events and the cumulative
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incidence of fatal CVD (Box 3). Multipliers were then used to translate region, sex
and age specific 10-year mortality incidence to expected 10-year risk of fatal and
non-fatal CVD events (Box 4). Region, sex and age-specific predicted 10-year risks
were then estimated using the core, un-calibrated 10-year risk models (derived in
Box 1) with region, sex and age-specific risk factors from the Non-Communicable
Disease Risk Factor Collaboration (NCD-RisC) (Box 5). The region and sex and age-
specific predicted risks (from Box 5) were compared to expected risks (from Box 4)
and rescaling factors were estimated to recalibrate the models for each region and
sex (Box 6). Finally, the rescaling factors are applied with the original un-calibrated
model to give new, recalibrated risk predictions in new individuals (Box 7).

The methods applied in Boxes 1, 2, 3 and 6 warrant further explanation and are
detailed as follows:

Box 1: Model derivation

For model derivation, sex-specific coefficients were estimated using Fine and Gray
competing risk-adjusted models. Risk predictors were age, sex, current smoking,
history of diabetes mellitus, systolic blood pressure, and total and HDL cholesterol
and age-interactions were added for all predictors. Continuous risk predictors were
centred before analysis. There were no or minimal violations of the proportional
hazards assumptions as assessed visually based on plotted Schoenfeld residuals.

Box 2: Estimation of 10-year competing risk adjusted mortality for each risk region
Estimates of CVD event incidence were based on the most recent WHO
cardiovascular mortality rates, which were transformed to estimates of CVD event
incidence using a multiplier approach. WHO cause-specific mortality rates are
supplied by every country and coded in ICD-9g or ICD-10. Rates included mortality
from all causes included in the original SCORE endpoint ** (Supplementary Table
1). Non-CVD mortality was defined as all mortality from causes not included in the
SCORE endpoint.

For every age-group, CVD mortality rates were used which were observed at the
midpoint of the projected 10-year follow-up period, so the CVD mortality rates of one
5-year age-group ahead (i.e. for prediction in the 40 to 44 year age-group the rates for
45 to 49 years were used as these are at the midpoint of the 10-year interval). WHO
rates of both the fatal cardiovascular outcome and the competing outcome non-CVD
mortality were converted to 1-year mortality risks (r) using the following formula:

r=1- e(—fatal rate)

The 1-year risks of fatal CVD were corrected for the competing risk of non-CVD death
and extrapolated to 10-year risks. This was done using life-tables with 1-year intervals,
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using follow-up time as a timescale ¥, For every interval, CVD-free survival was
calculated using the following formula:

Stp1 = Sex(1— Tevae — I‘comp,t)-

In which S=probability of being alive at start of interval t; S_=probability of being
healthy and alive at end of interval t; and Tevat and Teompt are the probabilities of
experiencing a fatal CVD event or competing events respectively during interval ¢,
given disease-free survival up to start of interval t; For each 1-year interval of the 10-
year timeframe of interest, the cause-specific CV mortality risk was calculated using:

rcvd,t

CVrisk, = * (S¢ = Se41)

rcvd,t + rcomp,t

The 10-year cumulative cause-specific risk was calculated as the sum of the 1-year
cause-specific risks:

CVrisk,;_q0 = Z CVrisk,
1-10

Box 3: Estimation of Multipliers to convert mortality to incidence estimates in
each risk region

To convert 10-year mortality estimates to incidence estimates, age- and sex-specific
multiplication factors were defined as:

Cumulative 10 year incindence total CV events,itnout prior cvp

Cumulative 10 year incindence fatal CV eventSentire population

These allowed the population level mortality statistics, which are calculated
among the whole population, regardless of prior disease status, to be converted
into first event incidence estimates, representative of the target primary prevention
population (those without prior CVD). Multiplication factors were derived in Clinical
Practice Research Datalink ° (CPRD; n = 2,589,074) for the low risk region, the Swedish
Patient Registry  for the moderate risk region (n = 5,252,592), the Estonian biobank
20 (n = 67,474) for the high risk region, and the HAPIEE study # (Lithuania + Russia,
n = 16,521) for the very high risk region. In each cohort and sex, two Fine and Gray
models, adjusted for baseline age and age-squared were fit: one modelling 15t CVD
event as the outcome and using only individuals without prior CVD, and one with fatal
CVD as the outcome and including all participants (regardless of prior disease). The
relevant cumulative 10-year incidence was then estimated using each model, for
each age group, and age group-specific 10-year CVD event risk was then estimated
as follows:
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Cumulative incindence fatal + nonfatal CV events,itnout prior cvp

CVDrisk¢otar10 = * CVrisKs1-10

Cumulative incindence fatal CV eventsgeneral poputation
Multiplication factors were assumed to be stable within each region and over time .
To aggregate the multipliers from the different cohorts to a single set of multipliers for
the low/moderate and for the high/very high risk regions, the mean was calculated
of all relevant multipliers, weighted by the size of the multiplier-derivation cohort.
The region-, age- and sex-specific multipliers can be found in Supplementary Table
4. Age and sex-specific 10-year mortality CVD rates and derived incidence rates
are shown for each region in Supplementary Figure 4. The age-specific and sex-
specific estimated CVD event rates used for recalibration are presented by region in
Supplementary Table 5.

Box 6: Relate expected to predicted risks to calculate rescaling factors for
model recalibration

Recalibration of the core SCORE2-OP model was performed separately for each
geographical risk region, using a previously described methodology, which is
summarized in Supplementary Methods Figure 2 422, This involved the use of regional
age- and sex-specific mean risk factor levels (from NCD-RisC) and age- and sex-
specific estimates of expected cumulative 10-year risk, estimated as described
above. We used the core SCORE2-OP risk models to estimate 10-year predicted
risk of the endpoint for each of the age groups using the mean risk factor values.
Having completed this process for each age group, as shown in Figure 2 we then
regressed transformed expected 10-year risk across age groups on that predicted by
the core SCORE2-OP models to derive recalibration factors (the intercept and slope
of the resulting regression line, Supplementary Methods Table 1). The SCORE2-OP
risk models, rescaled using the recalibration factors were then used to estimate
appropriate risks for each potential risk factor combination, for a new individual or
for formation of the example risk charts.

A stepwise approach for how to estimate individualized 10-year CVD event risk
estimations can be found in Supplementary Methods Table 2, with individual example
calculations shown in Supplementary Methods Table 3.

1.4 Missing data

Because complete case analysis may lead to loss of statistical power and possible
bias, values of predictors were imputed by single regression imputation with
predictive mean matching for all cohort data. As the CPRD consists of care-as-
usual data, missing data was much more frequent and missingness was more likely
to correlate with cardiovascular disease risk. Therefore, multiple imputation was
performed for the external validation in CPRD with fully conditional specification
using 5 imputed datasets.
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1.5 Uncertainty of risk predictions

In clinical practice, clinical decision are made based on the best available evidence. In
risk prediction, this is the point estimate as estimated with the risk model. However, it
is good to realize that there is uncertainty around these point estimates. To calculate
confidence intervals surrounding individual predicted risks based on the uncertainty
of all model coefficients, risk predictions were repeated with the lower or upper
bounds of the confidence intervals of all beta coefficients (Table 2). In Supplementary
Figure 8 the uncertainty around the point estimates is presented in risk charts.

1.6 Predicting treatment effects from risk factor treatment using SCORE2-OP
It has previously been shown that risk estimations can be combined with relative
treatment effects from trials to calculate absolute individualized treatment effects .

To show the potential use of using SCORE2-OP in daily practice, we included analyses
on the individual absolute benefit of blood pressure lowering and lipid lowering in
older persons. To estimate the effect of blood pressure lowering on CVD, average
relative treatment effects were added to SCORE2-OP, using a hazard ratio (HR) of 0.80
per 10 mmHg SBP reduction taken from a large meta-analysis for blood pressure
lowering 23, and estimating the benefit from the reduction of office SBP to the target
of <140mmHg for persons with hypertension at baseline (SBP >140 mmHg) from the
HYVET and SPRINT trials (both blood pressure lowering trials *324). For lipid lowering,
an HR of 0.78 per 1 mmol/L LDL reduction was used 25, and the treatment benefit
of lowering LDL cholesterol to < 2.6 mmol/L was estimated for all patients with an
LDL cholesterol >2.6 mmol/L from the PROSPER trial (a lipid lowering trial *2). For
both treatment effects, it was assumed that the HR can be applied across the entire
age range. Indeed, no evidence for heterogeneity of these treatment effects across
different age ranges has been found 232627,

First, we tested the assumption that the same relative treatment effect can be used
in all individuals by making a Cox model in respectively the HYVET, SPRINT, and
PROSPER study populations including a ‘model linear predictor * trial allocation”
interaction term 2.

Then treatment benefit was calculated for the respective risk factor treatment by
combining the hazard ratio with the individualized estimated 10-year CVD event risk
(here shown for SBP reduction):

SBP reduction
) 1 o exp(log(HR)X(————)
RLSRWith treatment — 1 (1 rlSkoriginal ( 10 )

Treatment benefit for individual patients is defined as the absolute risk reduction
(ARR) from treatment:
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ARR = (TiSkori_ginal — Tiskyitn treatment) *100

Histograms were constructed showing the distribution of treatment effects from blood
pressure lowering in the combined study population from the HYVET and SPRINT
trials (Figure 4), and from lipid lowering in the PROSPER trial (Figure 5), respectively.

Supplementary Methods Table 1: Region-specific rescaling factors

Men Female
Scale 1 Scale 2 Scale 1 Scale 2
Low risk region -0.34 1.19 -0.52 1.01
Moderate risk region 0.01 1.25 -0.1 11
High risk region 0.08 115 0.38 1.09
Very high risk region 0.05 07 0.38 0.69

Rescaling factors for the SCORE2-OP model to scale predicted risks to the target population in very risk region,
based recent nationally representative estimates of incident cardiovascular disease and risk factor levels.
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Supplementary Methods Table 2: A stepwise approach to estimating 10-year CVD risk for an
individual patient

Calculate 10-year CVD event risk

1. Calculate individual model LP=3B_ _ .
linear predictor (LP) Where:

(x-x_.)

B specitc ar€ the sex-specific coefficients (Table 2),

x is the individual person value of the predictor

X, is the value at which each predictor was centered: age = 73,
SBP = 150; total cholesterol = 6; HDL cholesterol =1.4.

2. Calculate the original (or 0. =1-basesurv_ . "exp(LP-meanLP_ ..}
unrecalibrated) 10-year risk Where:
®,gina! Basesurv_, ... IS the sex-specific 10-year baseline survival for an

average patient: for men, 0.758; for women, 0.808
meanLP is the sex-specific mean linear predictor: for men, 0.093; for
women, 0.229

3.Use the age-, sex-, and region- 6 =1 - exp(-exp(Scale1+ Scalez x In(-ln(1- 6 n)

specific rescaling factors from

Supplementary Methods Table Multiply by 100 to get your individual 10-year risk as a percentage.
1 to calculate the recalibrated

10-year risk for your individual

patient (6)

original

Calculate 10-year risk of CVD events incl. heart failure

Include the multiplication factor © ... =1 - basesurv_ .. "exp(LP - meanLP
from Supplementary Table 4 in  In(multiplier_ )
step 2, the rest of the procedure Where:

is identical Multiplier

sex-specific

is the age- and sex-specific multiplier

age.sex
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Supplementary Table 1: Endpoint definitions

SCORE2-OP

1. Fatal cardiovascular disease- cause specific mortality due to any of the following:

Endpoints included ICD10-codes
Hypertensive disease 110-16
ischemic heart disease |120-25
Arrhythmias, heart failure 146-52
Cerebrovascular disease 160-69
Atherosclerosis/AAA 170-73
instantaneous death and death within 24h of symptom onset R96.0-96.1
The following ICD codes are to be excluded from the above endpoint:

Myocarditis, unspecified 151.4
subarachnoid hemorrhage 160
Subdural hemorrhage 162
Cerebral aneurysm 167.1
Cerebral arteritis 168.2
Moyamoya 167.5

2. Hospitalization from cardiovascular disease

Endpoints included ICD10-codes
Non-fatal myocardial infarction 121-23
Non-fatal stroke 160-69
Excluded from the non-fatal stroke endpoint:

Subarachnoid hemorrhage 160
Subdural hemorrhage 162
Cerebral aneurysm 1671
Cerebral arteritis 1682
Moyamoya 1675
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Chapter 3

Supplementary Table 2: Age- and sex- standardized CVD mortality rates per country

Age- and sex- Age- and sex-
. standardized CVD Year standardized CVD Year
Countries B i
mortality rates (per  collected St mortality rates (per  collected

100,000 persons) 100,000 persons)

Moderate risk region

Iceland 101.0 2016
Portugal 107.9 2014
Sweden 109.0 2016
Italy 110.1 2015
San Marino -

Ireland 1115 2014
Cyprus 111.5 2016
Finland 128.5 2015
Austria 130.9 2016
Malta 133.3 2015
USA 131.8 2016
Greece 138.8 2015
Germany 139.0 2015
Slovenia 143.3 2015
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SCORE2-OP

Supplementary Table 3: Age- and sex-specific multiplication factors for fatal CVD events to
total events in the different risk regions

Low/moderate risk region High/very high risk region
Age group Men Women Men Women
65-70 2.6 3.2 1.6 2.5
70-75 21 25 14 19
75-80 1.6 19 13 15
80-85 1.3 1.5 11 1.4
85+ 11 11 0.9 1.0

Multiplication factors for the SCORE2-OP model specific for each age group, sex and region. Multiplication factors
were defined as the ratio between the cumulative incidence of fatal CVD and the cumulative incidence of CVD
events. Multipliers were used to multiply observed CVD mortality rates in the agegroup stated in this table and are
therefore used to recalibrate 10-year risks in one age group below.

Supplementary Table 4: Age- and sex-specific multiplication factors in CONOR for the primary
endpoint to secondary endpoint CVD events plus HF

Age group 65 70 75 80 85+
Men 1.10 115 119 1.20 117
Women 114 1.20 1.22 1.22 1.20
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Chapter 3

Supplementary Table 6: Comparison between SCORE2-OP and ASCVD risk engine in terms
of discrimination (Harrell's C-statistic [95% confidence intervall)

ASCVD SCORE2-0OP
ARIC 0.644 (0.618-0.669) 0.668 (0.643-0.693)
CPRD 0.663 (0.659-0.666) 0.657 (0.655-0.662)
MESA 0.645 (0.621-0.668) 0.654 (0.631-0.678)
Pooled trial populations 0.612 (0.593-0.630) 0.632 (0.613-0.651)

Supplementary Table 7: Comparison of the area under the curve of the Model Harrell's
C-statistic, the 1-year time-dependent ROC and the time-dependent ROC at longer follow-up
in the external validation cohorts

Harrell's C-statistic 1-year time- Time-dependent ROC**
dependent ROC

ARIC 0.668 (0.643-0.693) 0.711(0.646-0.777) 0.683 (0.655-0.710)

at 5 years follow-up
CPRD* 0.657 (0.655-0.662) 0.679 (0.669, 0.688) 0.646 (0.642-0.650)

at 10 years follow-up
MESA 0.654 (0.631-0.678) 0.701(0.626-0.794) 0.692 (0.663-0.721)

at 10 years follow-up
Pooled trial 0.632 (0.613-0.651) 0.639 (0.657-0.670) 0.677 (0.657-0.698)
populations at 3 years follow-up

* Due to computational reasons, the time-dependent ROC was calculated using an unweighted rather than the
weighted approach used in the other study populations. In this approach, patients censored without an event before
10 years follow-up were not included. This can lead to an underestimation of the actual area under the curve of
the time-dependent ROC.

** Years of follow-up depending on the maximum number of years of follow-up available per study population that
could give a reliable estimate of model performance, with a maximum of 10 years
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Supplementary Figure 1: The distribution of countries in risk regions based on the age-stan-
dardized CVD mortality rates

Risk regions
W Low risk

_ Moderate risk
0 High risk

W Very high risk

. 3
R g

—

Countries were grouped into four risk regions according to their most recently reported WHO age- and sex-
standardized overall CVD mortality rates per 100,000 population (ICD chapters 9, 100-199). The four groupings
were: low risk (<100 CVD deaths per 100,000), moderate risk (100 to <150 CVD deaths per 100,000), high risk (150 to
<300 CVD deaths per 100,000), and very high risk (2300 CVD deaths per 100,000).

Supplementary Figure 2: The relative effect of risk factors at different ages (black-male; red-fe-
male)
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Supplementary Figure 3: Calibration plots of observed versus estimated risks in deciles of risk
in the CONOR study population (internal validation) for (left) CVD event risk, and (right) CVD
event risk including hospitalization for heart failure
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Supplementary Figure 4: Cardiovascular mortality and incidence in all risk regions in the entire

middle-aged and older population.
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Regional age- and sex-specific CVD mortality rates (left) in the general population; regional age- and sex-specific

CVD event rates in the primary prevention setting.
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Supplementary Figure 5: Estimated CVD incidence rates and predicted risks
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Supplementary Figure 6: Calibration plots of observed versus estimated (O/E) risks with O/E
ratios within deciles of the external validation study populations. Risks were estimated for 3, 5,
or 10 year time periods depending on available follow-up per studly.
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The estimated risks were recalibrated per study using the study-specific O/E ratio. The O/E ratio reflects the
difference in baseline risk between the study population and risk region from which the study population comes,
which may be affected due to participant selection and timeliness of the data.
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SCORE2-OP

Supplementary Figure 8: Risk charts of 5-year risk in all four risk regions
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Supplementary Figure 8 (continued)
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SCORE2-OP

Supplementary Figure 9: SCORE2-OP predicted risks for given risk factors in all European

regions
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Supplementary Figure 10: Risk charts of 10-year risk in all four risk regions with uncertainty
bounds based on the 95% Cl of the risk model parameters
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Supplementary Figure 10 (continued)
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Supplementary Figure 10 (continued)
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Supplementary Figure 10 (continued)
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The value of additional risk factors for improving
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Chapter 4

Abstract

Background: In clinical practice, additional risk modifying characteristics are often
known which are not directly incorporated in cardiovascular risk prediction models,
like albuminuria, education level, or coronary calcium score. The aim of the current
study was to quantify the added value of potential risk modifying characteristics
when added to the SCORE2 algorithm for individuals without diabetes mellitus (DM)
or prior cardiovascular disease (CVD).

Methods and results: Individuals without previous CVD or DM were included from
the ARIC, MESA, EPIC-NL and HNR studies (n=46,285) in whom 2,177 CVD events and
2,062 non-cardiovascular deaths were observed over exactly 10.0 years of follow-
up. The effect of each possible risk modifying characteristic was derived using
Fine and Gray models that included an offset term for the SCORE2 linear predictor.
Subdistribution hazard ratios were derived in each cohort separately and then
pooled. External validation was performed in the CPRD cohort (UK, n = 518,015, 12,675
CVD events). Adjustment of SCORE2 predicted risks with both single and multiple
risk modifiers did not negatively affect calibration and led to a modest increase in
discrimination (C-index 0.742 [95%Cl 0.737-0.7461 versus unimproved SCORE?2 risk
C-index 0.737 195%Cl 0.732-0.741]). The net reclassification index for adding all these
predictors was +0.032 (95%Cl 0.025; 0.028) for future events and -0.008 (95%CI -0.009;
-0.007) for future non-events. The coronary calcium score was found to the single
strongest added predictor.

Interpretation: The current paper presents a method on how to integrate possible
risk modifying characteristics that are not included in existing CVD risk models for the
prediction of CVD event risk in apparently healthy people. This flexible methodology
improves the accuracy of predicted risks and increases applicability of prediction
models for individuals with additional risk known modifiers
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Additional risk factors for improving prediction

Introduction

Atherosclerotic cardiovascular disease (CVD) remains a major cause of both morbidity
and mortality, despite declines in its incidence and mortality rates in several countries.
Current guidelines advocate the use of risk prediction models to enhance healthcare
and population-wide prevention.** Risk models like the SCORE2-model* and the
atherosclerotic cardiovascular disease pooled cohort equations (PCE)? integrate
information on several conventional prognostic factors to estimate individual 10-
year CVD event risks for apparently healthy people, those without prior CVD, diabetes
mellitus, or severe comorbidity. The goal is to identify people at higher risk of CVD,
as those benefit most from preventive action.®-® These models are widely-used and
practical because they use easy to measure and generally available prognostic factors
to calculate CVD risk. In clinical practice, however, there are often other prognostic
factors known apart from those in the prediction model, for example parental history
for premature myocardial infarction, body mass index (BMI), estimated glomerular
filtration rate (eGFR), albuminuria, social-economic status, coronary calcium score
(CAC), or ankle-brachial-index (ABI).

The 2021 ESC CVD prevention guidelines state that some of these prognostic factors
may modify predicted risk, but no clear quantitative solution is given as to how to deal
with additional information for more accurate risk prediction in individual patients.3
In practice, healthcare providers and patients may decide to ignore a risk model's
prediction, because they feel the patient profile is not fully captured by the algorithm.
A clear strategy on how to deal with any such possible risk modifying characteristics
help providers and patients to further personalize clinical practice. Therefore, the
aims of the current study were to quantify the added value of possible risk modifying
characteristics in addition to the SCORE2 algorithm for apparently healthy individuals
and to evaluate the accuracy and added value of adding a variable number of these
additional risk modifying characteristics.

139



Chapter 4

Methods

Study design

The effect of pre-specified list of possible risk modifying characteristics was derived
and internally validated in several contemporary European and North-American
research cohorts: the Atherosclerosis Risk in Communities Study (ARIC, 4" visit as
a baseline, United States, n = 8,796),° Multi-Ethnic Study of Atherosclerosis (MESA)-
study (United States, n = 5,670),*° European Prospective Investigation into Cancer,
The Netherlands (EPIC-NL, n = 28,099), and Heinz Nixdorf Recall (HNR, Germany,
n = 3,679).* Finally, all results were externally validated in real-world general
practitioners data from the Clinical Practice Research Datalink (CPRD, United
Kingdom, n = 518,015).*2 In all data sources, participants aged 40-80 year without
prior CVD or diabetes mellitus were included. Prior CVD was defined as history of
any clinical diagnosis of atherosclerotic CVD, including angina pectoris, myocardial
infarction, stroke or peripheral artery disease. Detailed descriptions of all data sources
can be found in the Supplementary Methods.

Predictors

Possible risk modifying characteristics were pre-specified based on existing literature
and availability in the cohorts. The following characteristics were investigated in
the current study: albuminuria, ABI, atrial fibrillation, Chronic inflammatory disease,
BMI, carotid plaque, carotid intima media thickness (cIMT), coronary calcium score
(MESA percentile®, direct Agatston score as a sensitivity analysis), parental history
of premature myocardial infarction, lower education level, eGFR, high-sensitivity
C-reactive protein (hsCRP), high-sensitivity troponin, lipoprotein(a) [Lp(a)l. N-terminal
pro-B-type natriuretic peptide (NT-proBNP), number of medications, history of cancer
(excluding non-melanoma skin cancer), gestational hypertension or pre-eclampsia.
The availability of each of the predictors in all the cohorts and all definitions and cut-
offs are described in detail in the Supplementary Methods.

The primary outcome was CVD events, defined as a composite of cardiovascular
mortality, non-fatal myocardial infarction and non-fatal stroke (Supplementary Table
1), similar to the endpoint of the SCORE2 algorithm.4 Follow-up was until the first non-
fatal myocardial infarction, non-fatal stroke, or death or end of the event registration
period. Follow-up was truncated at 10 years as the effect of predictors on the risk of
CVD events because this period is of most interest. Deaths from non-cardiovascular
causes were treated as competing events.

Statistical analysis

First, the effect of all risk modifying characteristics on top of the SCORE2 predictions
was estimated using Fine and Gray competing risk models. This was performed
separately for each characteristic. As not all individual patient data was in the same
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geographical location, analyses were performed separately for every cohort and
subsequently pooled using inverse variance weighting. In the derivation models,
single additional predictors were used together with the SCORE2 coefficients, which
were added as ‘fixed predictors' (offset term). The use of fixed predictors ensured
that the adjustment was made to the exact coefficients as published. The SCORE2
model was stratified upon sex and included the prognostic factors: age, systolic blood
pressure, non-HDL cholesterol, and current smoking. For all continuous predictors,
Akaike information criterion was used to check the linearity of the association with
the outcome variable by comparing model fit of models with linear fit to squared or
log-transformed variables.

The risk modifying characteristics can be applied to individual predictions of the
SCORE2 model using the “naive approach” - which modifies individual predicted
risks based on the population prevalence and the subdistribution hazard ratio (SHR) of
the relevant predictor. This method is described in more detail in the Supplementary
Methods, including a worked out example (Supplementary Table 2). The naive
method is a flexible method as it can be used on top of the recalibrated SCORE2
risks for every region for which the prevalence or population mean of the risk factor is
known, and may be used to improve upon predictions using different combinations of
risk modifying characteristics without the need to derive different prognostic models.

Internal validation was performed for addition of each characteristic separately, in all
cohorts where the characteristic was available. Performance of risk reclassification
based on each characteristic was assessed in terms of discrimination, net
reclassification index (NRI) and goodness-of-fit. Discrimination was assessed
using Harrell's C-index, corrected for competing risks.”” All relevant discrimination
measures were calculated in every cohort separately and subsequently pooled using
a random effects model. The NRI was calculated based on the 2021 ESC prevention
guideline cut-offs for individuals 50-69 years old: 5% and 10% 10-year CVD risk.3
NRI was presented separately for events and non-events and confidence intervals
were obtained using bootstrapping (r-package nricens)*® To assess whether model
goodness-of-fit was negatively affected by the risk modification, visual assessment
was conducted using predicted versus observed risk plots - showing deciles of
predicted risks plotted against CVD cumulative incidences. The intercept of the
SCORE2 model was recalibrated to every cohort prior to these analyses. In addition,
analyses were performed to evaluate the effect of adding multiple risk modifying
characteristics at once with the naive method. Analyses evaluating a varying number
of risk modifying characteristics were performed in the MESA cohort, as this had
the largest number of additional predictors available. For this analysis, first the
recalibrated risk was predicted for all participants. This risk was then modified with
the required number of random predictors for every individual. Handling of missing
data is described in the Supplementary Methods. All analyses were performed with
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R-statistical programming (version 3.5.2, R Foundation for Statistical Computing, Vienna,
Austria).

External validation in real-world clinical data

In clinical practice, most additional risk modifying characteristics as evaluated in
the current study are not randomly measured. The fact that these predictors were
measured itself may carry predictive information, and thus the current approach was
validated in care-as-usual primary care data from CPRD GOLD. For this analyses,
only the individuals were used to which the SCORE2 model currently applies (no
individuals with diabetes mellitus, only aged 40-69 years). External validation was
performed assessing the effect of modification with all available risk factors to modify
SCORE2 risks on model calibration, discrimination and NRI. This way, the real-world
availability of these risk factors in the primary care setting was implemented in
the validation. CAC-score was not available in the CPRD GOLD data. In addition,
a sensitivity analysis was performed in CPRD to evaluate the applicability of the
methods and derived SHRs in combination with predicted risks from SCORE2-OP
and PCE. The same SHRs were used as in the main analyses. For the analyses with
SCORE2-OP, only individuals of 70 years or older were included. For the analyses
with PCE risks the respective target population was included (age 45-80 years, no
prior DM or CVD).

Results

For the derivation of all predictor effects, 46,285 individuals were included from 4
cohorts. Median age at baseline was 57+8 years old, and 71% were female. Detailed
participant characteristics are presented in Table 1. In a median of 10.0 years of
follow-up (IQR 10.0-10.0), 2,177 CVD events and 2,062 non-cardiovascular deaths
were observed. The SHRs of all additional predictors are presented in Table 2 and
Supplementary Table 3-4.

Without addition of any of the risk modifying characteristics, the C-index of the
SCORE2 model was 0.716 (95% Cl 0.695-0.736) in the derivation cohorts. Addition of
most risk modifying characteristics led to a modest increase in discrimination. Risk
modifying characteristics most effectively increasing discrimination were coronary
calcium score (+0.0187), NT-proBNP (+0.0085) and hs-Troponin-T (+0.0094) (Figure 1).
Addition of single risk modifying characteristics led to a modest increase in NRI for
events for most risk factors, and a small reduction in NRI for non-events (Table 3). The
highest increase in NRI was seen for CAC-score (+0.122 [95%Cl 0.072-0.171] for events,
-0.024 [95%Cl -0.033 - -0.015] for non-events). CAC-score led to a higher increase in
discrimination and a similar NRI when added as a percentile, in comparison to when
an Agatston score was used (Supplementary Table 5)
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Figure 1: Effect of individual risk factors on the discrimination of the SCORE2 model

tisk modifier

Effect on discrimination

Increase in C-statistic

ABI r—l—« 0.0008 [-0.0002, 0.0019]
Albuminuria s—-—| 0.0029 [-0.0033, 0.0091]
BMI i-l-c 0.0010 [ 0.0001, 0.0018]
CAC 0.0187[0.0110, 0.0264]
Carotid stenosis }—-—4 0.0023 [ 0.0001, 0.0046]
cIMT ! 0.0004 [ 0.0001, 0.0006]
Education level »—-—c 0.0012 [-0.0015, 0.0038]
Estimated GFR .——-—c 0.0020 [-0.0014, 0.0055]
Family history of CVD w—¢ 0.0005 [-0.0006, 0.0015]
Former smoking m 0.0003 [-0.0002, 0.0008]
Gestational hypertension H—c -0.0003 [-0.0011, 0.0006]
History of Cancer - 0.0001 [-0.0004, 0.0006]
hsCRP n—-—| 0.0036 [ 0.0001, 0.0072]
Inflammatory disease rm 0.0001 [-0.0005, 0.0007]
LP(a) »——-—4 0.0022 [-0.0043, 0.0088]
NT-ProBNP 0.0090 [-0.0005, 0.0186]
Number of drugs .—-—. 0.0012 [-0.0003, 0.0028]
Troponin-T i —— 0.0097 [ 0.0061, 0.0133]
I I 1
-0.0100 0.0000 0.0100 0.0200

Increase in C-statistic

GFR = glomerular filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPII
formula), CAC= coronary calcium score, cIMT = carotid intima-media thickness, hsCRP = high sensitivity C-reactive
protein, HDL = high density lipoprotein, LDL = low density lipoprotein, Lp(a) = lipoprotein(a), NT-proBNP = N-terminal
pro-B-type natriuretic peptide
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Table 2: Subdistribution hazard ratios of the additional predictors

Predictor

Subdistribution hazard ratio (95% CI)

Ankle brachial index (<0.9)

Body mass index (kg/m?)t

Coronary calcium Agatston-percentilet
History of cancer

Carotid stenosis (>25%)

Carotid intima media thickness (mm)#
Estimated GFR (ml/min/1.73m2)}
hsCRP (mg/L)t

History of chronic inflammatory disease
Lower education level

Parental history of myocardial infarction
Former smoking (versus never)
Gestational hypertension

Lp(@) (mg/dL)t

Albuminuria (>30mg/g)

Number of drugs (n)#

NT-ProBNP (pg/ml)”

Troponin-T (pg/mb)*

1.28 (1.03-1.59)
1.02 (0.96-1.09)
1.01(1.60-2.21)
1.17 (0.94-1.44)
1.59 (1.26-2.01)
1.01(0.91-1.12)
1.03(0.93-1.18)
1.32(1.05-1.67)
0.95 (0.54-1.67)
1.28(1.16-1.41)
1.34(1.19-1.51)
112 (1.01-1.25)
1.17 (0.98-1.39)
1.13(0.93-1.36)
1.91(1.60-2.28)
1.18 (1.10-1.26)
1.48 (1.38-1.58)
1.53(1.42-1.66)

Predictors marked with () are log-transformed, predictors marked with () are squared, and predictors marked ($)
are linear. For all these continuous predictors, the subdistribution hazard ratios are presented as 3rd versus 1st
quartile. To aid clinical interpretation, squared and log coefficients are additionally displayed in Supplementary Table
3. GFR = glomerular filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI]
formula), CAC= coronary calcium score, cIMT = carotid intima-media thickness, hsCRP = high sensitivity C-reactive
protein, HDL = high density lipoprotein, LDL = low density lipoprotein, Lp(a) = lipoprotein(a), NT-proBNP = N-terminal
pro-B-type natriuretic peptide.

The effect on calibration of using a single predictor to modify predicted risks was
illustrated in Figure 2. In individuals with albuminuria, SCORE2 risks were under-
predicted before modification of the predicted risks. After modification, calibration
was adequate. In individuals without albuminuria, calibration was adequate
before and after modification of predicted risks. A clinical example was shown in
Supplementary Table 2, illustrating the application of the methodology for a 50-year-
old smoking woman from Europe's low risk region. Her SCORE2 predicted risk was
5.3%. Her medical history shows a MESA CAC percentile of pg5. Implementing this
in her risk prediction would almost double her risk to 10.2%. Another woman with
exactly the same risk factor levels had no CAC-score, but a negative parental history
of CVD before the age of 65. Implementing this information would slightly lower her
10-year risk (4.9%).
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Table 3: Effect of the different risk modifiers on NRI

Risk modifier

Event (95%Cl)

Non-event (95%Cl)

Combined (95%)

Coronary calcium score
Troponin-T

NT-ProBNP

Albuminuria (>30mg/q)
Education level (lower vs other)
History of inflammatory disease
Estimated GFR

Body mass index

History of cancer

Parental history of Ml

hsCRP

Former smoking (versus never)
Carotid stenosis (>25%)
Number of drugs (n)

Carotid intima media thickness
(mm)

Lp (a)
Ankle brachial index (<0.9)

Gestational hypertension

0.122 (0.072;0.171)
0.051(0.027,0.076)
0.040 (0.016;0.066)
0.001(-0.014;0.018)
0.021(0.009;0.033)
0.010 (-0.010;0.034)
0.004 (-0.009;0.016)
0.011 (0.002;0.020)

-0.007 (-0.015;0.001)
0.000 (-0.012;0.011)
0.007 (-0.015;0.026)
0.002 (-0.011;0.013)
-0.002 (-0.024,0.023)
0.003 (-0.011;0.019)

0.002 (-0.006;0.012)

0.004 (-0.011;0.018)
-0.005 (-0.020;0.012)

0.001(-0.018;0.021)

-0.024 (-0.033;-0.015)
0.001 (-0.006;0.007)
-0.006 (-0.012;0.000)
0.023(0.019;0.027)
-0.003 (-0.006;-0.002)
0.002 (-0.001;0.004)
0.008 (0.004;0.011)
-0.002 (-0.004;-0.001)
0.000 (-0.001;0.000)
0.004 (0.003;0.006)
-0.004 (-0.009;0.001)
0.001(-0.001;,0.003)
0.004 (0.000;0.008)
-0.006 (-0.010;-0.001)

0.000 (-0.002;0.001)

0.001(-0.003;0.005)
0.006 (0.002;0.011)

-0.001 (-0.004;0.001)

0.098 (0.049:0.146)
0.052 (0.026,0.078)
0.034 (0.008;0.059)
0.024 (0.009;0.040)
0.018 (0.006,0.030)
0.012 (-0.008;0.035)
0.011 (-0.001;0.024)
0.009 (0.000;0.018)
-0.007 (-0.015;0.000)
0.004 (-0.007:0.015)
0.003 (-0.018;0.025)
0.003 (-0.008;0.014)
0.002 (-0.021;0.026)
-0.002 (-0.020;0.013)

0.002 (-0.007;0.011)

0.001(-0.016;0.017)
0.001 (-0.009;0.010)

0.000 (-0.019;0.019)

GFR = glomerular filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI]
formula), CAC= coronary calcium score, cIMT = carotid intima-media thickness, hsCRP = high sensitivity C-reactive
protein, HDL = high density lipoprotein, LDL = low density lipoprotein, Lp(a) = lipoprotein(a), Ml = myocardial infarction,
NT-proBNP = N-terminal pro-B-type natriuretic peptide
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Figure 2: Calibration example showing the effect of additional stratification on microalbuminuria
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Calibration of SCORE2 predicted risks in all combined cohort data before and after modification of 10-year CVD risk.
Before modification, the SCORE2 intercept of the SCORE2 model was recalibrated to the cohorts.

Addition of multiple predictors
In the lower risk deciles, no major over- or underestimation was observed regardless
of the number of additional risk modifying characteristics added (Figure 3). For the
highest risk decile, a minimal overestimation of predicted risks was observed even
without adding risk factors. This overestimation increased gradually with adding more
risk factors.
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Figure 3: Effect of adding multiple random predictors on model calibration
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Effect of adding multiple random risk modifiers at once for individuals of the MESA study, shown in deciles of
predicted risk. Risk modifiers were randomly selected for every individual. Base model predictions were made with
the SCORE2 model after recalibration of the model intercept to the MESA cohort.

External validation in real-world data

For external validation in real-world data, 518,015 individuals were included, detailed
participant characteristics are presented in Table 1. In 5.9 years of follow-up (IQR
2.5-9.4) 12,675 CVD events and 28,098 fatal non-CVD events were observed. Disease
history (cancer, gestational hypertension) and number of medications were available
in all individuals (Supplementary Table 6). Other risk modifying characteristics
commonly available were former smoking status (77%), BMI (85%) and eGFR (29%).
Information on a median of 4 (IQR 3-5) risk modifying characteristics was available
per person. Unadjusted, the C-index of the SCORE2 model in the CPRD data was
0.737 [95%Cl 0.732-0.741], Figure 4). Risk modification with all available risk modifying
characteristics did not lead to miscalibration of SCORE2 risks. After reclassification
using all available information on risk modifying characteristics in this real-world
dataset, the C-index increased to 0.742 (95%Cl 0.737-0.747) (Figure 4). The NRI for
adding all these predictors was +0.032 (95%Cl 0.025; 0.028) for events and -0.008
(95%Cl -0.009; -0.007) for non-events. A gain in discrimination and positive NRI was
observed in both men and women (Supplementary Table 7). Within those with
predicted 10-year CVD risks between 7.5 and 12.5%, the C-index was 0.014 (95%Cl
0.004-0.023) higher when using all available risk modifying characteristics, and the
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NRI was 0.079 (95%Cl 0.061; 0.099) for events and -0.060 (95%Cl -0.066; -0.055) for
non-events.

Figure 4: External validation in the real-world data of CPRD using all available risk modifiers
(n=517,595)
Unadjusted risks Modified risks
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Calibration in the CPRD data of the original low risk region SCORE2 model (left) and after reclassification using all
available information on risk modifying characteristics in this real-world dataset (right).

Sensitivity analyses

Using the methodology on top of PCE predicted risks showed an increase in
discrimination as well. The C-index increased from 0.750 [95%Cl| 0.747-0.754] when
using the original PCE to 0.754 [95%Cl 0.751-0.758] after reclassification using all
available information on risk modifying characteristics in CPRD. The NRI on top of
PCE predictions was 0.028 (95%Cl 0.024; 0.032) for events and -0.015 (-0.015; -0.014)
for non-events. Using SCORE2-OP risks in the persons aged 70 years or older showed
anincrease in discrimination as well. The C-index increased from 0.738 (95%Cl 0.734-
0.741) when using the original SCORE2-OP risk score to 0.741 [95%Cl 0.737-0.745] after
reclassification using all available information on risk modifying characteristics in
CPRD). The NRI on top of SCORE2-OP predictions was +0.036 (95%Cl 0.032; 0.040) for
events and -0.018 (95%Cl -0.018; -0.017) for non-events.

Discussion

The current report describes flexible methods for handling additional risk modifying
characteristics on top of basic prediction models for the prediction of CVD risk in
apparently healthy people. The effect of several common additional risk modifying
characteristics was quantified for use in clinical practice, increasing clinical utility in
terms of improved applicability as well as increased discrimination and NRI, while
not negatively affecting calibration. External validation in real-world routine care data
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showed similar improvements in model performance as were observed in cohort
data.

The methodology presented in the current study improves the clinical utility of
CVD prediction models for apparently healthy individuals in several ways. First, the
applicability of prediction models is improved upon in the presence of potential risk
modifying characteristics. Current and previous guidelines acknowledged some of
these factors may alter predicted 10-year CVD risks, but offer no clear solutions on
how to mathematically deal with the presence of certain factors 3 If such factors are
available but not incorporated in the prediction, both physicians and patients may
intuitively feel the predicted risks are over- or underestimated and be reluctant to
rely upon predicted risks. As the degree of this potential inaccuracy is unknown,
risk communication and treatment decisions based on predicted risk become more
difficult. Using the methodology presented in the current study. however, these risk
modifying characteristics can be incorporated in the risk prediction algorithm, thereby
improving confidence in predicted risks. For individuals with certain risk modifiers
present, this will also result in more relevant predicted risks. Second, results from the
current study show that these risk modifications improve upon discrimination on top
of the SCORE2 model, in cohort data as well as in real-world data. Categorization of
events was especially improved with most risk modifiers, thereby slightly reducing
accuracy of the categorization for non-events. Most importantly, calibration was not
affected by adding the risk factors available in clinical practice.

The methodology as described in the current paper can be applied to add a single
modifying characteristic, but also with a few risk modifying characteristics at once.
Using too many risk modifying characteristics at once may lead to overestimation of
CVD risk in the higher risk deciles, which gradually increases with a higher number
of risk modifying characteristics. As this group is generally well above treatment
thresholds, the effect of this overestimation is likely limited in clinical practice. The
reason for this overestimation is the fact that the different risk modifiers as used in the
current study are not corrected for each other, but may carry overlapping predictive
information. The maximum of risk modifying characteristics that can be added, while
ensuring accurate risks, likely depends on an individual's predicted risk, as well as
the effect size and collinearity of the risk modifiers, making a maximum number of
modifying characteristics to be added hard to define. In the CPRD cohort a median of
four risk modifiers could be added without visible effect on the calibration, suggesting
at least up until this number of risk modifiers could be added.

There are several other strategies available to handle additional available risk
modifiers. One possibility is to use prediction models developed with more prognostic
factors, including the one of interest, like the MESA CHD risk score.?° A disadvantage
of using more extensive risk models is the decreased clinical applicability because
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it requires more variables to be known in clinical practice, or a separate algorithm to
be derived for individuals with and without the predictor present. In addition, it would
require well-validated models for each relevant combination of predictor availability.
More extensive models using have not yet been well calibrated to European clinical
practice using representative registry data. An alternative approach has been
proposed by the CKD Prognosis Consortium, consisting of a ‘patch’ to enhance
predicted risks according to kidney disease measures eGFR and albuminuria.?* This
method uses the difference between the individual expected eGFR and actual eGFR
to modify predicted risks, rather than the absolute value as used in the current study.
An advantage of this method could be that the effects of eGFR and albuminuria
are adjusted for each other - potentially benefitting those with moderate to severe
chronic kidney disease. The method described in the current study may best benefit
apparently healthy individuals due to the flexibility of the method and broad range
of potential risk modifiers.

In the current study, CAC-score was used to update individual risk predictions after
transformation to MESA percentiles, which was also shown to most effectively
increase model discrimination. Previous studies have found that the predictive value of
the direct Agatston value may be higher in comparison to the MESA percentiles.?? An
important difference with the current study is the fact that in the current analyses, the
predictive value on top of an existing model was evaluated, rather than the predictive
value of solely Agatston or MESA percentile. In addition, the current methodology
did not allow for changes in the original SCORE2 baseline hazard or coefficients. The
MESA percentiles, which are already adjusted for age, sex, and race, may be most
suitable in this situation.

An important strength of the proposed methodology is the flexibility of the method.
The method can be easily implemented in online calculators such as on www.U-
prevent.com to accommodate additional risk stratification based on whichever
predictors are available. In those cases, in which one of the many evaluated
predictors is available, this can be incorporated in the risk prediction, improving
model applicability and prediction accuracy. In those cases where no additional
risk modifiers are available, no additional information is required and risks can be
predicted with the regular SCORE2 algorithm. Another strength is use of large and
contemporary datasets with long follow-up duration for both derivation and validation
in the current study. The validation in the real-world data in CPRD GOLD showed that
the methodology can be used with routinely measured medical data. Moreover, the
methodology as described in the current study accounts for the impact of competing
risks by non-CVD outcomes, similar to the SCORE2 model itself. This statistical
adjustment prevents overestimation of CVD risk, which is especially of importance
for individuals with higher risks of non-CVD mortality, such as older persons.
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There are also some limitations which have to be considered. First, an assumption of
the methodology is knowledge of the population prevalence of the risk modifier of
interest. These prevalence estimates for North America and Western Europe were
obtained from powerful, contemporary cohorts. In cohort data there is often a certain
degree of healthy participant bias, possibly affecting the derived risk factor prevalence
estimates and with that, to systematic over- or underestimation of predicted risks. In
the current study however, no evidence was observed of systematic miscalibration in
the external validation in the relatively unselected population of CPRD.*2 For regions
outside of Western Europe and North America, reliable local risk factor prevalence
would be preferred to ensure reliable implementation of this methodology in clinical
practice.

Second, the effect of some relevant risk modifying characteristics was not evaluated
in the current study. Potentially relevant predictors which were not available in the
current study, but potentially could improve risk prediction include race/ethnicity,
frailty, and social deprivation.32324 In addition, some of the variables, including CAC
score, were not available in the real-world data, which may have underestimated the
total gain in discriminative power from adding all risk modifiers. Future studies could
apply the methodology presented in the current study to those risk modifiers as well,
and results could be combined with those of the current study.

In conclusion, a solution was presented on how to implement additional risk modifying
characteristics on top of existing models for the prediction of CVD event risk in
apparently healthy people. The methods were shown to be accurate using a broad
range of potential risk modifying characteristics and was accurate even when using
multiple risk modifying characteristics. Allowing for incorporation of these factors
in clinical practice will increase confidence in predicted risks in those cases where
a risk modifier is present, thereby improving upon clinical applicability of existing
prediction models.
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Supplementary Methods

Data sources

MESA

ARIC

HNR

EPIC-NL

CPRD

Method of recruitment: Participants were recruited from six communities (Forsyth County,
North Carolina; Northern Manhattan and the Bronx, New York; Baltimore City and Baltimore
County, Maryland; St. Paul, Minnesota; Chicago and the village of Maywood, Illinois; and
Los Angeles County, California) proceeded according to the discretion of the Field center
according to the characteristics of its community, past experience, available resources,
and site-specific logistics. Inclusion proceeded via pre-defined sex, age, and race/ethnicity
proportions.

Enrollment period: 2000-2002

Cohort participation criteria: 45-84 years of age, free of known (self-reported) clinical
cardiovascular disease, active cancer treatment, pregnancy, any serious medical condition
which would prevent long-term participation.

Method of recruitment: Probability sampling within four communities (Forsyth County, North
Carolina; Jackson, Mississippi; Minneapolis, Minnesota; and Washington County, Maryland)
was used to randomly select households. All individuals aged 45-64 years were asked to
participate. Participants were re-examined every three years.

Enrollment period: Initial recruitment: 1987-1989. For this study, variables collected at the
fourth follow-up visit were used (1996-98).

Cohort participation criteria: Willing and able to participate.

Method of recruitment: Random samples of men and women aged 45-74 were drawn from
mandatory residency lists of three cities in the Ruhr area of Northwestern Germany (Essen,
Mulheim and Bochum). Participants were invited via letter, and a maximum of two reminder
letters and phone calls were made to the initial non-responders.

Enrollment period: December 2000 - August 2003

Cohort participation criteria: All subjects without cardiovascular disease willing to participate,
without any conditions precluding follow-up over 5 years, pregnancy, or severe psychiatric
illness.

Method of recruitment: The Monitoring Project on Chronic Risk Factors (MORGEN project)
recruited a random sample of participants from the general Dutch population, and included
those aged 20-65 years. Prospect-EPIC cohort is based on volunteers recruited among
women participating in a regional breast cancer screening program for whom all women,
aged 50-69 receive biannual invitations.

Enrollment period: 1993 - 1997

Cohort participation criteria: Willing and able to participate and allow for linkage with the
national hospital registries and mortality registries.

Method of recruitment: The Clinical Practice Research Datalink (CPRD) is an ongoing primary
care database of anonymized medical records from general practitioners. For this study we
used data from CPRD GOLD with coverage of over 11.3 million patients from 674 practices in
the UK. With 4.4 million active (alive, currently registered) patients meeting quality criteria,
approximately 6.9% of the UK population are included and patients are broadly representative
of the UK general population in terms of age, sex and ethnicity. The data used for this study
was restricted to the region of England and to patients that could be linked to Hospital
Episodes Statistics (HES) and Mortality data from the Office for National Statistics(ONS). For
endpoints, the CPRD was linked to HES for hospital outcomes and ONS for fatal outcomes.
Use of CPRD data was granted by the Independent Scientific Advisory Committee: protocol
09-110

(protocol 20_155R)

Enrollment period: All individuals registered and alive at 01/01/2006 were included in
the current study. For the current study, entry date was defined as the first moment after
01/01/2006 at which an individual was both registered and was at least 40 years old.

Participation criteria: Age 40-80 and no cardiovascular disease prior to baseline.

Legend: MESA = Multi-Ethnic Study of Atherosclerosis; ARIC = Atherosclerosis Risk in Communities Study;
HNR = Heinz Nixdorf Recall Study; EPIC-NL = European Prospective Investigation into Cancer and Nutrition-

Netherlands;
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Predictor definitions

In the derivation of all SHRs, predictors were defined the following (if no cohorts
specified, definitions were similar in all cohorts where the predictor was available):
Albuminuria (urine albumin/creatinine ratio >30mg/g versus none); Ankle-brachial
index (ABI): measured in supine participants with systolic blood pressures measured
in both arms and legs with appropriately sized cuffs. For both legs (when possible),
the systolic blood pressure was measured in each posterior tibial and dorsalis
pedis artery. The ABI was calculated as the higher systolic blood pressure in the
posterior tibial or dorsalis pedis artery divided by the higher of the arm systolic
blood pressures values. At least one leg with ABI <0.9 was used versus both legs
>0.9. Chronic inflammatory disease: self-reported history of chronic inflammatory
disease, including rheumatoid arthritis. BMI was calculated as weight in kilograms
divided by height in meters squared. History of cancer: self-reported history of
any cancer excluding non-melanoma skin cancer; Carotid media thickness (cIMT):
obtained using B-mode sonography at the right and left common carotid artery
and measured 1 cm starting from the bulb. Carotid stenosis: any carotid stenosis
measured of any of both carotid arteries, stenosis of at least 25%, (MESA cohort) or at
least 40% (HNR cohort); CT-coronary calcium (CAC) score: measured on coronary CT,
mean phantom adjusted Agatston calcium score. Education level: lower education
versus middle or higher education; in the separate cohorts, lower was defined as
primary education (EPIC-NL), pre-primary or lower-secondary (HNR), less than 12t
grade education (ARIC, MESA). Estimated glomerular filtration rate calculated using
CKD-EPI formula. Parental history of myocardial infarction: self-reported history of
premature (prior to age 60) myocardial infarction in either parent. Former smoking:
self-reported history of tobacco smoking, analyzed in comparison to never smokers.
High-sensitivity C-reactive protein (hsCRP), measured in non-inflammatory state.
Values higher than 15 were excluded from analyses as those are likely associated with
an acute inflammatory response rather than signaling a chronic inflammatory state.
Lp(a): Serum concentration of Lp(a) in mg/dL quantified using a particle-enhanced
immunonephelometric method. Troponin-T: High-sensitivity cardiac troponin T, not
measured during acute clinical event. N-terminal pro-B-type natriuretic peptide (NT-
proBNP): not measured during acute clinical event. Number of medications: sum
of all different medications used at baseline (defined as 3rd level ATC codes, not
taking into account nasal sprays and topical medicines). For CPRD, this included only
medication as prescribed by GPs. Gestational hypertension: self-reported history of
gestational hypertension including pre-eclampsia. Reference group consisted of
women without self-reported history of gestational hypertension, men were excluded
from these analyses.

Naive method

The additional predictors can be applied to individual predictions of the SCORE2
model using the “naive approach” 415 which modifies individual predicted risks in the
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following way for categorical variables: 1-(1-individual predicted risk)NSHR/population
relative risk) for those having the predictor of interest, and 1-(z-individual predicted
risk)\N1/population relative risk) for those who do not have the predictor. In this formula,
the population relative risk is equal to (prevalence of a factor)'SHR of the factor +
(1-prevalence). Continuous predictors were added to individual predictions using the
following formula: 1-(1-individual predicted risk)\(SHR’lindividual continuous value -
mean value of population]). An important advantage of this method as this can be used
on top of the recalibrated SCORE2 risks in any region as long as the prevalence or
mean of the risk factor is known. A worked out example of the application to individual
predictions is presented in Supplementary Table 2.

Missing data

Because complete case analysis may lead to loss of statistical power and possible
bias,® predictor values in the derivation data were imputed by single regression
imputation using predictive mean matching (Aregimpute function in, R). In EPIC-NL
some additional predictors were measured in a completely random subset of 6%
of the population (hsCRP, eGFR). As these missings are completely at random, the
predictive effect of these variables was analyzed in only those with available data.

In the real-world data of CPRD, the SCORE2 predictors (HDL and total cholesterol,
smoking status, SBP) were multiply imputed with 5 imputed datasets, using the
R-package mice. As the predictive effect of the availability of the additional predictors
was of interest for the current study, these were not imputed. The availability of all
predictors in CPRD is shown in Supplementary Table 5.
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Supplementary Table 1: Endpoint definitions

Fatal cardiovascular disease

Endpoints included ICD10-codes
Hypertensive disease 110-16
Ischemic heart disease 120-25
Arrhythmias, heart failure 146-52
Cerebrovascular disease 160-69
Atherosclerosis/AAA 170-73
Sudden death and death within 24h of symptom onset R96.0-96.1
Excluding the following

Myocarditis, unspecified 151.4
Subarachnoid haemorrhage 160
Subdural haemorrhage 162
Cerebral aneurysm 167.1
Cerebral arteritis 168.2
Moyamoya 167.5
Non-fatal events

Non-fatal myocardial infarction 121-123
Non-fatal stroke 160-69
Excluding the following

Subarachnoid hemorrhage 160
Subdural hemorrhage 162
Cerebral aneurysm 1671
Cerebral arteritis 168.2
Moyamoya 167.5

Endpoint definitions depend on cohort availability but where ideally defined as stated above
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Supplementary Table 2: Example of risk modification with the naive method

1) Calculation of SCORE2 10-year risk based on SCORE2 predictors, ignoring additional risk factors

Region Europe, Moderate risk Transformed
region

Sex Female

Age (yrs) 50

Smoking (current vs. other) yes

SBP (mm Hg) 140

Total cholesterol (mmol/L) 6.3

HDL cholesterol (mmol/L) 1.4

CAC-score (MESA percentile from 0 0.95 0.95%= 0.9025

to 1)

Parental history of Ml negative

SCORE2 10-year risk = 0.0523

2) Overview of all required parameters
population RR = (prevalence of a factor)’SHR of the factor + (1-prevalence)

SHR Prevalence Population RR
(Parental history)
or mean (CAC)

CAC-score 0.4997 0.5690
CAC-score (squared term) 6.4268 0.3888
Parental history of MI 1.3420 0.1393 1.0476

3) Modify predicted risks

1-(1-individual predicted risk)\(1/population relative risk), if categorical, factor absent

1-(1-individual predicted risk)/N(SHR/population relative risk), if categorical, factor present

1-(1-individual predicted risk)NSHR'lindividual continuous value - mean value of population)), if continuous
variable

Modify predicted risk with CAC
percentile:

1-(1-0.0523)"(0.4997°(0.95- 0.5690)+ 6.4268(0.9025-0.3888)) = 0.1017; 10% 10-year risk

Modify predicted risk with negative parental history of M

1-(1-0.0523)\(1/1.0476) = 0.0499; 5% 10-year risk

Modify predicted risk with both

1-(1-0.0523)( 0.4997°(0.95- 0.56Q90)+ 6.4268°(0.9025-0.3888)+ (1/1.0476) ) = 0.09713; 10% 10-year risk

Calculation example showing the effect of parental history of Ml or CAC-score.
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Supplementary Table 3: Subdistribution hazard ratios of non-linear predictors in comparison

to clinically relevant reference groups

Predictor Value Subdistribution hazard ratio
CAC-score (MESA percentile) 10 0.84

50 1.00 (ref)

90 2.16

99 277
Troponin-T (pg/mL) 3 0.86

4 1.00 (ref)

7 133

10 1.60
NT-ProBNP (pg/mL) 20 072

60 1.00 (ref)

90 113

120 1.23
Body mass index (kg/m2) 15 1.06

25 1.00 (ref)

30 1.04

35 114
Estimated GFR (mL/min/1.73m2) Q0 1.00 (ref)

60 1.23

30 279

15 532
Lp(a) (mg/dL) 30 1.00 (ref)

60 1.09

90 1.14

120 113
hsCRP (mg/L) 1 1.00 (ref)

3 121

5 141

10 1.81

Subdistribution hazard ratios of the squared predictors at certain values versus the reference values. Subdistribution
hazard ratios shown were obtained by combining the shown predictors with the model coefficients and are for

illustrative purposes.
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Supplementary Table 4: Unrounded prediction parameters

Risk modifier SHR Prevalence Mean

NA EU NA EU
Ankle brachial index, <0.9 1.2761 0.0483 -
Body mass index 0.9581 28.1624 26.2015
Body mass index, squared 1.0009 822.1063 702.7641
Coronary calcium score 0.4997 0.498 0.569
Coronary calcium score, squared 6.4268 0.3109 0.3888
History of cancer 11651 0.0317 0.0536
Carotid stenosis (>25%) 1.5907 0.1142 0.0141
Carotid intima media thickness 1.0393 0.8535 0.7004
Estimated GFR 0.9434 83.3487 Q0.7666
Estimated GFR, squared 1.0003 7103.603 8524.095
hsCRP 11161 3.0489 2.1476
hsCRP, squared 0.9960 17.9213 10.0934
Lower education level 1.2824 0.1627 0.1815
Parental history of myocardial 1.3420 0.1041 0.1393
infarction
Former smoking (versus never) 11238 0.4645 0.4735
Gestational hypertension 11671 - 0.2331
History of inflammatory disease 0.9478 - 0.0787
LP(a) 1.0051 25.536 190.954
LP(a), squared 0.9999 1534.0 1056.8
Albuminuria >30 mg/g 1.0089 0.0560 -
Number of drugs (n) 1.0417 4.0881 1.8570
NT-proBNP (pg/ml), log 1.3452 4.0130 4.2210
Troponin-T (pg/ml), log 1.6747 1.6143 -
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Supplementary Table 5: Comparison between adding coronary calcium score as MESA
percentile versus Agatston score

Gain in C-index (95%Cl)

Net Reclassification index (95%Cl)

Percentile (squared)

Agatston score

0.0187 (0.0110-0.0264)

0.0148 (0.0091-0.0204)

0.098 (0.049-0.146)

0.096 (0.045-0.146)

Illustration of individual effect Value Subdistribution hazard ratio
CAC percentile 10 0.84

50 1.00 (ref)

90 2.16

99 2.77
Agatson CAC-score 0 1.00 (ref)

100 1.85

300 2.06

Supplementary Table 6: Availability of the additional predictors in clinical practice of CPRD

GOLD
Baseline values Available (n, %)
n = 518,015
Male sex 260,424 (50%) 518,015 (100%)
Age (years) 49+9Q 518,015 (100%)

Former smoker

Current smoker

Body mass index (kg/m2)
Systolic blood pressure (mmHg)
Total cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
Estimated GFR (ml/min/1.73m2)
Ankle brachial index <0.9

hsCRP (mg/L)"

Gestational hypertension
History of cancer

Albuminuria >30 mg/g

Number of drugs (n)

126,207 (26%)
110,246 (24%)
259+5.0
130 £ 17
5.3(4.7-6.1)
1.4(11-1.7)
77 £13

12 (12%)

3.0 (1.2-5.0)
1645 (0%)
26,465 (5%)
1,538 (24%)

0.0 (0.0-1.0)

491,028 (95%)
491,028 (95%)
438,857 (85%)
469,917 (91%)
249,207 (48%)
207,781 (40%)
146,023 (28%)
98 (0%)
94,579 (18%)
518,015 (100%)
518,015 (100%)
6,377 (1%)

518,015 (100%)

Availability of baseline variables in CPRD before imputation. Only variables necessary for the SCORE2 predictions
were imputed (smoking status, systolic blood pressure, total and HDL-cholesterol). hsCRP is coded as missing for
values higher than 10 mg/L as this may signal acute inflammation.
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Chapter 5

Abstract

Background: Many models developed for predicting the risk of cardiovascular
disease (CVD), are adjusted for the competing risk of non-CVD mortality, which
has been suggested to reduce potential overestimation of cumulative incidence in
populations where the risk of competing events is high. The objective was to evaluate
and illustrate the clinical impact of competing risk adjustment when deriving a CVD
prediction model in a high-risk population.

Methods and Results: Individuals with established atherosclerotic CVD were included
from the Utrecht Cardiovascular Cohort - Secondary Manifestations of ARTerial
disease (UCC-SMART). In 8,355 individuals, followed for median of 8.2 years (IQR
4.2-12.5), two similar prediction models for the estimation of 10-year residual CVD risk
were derived: once with competing risk adjustment using a Fine and Gray model and
once without using a Cox proportional hazards model. On average, predictions were
higher from the Cox model. The Cox model predictions overestimated the cumulative
incidence ((predicted-observed ratio 1.14 [95%Cl 1.09-1.20), which was most apparent
in the highest risk quartiles and in older persons. Discrimination of both models was
similar. When determining treatment eligibility on thresholds of predicted risks, more
individuals would be treated based on the Cox model predictions. If, for example,
individuals with a predicted risk >30% were considered eligible for treatment, 13% of
the population would be treated according to the Fine and Gray model predictions
and 21% according to the Cox model predictions.

Interpretation: \With increasing interest in risk-based treatment in populations where

competing risks may be present, competing risk adjustment should be considered
to prevent overestimation of cumulative incidence.

166



Relevance of competing risk adjustment

Introduction

In the prevention of cardiovascular disease (CVD), current guidelines advise an individual
approach to preventive treatment based on an individual's absolute 10-year CVD risk.?
There are many prediction models available to estimate the 10-year risk of CVD events,
targeted at different populations and using different methodologies. Examples include
the SCORE2 model?, the WHO CVD risk charts?, and the Pooled Cohort Equations?.
Some of the risk models have been adjusted for the impact of competing risks, which
involves taking into account the possibility of non-cardiovascular mortality after which
cardiovascular events can no longer occur. Not accounting for competing events in
time-to-event analyses may lead to overestimation of cumulative CVD incidence,
especially in populations in which the risk of non-CVD mortality is the highest, like
older persons.®

In addition, the meaning of individual predicted risks based on a competing risk
adjusted model are different from those based on unadjusted models. For a competing
risk adjusted model, the risk can be interpreted as the probability of developing
disease in a certain period of time given everything else that may happen (*Your risk
of a cardiovascular event in the next 10 years is 5%"). Conversely, traditional time-to-
event models not taking into account the possibility of competing risks are based on
the assumption that people will stay alive during the predicted timeframe as long as
a cardiovascular event does not occur. This should be interpreted as the probability of
developing disease in the theoretical situation in which dying from non-cardiovascular
causes is impossible (‘Assuming you will not die due to any non-cardiovascular cause,
your risk of a cardiovascular event is the next 10 years is 5%").° In diagnostic models, there
is no time-to-event analysis, making competing risks irrelevant?” In prognostic models
predicting the risk of all-cause mortality, competing risks are also irrelevant as there
are no competing events which may prevent the outcome of interest.

The use of competing risk adjustment in the development and validation of medical
prediction models is not common practice, even in situations where competing
risks are likely present.® The fact that many of these models have not been adjusted
for competing risks could reflect unfamiliarity of clinicians with the necessity of
competing risk-adjustment.®2 However, other potential disadvantages of competing risks
adjustment may also affect these decisions, like the presumed increased complexity
of the modelling and validation. These practical disadvantages of competing risk
adjustment may be evident to the researcher, whereas the clinical impact of possible
ignoring competing risks may be unclear. In this study, we set out to illustrate the clinical
impact of competing risk adjustment for CVD prediction models using an example
with data from the high risk population included in the Utrecht Cardiovascular Cohort
- Secondary Manifestations of ARTerial disease (UCC-SMART).
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Methods for competing risk-adjustment

To correct for competing risks, commonly used methodology for model derivation
are Fine and Gray (FGR) models and cause-specific hazard models. In the FGR model
direct regression on the cumulative incidence function is performed.? With FGR
models, the predicted risks in individual patients can be relatively easily calculated
from the baseline hazard, individual patient characteristics, and model coefficients.
Alternatively, cause-specific hazard models can be used, an approach involving two
fitted Cox proportional hazard models: a model for the outcome of interest and a
similar model for the competing outcome. Additional, complicated calculations are
then needed, combing the output from the two Cox models to estimate individual
risks, making the process somewhat more complex than the FGR approach.®®

Clinical illustration of competing risk adjustment

To illustrate the clinical impact of competing risk adjustment with real-world data,
two new models were derived with the same predictors as the previously published
SMART risk score®?one with and one without competing risk adjustment. All
individuals with established ASCVD aged 40-80 years were included from Utrecht
Cardiovascular Cohort - Secondary Manifestations of ARTerial disease (UCC-SMART).
UCC-SMART is a single-center ongoing prospective cohort study at the University
Medical Center Utrecht, the Netherlands.® Patients newly referred to the University
Medical Centre Utrecht with established ASCVD were included in the period 1996 to
2019. Detailed information about the study population is shown in the Supplementary
Methods. The outcome of interest was the combination of non-fatal myocardial
infarction, non-fatal stroke, and cardiovascular death.

The model not adjusted for competing risks was a Cox proportional hazards model,
the competing risk adjusted model was a FGR model, including the competing
outcome of non-cardiovascular mortality. Both models use the same predictors as
the original SMART risk score to predict the risk of recurrent CVD events in patients
with established atherosclerotic CVD (ASCVD): age; sex; current smoking; diabetes
mellitus; systolic blood pressure (in mmHg); non-High Density Lipoprotein-cholesterol
(in mmol/L); presence of coronary artery disease, cerebrovascular disease, peripheral
artery disease or abdominal aortic aneurysm; estimated glomular filtration rate (€GFR)
(mL/min/1.73m2); high sensitivity C-reactive protein (hsCRP; mg/L); and years since
first clinical manifestation of ASCVD.

The predictive performance of the 2 models was compared with evaluating
discrimination with Harrell's C-index, adjusted for competing risks. Calibration was
evaluated in tenths of predicted risk by comparing the mean predicted risk in this
group with the observed cumulative incidence. The cumulative incidence is the
appropriate comparator for competing risk adjusted risk estimates, in contrast to the
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Kaplan-Meier estimator which, like the Cox model, estimates the observed probability
of survival in a world where occurrence of a competing event is not possible 4
Clinical outcomes of interest were the proportion of individuals which would be
treated under certain treatment thresholds and the effectivity of treatment initiation
based on predicted risks (Supplementary Methods).

Results

In total 8,355 patients with established ASCVD were included from UCC-SMART.
Mean age at baseline was 61+9 years old, and 74% were male. Detailed patient
characteristics are presented in Supplementary Table 1. During a median of 8.2
years of follow-up (IQR 4.2-12.5; 72,057 person years), 1,706 ASCVD events and 978
non-cardiovascular deaths were observed.

In the individuals who died during follow-up (n=2,111), the Kaplan-Meier and
cumulative incidence plots of CVD mortality and non-CVD mortality are shown in
Figure 1. As all of these individuals have died once, either due to a cardiovascular
cause or to a non-cardiovascular cause, the incidences should sum to 100% at the
end of the follow-up.

Figure 1: Survival free of CVD mortality and non-CVD mortality in individuals dying during
follow-up (n=2,111)
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In all individuals dying during follow-up, it is expected that the incidence of CVD mortality and the incidence from
non-CVD mortality sum to 100% (everyone will die once, either from a cardiovascular or a non-cardiovascular
cause). The unadjusted (Kaplan-Meier) curve will eventually estimate an incidence of 100% for both causes of
death separately, whereas the FGR model eventually estimates an incidence of 100% for both endpoints combined.
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The unadjusted (Kaplan-Meier) curve, which uses the same underlying methods as
the Cox proportional hazards model, eventually estimates an incidence of 100% for
both causes of death individually - reflecting the interpretation as the probability of
a CVD death occurring in a world where death from any other cause is not possible.
For the cumulative incidence curves, working like the Fine and Gray model, the
incidences exactly add up to 100% at the end of the follow-up.

In the complete population of 8,355 individuals with established ASCVD both the
Cox model and the FGR model were derived. Model parameters of both the FGR and
Cox model are presented in Table 1. For most predictors, the hazard ratios from the
Cox model were similar to the subdistribution hazard ratios from the FGR model. The
largest difference was in the effect of smoking, with an unadjusted hazard ratio of
1.58 (95%Cl 1.42-1.76) versus the competing risk adjusted subdistribution hazard ratio
of 1.49 (95%Cl 1.34-1.66). The baseline survival of the Cox model was slightly lower
than the survival of the FGR model (0.81 for the Cox model versus 0.83 for the FGR
model). For all individuals in the UCC-SMART data, risks can be predicted from these
model parameters using the same, easy to use, formula for both the Cox model and
the FGR model (Supplementary Table 2).

Table 1: Model coefficients with and without competing risk adjustment

Predictor (Subdistribution) hazard ratio (95%Cl)
Cox model FGR model
Age 1.04 (1.03-1.05) 1.03 (1.02-1.04)

Male sex

Diabetes mellitus

Current smoking

Systolic blood pressure (per 10mmHg)
Non-HDL cholesterol (mmol/L)
hsCRP

Estimated glomular filtration ratio
Years since first ASCVD diagnosis
Prevalent coronary artery disease
Prevalent cerebrovascular disease
Prevalent peripheral artery disease

Prevalent abdominal aortic aneurysm

Baseline survival

1.41(1.25-1.59)
1.47 (1.31-1.65)
1.58 (1.42-1.76)
1.03 (1.00-1.05)
1.13(1.08-1.17)
1.01(1.01-1.01)
0.99 (0.98-0.99)
1.01(1.00-1.02)
1.45 (1.27-1.65)
1.54 (1.36-1.75)
1.43 (1.25-1.63)
1.61(1.39-1.87)

1.36 (1.21-1.53)
1.45 (1.29-1.62)
1.49 (1.34-1.66)
1.02 (1.00-1.05)
115 (1.10-1.19)
1.01(1.00-1.01)
0.99 (0.98-0.99)
1.01(1.00-1.01)
1.46 (1.28-1.68)
1.51(1.33-1.72)
1.37 (1.20-1.57)
1.55 (1.33-1.80)

Subdistribution hazard ratios from Cox and Fine and Gray models predicting the risk of fatalrnon-fatal ASCVD.
ASCVD = Atherosclerotic cardiovascular disease. hsCRP = High-sensitivity C-reactive protein, HDL = high density

lipoprotein, FGR = Fine and Gray.
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The internal validation C-indexes were 0.674 (95% Cl 0.660 - 0.687) for the FGR
model and 0.672 (95% Cl 0.659 - 0.686) for the Cox model. In the Cox model, an
overestimation of cumulative CVD incidence was observed (predicted-observed ratio
1.14 [95%Cl 1.09-1.20)). In the predictions from the FGR model, no systematic over-
or underestimation was observed (predicted-observed ratio 0.98 [95%Cl 0.93-1.03],
Figure 2). The unadjusted model's predicted risks agreed well with the Kaplan-Meier
estimates (Supplementary Figure 1).

Figure 2: Calibration and discrimination in the UCC-SMART cohort, with and without competing
risk adjustment
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Calibration and discrimination of the competing risk adjusted model (Fine and Gray) and the model not adjusted
for competing risks (Cox proportional hazards). Observed incidence is determined using the cumulative incidence.

The agreement between predicted and observed risks within 10-year age groups is
shown in Figure 3. Overestimation in the Cox proportional hazards predictions is most
visible in the highest risk quartile within those aged 60-69 years (predicted-observed
ratio 1.21 [95%Cl 1.09-1.36]) and those aged 70-79 years (predicted-observed ratio
1.16 [95%Cl 1.05-1.29])

Clinical utility

For patients with established ASCVD no specific treatment thresholds for residual
CVD risk have been recommended in the latest ESC prevention guidelines.* To further
illustrate the impact of prediction models with and without competing risk adjustment
on treatment decisions a range of relevant treatment thresholds were used as an
example for two clinically relevant therapeutic options for residual risk reduction,
namely adding low-dose direct oral anticoagulant (DOAC) to antiplatelet therapy
based on the COMPASS trial** and with Proprotein convertase subtilisin/kexin type
9 (PCSKg)-monoclonal antibodies.*® For each of those thresholds, it was evaluated
how many individuals would be eligible for treatment based on either of the models.
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Figure 3: Agreement between predicted and observed risk in the highest and lowest quarter
of predicted risk within each 10-year age group
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The theoretical effectiveness of treatment in all individuals above certain thresholds
was projected by combining the observed cumulative incidence in the UCC-
SMART cohort with the relevant treatment effects from trials and meta-analyses
(Supplementary Methods). When simulating treatment of all individuals in UCC-
SMART based on certain treatment thresholds, more individuals would be treated
based on the Cox model, in comparison to the predictions from the FGR model (Table
2). For example, using a treatment threshold of 30% residual 10-year risk leads to 1,105
individuals (13% of the population) being eligible for treatment using FGR models,
whereas this would be 1,759 individuals (21% of the population) based on the Cox
model. Of the individuals who had an event in the first 10 years after follow-up, 420
(33%) would be eligible for treatment according to the FGR model and 566 (44%) to the
Cox model. On the other side, of those not having an event in the first 10 years after
follow-up, 6380 (90%) would be below the treatment threshold for the FGR model
and 5872 (83%) for the Cox model (Supplementary Table 3).
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Table 2: Projected clinical impact of competing risk adjustment on treatment with low-dose
DOACs in combination with aspirin versus aspirin alone.

Threshold (10-year risk %) Treated n(%) CVD events avoided, (ARR%) 10-year NNT
Competing risk adjusted (FGR model)

10 6880 (82%) 324 (5%) 21

20 2818 (34%) 186 (7%) 15

30 1105 (13%) 92 (8%) 12

40 456 (5%) 43 (9%) 11

50 195 (2%) 19 (10%) 10

60 75 (1%) 7 (10%) 10

Unadjusted (Cox model)

10 7069 (85%) 328 (5%) 22
20 3660 (44%) 223 (6%) 16
30 1759 (21%) 132 (7%) 13
40 880 (11%) 77 (9%) 11
50 455 (5%) 43 (9%) 10
60 232 (3%) 23 (10%) 10

Treated with Cox model, not with FGR model

10 217 (3%) 3(1%) 70
20 844 (10%) 35 (4%) 24
30 654 (8%) 37 (6%) 17
40 424 (5%) 33 (8%) 13
50 261 (3%) 23 (9%) 11
60 157 (2%) 16 (10%) 10

The clinicalimpact of using either a competing risk adjusted (FGR) or unadjusted (Cox) model to treat all individuals
in the UCC-SMART cohort with risks higher than several treatment targets with a low-dose DOAC. All individuals
were assumed to currently be on aspirin monotherapy. ARR = absolute risk reduction, defined as number of avoided
events divided by number of treated individuals. NNT = Number needed to treat. NNH = Number needed to harm.
FGR = Fine and Gray.

Using the same 30% residual 10-year risk threshold for the initiation of the combination
of aspirin and a low-dose DOAC (i.e. dual pathway inhibition) would lead to projected
reduction of approximately 116 CVD events in 1,105 individuals treated based on
the FGR model - equal to a projected absolute risk reduction (ARR) of 8% and a
number needed to treat (NNT) of 12. For the Cox model predictions this would be a
reduction of 132 events in 1,759 individuals (ARR of 7% and NNT of 13). In the group
of individuals only eligible for treatment according to the Cox model but not to the
FGR model (n=654, 8% of the population), a smaller treatment benefit is expected (37
avoided CVD events, ARR 6%, NNT 17). In the example of PCSKg inhibition a similar
pattern is observed (Supplementary Table 4). Treating all individuals with both a
predicted CVD risk of 40% or greater and a low-density lipoprotein cholesterol (LDL-
c) of >1.8 mmol/L leads to 5% of the population being treated based on the FGR
model and 9% of the population based on the Cox model. A slightly lower treatment
effectiveness is observed when determining PCSKg inhibitor treatment eligibility on
the Cox proportional hazard model (ARR 15% and NNT of 7) versus the FGR model
(ARR 17% and NNT of 6).
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Discussion

In the current report, an example including high risk individuals is presented to
illustrate the potential clinical relevance of competing risk adjustment for prediction
models of cardiovascular disease in such populations. Two similar prediction models
were derived, with and without competing risk adjustment. On average, predictions
were higher from the unadjusted model, reflecting the different interpretations of
both models. When compared to the observed cumulative incidence, the unadjusted
model predictions were overestimated, especially in older persons.

The use of individual predicted risks unadjusted for competing risks could lead to
different treatment decisions as would have been taken in the case of an adjusted
model. In the 2021 ESC guidelines, a two-step approach was introduced with a second
step allowing for further intensification of treatment based for apparently healthy
people, patients with diabetes mellitus and patients with established ASCVD.* One
of the factors to consider in this individual approach, is predicted 10-year CVD risk.
If overestimated predictions would be used in this situation, then both patient and
physician could expect too optimistic benefit from risk factor treatment and may be
more inclined to intensify preventive therapy.

To determine which exact populations require competing risk adjustment for accurate
prediction of absolute CVD risks cannot exactly be defined. In several populations,
like older persons or patients with significant comorbidity such as cancer patients,
the relevance seems clear. For the young and apparently healthy individuals the
probability of competing mortality preceding a CVD event in the next 10-years is likely
to be small, and with that the difference between the models adjusted and unadjusted
for competing risks are also small. In many cases the relevance of competing risk
adjustment will not be as clear as in these examples. As the competing risk adjusted
model performs similar to the unadjusted model in those cases competing risks
would be absent, the use of a competing risk model should be encouraged if this
is potentially relevant for (part of) the target population. In this study illustrations
are given for cardiovascular risk prediction, but the same reasoning might hold for
prediction algorithms in other fields of medicine.

The differences in interpretation may make the competing risk adjusted or unadjusted
approach more suitable, depending on the specific clinical situation and target
population. Results from the current study have demonstrated a slight overestimation
of the cumulative incidence as estimated by the model unadjusted for competing
risks. This cumulative incidence can in interpreted as the absolute probability of
disease during the time horizon of interest. Therefore, in those cases in which an
individual's absolute disease risk is of interest, and competing risks are likely present,
adjustment for competing risk should be considered. Relevant examples of this are

174



Relevance of competing risk adjustment

treatment decisions in the prevention of CVD, for which risk prediction is performed
under the assumption that a high CVD risk signals a high benefit of preventive
therapy.* This assumption may be violated in those populations with a high impact
of competing risks, such as older persons: individuals may die due to alternate causes
before profiting from CVD prevention.

Alternatively, the estimates from the Cox model may give a more accurate picture of
an individual's underlying disease-specific health. For example, should the person's
CVD-specific health be of key isolated interest, regardless of their risk of other
diseases, then the estimates from a Cox model could be considered most relevant.
. However, this comes with the cost of having a more complex interpretation: the
risk of a CVD event in a world where dying of anything else is not possible. The
relative harms of treatment should also be carefully considered when taking such
an approach.

The added complexity to the statistical analyses due to competing risk adjustment
is usually limited. Especially in the case of a FGR model, any additional complexity is
almost exclusively in the mathematics underlying these models. The data preparation,
model derivation and external validation are actually very similar and individual
predictions can be made with the same function using a baseline hazard, model
coefficients and individual predictor values. As concerns of increased complexity
likely often reflect unfamiliarity with the methodology, this should generally not be a
reason to use a model unadjusted for competing risks to predict absolute CVD risks.
The computational time of the analyses required for both models is equal, except for
the model derivation time which is increased for the Fine and Gray model. However,
even the model derivation of the SCORE2 model (n=677 684) could be performed
on a regular computer.

A potential disadvantage of competing risk adjustment, specifically Fine and Gray
models, is the fact that the SHRs from the model are not causally interpretable.””
Whereas SHRs indeed have no causal interpretation, if the aim of the model is to
predict an individual's absolute risk for the occurrence of a disease in the future as
accurately as possible, rather than to determine a causal relationship, the lack of
interpretable coefficients is of limited concern.

With increasing interest in risk-based treatment in CVD prevention guidelines,
including in high-risk populations such as the elderly and those with established
ASCVD, where high levels of competing risks may be evident, prognostic predictions
not estimating the risk of all-cause mortality should consider allowance for this.
If competing risks are ignored in such populations, overestimation of cumulative
incidence is a potential consequence which may result in less effective and less
cost-effective treatment decisions.
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Supplementary Methods

Population

In the current study, individuals with established ASCVD were included from the UCC-
SMART cohort. UCC-SMART is a single-center ongoing prospective cohort study at
the University Medical Center Utrecht, the Netherlands.’? Patients newly referred to
the University Medical Centre Utrecht with established ASCVD, or an increased risk
hereof, were included in the period 1996 to 2019. Among those, the patients with
a history of any type of established ASCVD were included for the current study,
including coronary artery disease (CAD), cerebrovascular disease (CeVD), peripheral
artery disease (PAD), and/or abdominal aortic aneurysm (AAA). CAD was defined
as angina pectoris with documented stenosis, myocardial infarction, or coronary
revascularization (coronary bypass surgery or coronary angioplasty); CeVD as a
transient ischemic attack, cerebral infarction, amaurosis fugax or retinal infarction,
or a history of carotid surgery; PAD was defined as a symptomatic and documented
obstruction of distal arteries of the leg or a history of vascular surgery of the leg
(percutaneous transluminal angioplasty, bypass, or amputation); and patients with
AAA had a supra- or infrarenal aneurysm of the aorta (distal aortic anteroposterior
diameter 23 cm, measured at baseline examination with ultrasonography) or a history
of AAA surgery. From these patients, everyone aged 60 years and above was included
for the current analyses as for those individuals the adjustment for competing risks
is likely most relevant.

Treatment effect estimation

Treatment effects were estimated by combining the observed cumulative incidence
with hazard ratios known from trials and meta-analyses. For PCSKg inhibitors, the
treatment effect was projected through LDL-c reduction. The expected decrease in
baseline LDL-c of PCSKg inhibitors was assumed to be 59% 1819 which lowered the risk
of CVD with HR of 0.78 (95%Cl 0.76 - 0.80) per 1 mmol/L reduction of LDL-c.*¢2° The
effect of initiating a low-dose DOAC was assumed to be HR 0.76 (95%Cl 0.66-0.86)
compared to aspirin alone® It was assumed that all individuals were using aspirin
monotherapy at baseline.

The expected number of events was calculated by multiplying the observed
cumulative incidence with the number of treated individuals and for the treated
scenario, which was used rather than the observed number of events to account for
censoring of individuals with less than 10 years of follow-up. The expected number
of events for treated individuals was calculated the same, but in this calculation the
hazard ratio was combined with the cumulative incidence in the following formula:

)/\HR

Cumulative incidence, ..., =1 - (1 - cumulative incidence

ated observed
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Event reductions were calculated by subtracting the number of events expected
with therapy from the number of events expected without therapy. To calculate the
expected event reduction from starting a low-dose DOAC (HR 0.76) in 1000 individuals
(cumulative CVD incidence at 10 years 20%) currently treated with aspirin, it would
be done the following:

(1000 " 0.2) - (1000 " (1 -(1-0.2)°76) ) = 44 avoided events

The number needed to treat was calculated by dividing the number of treated
individuals by the number of avoided events, in this case 1000/44 = 23.

Statistical analyses

All analyses were performed with R-statistical programming (version 3.5.2, R
Foundation for Statistical Computing, Vienna, Austria). Cox regression analyses
were performed with the coxph function from the survival package, version 3.2). FGR
analyses were performed with the FGR function from the riskRegression package
version 2020.12.08. Cumulative incidence of CVD at 10 years for the model calibration
was assessed by using the cuminc function from the cmprsk package, version 2.2.
The predicted-observed ratio was calculated by dividing the mean predicted risk by
the observed cumulative incidence at 10 years.

Because complete case analysis may lead to loss of statistical power and possible
bias,* values of the following variables in the derivation data were imputed by single
regression imputation using predictive mean matching: smoking status (n=32, 0.4%),
creatinine (n=31, 0.3%), hsCRP (n=250, 3.2%), SBP (n=18, 0.2%), HDL-c (n=80, 1.0%), and
total cholesterol (n=34, 0.4%). Single imputation was performed due to the illustrative
nature of the current study, but could have slightly underestimated the presented
confidence intervals.
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Supplementary Table 1: Patient characteristics at baseline

UCC-SMART

n=28355
Male sex 6,198 (74%)
Age (years) 619
Current smoker 2,504 (30%)
Body mass index (kg/m?) 27+4
Systolic blood pressure (mmHg) 139 + 20
Diabetes mellitus 1,467 (18%)
Established coronary artery disease 5,215 (62%)
Established peripheral artery disease 1,459 (17%)
Established cerebrovascular disease 2,424 (29%)
Established abdominal aortic aneurysm 706 (8%)
Total cholesterol (mmol/L) 4.6 (3.9-5.5)
HDL-cholesterol (mmol/L) 1.2(1.0-1.4)
LDL-cholesterol (mmol/L) 2.7 (21-3.5)
Triglycerides (mmol/L) 1.4 (1.0-2.0)
Estimated GFR (mL/min/1.73m?) 77 +18
hsCRP (mg/dL) 2.0 (1.0-4.4)
Statin 5,764 (69%)
Antiplatelet therapy or anticoagulants 6,494 (78%)

n (%), mean *+ SD, or median (interquartile range; IQR). eGFR = glomerular filtration rate (calculated with Chronic
Kidney Disease Epidemiology Collaboration [CKDEPII formula). ASCVD = cardiovascular disease, hsCRP = C-reactive
protein, HDL = high density lipoprotein, LDL = low density lipoprotein
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Supplementary Table 2: Formulae for individual risk prediction using Cox or Fine and Gray
models

General formula for prediction of individual risks

CVDrisk, = 1 — basesurvival,"(eZ Page*age+Fsexssex+fxrx )

Formula to predict individual risks from Cox model

CVDrisk , = 1-0.81"e”"(0.038"age + 0.343 if sex is male + 0.384 if diabetes mellitus + 0.457 if current smoker
+0.025'SBP + 0.119'non-HDL-c + 0.011°'hsCRP + -0.014’eGFR + 0.011"years since first vascular diagnosis +
0.369 if coronary artery disease + 0.434 if cerebrovascular disease + 0.355 if peripheral artery disease +
0.479 if abdominal aortic aneurysm))

Formula to predict individual risks from Fine and Gray model

CVDrisk,, = 1-0.83"(e”(0.029'age + 0.307 if sex is male + 0.370 if diabetes mellitus + 0.400 if current smoker
+0.024'SBP + 0.138"'non-HDL-c + 0.008"hsCRP + -0.013'eGFR + 0.007"years since first vascular diagnosis
+0.381 if coronary artery disease + 0.412 if cerebrovascular disease + 0.315 if peripheral artery disease +
0.435 if abdominal aortic aneurysm))

Supplementary Table 3: Proportion of future cases and future non-cases treated based on
predictions from competing risk-adjusted or unadjusted models

Treatment threshold Treated, n(%) Cases treated Non-cases untreated
(10-year risk %) (% of total cases) (% of total non-cases)

Competing risk adjusted (FGR model)

10 6880 (82%) 1209 (94%) 1394 (20%)
20 2818 (34%) 761 (59%) 5008 (71%)
30 1105 (13%) 420 (33%) 6380 (90%)
40 456 (5%) 221 (17%) 6830 (97%)
50 195 (2%) 112 (9%) 6982 (99%)
60 75 (1%) 43 (3%) 7033 (100%)

Unadjusted (Cox model)

10 7069 (85%) 1218 (94%) 1214 (17%)

20 3660 (44%) 885 (69%) 4209 (61%)
30 1759 (21%) 566 (44%) 5872 (83%)
40 880 (11%) 359 (28%) 6544 (93%)
50 455 (5%) 221 (17%) 6831 (97%)
60 232 (3%) 129 (10%) 6962 (99%)

The proportion of the total population (column treated) and cases (column cases treated) with predicted risks higher
than arisk threshold. For the non-cases, the proportion that is correctly identified as non-case. Cases were defined
as those with a CVD event in the first 10 years of follow-up.
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Supplementary Table 4: Clinical impact of competing risk adjustment on treatment with PCSKgi
when treating all individuals with a LDL-c of >1.8 mmol/L and a risk greater than several risk
thresholds

Threshold (10-year risk %) Treated n(%) CVD events avoided, (ARR%) 10-year NNT

Competing risk adjusted (FGR model)

10 5934 (71%) 435 (7%) 14
20 2494 (30%) 266 (11%) 9
30 994 (12%) 140 (14%) 7
40 406 (5%) 68 (17%) 6
50 176 (2%) 32 (18%) 6
60 69 (1%) 13 (19%) 5
Unadjusted (Cox model)

10 6063 (73%) 436 (7%) 14
20 3181 (38%) 308 (10%) 10
30 1555 (19%) 191 (12%) 8
40 779 (9%) 115 (15%) 7
50 399 (5%) 66 (16%) 6
60 208 (2%) 36 (17%) 6

Treated with Cox model, not with FGR model

10 157 (2%) 3 (2%) 52
20 689 (8%) 42 (6%) 16
30 561 (7%) 49 (9%) 11
40 373 (4%) 45 (12%) 8
50 224 (3%) 33(15%) 7
60 139 (2%) 23(17%) 6

The clinicalimpact of using either a competing risk adjusted (FGR) or unadjusted (Cox) model to treat all individuals
inthe UCC-SMART cohort who have both a LDL-c level of 1.8 mmol/L as well as a risk higher than several treatment
targets with a PCSKg inhibitor. ARR = absolute risk reduction, defined as number of avoided events divided by
number of treated individuals. NNT = Number needed to treat. NNH = Number needed to harm. FGR = Fine and Gray.
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Supplementary Figure 1: Calibration and discrimination unadjusted for competing risks for
both models

Competing risk-adjusted Not adjusted
X 7 X
o o
@ } @
X : N
% 3 g 5 3
5 - y 5
9 : 9}
> >
S R o R
- 3 - S
- ¥ - <
@ [}
I 4 <4 i
@ [}
2 2
(SR o g
N N
] C-statistic: ) C-statistic:
°\o° =y 0.690 (95%CI 0.677 - 0.704) Do\° iy 0.690 (95%CI 0.676 - 0.704)
T T T T T T T T T T T T T T T T T T
0% 20% 40% 60% 80% 0% 20% 40% 60% 80%
Predicted 10-year risk Predicted 10-year risk

Calibration and discrimination of the competing risk adjusted model (Fine and Gray) and the model not adjusted for
competing risks (Cox proportional hazards). Observed incidence is determined using the Kaplan-Meier estimate.
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Chapter 6

Abstract

Background: The life expectancy free of cardiovascular disease (CVD) in individuals
without previous CVD can be estimated with the LIFEtime-perspective CardioVascular
Disease (LIFE-CVD) model, as recommended by the 2021 ESC CVD prevention
guidelines. Our aim was to systematically recalibrate the LIFE-CVD model to four
European risk regions using contemporary and representative registry data.

Methods and Results: The LIFE-CVD model was systematically recalibrated to four
distinct risk regions within Europe, using representative aggregate data on age-
and sex-specific expected CVD and non-CVD mortality incidences and risk factor
distributions. For external validation, 1,451,077 individuals without previous CVD were
included from seven European cohorts, with 53,721 CVD events and 62,902 non-
CVD deaths during follow up. After applying the recalibrated risk prediction models
to external validation cohorts, C-indices ranged from 0.670 (95%Cl 0.650-0.690) to
0.787 (95%Cl 0.785-0.789). Predicted risks matched the observed risks in the CPRD
data. With the recalibrated LIFE-CVD model, the estimated gain in CVD-free life
expectancy from preventive therapy differed per region, for example a 50-year-
old smoking women with a systolic blood pressure of 140mm Hg was estimated to
gain 0.4 years of CVD-free life from 10 mm Hg SBP reduction in the low risk region,
whereas this would be 1.5 years in the very high risk region.

Interpretation: By taking into account geographical differences in CVD incidence,
the recalibrated LIFE-CVD model provides a more accurate tool for the prediction
of lifetime risk and CVD-free life expectancy for individuals without previous
CVD, facilitating shared decision-making in cardiovascular prevention options as
recommended by the 2021 European Prevention Guidelines.
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Introduction

A key strategy in the prevention of cardiovascular disease (CVD) is the use of risk
prediction algorithms to target preventive interventions on people who benefit from
them most.*2 In the 2021 European Society of Cardiology (ESC) prevention guidelines,
a 2-Step approach was introduced as an individualized prevention strategy.? In Step
2, intensified prevention goals should be considered for each individual, taking
into account personal preferences, expected side effects, predicted 10-year CVD
risk, and/or lifetime prediction measures.? Lifetime prediction measures can be
informative for supporting patient-doctor communication and can also be used to
project the lifetime effect of preventive therapies. As age is the primary driver of 10-
year CVDrrisk, lifetime estimates may be especially interesting for young individuals
with high risk factor levels and for older persons. Even though the 10-year risks of
younger persons are generally well below treatment thresholds due to their age,
their benefit from preventive treatment in terms of gain in CVD-free life expectancy
may be substantial.# Therefore, the 2021 ESC CVD prevention guidelines specifically
recommend the lifetime benefit perspective in the communication with younger
people:? Older individuals, on the other hand often have very high 10-year CVD risks,
but can have limited treatment benefit due to their limited remaining life expectancy.
Lifetime measures, like CVD-free life expectancy, are directly related to the life
expectancy and have been corrected for competing risks. This makes those measures
suitable for use in this population. For individuals without previous CVD, CVD-free life
expectancy can be estimated with the LIFEtime-perspective CardioVascular Disease
(LIFE-CVD) model.#

Often, algorithms developed in one population may not accurately predict risk in
another population (i.e. they may not be well ‘calibrated’). This is almost exclusively
due to the fact that CVD event rates and average risk factor levels vary over time
and per geographic region. After adjustment for such variances in CVD event rates
and risk factor levels, the performance of most risk prediction algorithms is usually
good.? The classical solution for this problem of inadequate calibration is to refit a
model using a more recent or more local dataset than the dataset that was used for
original model development3 A limitation of this approach, however, is that model
recalibration is always based on historical data, because sufficient follow-up years
and clinical events are required. Additionally, cohort data always has a certain degree
of selection. Recently, a more pragmatic method for recalibration of risk prediction
algorithms was introduced.®-8 This method does not require the availability of a local
and temporary dataset, but rather uses aggregated data of age-and-sex-specific
average risk factor levels and CVD incidence, obtained from nationally representative
registry data. This new method has already been validated for updating 10-year risk
CVD risk algorithms.5-8
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The aims of the current study were to adapt the pragmatic method for real-time and
geographic calibration to the lifetime cardiovascular risk setting and to apply this to
recalibrate the LIFE-CVD model to facilitate accurate predictions of CVD-free life-
expectancy and lifetime risk for individuals without previous CVD in four European
risk regions.

Methods

LIFE-CVD model

For the current study, coefficients of the original LIFE-CVD model were used for
recalibration and external validation, thus no new models were derived. Details about
the LIFE-CVD model development are published elsewhere. 4 In summary, the LIFE-
CVD model was derived in the Multi-Ethnic Study of Atherosclerosis (MESA) study
(n = 6,715), an ethnically and geographically diverse American cohort with recruitment
starting in 2000.49 From this cohort, all individuals aged <45years, with a history
of CVD, heart failure, estimated glomerular filtration rate (CKD-EPI eGFR) <30mL/
min/1.73mz2, and terminal malignancy at baseline were excluded.* The LIFE-CVD
model consists of two complementary Fine and Gray proportional hazards functions
for cardiovascular events and mortality respectively.’® These functions use age as
the time axis (i.e. left truncation). Lifetime predictions are generated by calculating
cumulative survival for both outcomes combined based on repetitive one-year
predictions for all future life years of an individual patient using life table methods.
The LIFE-CVD model includes the following predictors: sex, systolic blood-pressure,
non-high-density lipoprotein cholesterol, body-mass index, smoking status (current,
former, never), diabetes mellitus, and positive history of premature (prior to age 60)
Mlin either parent. As the prevalence of a positive history of premature (prior to age
60) Ml in either parent was unavailable in the recalibration data, this predictor was
omitted from the recalibrated model to prevent systematic over- or underestimation
of model predictions. The original LIFE-CVD model predicts the risk of cardiovascular
mortality, non-fatal myocardial infarction, non-fatal stroke, and resuscitated cardiac
arrest. For this study, however, we omitted resuscitated cardiac arrest from this
composite endpoint as this was not available in the recalibration data and was a minor
component of the outcome in the derivation data (<5% of CVD included events). The
competing endpoint of the LIFE-CVD model is death from any non-cardiovascular
cause.

Recalibration

In order to systematically recalibrate the LIFE-CVD model using aggregate data on
CVD incidence and risk factor levels, an adaption was made to the previous methods
as used for the SCORE2 and SCORE2-OP models.”® The same data sources were
used for recalibration, and the model was recalibrated to the same risk regions as
were defined in the SCORE2 paper (Supplementary Figure 1)7¢ To estimate age-,
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sex- and region-specific incidence of fatal and non-fatal disease, CVD mortality rates
as reported by the WHO" were combined with the SCORE2 multipliers.”® Age-specific
and sex-specific risk factor values were obtained from the Non-Communicable
Disease Risk Factor Collaboration (NCD-RisC).*213 The recalibration of SCORE2 was
performed by regressing the expected 10-year CVD risk (by mean risk factor levels
with SCORE2 model coefficients) versus the observed 10-year CVD risk (regional
incidence estimated by rescaled WHO CVD mortality rates). To systematically
recalibrate the LIFE-CVD model, a similar regression strategy was performed, but
now on these 1-year CVD risks in the lifetable (expected: mean risk factor levels
combined with life CVD predictors for CVD event, observed: WHO mortality rates
combined with SCORE2 multipliers). In addition, a similar recalibration was performed
on the non-CVD mortality predictions (expected: mean risk factor levels combined
with life CVD predictors for competing outcome, observed: WHO mortality rates).
The recalibration methodology is explained in more detail in the Supplementary
Methods. To check the assumption that the SCORE2 multipliers for 10-year risk
could also be used with the 1-year risk estimates from the LIFE-CVD model, the ratio
between the cumulative incidence of CVD mortality rates and CVD events at 1-year
and at 10-year were compared. If 10-year data was not available for these analyses,
the latest year with 80% follow-up duration was used. Prior to the recalibration,
extrapolation of the baseline hazard to ages 35 to 100 years was performed to allow
for predictions below and beyond original age range, which was 45 to 90 years (for
details see Supplementary Methods and Supplementary Methods Table 2 and 3).

Population

The recalibrated LIFE-CVD model was externally validated in several independent
study populations in every European risk region. Individual patient data was used
from the Clinical Practice Research Datalink (CPRD, United Kingdom, low risk region),
Heinz Nixdorf Recall study (HNR, Germany, moderate risk region)*, the Estonian
Biobank (high risk region) and the Health, Alcohol and Psychosocial factors In
Eastern Europe study (HAPIEE, Poland and Czech Republic [high risk region], Russia
and Lithuania Ivery high risk region]).’®* The CPRD database is a United Kingdom
repository containing longitudinal individual primary care patient data collected
from 1987 onwards. The primary care data are collected during routine general
practice activities, which are linked to Hospital Episode Statistics admissions data
from English hospitals and Office for National Statistics mortality data for endpoint
registration. HNR is a population-based study in the large, heavily industrialized Ruhr
area, Germany. From December 2000 to August 2003 random samples of men and
women aged 45-75 were drawn from mandatory residency lists of three cities in
the Ruhr area of North-\est Germany. The Estonian Biobank is a population-based
biobank of the Estonian Genome Center of the University of Tartu. Follow-up of
incident fatal and non-fatal coronary heart disease and stroke events of a subset of
the cohort is on-going as our database is being linked with the national healthcare
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registries and regional and central hospital databases. The HAPIEE study comprises
four prospective urban population based cohorts from Eastern Europe, located in
Novosibirsk (Russia), Krakow (Poland), Kaunas (Lithuania), and six cities of the Czech
Republic. Each cohort recruited a random sample of men and women aged 45-69
years at baseline conducted in 2002-2005 (2005-2008 in Lithuania), stratified by sex
and 5-year age group. From these cohorts, all individuals aged 35 and older without
prior CVD were included.

Statistical analyses

Discrimination was assessed using Harrell's C-statistic corrected for competing risks.”
Calibration was assessed in the CPRD data, as this was the only cohort deemed
approximately nationally representative. Calibration was evaluated visually using
predicted versus observed risk plots - showing deciles of predicted risks plotted
against CVD cumulative incidences” The handling of missing data is further described
in the Supplementary Methods. All analyses were performed with R-statistical
programming (version 3.5.2, R Foundation for Statistical Computing, Vienna, Austria)
or Stata (version 15.1, StataCorp, College Station, Texas).

Estimation of treatment effects

Similar to the original LIFE-CVD model, lifetime treatment effects can be estimated
with the updated model. For this, hazard ratios (HR) from trials and meta-analyses
are combined with yearly event rates for CVD events or non-CVD mortality. For LDL
reduction an HR of 0.78 reduction of CVD events per 1 mmol/L was modelled.®®* The
effect of 10mm Hg SBP reduction was modelled with an HR of 0.80.2° The benefit of
smoking cessation was modelled though both CVD events and non-CVD mortality,
using an HR of 0.60 for CVD events and 0.73 for non-CVD mortality.*2?

Results

Using the age-, sex-, and region-specific mean risk factor levels and incidence data,
the LIFE-CVD model was recalibrated to four European risk regions (Supplementary
Figure 2). After recalibration, predicted risks based on mean risk factor levels showed
good agreement with the estimated CVD event incidence (Supplementary Figure
3) and adequate with incidence rates obtained from external national registries
(Supplementary Figure 4). The ratio between the 1-year cumulative incidence of
fatal and non-fatal CVD was similar to the ratio at 10-years (Supplementary Figure 5).
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External validation

For external validation, 1,451,077 individuals without previous CVD were recruited
from 7 European cohorts. Of these individuals, 699,050 were female (52%) and the
mean ages per cohort ranged from 48 years in the Estonian Biobank to 59 years in
HNR (Table 1). The median follow-up times per cohort ranged from 6.3 years (IQR 6.0-
6.9) in HAPIEE Poland to 15.0 years (IQR 13.8-15.8) in HAPIEE Czech Republic. During
this follow-up, total of 53,721 CVD events and 62,002 non-CVD deaths were recorded.
C-indices for the prediction of CVD events ranged from 0.670 (95%Cl 0.650-0.690)
in HAPIEE Lithuania to 0.787 (95%Cl 0.785-0.789) in CPRD (Figure 1). C-indices for the
competing endpoint of non-CVD mortality ranged from 0.712 (95%Cl 0.692- 0.731)
in HAPIEE Lithuania to 0.834 (95%Cl 0.832-0.836) (Supplementary Figure 6). In the
CPRD data, predicted 10-year CVD event and non-CVD mortality risks agreed well
with the observed events (Figure 2).

Figure 1: C-index of the recalibrated LIFE-CVD model to discriminate in external validation
cohorts upon assessing CVD events

External validation

Cohort N Events C-statistic [95% Cl]
CPRD 1,416,257 50,318 | ] 0.787 [0.785, 0.789]
HAPIEE Czech Republic 6,925 980 —— 0.720 [0.705, 0.734]
HAPIEE Russia 7,263 783 —— 0.680 [0.661, 0.698]
HAPIEE Lithuania 5,762 686 —— 0.670 [0.650, 0.690]
HAPIEE Poland 7,607 450 —— 0.749[0.726, 0.772]
HNR 4,162 299 —— 0.703 [0.675, 0.730]
Estonian Biobank 3,101 205 —_— 0.772[0.738, 0.807]
T T T l
0.600 0.683 0.767 0.850
C-statistic

192



Recalibration of LIFE-CVD

Figure 2: Calibration of the recalibrated LIFE-CVD model in CPRD (n-1,146,257)

Male, SCORE2 Male, LIFECVD-10 Male, LIFECMPX-10 Male, LIFECVD-LT
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—=— Predicted —=— Observed

Predicted versus observed risks in every age group for the SCORE2 model, as well as the recalibrated LIFE-CVD
model. LIFECVD10 = predicted 10-year CVD risk, LIFECMPX-10 = predicted 10-year risk of non-CVD mortality

Estimation of treatment effects

Figure 3 shows how the estimated gain in CVD-free life expectancy from lifelong 10
mm Hg blood pressure reduction estimated by the recalibrated LIFE-CVD model
differs across regions for an individual person with a systolic blood pressure of 140mm
Hg, total cholesterol of 5.5mmol/L and HDL cholesterol of 1.3mmol/L. For example,
the gain in CVD-free life expectancy from 10 mm Hg blood pressure reduction for a
50-year-old male smoker ranges from 0.8 years in low risk countries to 1.7 years in
very high-risk countries. Similarly, for a 50-year-old woman this ranges from 0.4 years
in low risk countries to 1.5 years in very high-risk countries (Figure 3). In comparison,
the individual gain in CVD-free life expectancy from smoking cessation in the same
individuals ranged from 2.9 years from women in the low risk region up to 5.8 years to
men in the very high risk region (Supplementary Figure 7). The estimated individual
gain in CVD-free life expectancy for each combination of risk factor levels is displayed
inin two-dimensional risk charts in Appendix 1 for lipid lowering smoking cessation,
and blood pressure reduction for each of the four European risk regions.
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Figure 3: Predicted gain in CVD-free life expectancy from 10 mm Hg blood pressure reduction
for an individual with total cholesterol concentrations of 5.5 mmol/L, HDL cholesterol of 1.3
mmol/L, body-mass index of 27 kg/m?, and systolic blood pressure of 140 mm Hg, for each
region
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Discussion

The current report describes the adaption of the real-time and geographic calibration
method to the lifetime setting, which was applied to the LIFE-CVD model to predict
CVD-free life expectancy and lifetime risk in individuals without previous CVD. After
recalibration of the LIFE-CVD model to four European risk regions, external validation
was performed in all these regions and estimations of lifetime treatment benefits
were illustrated for several risk factor profiles.

The updated LIFE-CVD model confers several advantages over the originally

published version of the model. First, the age range of the model has been extended
by extrapolation of the model baseline hazards to the age of 100 years. This allows
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the model to be applied to individuals with a current age between 35 and 90 years.
In addition, this improves the stability of estimates in people of all ages with a very
high life-expectancy. As the worldwide life expectancy keeps increasing,® this will
be increasingly important. Another important advantage is the extensive recalibration
using contemporary and representative data on CVD incidence and risk factor data,
which further broadens the generalizability of the LIFE-CVD model across European
risk regions. Because the recalibration approach was based on registry data, the
model can be readily updated to reflect future disease CVD incidences and risk factor
profiles as soon as new updated data become available 7

Several prediction measures can be obtained by using the LIFE-CVD model, either
on a 10-year or on a lifetime perspective. To effectively use these measures in clinical
practice, a good understanding of the communicated prediction measure is vital.
A predicted risk for example, though commonly used, can be very hard to really
understand.? A lifetime risk is even more difficult to explain as it also relies on the life
expectancy: living longer means having a larger period at risk of CVD events, resulting
in a higher lifetime risk. The lifetime treatment benefit, defined as the gain in CVD-
free life expectancy from preventive therapy, can be estimated with the LIFE-CVD
model. This has been shown to be an intuitive measure that lowers the decisional
conflict among individuals considering preventive treatment.?s When using lifetime
treatment benefit measures in the shared decision process, these should be weighed
against the intended treatment duration. All these measures to take into account
when considering treatment initiation, should be used in conjunction with potential
risk modifiers and patient preferences.

There are a few other tools to estimate lifetime risk for individuals without previous
CVD, the QRISK-lifetime score and the Pooled Cohort Equations (PCE), both of which
are available through online calculators.?62” The PCE works slightly different, by
estimating 30-year cumulative incidence rather than modelling the life expectancy,
and is not adjusted for competing risks. The QRISK-lifetime model has been corrected
for competing risks but was derived and validated only in the United Kingdom. Neither
of these models have been adequately calibrated to all European risk regions.26?7

In the current study, calibration of the LIFE-CVD model was not assessed in our
external validation cohorts other than the large nationally representative dataset
from the CPRD, because these cohorts do not necessarily reflect contemporary
absolute risk levels across European regions. In the CPRD data however, good
agreement was observed between 10-year predicted and observed CVD incidences.
Furthermore, estimated CVD rates agreed well with national incidence rates from
available independent external registries from several countries. Results from the
current study show that the expected gain in CVD-free life expectancy was differed
across geographical locations. It was shown that interventions are expected to lead to
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a higher absolute treatment benefit in Eastern European countries, reflecting higher
disease incidences in this region.

The potential limitations of this effort merit consideration. For the derivation of the
LIFE-CVD model, only American data from the MESA study was used, whereas this
would have ideally involved data from all relevant regions the model is to be used.
However, previous studies have shown that the relative effects of model coefficients
are stable over geographical areas,® which was further supported by the satisfactory
discriminatory results in high and very high risk region validation cohorts as observed
in the current study.

Another potential limitation is the fact that validation was only performed with 10-year
risks, as it is not feasible to perform validation of life expectancy measures within
the scope of cohort follow-up durations. Previous studies have shown the validity
of lifetime predictions for up to 17years.2® Should long-term data become available,
the model could profit from validations at even longer timescales to further validate
the underlying methodology.

A limitation specific to the current update is the unavailability of reliable, nationally
representative data on the prevalence of CVD family history. To prevent systematic
over- or underestimation of model predictions by misspecification of this predictor
in the recalibration phase, the predictor was left out of the recalibrated LIFE-CVD
model. This approach may have slightly reduced model discrimination, but increases
the applicability of the recalibrated LIFE-CVD model.

The original LIFE-CVD model was not recalibrated separately for both sexes, possibly
ignoring differences in the relative effects of certain predictors between men and
women. The sex-specific derivation of the SCORE2 algorithm resulted in small sex-
differences of the smoking and diabetes mellitus coefficients, indicating that these
risk factors may have been modelled even more accurately” The recalibration efforts
as described in the current study were performed separately for both sexes. This
allowed for adjustment on much more detailed sex differences in CVD incidence
or risk factor values for every European risk region, ensuring the recalibrated LIFE-
CVD model is well-adapted to the contemporary clinical practice for both sexes in
all throughout Europe.

In conclusion, by taking into account geographical differences in CVD incidence,
the recalibrated LIFE-CVD model provides a more accurate tool for the prediction
of lifetime risk and CVD-free life expectancy for individuals without previous CVD,
facilitating shared decision-making on Step 2 cardiovascular prevention options as
recommended by the 2021 European Prevention Guidelines.
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Supplementary Materials

Supplementary Figure 1. Risk regions based on standardised CVD mortality rates (From
SCORE2, Hageman et al 2021)
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Countries were grouped into four risk regions according to their most recently reported WHO age- and sex-
standardized overall CVD mortality rates per 100,000 population (ICD chapter 9, 100-199). The four groupings
were: low risk (<100 CVD deaths per 100,000), moderate rist (100 to<150 CVD deaths per 100,000), high risk (150 to

<300 CVD deaths per 100,000), and very high risk (2300 CVD deaths per 100,000).
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Supplementary Figure 2: Cardiovascular mortality and derived incidence in all risk regions
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Supplementary Figure 3: Estimated CVD incidence rates and predicted risks
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Supplementary Figure 4: Validation of estimated CVD incidence against independent registry
data
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Supplementary Figure 5: Comparison of 10-year versus 1-year multipliers
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Supplementary Figure 6: C-index upon assessing ability of the LIFE-CVD model to discriminate
non-CVD mortality in external validation cohorts
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Supplementary Figure 7: Predicted gain in CVD-free life expectancy from smoking cessation
for an individual with total cholesterol concentrations of 5.5 mmol/L, HDL cholesterol of 1.3
mmol/L, body-mass index of 27 kg/m2, and systolic blood pressure of 140 mm Hg, for each
region
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Supplementary Table 1: Region-specific recalibration scales for calculation of the 1-year CVD
event and non-CVD mortality risks

Male Female
Scale1 Scale 2 Scale1 Scale 2

CVD events

Low risk region -0.757 0.877 -0.464 0.944
Moderate risk region -0.463 0.884 -0.278 0.939
High risk region 0.386 1.040 1159 1167
Very high risk region 0.540 0.956 1.344 1.078
Non-CVD mortality

Low risk region -0.272 0.875 3.146 1.571
Moderate risk region -0.388 0.848 3.183 1.581
High risk region -0.562 0.755 2723 1.463
Very high risk region -1.336 0.501 1.659 1.244

Rescaling factors for the LIFE-CVD model to scale individual predicted risks within the life table to the target
population, based recent nationally representative estimates of incident cardiovascular disease and risk factor
levels.

Supplementary Methods

Missing data

Because complete case analysis may lead to loss of statistical power and possible
bias?9, values of predictors were imputed by single regression imputation with
predictive mean matching for all cohort data.

As the CPRD consists of care-as-usual data, missing data was much more frequent
and missingness was more likely to correlate with cardiovascular disease risk.
Therefore, multiple imputation was performed for the external validation in CPRD
with fully conditional specification using 5 imputed datasets.

Recalibration

The interlinked stages of recalibration are summarised in Supplementary Methods
Figure 1. The LIFE-CVD coefficients were obtained from the original paper, the
baseline hazards were extrapolated to allow for predictions beyond the original age
range (Box 1); Four risk regions in Europe were similar to those defined by SCORE27
The SCORE2 investigators have defined these risk regions according to the age-
standardised country-specific cardiovascular mortality rates. For each region, annual
age and sex-specific mortality rates were obtained from the WHO and converted to
risk estimates, for both CVD mortality and the risk of non-CVD death (Box 2); In order
to translate 1-year mortality to 1-year risk of fatal and non-fatal CVD, the SCORE2
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region- age- and sex-specific multiplication factors were applied to the 1-year CVD
mortality risks. For the non-CVD mortality rates, multiplication is not necessary, since
predicted risk can be recalibrated using age and sex-specific non-CVD mortality
rates only (Box 3+4); Region, sex and age-specific predicted 1-year risks were then
estimated using the un-calibrated LIFE-CVD model with region, sex and age-specific
risk factors from the Non-Communicable Disease Risk Factor Collaboration (NCD-
RisC) (Box 5). The region and sex and age-specific predicted risks (from Box 5) were
compared to expected risks (from Box 4) and rescaling factors were estimated to
recalibrate the models for each region and sex (Box 6). Finally, the rescaling factors
are applied with the original un-calibrated model to give new, recalibrated risk
predictions in new individuals (Box 7).

Box 1: Model coefficients

The original LIFE-CVD coefficients were used: no additional model derivation was
performed. The original coefficients are based on two complimentary Fine and Gray
models and are shown in Supplementary Methods Table 1. The baseline hazards
of the original models were extrapolated to allow for predictions beyond the original
age range (Supplementary Methods Table 2+3).

Box 2: Estimation of 10-year competing risk adjusted mortality for each risk region
WHO cause-specific mortality rates were supplied by country and coded in ICD-9
or ICD-10. Rates included all mortality which was included in the original SCORE
endpoint. Non-CVD mortality was defined as all mortality not included in the SCORE
endpoint. Region-level estimates were obtained by taking the age- and sex- specific
median of all country-specific estimates of CVD mortality rates from the relevant
region.

In the SCORE2 project, for every age-group, WHO rates representative of the midpoint
of the 10-year interval ahead were used - i.e. for the 40 to 44 year age-group the rates
for 45 to 49 years was used. As currently 1-year rather than 10-year intervals are
used for recalibration, this is done differently in comparison to the SCORE2 project.
Instead, the 40-44 year age-group is recalibrated based on rates observed in the
40-44 year age group. WHO rates of both the fatal cardiovascular outcome and the
competing outcome non-CVD mortality were converted to 1-year mortality risks (r)
using the following formula:

r=1- e(—fatal rate)

As the WHO rates cover 1-year intervals already, no extrapolation is required to 10-
year risks as is done in the SCORE2 recalibration procedure.
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Box 3: Estimation of Multipliers to convert mortality to incidence estimates in
each risk region

To convert 1-year mortality estimates to incidence estimates, age- and sex-specific
multiplication factors were defined as:

Cumulative 1 year incidence total CV events,,itnout prior cvp

Cumulative 1 year incidence fatal CV eventSentire population

These allowed the population level mortality statistics, which are calculated
among the whole population, regardless of prior disease status, to be converted
into first event incidence estimates, representative of the target primary prevention
population (those without prior CVD). To be as consistent as possible to the SCORE2
methodology, no new multipliers were derived. Instead, SCORE2 multipliers were
applied to these 1-year mortality rates. The validity of this methodology was further
assessed in additional analyses (Supplementary Figure 5).

Multiplication factors were assumed to be stable within each region and over time
which was additionally verified in several analyses in the SCORE2 project (SCORE2
Supplementary Figure 3-5)7

Box 6: Relate expected to predicted risks to calculate rescaling factors for
model recalibration

Recalibration of the core LIFE-CVD models was completed separately for each
target region and sex using the previously published general process described in
Supplementary Methods Figure 2. This involved the use of country-sex-specific
mean risk factor levels (from NCDRisc) and region-sex-specific estimates of expected
cumulative 1-year risk, estimated as described above and in Boxes 2 and 3. We used
the recalibrated 1-year risk models to estimate 1-year predicted risk of each endpoint
for each of the age groups using the mean risk factor values as described in Box 5.
Having completed this process for each age group, as shown in Supplementary
Methods Figure 2 we then regressed transformed expected 1-year risk across age
groups on that predicted by the core LIFE-CVD models to derive recalibration factors
(the intercept and slope of the resulting regression line, Supplementary Table 1).
The LIFE-CVD risk models, rescaled using the recalibration factors were then used
to estimate appropriate risks for each potential risk factor combination, for a new
individual or for formation of the example risk charts.

Extrapolation of the baseline hazard

The age-specific baseline survivals for the original LIFE-CVD prediction algorithm
(presented in Supplemental Table 3 of the 2019 paper, and Supplementary Methods
Table 2 of this report) 1 were based on the observed risk in the MESA study for
each life year (i.e. at which age the observed events occurred). Due to chance,
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there is some variation between life years that cannot be explained by the natural
progression of the 1-year risk for CVD or non-CVD mortality with increasing age.
By modelling the progression of baseline survivals with age, the corresponding
individual survival plots are smoothed and therefore more intuitive than when using
the directly observed baseline survivals. Additionally, by modelling the progression
of baseline survivals with age, rather than using the observed age-specific baseline
survivals, it becomes possible to extrapolate the baseline survivals for ages outside
of this original age range according to the formula predicting the baseline survivals
(Supplementary methods Figure 3). The updated baseline survivals were predicted
according to functions weighted for the number of individual participants contributing
data to each life-year. The CVD baseline survivals were predicted and smoothed
using local polynomial regression (function loess, package stats in R studio) using a
smoothing parameter a of 1.05. The non-CVD mortality baseline survivals followed an
exponential function according to the form E(Y) = a * exp(bx) + ¢ and were predicted
using a non-linear regression function (Figure 1). The baseline survivals were then
extrapolated to the age range of 35 to 100 years, allowing predictions over a wider
age range (Supplementary Methods Table 3).

Calculating treatment effects when the life expectancy exceeds 100 years
Treatment benefit for each risk factor treatment is estimated as the difference
between on- and off-treatment median CVD-free life expectancy. In people whose
life expectancy exceeds the model's maximum age, this approach cannot be used
as the cumulative survival curve does not drop below 50%. Previously, we proposed
using the difference in area under the curve (AUC) in such cases as a possible
solution. However, the AUC-method gives underestimation of true lifetime treatment
benefit. As a better alternative, we here propose a new method of using the last
observed cumulative survival. This means that in the case the on-treatment CVD-
free cumulative survival exceeds 50% at the maximum age (i.e. 100 years), lifetime
treatment benefit is defined as the difference between the maximum age and the age
with the corresponding predicted percentage off-treatment cumulative survival. For
example, should the predicted survival at the end of the lifetable be 54%, then the
median survival can't be read from the lifetable. Instead, the age at which the survival
of 54% rather than 50% is compared on- and off- treatment. With the extended age
range due to the extrapolation of the baseline hazard though, this is seldom required,
but more accurate in those theoretical cases in which it is necessary.
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Recalibration of LIFE-CVD

Supplementary Methods, Table 1: Unrounded, original LIFE-CVD model coefficients for

individual predictions

CVD events Non-CVD mortality
Gender (male) 0.4847 -2.6221
Gender (male) “ age (per year) 0.0420
Systolic blood pressure (per 1 mmHg) -0.0166 0.0033
Systolic blood pressure * age (per 1 mmHg per year) 0.0005
Non-HDL cholesterol (mmol/L) 0.1235 -0.5967°
Body mass index (kg/m2) 0.0115 -0.1121
Body mass index, squared (kg/m2) 0.0020
Former smoker 0.0278 0.2285
Current smoker 21116 -0.7902
Current smoker’age (per 1 year) -0.0266 0.0243
Diabetes mellitus 17320 0.6876
Diabetes mellitus "age (per 1 year) -0.0188 -0.0068
Parental history of premature M/° 0.3787 -0.0723

a: log-transformed; b: omitted in recalibrated LIFE-CVD model due to the lack of reliable population-level data

for recalibration
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Supplementary Methods, Table 2: Original age-specific baseline survival for CVD-events and
non-CVD mortality based on the observed events per life-year

1-year CVD 1-year non- 1-year CVD 1-year non-

baseline CVD mortality baseline CVD mortality
Age survival baseline survival Age survival baseline survival
45 1 1 68 0.999645771 0.970398098
46 1 0.979380684 69 0.999663492 0.965410198
47 0.999725398 0.985480904 70 0.999566041 0.956805621
48 1 0.978988162 71 0.999513256 0.954653450
49 1 1 72 0.999692656 0.955233741
50 0.999878410 0.98607217 73 0.999702516 0.953443559
51 0.999516952 0.988522333 74 0.999679667 0.969421315
52 0.999591619 0.985415629 75 0.999647779 0.947674229
53 0.999792279 0.979056609 76 0.999630632 0.939724478
54 0.999879900 0.985072499 77 0.099686488 0.954401682
55 0.999412090 0.989896930 78 0.999661579 0.930794801
56 0.999571482 0990764307 79 0.999598915 0.947523700
57 0.999699809 0.985900751 80 0.999725086 0.944907534
58 0.999682114 0.986623736 81 0.999769337 0.931903316
59 0.999511434 0.987138590 82 0.999684311 0.918651265
60 0.999322636 0.979874870 83 0.999603926 0.916640537
61 0.999656409 0.973393148 84 0.999668146 0.882636308
62 0.999481427 0.966878497 85 0.999583733 0.902748240
63 0.999630190 0.985990456 86 0.999488751 0.896307118
64 0.999465298 0.977289395 87 0.999585936 0.884407038
65 0.999726810 0.964981886 88 0.999723251 0.918574710
66 0.999772552 0.976599292 89 0.999513316 0.868249158
67 0.999693501 0.967697361

Original age-specific baseline survival for CVD-events and non-CVD mortality based on the observed events per
life-year as published in the original LIFE-CVD model. For the current, recalibrated model, these have been replaced
by the extrapolated and smoothed variant (Supplementary Methods Table 3)
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Supplementary Methods, Table 3: Updated age-specific baseline survival for CVD-events

and non-CVD mortality

1-year CVD 1-year non-CVD 1-year CVD 1-year non-CVD

baseline mortality baseline baseline mortality baseline
Age  survival survival Age  survival survival
35 0.99991823 0.99307706 68 0.99963267 0.96820266
36 0.99990882 0.99289348 69 0.99963845 0.96615015
37 0.99989875 0.99269573 70 0.99964348 0.96394804
38 0.09988803 0.909248272 71 0.99964759 0.96158622
39 0.99987669 0.99225328 72 0.99965088 0.95905400
40 0.99986477 0.99200614 73 0.99965348 0.95634012
41 0.99985230 0.99173997 74 0.99965548 0.95343274
42 0.09983936 0.99145329 75 0.99965695 0.95031941
43 0.99982601 0.99114455 76 0.99965794 0.94698712
44 0.99981233 0.99081206 77 0.99965847 0.94342224
45 0.99979842 0.99045401 78 0.99965857 0.93961058
46 0.09978436 0.09006846 79 0.09965824 0.93553740
47 0.99977027 0.98965332 80 0.99965748 0.93118742
48 0.99975627 0.98920634 81 0.99965629 0.92654486
49 0.99974247 0.98872513 82 0.909965466 0.92159349
50 0.99972899 0.98820709 83 0.99965258 0.91631671
51 0.99971594 0.98764944 84 0.99965001 0.91069758
52 0.99970343 0.98704922 85 0.99964692 0.90471895
53 0.99969156 0.98640322 86 0.99964327 0.89836352
54 0.99968043 0.98570803 87 0.99963904 0.89161400
55 0.99967011 0.98495998 88 0.99963418 0.88445322
56 0.99966066 0.98415513 89 0.09962867 0.87686428
57 0.99965211 0.98328928 90 0.99962247 0.86883075
58 0.99964450 0.98235793 91 0.99961554 0.86033685
59 0.99963787 0.98135627 92 0.99960784 0.85136764
60 0.99963223 0.98027914 93 0.99959933 0.84190928
61 0.99962760 0.97912105 94 0.99958995 0.83194926
62 0.99962404 0.97787613 95 0.99957966 0.82147664
63 0.99962160 0.97653813 96 0.99956838 0.81048235
64 0.99962042 0.97510036 97 0.99955607 0.79895946
65 0.99962066 0.97355572 98 0.99954263 078690343
66 0.09962260 0.97189666 99 0.99952800 0.77431242
67 0.99962652 0.97011515
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Cardiovascular risk factors and the risk of major
adverse limb events in patients with symptomatic
cardiovascular disease
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Chapter 7

Abstract

Aims: To determine the relationship between non-high-density lipoprotein cholesterol
(non-HDL-c), systolic blood pressure (SBP) and smoking and the risk of major adverse
limb events (MALE) and the combination with major adverse cardiovascular events
(MALE/MACE) in patients with symptomatic vascular disease.

Methods: Patients with symptomatic vascular disease were included from the
Utrecht Cardiovascular Cohort - Secondary Manifestations of ARTerial disease (UCC-
SMART) (1996-2017). The effects of non-HDL-c, SBP and smoking on the risk for
MALE were analyzed with Cox proportional hazard models stratified for presence of
peripheral artery disease (PAD). MALE was defined as major amputation, peripheral
revascularization or thrombolysis in the lower limb.

Results: In 8139 patients (median follow-up 7.8 years, IQR 4.0-11.8) 577 MALE (8.7/1000
person-years) and 1933 MALE/MACE were observed (29.1/1000 person-years). In
PAD patients there was no relation between non-HDL-c and MALE, in patients with
coronary artery disease (CAD), cerebrovascular disease (CVD) or abdominal aortic
aneurysm (AAA) the risk of MALE was higher per 1 mmol/L non-HDL-c (HR 1.14,
95%Cl 1.01 -1.29). Per 10 mmHg SBP the risk of MALE was higher in PAD patients (HR
1.06, 95%Cl 1.01-1.12) and CVD/CAD/AAA patients (HR 1.15, 95%Cl 1.08-1.22). The risk
of MALE was higher in smokers with PAD (HR 1.45, 95%Cl 0.97-2.14) and CAD/CVD/
AAA (HR 7.08, 95%Cl 3.99-12.57).

Conclusions: The risk of MALE and MALE/MACE in patients with symptomatic
vascular disease differs according to vascular disease location and is associated
with non-HDL-c, SBP and smoking. These findings confirm the importance of MALE
as an outcome and underline the importance of risk factor management in patients
with vascular disease.
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Introduction

Patients with symptomatic cardiovascular disease are at high risk for recurrent major
adverse cardiovascular events (MACE). Major adverse limb events (MALE), including
amputations and peripheral revascularizations, lead to significant morbidity*3
but are rarely reported as a (primary) outcome in trials and cohorts. Patients with
peripheral artery disease (PAD) are at especially high risk of these events, having
a 3-fold increase in incident MACE# and over 10-fold increase in MALE incidence.s
Hypercholesterolemia is associated with a 20% higher risk of PAD in the general
population® and 1 mmol/L reduction of low-density lipoprotein cholesterol (LDL-
c) leads to a 22% decrease in MACE incidence’ Lipid lowering with a statin in
PAD patients is associated with a 18% reduction of adverse limb outcomes.® The
FOURIER trial showed that by lowering LDL-c with PCSKg-monoclonal antibody,
the risk of MALE is lowered by 42% in comparison to placebo.? Non-high-density
lipoprotein cholesterol (non-HDL-c) includes both LDL-c and remnant cholesterol
and has a stronger association with cardiovascular outcomes in comparison to
LDL-c® Hypertension is associated with an increased risk of PAD and MALE in the
general population.* In PAD patients however, it has been suggested that lowering
blood pressure below a critical level may worsen PAD symptoms and progression
by decreasing peripheral perfusion.’? Smoking is one of the most important risk
factors for PAD and is attributable to more than half of the prevalence of PAD.34
Also, smoking cessation increases the amputation free survival in patients with PAD
(Hazard ratio [HR] of 0.43, 95%Cl 0.22-0.86).15

The aims of the current study were to determine the incidence of MALE and MALE/
MACE in patients with symptomatic vascular disease, to assess to what extent non-
HDL-c, SBP and smoking increase the risk of MALE and MALE/MACE and to quantify
the population attributable fractions (PAF) of these risk factors.
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Methods

Patients originate from the Utrecht Cardiovascular Cohort - Secondary Manifestations
of ARTerial disease (UCC-SMART), a single-center ongoing prospective cohort
study in Utrecht, the Netherlands. A detailed description of the study protocol
has been described previously.® Study patients are newly referred patients to the
University Medical Center Utrecht with atherosclerotic disease or increased risk
for atherosclerotic disease and were included between January 1996 and March
2017 (supplementary figure 1). From this cohort, we included all patients with
symptomatic PAD, coronary artery disease (CAD), cerebrovascular disease (CVD)
and/or abdominal arterial aneurysm (AAA). PAD was defined as a symptomatic and
documented obstruction of distal arteries of the leg (ankle brachial index <0.90), a
revascularization procedure of the leg (percutaneous transluminal angioplasty or
bypass surgery) or a prior amputation. CAD was defined as a clinical diagnosis of
angina pectoris, myocardial infarction, cardiac arrest, or coronary revascularization,
CVD as a clinical diagnosis of a transient ischemic attack or ischemic or hemorrhagic
stroke and AAA was defined as a history of abdominal aortic surgery or an abdominal
aortic anteroposterior diameter of 23 cm at baseline. The study was approved by the
local Medical Ethics Committee and written informed consent was obtained from all
patients. Patients and public were not involved in the design, conduct or reporting
of this study.

Figure 1: MALE-free, MACE-free and MALE/MACE-free survival according to vascular disease

location at baseline
A. MALE-free survival B. MACE-free survival C. MALE/MACE-free survival
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Kaplan-Meier curves according to atherosclerotic disease location. Patients in CAD, CVD and AAA groups do
not have PAD at baseline. MALE, Major Adverse Limb Events; MACE, Major Adverse Cardiovascular Events; PAD,
peripheral artery disease; CAD, coronary artery disease; CVD, cerebrovascular disease; AAA, abdominal aortic
aneurysm.

Data collection

After inclusion, all baseline characteristics were determined using a standardized
screening protocol consisting of questionnaires, physical examination, laboratory
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testing, ankle-brachial index (ABI), and abdominal aortic and carotid ultrasound. Non-
HDL-c was defined as total cholesterol minus HDL-cholesterol and was measured
from fasting venous blood samples, LDL-c was calculated using the Friedewald
formula. Office SBP was measured in sitting position twice in the both arms, the
highest mean of the measurements on one arm was used. Smoking and the amount
of pack-years were self-reported. Diabetes mellitus (DM) at baseline was either self-
reported DM type 1 or 2 or a fasting glucose of 7.0 mmol/L at baseline. Estimated
glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula. Medication use was self-reported.

The primary outcome of this study was the incidence of MALE, a composite outcome
consisting of a lower limb revascularization (vascular intervention or thrombolysis),
and major amputation (at the level of the ankle or more proximal). Minor amputations
were not regarded as a MALE in accordance to prior studies.? The incidence of
MACE was assessed to serve as a comparison to MALE. MACE was a composite
outcome consisting of non-fatal myocardial infarction, non-fatal stroke or vascular
death. MALE/MACE was a composite outcome consisting of either MALE or MACE
Patients received biannual questionnaires to evaluate possible endpoints. Whenever
a possible event was reported, hospital discharge letters, GP letters, and results of
relevant laboratory and radiology examinations were collected and the endpoint
was verified by three independent experienced physicians from the UCC-SMART
endpoint committee. Interventions already planned at inclusion in the UCC-SMART
cohort were not regarded endpoints.

Data analyses

Because complete case analysis may lead to loss of statistical power and possible
bias,*® values of determinants or possible confounders were imputed by single
regression imputation. Missing data was <1.0% except for C-reactive protein (CRP)
(n=224, 2.8%). Follow-up was defined as time from inclusion until MALE-event,
death, loss to follow-up (nN=543, 6.7%) or until march 2017. Cox proportional hazards
models were fitted to determine the effect of the risk factors on the risk of MALE,
MACE or MALE/MACE. Presence of PAD at baseline was an effect modifier in the
relation between the risk of MALE and non-HDL-c (p for interaction <0.01), SBP (p for
interaction 0.01), and smoking (p for interaction <0.01). All models were stratified on
presence of PAD at baseline. Using restricted cubic splines, there was no evidence for
a non-linear relation between SBP and the incidence of MALE (p for nonlinearity 0.28),
MACE (p for nonlinearity 0.06), and MALE/MACE (p for nonlinearity 0.16). There was
no evidence for violations of the proportional hazard assumption, assessed visually
on plotted Schoenfeld residuals.

Potential confounders were selected prior to the analysis based on causal diagrams.
To adjust for potential confounding factors the model investigating the relation
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between non-HDL-c and MALE and MACE occurrence was adjusted for age, sex,
DM, SBP, smoking, statin use and eGFR. The presence of DM was no effect modifier
for the relation between non-HDL-c and the occurrence of MALE (p for interaction
0.63). In the relation between SBP and the risk of MALE and MACE, the following
possible confounders were added to the models: age, sex, non-HDL-c, smoking,
DM, BMI and CRP. The relation between smoking and the risk MALE and MACE was
adjusted for the possible confounders: age, sex, SBP, DM, BMI, non-HDL-c and eGFR.
A dose-response relationship was assessed for the relation between smoking and
the incidence of MALE and MACE for the categories 0-20 pack-years, 21-40 pack-
years or >40 pack-years.

The PAF was quantified for all three relationships and was defined as the proportion
of cases that could be prevented if the risk factor would be completely removed from
the population. The PAF was based on Cox models adjusted for confounding factors
using the R-package ‘AF' (version 0.1.4).° In order to calculate the PAF, non-HDL-c
was dichotomized at below or above 2.6 mmol/L, for SBP a cut-off at 140mmHg was
used and smoking was analyzed as current smoking versus never or former smoking.

All analyses were performed with R-statistic programming (version 3.4.1, R Foundation
for Statistical Computing, Vienna, Austria).

Sensitivity analyses

A sensitivity analysis was performed in which minor amputations were included in
the definition of MALE. Because previous studies found a non-linear relation between
SBP and the risk of MACE with a nadir around 140mmHg,2°2* a separate analysis
was done in which only people with a blood pressure of more than 140mmHg were
included. Also, further exploratory Cox models were fitted for all relations in which
atherosclerotic disease location, number of atherosclerotic disease locations, HbA1C,
aspirin, alcohol, eGFR, and different classes of antihypertensive drugs were added
to the models. In order to assess the impact of competing risks, the analyses were
repeated with Fine and Gray competing risk models.

Results

Baseline characteristics

A total of 8,139 patients were included with a total follow-up of 66,359 person-years
(median follow up 7.8 years, IQR 4.0-11.8 years). The baseline characteristics of the
included patients are presented in Table 1. The mean age was 60.0 * 10.3 years, 74%
percent of the patients were male, 61% had a history of CAD, 30% of CVD, 18% of PAD
and 9% of AAA. Baseline characteristics across quartiles of non-HDL-c, SBP and
smoking status are presented in supplementary Table 1-3.
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Table 1: Patient characteristics according to vascular disease location

PAD Patients without PAD (n = 6,684)
CAD CVvD AAA

n=1,455 n=4,537 n=2,266 n=571
Male sex 083 (68%) 3,695 (81%) 1,410 (62%) 489 (86%)
Age (years) 50.6 £10.5 60.7+9.6 50.0 +11.3 65.0 £ 9.5
Former smoker 558 (38%) 2,388 (53%) 902 (44%) 308 (54%)
Current smoker 755 (52%) 1,062 (23%) 714 (32%) 186 (33%)
Packyears (years) 27.2+19.8 18.4 +19.3 18.6 + 20.0 26.7 +22.5
Body mass index (kg/m?) 263+ 4.2 273:3.8 26643 26.5+3.9
Diastolic blood pressure (mmHg) 81+12 80 *11 82+12 8412
Systolic blood pressure (mmHg) 145+ 21 137 + 20 141+ 22 143 + 20
Ankle brachial index 0.9*0.2 1.2+0.1 11+0.2 11+0.2
Diabetes mellitus 296 (20%) 848 (19%) 345 (15%) 79 (14%)
Coronary artery disease 402 (28%) 4,537 (100%) 401 (18%) 238 (42%)
Peripheral artery disease 1,455 (100%) 0 (0%) 0 (0%) 0 (0%)
Cerebrovascular disease 196 (13%) 401 (9%) 2,266 (100%) 87 (15%)
Abdominal aortic aneurysm 122 (8%) 238 (5%) 87 (4%) 571 (100%)
No. of vascular disease locations
1 867 (60%) 3,934 (87%) 1,814 (80%) 282 (49%)
2 463 (32%) 567 (12%) 416 (18%) 253 (44%)
3 125 (9%) 36 (1%) 36 (2%) 36 (6%)
Laboratory values
Total cholesterol (mmol/1) 5312 46+11 4912 51+13
LDL-cholesterol (mmol/D 32+11 26+09 29+11 31+11
HDL-cholesterol (mmol/L) 1.2+0.4 1.2+0.3 1.3+0.4 1.2+ 0.4
Non-HDL cholesterol (mmol/l) 41+13 3.4+11 3.6+1.2 3.9+13
Triglycerides (mmol/1) 19+14 17+14 1612 17+11
Estimated GFR (ml/min/1.73m?) 76+ 20 77 £17 77 £18 70 £ 20
Medication use
Statin 708 (49%) 3,695 (81%) 1,325 (58%) 290 (51%)
Diuretics 277 (19%) 068 (21%) 527 (23%) 158 (28%)
ACE inhibitors 347 (24%) 1,694 (37%) 638 (28%) 168 (29%)
Beta-blockers 421 (29%) 3,407 (75%) 694 (31%) 232 (41%)
Calcium channel blockers 287 (20%) 1,127 (25%) 358 (16%) 132 (23%)
Platelet inhibitor 797 (55%) 3,815 (84%) 1,525 (67%) 306 (54%)
Oral anticoagulants 202 (14%) 550 (12%) 213 (9%) 74 (13%)

PAD, peripheral artery disease; CAD, coronary artery disease; CVD, cerebrovascular disease; AAA, abdominal aortic
aneurysm; HDL, high-density lipoprotein cholesterol; GFR, glomerular filtration rate (calculated with Chronic Kidney
Disease Epidemiology Collaboration [CKD-EPIl formula). All data in n (%) or mean + standard deviation
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Prescription frequencies of guideline medications increased over the years in the
UCC-SMART cohort. In the first 10 years of inclusion (1996-2006), 54% of the patients
was prescribed a statin and 24% an ACE-inhibitor, which increased to 80% statin use
and 37% statin use after 2006. Patients with CAD were more often prescribed statins
(82%) than patients with PAD (49%), CVD (58%) or AAA (51%).

Incidence rates of MALE and MACE

A total of 577 first MALE were observed, of which 48 were major amputations, 311
surgical interventions and 218 revascularizations (incidence rate 8.7/1000 person-
years, Figure 1A). In patients with PAD at baseline 376 first MALE occurred (incidence
rate 29.9/1000 person-years). In patients with a history of CAD but without PAD, the
MALE incidence rate was 3.8 per 1000 person-years. For CVD, the MALE incidence
rate was 4.1/1000 person-years and for AAA this incidence rate was 9.3/1000 person-
years. The incidence rates were highest in patients with PAD + DM (44.6/1000 person-
years) and PAD + polyvascular disease (36.1/1000 person-years).

A total of 1568 MACE were observed (incidence rate 24.0/1000 person-years, figure
1B). The incidence rate of MACE was 31.3/1000 in PAD patients. In the patients without
PAD, the incidence rates were 21.8/1000 in CAD patients, 24.3/1000 in CVD patients
and 47.4/1000 person-years in AAA patients. The combined endpoint MALE/MACE
was observed 1933 times (incidence rate 29.1/1000 person-years, figure 1C), incidence
rates per 1000 person-years were 57.3/1000 for PAD, 23.1/1000 for CAD, 25.4/1000
for CVD and 50.6/1000 for AAA.

Relation between non-HDL-c, SBP and smoking and occurrence of MALE, MACE
and MALE/MACE

There was no significant relation between non-HDL-c and the occurrence of MALE,
MACE or MALE/MACE in patients with PAD (Figure 2A). In patients with CAD/CVD/
AAA but without PAD, the risk of all outcomes was higher with higher non-HDL-c.

There was a positive relation between SBP and the occurrence of MALE, MACE and
MALE/MACE in patients with PAD (Figure 2B). In patients with CAD/CVD/AAA but
without PAD, the occurrence of MALE and MALE/MACE was positively related to
SBP, there was no significant effect of SBP on MACE.

In patients with PAD, former and current smoking increased the risk of MALE
insignificantly (figure 3). In these patients, both former and current smoking were
associated with an increased risk of MACE and MALE/MACE. In patients with CAD/
CVD/AAA but without PAD, former and current smoking increased the risk of MALE,
MACE and MALE/MACE.
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Figure 2: Relation between non-HDL-c and SBP and the risk of MALE, MACE and MALE/MACE
according to vascular disease location

A. Non-HDL-c

PAD (n=1,455) Events(n) Hazard ratio per 1 mmol/L non-HDL-c (95% Cl}
MALE 376 0.97 (0.89-1.05) ——et—
MACE 393 0.99(0.91-1.07) e |
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L 4
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MALE/MACE 1301 1.17(1.12-1.22) —e—
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0.85 1 1.2 1.3

B. Systolic blood pressure

PAD (n=1,455) Events(n) Hazard ratio per 10 mmHg SBP (95% Cl)
MALE 376 1.06 (1.01-1.12) F——A
MACE 393 1.07 (1.02-1.13) e |
MALE/MACE 632 1.07 (1.03-1.11) ——

CAD/CVD/AAA (n=5,383)

MALE 201 1.15(1.08-1.22) 1
MACE 1175  1.02(0.99-1.05) H—e—
MALE/MACE 1301  1.04(1.01-1.07) —o—i
I T 1
0.85 1 12 1.3
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This figure shows the hazard rates for the risk of MALE, MACE and MALE/MACE per mmol increase of non-HDL-c
(A) and per 10mmHg increase of SBP (B). A was adjusted for: age, sex, SBP, DM, smoking and eGFR, B for age,
sex, non-HDL-c, smoking, DM, BMI and CRP. PAD, peripheral artery disease; CAD, coronary artery disease; CVD,
cerebrovascular disease; AAA, abdominal aortic aneurysm; MALE Major Adverse Limb Events; MACE, Major Adverse
Cardiovascular Events.

A dose response effect was observed in the relation between smoking and MALE. In
comparison to smokers with <20 pack-years, the risk was increased for 21-40 pack-
years (HR 1.45, 95%Cl 1.18-1.78) and >40 pack-years (HR 2.18, 95%Cl 1.54-2.38). A similar
effect was observed for MACE (HR 1.10, 95%Cl 9.97-1.10 for 21-40 pack-years and HR
1.25, 95%Cl 1.09-1.45 for >40 pack-years) and MALE/MACE (HR 1.19, 95%Cl 1.07-1.34
for 21-40 pack-years and HR 1.41, 95%Cl 1.25-1.61 for >40 pack-years).
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Figure 3: Relation between smoking and the risk of MALE, MACE and MALE/MACE according
to vascular disease location

PAD (n=1,455) Events(n) Formersmoking Currentsmoking HR of current smoking versus never smoking (95% CI)
MALE 376 1.28(0.86-1.89) 1.45(0.97-2.14) H——&—H
MACE 393 1.61(1.08-2.38) 2.25(1.52-3.34) —e—
MALE/MACE 632  1.36(1.00-1.84) 1.77(1.30-2.41) —

CAD/CVD/AAA (n=5,383)

f—————
MALE 201 3.12(1.77-5.50) 7.08(3.99-12.57)
MACE 1175 1.23(1.05-1.44) 1.80(1.51-2.15) e
MALE/MACE 1301  1.34(1.14-1.56) 2.08(1.75-2.46) —e—
T T T T 1
1 2 3 5 10 20

Higher risk

The figure shows the hazard ratios of current smoking versus never smoking for MALE, MACE and MALE/MACE.
Hazard ratios for former smoking are displayed in supplementary figure 1.Models were adjusted for: age, sex, SBP,
non-HDL-c, DM, BMI and eGFR. PAD, peripheral artery disease; CAD, coronary artery disease; CVD, cerebrovascular
disease; AAA, abdominal aortic aneurysm; MALE. Major Adverse Limb Events; MACE, Major Adverse Cardiovascular
Events.

Population attributable fraction

The PAF of incident MALE in PAD patients was 5% (95%Cl 0-31) for non-HDL-c, 9%
(95%Cl 0-19) for SBP and 7% (95%Cl 0-16) for smoking. In patients with CAD/CVD/
AAA this was 0% (95%Cl 0-27) for non-HDL-c, 18% (95%Cl 5-31) for SBP and 28% (95%Cl
18-36) for smoking (figure 4).

Figure 4: The population attributable fractions of MALE and MACE for elevated non-HDL-c,
elevated SBP and smoking

A. PAD B. CAD/CVD/AAA
40 40
@ Non-HDL-c
SBP
30 304 O  Smoking
PAF (%) 5p J
(95%CI)20 =
109 | _ 101 m
0- - 0 %
MALE MACE MALE MACE

This figure shows the population attributable fractions of incident MALE and MACE attributable to non-HDL-c (>2.6
mmol/L), SBP (>140mmHg) and current smoking +95% confidence intervals for patients with (A) PAD and (B) CAD/
CVD/AAA. The PAF is the proportion of cases that could be prevented if the risk factor would be completely removed
from the population. PAD, peripheral artery disease; CAD, coronary artery disease; CVD, cerebrovascular disease;
AAA, abdominal aortic aneurysm; MALE, Major Adverse Limb Events; MACE, Major Adverse Cardiovascular Events;
non-HDL-C, non-high-density lipoprotein cholesterol; SBP, systolic blood pressure.
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Sensitivity analyses

Including minor amputations in the MALE endpoint resulted in 15 additional MALE
events, repeating the analyses with this definition of MALE did not meaningfully
change the relations between risk factors and risk of MALE. The effect of non-HDL-c,
SBP and smoking on the risk of MALE was similar in the highest risk groups, PAD + DM
or PAD + polyvascular disease (supplementary table 4), except for current smoking in
patients with PAD + DM. In this group current smoking led to a non-significant lower
risk of MALE. Inclusion of only patients with a SBP of >140 mmHg SBP led to a stronger
relation between SBP and risk of MACE in the patients with PAD (HR 1.16, 95%Cl 1.07-
1.25) but did no change the estimate in patients with CAD/CVD/AAA. There was no
effect on the risk of MALE in both groups. Further adjustment for additional possible
confounders did not change the estimates meaningfully. The competing-risk adjusted
analysis showed similar results as the main analysis (supplementary table 5).

Discussion

In the present study it is shown that the incidence of MALE and MALE/MACE differs
according to vascular disease location. The highest incidence of MALE was observed
in patients with PAD, in these patients the incidence of MALE was higher than of
MACE. In patients with CAD/CVD/AAA, higher non-HDL-c, higher SBP and smoking
were associated with an increased risk of MALE, the effect of smoking and SBP on
the incidence of MALE was much stronger than on the incidence of MACE.

In previously published studies it is shown that lipid-lowering therapy resulted in a
reduction in amputations or limb events in patients with PAD.82223 In the FOURIER
trial, a 42% reduction in MALE incidence was shown after treatment with a PCSK9-
inhibitor in comparison to placebo In contrast to the current study, non-urgent
revascularizations were not included in the MALE-endpoint of the FOURIER trial. In
FOURIER's secondary endpoint consisting of all peripheral revascularizations, no
difference was observed, indicating non-HDL-c may not be associated with non-
urgent revascularizations. Therefore, inclusion of non-urgent revascularizations in
the current study may have weakened the observed relation between non-HDL-c
and the incidence of MALE.

The positive relation between SBP and risk of MALE as observed in this study is
consistent with earlier studies in patients in the general population or with PAD.01t24.25
Results from the current study show that SBP also increases the risk of MALE in
patients with vascular disease at other locations and that this effect is stronger than
on the incidence of MACE. These estimates did not change when only patients with
a SBP of >140 mmHg were analyzed to account for a potential J-shaped relationship.
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Current smoking is a strong risk factor for incident MALE and PAD, which is consistent
with previously published results.52¢ Results from the current study show that this
effect is very strong in patients with CAD/CVD/AAA and that the effect of smoking
on the incidence of MALE is stronger than on the incidence of MACE. Previous
studies reported a dose-dependent relation between smoking and the incidence
and prevalence of PAD,326%7 results from the current study show that a similar effect
also applies to incident MALE.

The effects of non-HDL-c, SBP and smoking on the incidence of MALE were smaller in
patients with PAD in comparison to in patients with CAD/CVD/AAA. These differences
could be partially explained by a difference in pathophysiology. In patients without
PAD, MALE may primarily be a result generalized progression of atherosclerosis,
whereas a recurrent MALE might also occur due to restenosis or thrombosis of a
peripheral artery stent or bypass in patients with PAD. However, it is also possible that
these differences are due to selection on the index event. This can be understood by
viewing the onset of PAD as the sum of the effect of multiple causal factors. If one very
strong causal factor, for example smoking, is already present, less effect of the other
factors is required for the onset of disease. Subsequently comparing the smokers
and non-smokers that have already developed PAD leads to the smokers having a
relatively healthy risk profile in comparison to the non-smokers in both measured and
non-measured factors, which cannot be completely corrected for.2®

Because the FOURIER study found similar relative effect sizes on the incidence of
MALE in patients with PAD as in patients with vascular disease at other locations from
lipid-lowering,® it is likely that the actual effect is closer towards the estimate of the
CAD/CVD/AAA group.

Results from the current study contribute to the evidence that the modifiable risk
factors for MACE also increase the risk of MALE in patients with symptomatic vascular
disease, including patients with preexisting PAD. In comparison to MACE, the fraction
of MALE that can be attributed to the modifiable risk factors SBP and smoking is
even larger. This implies that improved risk factor management in patients with
symptomatic atherosclerotic disease could prevent many cases of incident MALE,
apart from the benefit on reduction of MACE risk. In light of the high incidence the
numbers needed to treat are expected to be low. The morbidity associated with
MALE can be very high and a large fraction is attributable due to treatable risk factors,
inclusion of those events in (primary) composite outcomes of intervention studies as
MALE/MACE could therefore better reflect the effect of an intervention on the total
disease burden due to atherosclerotic disease.

Strengths of this prospective cohort study include the large number of patients with
symptomatic atherosclerotic disease with long and complete follow-up, resulting in a
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high number of MALE and MACE. Also, the generalizability of the results is high as the
UCC-SMART cohort resembles a referred patient population with vascular disease. A
possible limitation is the fact that baseline characteristics were only recorded at the
start of the study but may have changed in the duration of the follow-up. Furthermore,
the results in patients with PAD may have been affected by selection on the index
event and are therefore expected to be closer to the results in the CAD/CVD/AAA

group.

In conclusion, the incidence of MALE in patients with clinical manifest vascular disease
differs according to vascular disease location and is associated with non-HDL-c,
SBP and smoking. A large fraction of incident MALE is attributable to modifiable risk
factors. These findings confirm the importance of MALE as an outcome and underline
the importance of classic risk factor management in patients with vascular disease,
not only to prevent MACE, but also to prevent disabling MALE.
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Supplementary Materials

Supplementary table 1: Baseline characteristics per quartile of non-HDL-c

Q1 Q2 Q3 Q4

n-=2,037 n=2048 n=2025 n-=2,029
Non-HDL cholesterol - range (mmol/l) 07 -27 27-3.4 3.4-43 4.3-206
Male sex 1,519 (75%) 1,531 (75%) 1,511 (75%) 1,441 (71%)
Age (years) 60.9t10.4 60.3+10.3 59.6+10.4 59.4+10.2
Current smoker 454 (22%) 564 (28%) 689 (34%) 819 (40%)
Former smoker 1,065 (52%) 997 (49%) 928 (46%) 860 (42%)
Packyears 17.6 +19.6 18.8 £19.7 21.0 £ 20.0 23.2+201
Body mass index (kg/m?) 26.5+3.9 26.9+4.1 271441 27.0 £ 4.0
Diastolic blood pressure (mmHg) 79.9 £10.9 80.3+11.4 815115 823+11.6
Systolic blood pressure (mmHg) 137.0 £ 20.0 1375+ 19.5 140.1 % 21.0 1433+ 21.5
Ankle brachial index 11+0.2 11+0.2 11+0.2 1.0+0.2
Diabetes mellitus 390 (19%) 392 (19%) 336 (17%) 297 (15%)
Coronary artery disease 1,411 (69%) 1,384 (68%) 1,212 (60%) 032 (46%)
Peripheral artery disease 194 (10%) 265 (13%) 399 (20%) 597 (29%)
Cerebrovascular disease 608 (30%) 581 (28%) 612 (30%) 661 (33%)
Abdominal aortic aneurysm 114 (6%) 141 (7%) 189 (9%) 249 (12%)
No. of vascular disease locations
1 1,780 (87%) 1,758 (86%) 1,682 (83%) 1,677 (83%)
2 224 (11%) 259 (13%) 301 (15%) 297 (15%)
3 33 (2%) 31(2%) 42 (2%) 55 (3%)
Laboratory values
Total cholesterol (mmol/1) 3.5+05 43+0.4 51+0.4 6.4t0.9
LDL-cholesterol (mmol/l) 1.8+0.4 2404 3.0:05 42+09
HDL-cholesterol (mmol/1) 1.3+0.4 1.2:0.4 1.2+0.4 1.2+03
Trigylerides (mmol/l) 11+ 0.5 1.5+0.7 1.8+1.0 24+21
Estimated GFR (ml/min/1.73m?) 77 +18 77 £+18 77 +18 76 + 19
Medication use
Statin 1,821 (89%) 1,673 (82%) 1,280 (63%) 727 (36%)
Diuretics 428 (21%) 460 (22%) 435 (21%) 396 (20%)
ACE inhibitors 768 (38%) 702 (34%) 601 (30%) 482 (24%)
Beta-blockers 1,233 (61%) 1,209 (59%) 1,056 (52%) 846 (42%)
Calcium channel blockers 412 (20%) 428 (21%) 450 (22%) 421 (21%)
Platelet inhibitor 1,676 (82%) 1,585 (77%) 1,421 (70%) 1,240 (61%)
Oral anticoagulants 217 (11%) 231 (11%) 216 (11%) 231 (11%)

HDL, high-density lipoprotein cholesterol; non-HDL, non-high-density lipoprotein cholesterol; GFR, glomerular
filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI] formula). All data in n
(%) or mean + standard deviation
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Supplementary table 2: Baseline characteristics per quartile of SBP

Q1 Q2 Q3 Q4

n=2139 n=2004 n=1981 n=2,015
Systolic blood pressure - range (mmHg) 79 - 125 126 - 137 138 - 151 152 - 244
Male sex 1,530 (72%) 1,517 (76%) 1,490 (75%) 1,465 (73%)
Age (years) 56.5+10.5 58.8+10.2 61.2+99 63.9+9.1
Current smoker 744 (35%) 631 (31%) 587 (30%) 564 (28%)
Former smoker 910 (43%) 940 (47%) 977 (49%) 1,023 (51%)
Packyears 18.5+187 10.5+19.7 21.0 £ 20.2 21.8+21.1
Body mass index (kg/m?) 26.3* 4.0 27.0+4.0 27.2+4.0 27.0+4.0
Diastolic blood pressure (mmHg) 721+75 78779 83.0+87 90.8£117
Ankle brachial index 11+0.2 11+0.2 11£0.2 1.0+0.2
Diabetes mellitus 245 (11%) 313 (16%) 412 (21%) 445 (22%)
Coronary artery disease 1,445 (68%) 1,243 (62%) 1,202 (61%) 1,049 (52%)
Peripheral artery disease 266 (12%) 312 (16%) 372 (19%) 505 (25%)
Cerebrovascular disease 584 (27%) 577 (29%) 606 (31%) 695 (34%)
Abdominal aortic aneurysm 137 (6%) 156 (8%) 197 (10%) 203 (10%)
No. of vascular disease locations
1 1,882 (88%) 1,747 (87%) 1,637 (83%) 1,631 (81%)
2 222 (10%) 230 (11%) 293 (15%) 336 (17%)
3 35 (2%) 27 (1%) 51 (3%) 48 (2%)
Laboratory values
Total cholesterol (mmol/) 4711 47+12 49%12 50+13
LDL-cholesterol (mmol/l) 27+1.0 28:1.0 28+1.0 3.0+1.1
HDL-cholesterol (mmol/1) 1.2+0.4 1.2+03 1.2+0.4 1.3+04
Non-HDL cholesterol (mmol/1) 3.5+11 3.5%1.2 3.6+1.2 3.8+13
Triglycerides (mmol/1) 16+13 16+11 17+12 1.8+17
Estimated GFR (ml/min/1.73m?) 8017 7917 77 £18 7219
Medication use
Statin 1,535 (72%) 1,397 (70%) 1,333 (67%) 1,236 (61%)
Diuretics 397 (19%) 386 (19%) 426 (22%) 510 (25%)
ACE inhibitors 685 (32%) 585 (29%) 586 (30%) 697 (35%)
Beta-blockers 1,278 (60%) 1,056 (53%) 1,020 (51%) 990 (49%)
Calcium channel blockers 355 (17%) 390 (19%) 454 (23%) 512 (25%)
Platelet inhibitor 1,624 (76%) 1,474 (74%) 1,441 (73%) 1,383 (69%)
Oral anticoagulants 246 (12%) 200 (10%) 213 (11%) 236 (12%)

HDL, high-density lipoprotein cholesterol; non-HDL, non-high-density lipoprotein cholesterol; GFR, glomerular
filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI] formula). All data in n

(%) or mean * standard deviation
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Supplementary table 3: Baseline characteristics per smoking status

Never smoker Former smoker Current smoker

n-=1763 n-=3.850 n-=2526
Male sex 1,113 (63%) 3,005 (80%) 1,794 (71%)
Age (years) 60.6 +11.1 623+9.4 56.1+10.1
Packyears 0.0 £0.0 22.5+18.3 307 +191
Body mass index (kg/m?) 26.8 4.0 272+3.8 265+ 4.4
Diastolic blood pressure (mmHg) 81.3+11.8 81.2+11.0 80.4+11.5
Systolic blood pressure (mmHg) 139.0 £ 20.9 140.8 + 20.6 137.8+20.4
Ankle brachial index 1.2+01 11+0.2 1.0+0.2
Diabetes mellitus 302 (17%) 747 (19%) 366 (14%)
Coronary artery disease 1,120 (64%) 2,601 (68%) 1,218 (48%)
Peripheral artery disease 142 (8%) 558 (14%) 755 (30%)
Cerebrovascular disease 580 (33%) 1,097 (28%) 785 (31%)
Abdominal aortic aneurysm 85 (5%) 365 (9%) 243 (10%)
No. of vascular disease locations
1 1,610 (91%) 3,175 (82%) 2,112 (84%)
2 143 (8%) 583 (15%) 355 (14%)
3 10 (1%) 92 (2%) 59 (2%)
Laboratory values
Total cholesterol (mmol/l) 4712 47+1.2 51+1.2
LDL-cholesterol (mmol/L) 27+1.0 28+1.0 3.0+11
HDL-cholesterol (mmol/L) 1.3:0.3 1.2+0.4 1.2+0.4
Non-HDL cholesterol (mmol/l) 3.4%11 3.5+1.2 3.9%13
Triglycerides (mmol/1) 16+1.0 16+11 19+18
Estimated GFR (ml/min/1.73m?) 75+18 7517 81+18
Medication use
Statin 1,215 (69%) 2,758 (72%) 1,528 (60%)
Diuretics 401 (23%) Q05 (24%) 413 (16%)
ACE inhibitors 586 (33%) 1,291 (34%) 676 (27%)
Beta-blockers 1,021 (58%) 2,184 (57%) 1,139 (45%)
Calcium channel blockers 348 (20%) 942 (24%) 421(17%)
Platelet inhibitor 1,300 (74%) 2,892 (75%) 1,730 (68%)
Oral anticoagulants 193 (11%) 495 (13%) 207 (8%)

HDL, high-density lipoprotein cholesterol; non-HDL, non-high-density lipoprotein cholesterol; GFR, glomerular
filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI] formula). All data in n

(%) or mean * standard deviation
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Supplementary figure S1: Flowchart of patients in the UCC-SMART cohort for the current
analysis

Inclusion UCC-SMART cohort
(n=12,616)

Excluded from analysis:
No prior cardiovascular
disease (n =4477)

Study population (n = 8139)

Lost to follow-up (n =543,
6.7%)

Analyzed (n = 8139) ¢
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Supplementary table 4: Risk factors and the risk of MALE in high-risk PAD patients

Hazard ratio (95% ClI) for the risk of MALE

Non-HDL-c (per1 SBP (per 10 Current

mmol/L) mmHg) smoking
Overall PAD patients (n = 1455) 0.98 (0.89-1.07) 1.06 (1.01-1.12) 1.45(0.97-2.14)
PAD + DM (n=296) 1.01(0.84-1.23) 1.04 (0.95-1.15) 0.67(0.34-1.31)
PAD + polyvascular disease (n = 588) 1.03(0.89-1.19) 1.08 (1.00-1.16) 1.63 (0.86-3.09)

Non-HDL, non-high-density lipoprotein cholesterol; SBP, systolic blood pressure; PAD, peripheral artery disease;
DM, diabetes mellitus. Polyvascular disease is defined as PAD + coronary artery disease, cerebrovascular disease
or abdominal aortic aneurysm.
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Risk factors and MALE

Supplementary table 5: The effect of non-HDL-c, SBP and smoking on the risk of MALE with
and without competing-risk adjustement

Main analysis

Competing-risk adjusted analysis

Patients with PAD
Non-HDL-c (per mmol/L)
SBP (per 10 mmHg)
Former smoking

Current smoking

Patients without PAD
Non-HDL-c (per mmol/L)
SBP (per 10 mmHg)
Former smoking

Current smoking

HR (95%Cl)
0.98 (0.89-1.02)
1.06 (1.01-1.12)
1.28 (0.86-1.89)

1.45(0.97-2.14)

114 (1.01-1.29)
115 (1.08-1.22)
3.12 (1.77-5.50)
7.08 (3.99-12.57)

Subdistribution HRs (95% CI)
1.01(0.92-1.10)
1.05 (1.00-1.10)
1.21(0.82-1.78)

1.26 (0.86-1.86)

1.13(1.00-1.27)
1.14 (1.07-1.22)
3.02 (1.71-5.32)
6.32 (3.56-11.20)

The effect on the risk of major adverse limb events per mmolincrease of non-HDL-c, per tommHg increase of SBP
and for former and current smoking. Competing risk-adjusted results were obtained from Fine and Gray analyses
with all-cause mortality as competing risk, adjusted for the same confounders as the main analysis. PAD, peripheral
artery disease; Non-HDL, non-high-density lipoprotein cholesterol; SBP, systolic blood pressure;
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Chapter 8

Abstract

Background: The 10-year risk of recurrent atherosclerotic cardiovascular disease
(ASCVD) events in patients with established ASCVD can be estimated with the SMART
risk score, and may help refine clinical management. To broaden generalizability
across regions, we updated the existing tool (SMART2 risk score) and recalibrated it
with regional incidence rates and assessed its performance in external populations.

Methods and Results: Individuals with coronary artery disease, cerebrovascular
disease, peripheral artery disease, or abdominal aortic aneurysms were included from
the UCC-SMART cohort (n=8,355; 1,706 ASCVD events during a median follow-up of
8.2 years [IQR 4.2-12.5]) to derive a 10-year risk prediction model for recurrent ASCVD
events (non-fatal myocardial infarction, non-fatal stroke, or cardiovascular mortality)
using a Fine and Gray competing risk-adjusted model. The model was recalibrated
to 4 regions across Europe, and to Asia (excluding Japan), Japan, Australia, North
America, and Latin America using contemporary cohort data from each target region.
External validation used data from 7 cohorts (CPRD, SWEDEHEART, REACH Registry,
Estonian Biobank, BACS/BAMI, Nor-COAST, and Bialystok PLUS/Polaspire) and
included 369,044 individuals with established ASCVD of whom 62,807 experienced
an ASCVD event. C-statistics ranged from 0.605 (95%Cl 0.547-0.664) in BACS/BAMI to
0.772 (95%Cl 0.659-0.886) in REACH Europe high risk region. The clinical utility of the
model was demonstrated across a range of clinically relevant treatment thresholds.

Interpretation: The SMART2 risk score provides an updated, validated tool for
prediction of recurrent ASCVD events in patients with established ASCVD across
European and non-European populations. Use of this tool could allow for a more
personalized approach to secondary prevention based upon quantitative rather than
qualitative estimates of residual risk.
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Graphical abstract

The updated and geographically recalibrated SMART2 risk score

1. Model development Key features of the SMART2 risk score
Data from 8,355 individuals
with established ASCVD and @ Estimate residual 10-year risk of fatal and non-fatal CvD
1,706 CVD events

2. Model recalibration

Recalibration to Europe, Asia, *.®
Australia, North and South America *I Facilitates an individualized approach to secondary CVD

'-s'f w o prevention
A

l @ Adapted to the CVD incidence in several global regions

Aimed at individuals with established ASCVD

3. Model validation

Validation in 369,044 individuals
and 62,807 CVD events

l
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4. Individualized predictions artery disease artery
Demonstrated clinical utility across disease disease
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Introduction

Atherosclerotic cardiovascular diseases (ASCVD), such as coronary heart disease
and cerebrovascular disease, are the most common non-communicable diseases
globally, and were responsible for an estimated 17.8 million deaths worldwide in 2017*
Clinical guidelines advocate the use of risk prediction models in patients without
vascular disease or diabetes, since those at high risk of ASCVD are more likely to
benefit from preventive startegies.2 Clinical guidelines have traditionally advised
classification of all patients with established vascular disease as being at ‘very high
risk’ for future (recurrent) ASCVD events.57 This universal approach to allocating risk
among secondary prevention patients ignores that fact that the individual level of
CVDrrisk can vary in these patients® and precludes the option for a more personalized
approach to risk factor management in secondary prevention. More intensive
treatment options, such as lower treatment targets for blood pressure and low-density
lipoprotein cholesterol (LDL-C), or additional antithrombotic strategies have been
proven to further reduce the risk of ASCVD events. However, their implementation
has been generally modest, in part reflecting uncertainties about cost benefits from
implementing these at scale or uncertainties about individual risk-benefits such as
the risk of major bleeding. This makes identification of patients who may benefit most
from more intensive therapy a key issue in clinical practice today.>* For this reason,
more recent European Society of Cardiology (ESC) guidelines now recommend that
clinicians consider including information on risk to help inform clinician-patient joint
decision-making for secondary prevention treatments.7*

For patients with established ASCVD, the 10-year risk of recurrent ASCVD can be
estimated with the previously published Secondary Manifestations of ARTerial
disease (SMART) risk score.®? The SMART risk score was developed using the Utrecht
Cardiovascular Cohort - Secondary Manifestations of ARTerial disease (UCC-SMART)®3
and externally validated in several trial and routine care populations.41 |t was made
available via online calculators on the European Society of Cardiology (ESC) website,
the ESC CVD risk prediction app, and U-prevent.com. However, the SMART risk score
has several limitations. First, the model was derived using data from participants
recruited before 2010 and followed for a median of 4.7 years, and hence may not be
directly applicable to predicting 10-year risk in contemporary populations. Second,
the model has no parameter to reflect regional differences in CVD incidence, possibly
limiting the applicability of the prediction model to the low risk region where it was
developed. Third, the SMART risk score does not take competing risk for non-CVD
death into account, which might lead to an overestimation of ASCVD risk in patients
at higher risk of competing ‘non-CVD' death, such as older individuals.*® Therefore, we
set out to update the SMART risk score by providing derivation (taking competing risk
into account), geographic recalibration, and external validation of the new risk score
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(SMART2) to estimate 10-year residual ASCVD event risk in patients with established
ASCVD aged 40-80 years.

Methods

Population

Following the previous version of the SMART risk score, the target population for
the SMART2 risk score consists of individuals with stable, established ASCVD. The
SMART2 risk score was developed using patients with established ASCVD from
the UCC-SMART cohort aged 40-80 years. UCC-SMART is a single-center ongoing
prospective cohort study at the University Medical Center Utrecht, the Netherlands.’3
Patients newly referred to the University Medical Centre Utrecht with established
ASCVD, or an increased risk thereof, were included in the period 1996 to 2019. For
the current analysis, we included patients with a history of any type of established
ASCVD; which comprised of coronary artery disease (CAD), cerebrovascular disease
(CeVD), peripheral artery disease (PAD), and/or abdominal aortic aneurysm (AAA).
CAD was defined as angina pectoris with documented stenosis, myocardial infarction,
or coronary revascularization (coronary bypass surgery or coronary angioplasty);
CeVD as a transient ischemic attack, cerebral infarction, amaurosis fugax or retinal
infarction, or a history of carotid surgery; PAD was defined as a symptomatic and
documented obstruction of distal arteries of the leg or a history of vascular surgery of
the leg (percutaneous transluminal angioplasty, bypass, or amputation); and patients
with AAA had a supra- or infrarenal aneurysm of the aorta (distal aortic anteroposterior
diameter 23 cm, measured at baseline examination with ultrasonography) or a history
of AAA surgery. All baseline characteristics were determined at baseline using a
standardized screening protocol consisting of questionnaires, physical examination
and laboratory testing.

For external validation, patients were included from the Clinical Practice
Research Datalink (CPRD) in the United Kingdom* the international REduction of
Atherothrombosis for Continued Health (REACH) Registry,**-2° the Bialystok PLUS/
Polaspire cohort from Poland,? the Estonian Biobank,22 Spanish Biomarkers in
Acute Coronary Syndrome and Biomarkers in Acute Myocardial Infarction (BACS/
BAMI),23 the Norwegian COgnitive Impairment After STroke (Nor-COAST) study,2
and the SWEDEHEART registry.? Detailed descriptions of the external validation
cohorts can be found in the Supplementary Methods. Where possible, predictor
definitions were the same as in the derivation data. Disease history variables were
based on questionnaires (REACH registry, Bialystok PLUS/Polaspire, BACS/BAMI)
or linkage to hospital records or primary care (CPRD, Estonian Biobank, Nor-COAST,
SWEDEHEART). Endpoints were followed-up by linkage to primary care records,
hospital records or disease/mortality registries (CPRD, Estonian Biobank, Nor-COAST,
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SWEDEHEART, BACS/BAMI, Bialystok PLUS/Polaspire), or by annual questionnaires
(REACH registry).

Statistical analyses

The SMART2 coefficients were estimated using Fine and Gray competing risk-
adjusted subdistribution hazard model.2® This model was chosen as it requires no
assumptions regarding the shape of the baseline survival function, whereas it can
reliably correct for competing risks.2é The primary outcome was the occurrence of
new ASCVD events, defined as the composite of non-fatal myocardial infarction,
non-fatal stroke, and vascular death (Supplementary Table 1). The SMART2 risk score
used the same predictors as the original SMART model: baseline age; sex; current
smoking; diabetes mellitus; systolic blood pressure (in mmHQ); non-high density
lipoprotein (non-HDL) cholesterol (in mmol/L); presence of CAD, CeVD, PAD, or AAA,
estimated glomular filtration rate (eGFR) (mL/min/1.73m3); high sensitivity C-reactive
protein (hsCRP; mg/L); and years since first clinical manifestation of ASCVD (CAD,
CeVD, PAD, or AAA). To account for the use of aspirin or equivalent antithrombotic
drugs at baseline (including other antiplatelet drugs and oral anticoagulant drugs),
the effect of the drugs was added to the model as a fixed predictor?”2 (offset term)
with a hazard ratio of 0.81.293° Antithrombotic therapy use was treated as a fixed
predictor because treatment it is intended that decisions guided by the risk score
may involve use of these drugs (especially the initiation of dual pathway inhibition);
as such they could not be included in the model as a regular predictor. Using the
same predictors as the original SMART score would require 34 events per parameter
with a total of 544 CVD events. The baseline survival was obtained by predicting the
cumulative survival from the SMART2 model based on derivation data mean risk
factor levels with the predictEventProb function (pec package) in R. To check whether
the association of continuous predictors with the outcome variable was adequately
explained with a log-Llinear relationship, Akaike information criterions were used to
compare log-linear model fits to a log-transformations, squared transformations or
restricted cubic splines. Based on this, log transformations were used for non-HDL
cholesterol and hsCRP, and squared transformations for years since first ASCVD
diagnosis and eGFR, no predictors showed best model fit by using restricted cubic
splines. Internal validation discrimination and calibration slope were evaluated by
10-fold cross-validation. Handling of missing data is described in the Supplementary
Methods.

Regional recalibration

The SMART2 risk score was recalibrated to 4 risk regions within Europe, which were
grouped based on age- and sex-standardized ASCVD mortality rates identical to
the grouping used for SCORE2 (Supplementary Figure 1)3'32 Details about the risk
regions within Europe are shown in the Supplementary Methods. The model was
recalibrated to 4 risk regions within Europe by recalibrating the baseline hazard
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(shifting with a single multiplicative constant per region) of the SMART2 risk score
to the data source in the region deemed most representative. First, the expected-
observed ratio was calculated in the recalibration data, by dividing the mean
predicted risk by the observed cumulative incidence of ASCVD. Then, the baseline
hazard was recalibrated by implementing this expected-observed ratio from the
target region in the formula for individual risk predictions (Supplementary Table 1+2).
For the low risk region (CPRD, n=240,443) and the moderate risk region (SWEDEHEART
n=67.428), large, contemporary data sources were available with minimal selection. In
the other regions, the model was recalibrated to local clinical practice by averaging
the recalibration factors of the different cohorts in the region (if multiple cohorts
available). For the high risk region, the Estonian Biobank (n-12,986), Bialystok PLUS/
Polaspire (n=219), and REACH Europe high risk region (Hungary, n=836) were used for
recalibration; and for the very high risk region, the REACH Registry (Bulgaria, Russia,
Lithuania, Romania, Ukraine; n=4,382) was used. Recalibration to regions outside of
Europe (North America (n=15,857), Latin America (n=1,446), Asia (excluding Japan,
n=5,396), Japan (n=3,745), Australia (n=1,963)) was performed in the REACH Registry.

External validation

Calibration was assessed visually using predicted versus observed risk plots -
showing octiles of predicted risks plotted against ASCVD cumulative incidences,
rather than Kaplan Meier estimates which may overestimate ASCVD incidence in the
presence of competing risks.** Where possible, calibration was assessed at 10 years
(CPRD, n=240,443; SWEDEHEART, n=67,428; Estonian Biobank, n=12,986) as this is the
intended prediction horizon of the SMART2 model. For external validation cohorts with
less than 10 years of follow-up, model performance was assessed using the duration
of the last complete year with 280% endpoint registration, which was 2 or 3 years for
the REACH subcohorts (n=46,507, Japan, Latin America, and Europe low risk region
3 years, others 2 years), Nor-COAST (n=497), and Bialystok PLUS/Polaspire (n=219),
and 6 years for BACS/BAMI (n=964). For prediction of 2-, 3-, and 6-year risks, the
SMART2 predictions were based on the 2-, 3-, and 6-year baseline hazards instead of
the 10-year baseline hazard (Supplementary Table 1). Discrimination was assessed
as an incident C-statistic at 10 years of follow-up if viable, else the same prediction
horizon was used as was used calibration. Discrimination results were adjusted for
competing risks and calculated using the R-package timeROC. For SWEDEHEART
and CPRD this was not feasible, and a cumulative C-statistic was used adjusted for
competing risks. Results from the same region where pooled using random effects
models. The potential clinical value of the SMART2 was evaluated using decision
curve analyses. For this, the net benefit of treating all individuals with a predicted
SMART2 risk equal greater than the treatment threshold was evaluated across a
range of relevant potential treatment thresholds. The clinical benefit was evaluated
at 10 years of follow-up and was corrected for competing risks. The analyses were
performed using R-function stdca.3 The risk thresholds of 20% up until 50% 10-year risk
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of ASCVD events were regarded as clinically relevant for intensified treatment options
as stated in ‘Step 2' of the 2021 ESC CVD prevention guidelines?” Clinical benefit was
estimated in all external validation cohorts with at least 10 year maximum follow-up
duration (CPRD, SWEDEHEART, Estonian Biobank).3* Treatment intensification based
on predicted residual risk by the SMART2 algorithm was compared to the strategies of
treatment intensification in all patients and to performing no treatment intensification.
To illustrate the distributions of the predicted risk in the different regions, a simulation
was performed using the UCC-SMART data. In this illustration, equal risk factor
distributions were assumed in order to make the rates comparable. All analyses were
performed with R-statistical programming (version 3.5.2, R Foundation for Statistical
Computing, Vienna, Austria).

Sensitivity analyses

Sensitivity analyses were performed to evaluate several aspects in model derivation.
The methodology of these analyses is described in detail in the Supplementary
Methods - validation of all sensitivity analyses was performed in the European REACH
data. First, to evaluate the potential benefit of separate model derivation for men
and women, the model was derived separately for both sexes. Second, to evaluate
whether the discriminative ability of the model predictors was stable over the different
anatomical locations of established ASCVD, the model was derived and recalibrated
separately for the different locations of established ASCVD (CAD, CevD, and PAD/
AAA separately).

Results

Model derivation

In the derivation data, 8,355 patients from UCC-SMART with established ASCVD were
included. Mean age at baseline was 61+9 years old, and 74% were male. Detailed
patient characteristics are presented in Table 1. In a median of 8.2 years of follow-up
(IQR 4.2-12.5), 1,706 ASCVD events and 978 non-cardiovascular deaths were observed.
The SMART2 risk score subdistribution hazard ratios (SHR) are presented in Table
2. There were no or minimal violations of the proportional hazards assumptions as
assessed visually based on plotted Schoenfeld residuals. The internal validation
C-statistic was 0.696 (95%Cl 0.682-0.708) and the internal calibration slope was 1.002
(95%Cl 0.984 - 1.019).

246



Table 1: Patient characteristics of the model derivation population

SMART2

UCC-SMART

n=8355

Male sex

Age (years)

Current smoker

Body mass index (kg/m?)

Systolic blood pressure (mmHg)
Diabetes mellitus

Established coronary artery disease
Established peripheral artery disease
Established cerebrovascular disease
Established abdominal aortic aneurysm
Total cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
LDL-cholesterol (mmol/L)
Triglycerides (mmol/L)

Estimated GFR (mL/min/1.73m?)
hsCRP (mg/dL)

Statin

Antiplatelet therapy or anticoagulants

Event rate per 1000 person-years’

6,198 (74%)
61+9
2,504 (30%)
27+ 4

139 * 20
1,467 (18%)
5,215 (62%)
1,459 (17%)
2,424 (29%)
706 (8%)
4.6 (3.9-5.5)
1.2(1.0-1.4)
27 (21-3.5)
1.4 (1.0-2.0)
77 18

2.0 (1.0-4.4)
5,764 (69%)
6,494 (78%)

24

n (%), mean + SD, or median (interquartile range; IQR). "Event rate of fatal + non-fatal (Ml, stroke) events per 1000
person-years. GFR = glomerular filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration
[CKDEPII formula). ASCVD = cardiovascular disease, hsCRP = C-reactive protein, HDL = high density lipoprotein,

LDL = low density lipoprotein
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Table 2: Subdistribution hazard ratios of the SMART2 risk score

Subdistribution hazard ratio (95%Cl)

Aget 1.61(1.50-1.73)
Male sex 1.33(1.18-1.50)
Current smoking 1.41(1.27-1.58)
Systolic blood pressure (per 10mmHg) 1.02 (0.99-1.04)
Non-HDL cholesterol (mmol/L)* 1.28 (1.19-1.39)
Established diabetes mellitus 1.37 (1.22-1.54)
Established coronary artery disease 1.34 (1.17-1.55)
Established cerebrovascular disease 1.42 (1.24-1.61)
Established peripheral artery disease 1.25(1.09-1.43)
Established abdominal aortic aneurysm 1.39 (1.19-1.62)
Years since first ASCVD diagnosist 118 (1.15-1.20)
Estimated glomerular filtration ratiot 0.87(0.86-0.88)
High sensitivity-CRP* 1.25(1.17-1.34)

Subdistribution hazard ratios from Fine and Gray models predicting the risk of total (fatal*non-fatal) ASCVD.
Predictors marked with (") are log-transformed ratios, and predictors marked with () are squared ratios. For
squared () or log-transformed () ratios, the subdistribution hazard ratios are presented as 3™ versus 1% quartile.
ASCVD = Atherosclerotic cardiovascular disease. hsCRP = High-sensitivity C-reactive protein, HDL = high density
lipoprotein.

External validation

External validation of risk models involved data from 369,044 individuals with
established ASCVD, recruited into 7 cohorts in which 62,807 ASCVD events were
observed. Of these, 340,637 (92%) were recruited in Europe. Median follow-up times
ranged from 1.9 years (IQR 1.8-1.9) for REACH to 6.5 years (IQR 0.7-9.9) for the Estonian
Biobank. Detailed patient characteristics of the included patients are presented in
Table 3.
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Chapter 8

C-statistics ranged from 0.605 (95%Cl 0.547-0.664) in BACS/BAMI, to 0.772 (95%ClI
0.659-0.886) in REACH Europe high risk region (Figure 1). Most heterogeneity in
discrimination results was found in data from Western Europe. The prediction interval
of the C-statistics was 0.646 (95%Cl 0.581-0.710) in \Xestern Europe, 0.682 (95%Cl
0.667-0.697) in Eastern Europe and 0.646 (95%Cl 0.613-0.679) in the regions outside
of Europe (Supplementary Figure 2).

Figure 1: Discrimination in the external validation cohorts

External validation

Country N Events C-statistic [95% Cl]
CPRD 240443 44985 | | 0.621[0.618, 0.623]
SWEDEHEART 67428 9270 - 0.686 [0.681, 0.692]
Estonian Biobank 12986 3489 e 0.681 [0.668, 0.695]
REACH - North America 15857 1414 e 0.646 [0.596, 0.697]
REACH - EU low risk 6616 711 — 0.638 [0.585, 0.691]
REACH - EU moderate risk 6266 695 — 0.656 [0.599, 0.712]
REACH - EU very high risk 4382 694 —_— 0.630[0.513, 0.747]
REACH - Asia 5396 578 —_— 0.632[0.544, 0.721]
REACH - Japan 3745 371 —_— 0.638 [0.572, 0.704]
REACH - Latin America 1446 162 —_— 0.676 [0.574, 0.779]
REACH - Australia 1963 133 —_— 0.652 [0.546, 0.758]
BACS/BAMI 964 130 —_— 0.605 [0.547, 0.664]
REACH - EU high risk+Bialystok P/P 1055 121 ————————————  0.772[0.659, 0.886]
Nor-COAST 497 54 —_— 0.655 [0.573, 0.738]
T T 1 l
0.500 0.633 0.767 0.900

c-statistic

Discrimination in all external validation cohorts based on Harrell's C-statistic.

Prior to recalibration, there was a systematic underestimation of ASCVD risk in most
external validation cohorts (Supplementary Figure 3-5). After recalibration, in CPRD (low
risk), SWEDEHEART (moderate risk), REACH high risk region and very high risk region
and the Estonian Biobank (high risk), there were no over- or underestimations in the
relevant risk categories (Figure 2-3). In REACH Europe low and moderate risk regions,
Nor-COAST (moderate risk), and BACS/BAMI (low risk), an underestimation of predicted
risks was observed. In all regions outside of Europe, no over- or underestimation was
observed of the predicted risks (Figure 4). All model parameters used for individual
risk prediction or recalibration are shown in Supplementary Table 1.
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Figure 2: Calibration in external validation cohorts from Western Europe
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Figure 3: Calibration in external validation cohorts from Eastern Europe
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Figure 4: Calibration in Non-European external validation cohorts
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Clinical utility

Results from the decision curve analyses are shown in Supplementary Figure
3. Clinical utility of treatment intensification based on SMART2 was superior in all
three evaluated cohorts to the other evaluated strategies for scenarios where the
intervention was indicated for individuals whose risk of recurrence was 20% or greater
- up until scenarios where the intervention was indicated for individuals whose risk
of recurrence was 50% or greater. Scenarios evaluating treatment thresholds of <15%
10-year ASCVD risk, relevant for interventions with very low costs and almost no harm,
showed similar clinical utility of treating all individuals and personalized treatment
based on SMART2. For the thresholds above 50%, mostly relevant for interventions
with severe disadvantages, clinical utility of SMART2 was similar to performing no
additional treatment intensification in CPRD and SWEDEHEART, but inferior to no
additional treatment intensification in the Estonian Biobank. The expected proportion
of individuals which would be treated using a 20% or 40% treatment threshold in every
European risk region is shown in Supplementary Figure 4.

Sensitivity analyses

Sensitivity analyses of REACH data from Western Europe (n-12,882) demonstrated
that sex-specific and location-specific model derivations and recalibrations did not
improve discriminative model performance (Supplementary Table 3).

Discussion

The current report describes the development, recalibration, and external validation
of the SMART2 risk score for the prediction of recurrent ASCVD in patients with
established ASCVD. The model was recalibrated to 4 risk regions within Europe and
for regions outside Europe, and external validation was performed in all these regions.
The clinical utility of the SMART2 model was demonstrated across a range of clinically
relevant treatment thresholds in several of these regions.

The SMART?2 risk score includes features that confer advantages compared with
the original SMART risk score and other existing tools, such as the SMART-REACH
model or the recently published EUROASPIRE risk calculator.435 First, the SMART2
risk score is underpinned by large, and extensive datasets from multiple countries,
used for model derivation, recalibration, and validation. Models were derived and
externally validated using cohorts and registries with long-term follow-up, during
which large numbers of hard vascular endpoints were observed - in total 64,513 CVD
events in 377,399 individuals with established ASCVD. The cohorts represent different
clinical manifestations of ASCVD, including diseases of the coronary, cerebral and
peripheral circulation. This provides greater generalizability of the derived model and
validation results and therefore more likely reflects unmet clinical needs particularly
in the generalist settings. As both the model derivation and validation populations
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of the current study included individuals with polyvascular disease (i.e. those with
established ASCVD at multiple locations), the SMART2 risk score can be applied to
this high risk population as well.

Moreover, an important strength of the SMART2 risk score is the use of easy-to-
measure variables, which are for the most part routinely measured as part of
routine clinical practice. This makes it more likely that SMART2 risk tool is clinically
applicable to busy, routine practice. Where variables have not been collected in
clinical practice, like hsCRP for example, automated imputation of these individual
risk factor values is possible by the using mean values of the derivation dataset. This
allows estimates of risk to be generated with acceptable prediction metrics,#3¢ a
user-friendly function which is already incorporated in online calculators like the ESC
CVD risk prediction app or http://U-prevent.com, and the U-Prevent smartphone
app. Although the concept of estimating 10 year risk in secondary prevention, with
which to guide treatment intensification is relatively new as a concept and has not
been formally tested in clinical outcome trials, the increasingly expensive therapeutic
armamentarium that is available to treat secondary prevention patients, and the finite
resources with which to treat them, makes the use of such risk estimation tools to
personalize treatment decisions more attractive. Furthermore, clinicians already use
a similar approach in primary prevention with 10 year estimates of CVD risk in order to
guide first line therapies. Therefore, using the same approach in secondary prevention
and variables that clinicians already measure makes utilization more likely.

Third, possibly the most important update of the SMART2 risk score is that the risk
model is geographically recalibrated to multiple different risk regions, both within
and outside of Europe. This provides further assurance that the risk model is reliable
in local clinical practice settings across multiple geographical locations. On average,
the original SMART model performed adequately in contemporary Western European
populations, and a systematic underestimation of predicted risk was seen in Eastern
European countries, 3% similar to what has been observed in primary prevention
settings with SCORE. In the current SMART2 update however, the model was
recalibrated to 4 European risk regions and to North America, Latin America, Asia
(excluding Japan), Japan, and Australia. Results from the current study show External
validation in terms of discrimination and calibration was shown in all these regions. In
all regions which had a cohort available with a least 10 years of follow-up (Europe's
low, moderate and high risk region), clinical utility of the SMART2 risk score was
demonstrated across a range of clinically relevant treatment thresholds, indicating
the usefulness in clinical practice.

Fourth, the SMART2 risk score accounts for the impact of competing risks - which

confers an important advantage in comparison to the original SMART score or the
EUROASPIRE risk calculator. As the intended age-range of the SMART?2 risk score
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reaches 80 years, not accounting for competing risks could greatly overestimate
predicted risks and treatment effects, especially in older individuals.*® Treatment
initiation based on overestimated risks may lead to overly optimistic estimates of
the individual effect of preventive treatment options.3 Importantly, competing risk
adjusted risk estimates better reflect the way that risk is generally interpreted in
clinical practice: the probability of having an ASCVD event in the next 10 years. In
contrast, unadjusted risk prediction (ie those originating from Cox proportional hazard
models) should be explained as the probability of having an ASCVD event in the
hypothetical situation of immortality to other causes of death during the next 10
years.3738

The SMART2 risk algorithm could help resolve clinical uncertainties, and potentially
improve clinical practice and treatment inertia by better quantifying risk, thus
identifying those patients who may benefit most from additional preventive strategies.
Traditionally, all patients with established ASCVD are classified as very high risk,
and the same preventive measures are advised for all of them.2 However, even after
treating risk factor levels to evidence based secondary prevention targets, significant
residual risk may remain and there is large individual variation of residual risk in
this population.? The SMART2 risk score may help to identify those at the highest
residual risk who are likely to benefit most from treatment intensification. Further
intensification of preventive interventions has the advantage of lowering ASCVD risk,
but may have disadvantages like polypharmacy, increased costs, and potential harms,
like bleeding risks in the case of antithrombotic therapies. By combining 10-year risk
predictions with intensified treatment effects from lipid lowering, blood pressure,
or anticoagulant therapy, treatment effects can be estimated.?3 These treatment
effects can be used, together with treatment harms and preferences of both patient
and health care provider, to inform the shared decision-making process. Current
guidelines suggest to consider intensifying preventive treatment based on residual
10-year risk, although no specific treatment thresholds are recommended.727% If future
guidelines were to include treatment thresholds to guide residual risk reduction, a
contemporary well-calibrated model that is generalisable is required. The SMART2
tool provides such a solution.

The potential limitations of our study merit consideration. First, the SMART2 risk model
was derived using data from only a low risk country. Ideally, the derivation of the risk
model would have involved representative prospective cohort data from all target
regions, including high risk regions like Eastern Europe, but this was practically not
possible as the different datasets were at different geographical locations and could
not be combined into one dataset. However, the effects of predictors on the risk of
ASCVD events seemed to be stable across geographical regions,°4 and Eastern
European discrimination results were comparable to low risk regions, indicating that
the relative effects of the risk predictors were transferable to other risk regions. As
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the baseline risk of ASCVD events is different across geographical regions, large
contemporary datasets from all target regions were used to recalibrate the model
intercept to these regions. There may still be a certain extent of variation in CVD
incidence within the risk regions used for recalibration. Further recalibration of the
SMART2 risk score to more subregions could be a topic for future research. In addition,
the data sources that were used for recalibration to every risk region reflect current
incidence rates and treatment patterns. Changing cardiovascular incidence rates
may warrant updates in the future

Moreover, the model could not be validated on the intended 10-year prediction
horizon in all risk regions as this data was only available in Europe’s low, moderate
and high risk regions. In the other risk regions, a shorter prediction horizon was used
to validate the SMART2 risk score. Therefore, the SMART2 risk score may benefit from
further long-term validation in these regions. Reassuringly, however, the relative effect
of common risk factors on the risk of CVD events is generally stable over time# and
the validation results in the cohorts with available 10-year follow-up were adequate.
In addition, the cohorts in which 10-year validations were viable were very large in
comparison to those validated at short prediction horizons.

Another potential limitation is the use of cohort data in several stages of the analysis.
Cohorts often have a healthy participant bias and even within risk regions there is
always some inter-cohort variation in risk factor levels and disease incidence. These
differences in incidence rates are not explainable by risk factor levels alone nor do
they necessarily reflect biological differences in disease risk. Often, these differences
can be explained by differences in patient selection, arising from varying inclusion
criteria or methods or by participation rates. In the low risk region for example, the
UCC-SMART cohort represents an outpatient clinic patient population of individuals
with stable established ASCVD. ASCVD incidence in UCC-SMART is lower than in
Nor-COAST and BACS/BAMI, which are from the same risk region but rather included
patients consecutively after recently experiencing stroke or coronary events, leading
to higher risk populations. These differences likely explain the underestimation of
predicted risk in those cohorts as found in the current study. The SMART2 risk score is
intended to inform shared decision-making in patients with established ASCVD, which
is often performed in outpatient clinics. Therefore, the model was recalibrated to all
risk regions with cohort data resembling outpatient clinic populations where possible.

In conclusion, the derivation, recalibration, and external validation of the SMART2
risk score were shown for the prediction of recurrent ASCVD among patients with
established ASCVD. The model was improved by the use of large and contemporary
data, recalibration across various regions and adjustment for competing risks. Use
of this tool could allow for a more personalized approach to secondary prevention
based upon quantitative rather than qualitative estimates of residual risk.

257



Chapter 8

References

10.

11.

12.

13.

14.

15.

258

Roth GA, Abate D, Abate KH, et al. Global, regional, and national age-sex-specific mortality
for 282 causes of death in 195 countries and territories, 1980-2017: a systematic analysis for
the Global Burden of Disease Study 2017. Lancet. 2018;392(10159):1736-1788. d0i:10.1016/
S0140-6736(18)32203-7

Piepoli MF, Hoes AW, Agewall S, et al. 2016 European guidelines on cardiovascular disease
prevention in clinical practice: the Sixth Joint Task Force of the European Society of
Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice.
Eur Heart J. 2016,37(29):2315-2381. d0i:10.1093/eurheartj/ehw106

van der Leeuw J, Ridker PM, van der Graaf Y, Visseren FLJ. Personalized cardiovascular
disease prevention by applying individualized prediction of treatment effects. Eur Heart J.
2014;35(13):837-843. doi:10.1093/eurheartj/ehu004

Dorresteijn JAN, Visseren FLJ, Ridker PM, et al. Estimating treatment effects for
individual patients based on the results of randomised clinical trials. BMJ. 2011;343(oct03
1):d5888-d5888. doi:10.1136/bmj.d5888

Williams B, Mancia G, Spiering W, et al. 2018 ESC/ESH Guidelines for the management of
arterial hypertension. Eur Heart J. 2018;39(33):3021-3104. doi:10.1093/eurheartj/ehy339

Goff DCJ, Lloyd-Jones DM, Bennett G, et al. 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(25):549-73.
doi:10.1161/01.Cir.0000437741.48606.98

Visseren FLJ, Mach F, Smulders YM, et al. 2021 ESC Guidelines on cardiovascular disease
prevention in clinical practice. Eur Heart J. 2021;42(34):3227-3337. d0i:10.1093/eurheartj/
ehab484

Kaasenbrood L, Boekholdt SM, van der Graaf VY, et al. Distribution of Estimated 10-Year
Risk of Recurrent Vascular Events and Residual Risk in a Secondary Prevention Population.
Circulation. 2016;134(19):1419-1429. doi:10.1161/CIRCULATIONAHA 116.021314

Eikelboom JW/, Connolly SJ, Bosch J, et al. Rivaroxaban with or without Aspirin in Stable
Cardiovascular Disease. N Engl J Med. 2017,377(14):1319-1330. d0i:10.1056/NEJMo0a1709118

Sabatine MS, Giugliano RP, Keech AC, et al. Evolocumab and Clinical Outcomes in
Patients with Cardiovascular Disease. N Engl J Med. 2017;376(18):1713-1722. d0i:10.1056/
NEJMoa1615664

Mach F, Baigent C, Catapano AL, et al. 2019 ESC/EAS Guidelines for the management of
dyslipidaemias: lipid modification to reduce cardiovascular risk. Eur Heart J. 2020;41(1):111-
188. doi:10.1093/eurheartj/ehz455

Dorresteijn JAN, Visseren FLJ, Wassink AMJ, et al. Development and validation of
a prediction rule for recurrent vascular events based on a cohort study of patients
with arterial disease: the SMART risk score. Heart. 2013;99(12):866-872. d0i:10.1136/
heartjnl-2013-303640

Simons PCG, Algra A, Van De Laak MF, Grobbee DE, Van Der Graaf Y. Second manifestations
of ARTerial disease (SMART) study: Rationale and design. Eur J Epidemiol. 1999:15(9).773-
781. doi110.1023/A:1007621514757

Kaasenbrood L, Bhatt DL, Dorresteijn JAN, et al. Estimated Life Expectancy Without
Recurrent Cardiovascular Events in Patients With Vascular Disease: The SMART-REACH
Model. J Am Heart Assoc. 2018;7(16). doi:10.1161/JAHA.118.009217

McKay AJ, Gunn LH, Ference BA, et al. Is the SMART risk prediction model ready for real-
world implementation? A validation study in a routine care setting of approximately 380
000 individuals. Eur J Prev Cardiol. Published online June 23, 2021:1-10. doi:10.1093/eurjpc/
zZwab093



16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

SMART2

Wolbers M, Koller MT, Witteman JCM, Steyerberg EW. Prognostic Models With Competing
Risks. Epidemiology. 2009;20(4):555-561. doi:10.1097/EDE.0b013e3181a39056

Herrett E, Gallagher AM, Bhaskaran K, et al. Data Resource Profile: Clinical Practice
Research Datalink (CPRD). Int J Epidemiol. 2015;44(3).827-836. doi:10.1093/ije/dyv098

Bhatt DL, Eagle KA, Ohman EM, et al. Comparative determinants of 4-year cardiovascular
event rates in stable outpatients at risk of or with atherothrombosis. JAMA - J Am Med
Assoc. 2010;304(12):1350-1357. doi:10.1001/jama.2010.1322

Steg G, Bhatt DL, Wilson PWF, et al. One-year cardiovascular event rates in outpatients with
atherothrombosis. J Am Med Assoc. 2007,297(11):1197-1206. doi:10.1001/jama.297.11.1197

Bhatt DL, Gabriel Steg P, Magnus Ohman E, et al. International prevalence, recognition,
and treatment of cardiovascular risk factors in outpatients with atherothrombosis. J Am
Med Assoc. 2006;295(2):180-189. doi:10.1001/jama.295.2.180

Paniczko M, Chlabicz M, Jamiotkowski J, et al. Impact of Pulse Wave Velocity and
Parameters Reflecting Android Type Fat Distribution on Left Ventricular Diastolic
Dysfunction in Patients with Chronic Coronary Syndromes. J Clin Med. 2020;9(12):3924.
doi:10.3390/jcmg123924

Leitsalu L, Haller T, Esko T, et al. Cohort Profile: Estonian Biobank of the Estonian Genome
Center, University of Tartu. Int J Epidemiol. 2015;44(4):1137-1147. doi:10.1093/ije/dyt268

Carda R, Acefia A, Pello A, et al. The Prognostic Value of High-Sensitive Troponin | in
Stable Coronary Artery Disease Depends on Age and Other Clinical Variables. Cardiology.
2015;132(1):1-8. d0i:10.1159/000381259

Thingstad P, Askim T, Beyer MK, et al. The Norwegian Cognitive impairment after stroke
study (Nor-COAST): study protocol of a multicentre, prospective cohort study. BMC Neurol.
2018;18(1):193. d0i:10.1186/512883-018-1198-x

Jernberg T, Attebring MF, Hambraeus K, et al. The Swedish Web-system for Enhancement
and Development of Evidence-based care in Heart disease Evaluated According to
Recommended Therapies (SWEDEHEART). Heart. 2010;96(20):1617-1621. doi:10.1136/
hrt.2010.108804

Fine JP, Gray RJ. A Proportional Hazards Model for the Subdistribution of a Competing Risk.
J Am Stat Assoc. 1999:04(446).496-509. d0i:10.1080/01621459.1099.10474144

Candido dos Reis FJ, Wishart GC, Dicks EM, et al. An updated PREDICT breast cancer
prognostication and treatment benefit prediction model with independent validation.
Breast Cancer Res. 2017;19(1):1-13. d0i:10.1186/513058-017-0852-3

Xu Z, Arnold M, Stevens D, et al. Prediction of Cardiovascular Disease Risk Accounting for
Future Initiation of Statin Treatment. Am J Epidemiol. Published online February 17, 2021.
doii10.1093/aje/kwab031

Collins R, Peto R, Hennekens C, et al. Aspirin in the primary and secondary prevention
of vascular disease: collaborative meta-analysis of individual participant data from
randomised trials. Lancet. 2009;373(9678):1849-1860. d0i:10.1016/50140-6736(09)60503-1

Simes J, Voysey M, O'Connell R, et al. A Novel Method to Adjust Efficacy Estimates for
Uptake of Other Active Treatments in Long-Term Clinical Trials. Djulbegovic B, ed. PLoS
One. 2010;5(1):8580. doi:10.1371/journal.pone.0008580

Hageman S, Pennells L, Ojeda F, et al. SCORE2 risk prediction algorithms: new models to
estimate 10-year risk of cardiovascular disease in Europe. Eur Heart J. 2021,42(25):2439-
2454. doi10.1093/eurheartj/ehab309

de Vries Tl, Cooney MT, Selmer RM, et al. SCORE2-OP risk prediction algorithms: estimating
incident cardiovascular event risk in older persons in four geographical risk regions. Eur
Heart J. 2021;42(25):2455-2467. doi:10.1093/eurheartj/ehab312

Decision Curve Analysis. www.decisioncurveanalysis.org

259



Chapter 8

34.

35.

36.

37

38.

39.

40.

41.

260

Vickers AJ, van Calster B, Steyerberg EW. A simple, step-by-step guide to interpreting
decision curve analysis. Diagnostic Progn Res. 2019;3(1):18. doi:10.1186/541512-019-0064-7

De Bacquer D, Ueda P, Reiner Z, et al. Prediction of recurrent event in patients with coronary
heart disease: the EUROASPIRE Risk Model. Eur J Prev Cardiol. 2020;32(0). d0i:10.1093/
eurjpc/zwaal28

Berkelmans GFN, Read SH, Gudbjornsaottir S, et al. Dealing with Missing Patient
Characteristics When Using Cardiovascular Prediction Models in Clinical Practice.; 2018.

Koller MT, Raatz H, Steyerberg EW, Wolbers M. Competing risks and the clinical community:
irrelevance or ignorance? Stat Med. 2012;31(11-12):1089-1097. d0i:10.1002/5im.4384

Noordzij M, Leffondre K, van Stralen KJ, Zoccali C, Dekker F\W, Jager KJ. When do we need
competing risks methods for survival analysis in nephrology? Nephrol Dial Transplant.
2013;28(11):2670-2677. d0ii10.1093/ndt/gft355

Sundstrém J, Arima H, Woodward M, et al. Blood pressure-lowering treatment based on
cardiovascular risk: a meta-analysis of individual patient data. Lancet. 2014;384(9943):591-
598. doi:10.1016/50140-6736(14)61212-5

Kaptoge S, Pennells L, De Bacquer D, et al. World Health Organization cardiovascular
disease risk charts: revised models to estimate risk in 21 global regions. Lancet Glob Heal.
2019;7(10):e1332-e1345. d0i:110.1016/52214-109X(19)30318-3

Hajifathalian K, Ueda P, Lu Y, et al. A novel risk score to predict cardiovascular disease risk
in national populations (Globorisk): a pooled analysis of prospective cohorts and health
examination surveys. Lancet Diabetes Endocrinol. 2015;3(5):339-355. d0i:10.1016/52213-
8587(15)00081-9



SMART2

Supplementary Materials
Supplementary Methods

External validation cohorts

In the international, prospective REACH Registry, participants were enrolled between
2003 and 2004 from physician outpatient practices in several regions, including
Western and Eastern Europe. Participants were followed for a maximum of 4 years
for the occurrence of CVD events and mortality. The REACH Registry was used before
to assess geographical differences in the risk of recurrent cardiovascular disease:?
For European regions, the countries were reclassified to the risk regions as used for
the SCORE2 project based on standardized CVD mortality rates. Asian and Middle
Eastern REACH regions were merged as the number of included Middle Eastern
individuals was low and the rates for Asia and the Middle East were very comparable.

Bialystok PLUS/Polaspire included patients in 2016-2018 who were previously
hospitalized for acute coronary event or elective percutaneous revascularisation
procedure and were followed for a median time of 3 years. Patients were included in
the study 12-18 months after the coronary event. Follow-up was performed through
return visits at 1 and 3 years after baseline or by linkage to national mortality registers.

The Estonian Biobank is a population-based study from the Estonian Genome
Center at the University of Tartu. From this Biobank, all patients were included with
established ASCVD prior to inclusion. All biobank participants have signed a broad
informed consent form and the study was carried out under ethical approval 1.1-
12/624 from the Estonian Committee on Bioethics and Human Research (Estonian
Ministry of Social Affairs) and data release No5 from the EstBB. Data analyzes in
Estonian dataset were carried out in part in the High-Performance Computing Center
of University of Tartu.

In BACS/BAMI, patients were included when admitted at four hospitals in the area
of Madrid with either non-ST elevation acute coronary syndrome or ST elevation
myocardial infarction between 2006 and 2010. Follow-up for the current study started
at this first follow-up visit, 6-12 months after inclusion events.

SWEDEHEART is a large Swedish nationwide myocardial infarction quality registry
including all patients treated at coronary care units in Sweden, as well as data on
all patients undergoing coronary revascularization (angiography/angioplasty and
coronary bypass grafting). Follow-up information was obtained by linkage to national
registries. For the current study, all individuals with myocardial were included who had
their follow-up visit between 31/01/2005 and 31/12/2016. Risk factor measurements
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were used from the follow-up visit 6-10 weeks after this event - follow-up started
at this point.

Nor-COAST is a multicentre (5 centres, all in Norway), prospective, cohort study,
consecutively including patients with acute stroke between 2015 and 2017. Patients
have follow-up visits at 3 and 18 months, and at 3 years. Patients with ischemic stroke
were included from 3 months post-stroke - at which point follow-up started for the
current study. Follow-up information was obtained by linkage to national registries
for cardiovascular disease and mortality.

The Clinical Practice Research Datalink (CPRD) GOLD database is a UK repository
containing longitudinal individual primary care patient data collected from 1987
onwards. Over time, 966 primary care centres have contributed data for >20 million
patients, with 407 practices actively contributing data for >3 million patients currently.
The age, sex and ethnicity distributions of the patient sample broadly reflect those of
the general UK population, and linked Hospital Episode Statistics hospital admissions
data from English hospitals and Office for National Statistics mortality data, are
available. The primary care data are collected during routine general practice
activities. The bulk of UK cardiovascular disease prevention work is undertaken in
primary care, and (as for other common medical conditions) general practitioners are
incentivised to use standard coding procedures to record this activity. The database
has previously been used in both derivation and validation of cardiovascular risk
prediction tools. For the current study, individuals were eligible to enter the cohort
from January 1%t 2000 onwards, once they had been registered with the relevant
general practice for at least one year (to allow routine reporting to be established),
were aged >40 (and <80) years, and were at least six months post their first record
of an ASCVD diagnosis.

Recalibration regions

European regions were grouped on the most recently available (assessed July 2020)
age- and sex-standardized overall cardiovascular mortality rates per 100,000 (ICD
chapters 9, 100-199, Supplementary Figure 1)? as follows: low risk (<100 CVD deaths
per 100,000), moderate risk (>100-150 CVD deaths per 100,000), high risk (>150-300
CVD deaths per 100,000), and very high risk (>300 CVD deaths per 100,000). These
rates were obtained from the WHO CVD mortality database? to which they were
provided by all individual countries.

Missing data

Because complete case analysis may lead to loss of statistical power and possible
bias? values of the following variables in the derivation data were imputed by single
regression imputation using predictive mean matching: smoking status (n=32, 0.4%).
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creatinine (n=31, 0.3%), hsCRP (n=250, 3.2%), SBP (n=18, 0.2%), HDL-c (n=80, 1.0%), and
total cholesterol (n=34, 0.4%).

Different approaches were used for sporadically and systematically missing data.
Ideally, systematically missing variables were handled using multilevel multiple
imputation with fully conditional specification via the mitml-impute package in R
(5 imputed datasets). However, as this required the data being transferred to be
combined with the other datasets, this was only possible for the REACH Registry
(HDL-c, hsCRP, years since first CVD diagnosis). For systematically missing data in
other cohorts (Nor-COAST: AAA) the mean of this variable in the derivation data
was used, or with systematically missing aspirin treatment data (Estonian Biobank,
CPRD) it was assumed all individuals used aspirin or equivalent treatment. Whereas
this approach may lead to biased results in studies assessing variable associations,
the effect on goodness-of-fit is limited (assuming roughly similar prevalence of
systematic missing risk factors in derivation and validation data), and the approach
should lead to a conservative estimate of the C-statistic (as not all model parameters
are available for risk stratification, discrimination decreases). In cohorts with only
sporadically missing data, these were imputed as in the derivation process using
single imputation based on predictive mean matching (R-package aregimpute).

Sensitivity analyses

Sensitivity analyses were performed to evaluate several aspects in model derivation.
First, to evaluate the potential benefit of separate model derivation for men and
women, the whole model derivation process was repeated separately for both
sexes. The model was then recalibrated separately for both sexes in the REACH
Registry Western Europe (all countries in the low or moderate risk region) similar to
the recalibration methodology used for the main model. Model performance was
assessed in terms of discrimination, both separately for both sexes and using the
complete population.

The second sensitivity analyses were similar to the first, but this time derivation
and recalibration was performed separate for the different locations of established
ASCVD (CAD, CevD, and PAD/AAA separately). Individuals with polyvascular disease
contributed to the derivation or recalibration of multiple models (i.e. a subject with
both CAD and PAD in UCC-SMART contributed to both the derivation of the CAD-
specific and the PAD/AAA-specific model). Individual risk predictions for those with
polyvascular disease were calculated by taking the mean of the disease-specific
predicted risks (so this individual with CAD and PAD would have two predicted risks:
one from the CAD model and one from the PAD/AAA model, the final individual
predicted risk is the mean of those two). Model performance was assessed in terms of
discrimination, both separately for ASCVD locations and in the complete population.
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Supplementary Figure 1: European risk regions - similar to SCORE2 risk regions

=g ~am, ~

Risk regions
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Risk regions based on most recently available age- and sex-standardized overall cardiovascular disease (CVD)
mortality rates per 100,000: low risk (<100 CVD deaths per 100,000), moderate risk (100 to <150 CVD deaths per
100,000), high risk (150 to <300 CVD deaths per 100,000), and very high risk (2300 CVD deaths per 100,000). Estimates
are obtained from the WHO cause specific mortality database (2020).2
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Supplementary Figure 2: Pooled discrimination results per region

Western Europe

Country N Events C-statistic [95% Cl]

CPRD 240443 44985 | 0.621[0.619, 0.623]
SWEDEHEART 67428 9270 - 0.686 [0.681, 0.691]
REACH - EU low risk 6616 71 0.638 [0.585, 0.691]
REACH - EU moderate risk 6266 695 —_—— 0.656 [0.599, 0.712]
BACS/BAMI 964 130 —_— 0.605 [0.547, 0.663]
Nor-COAST 497 54 —_— 0.655 [0.573, 0.737]
Pooled estimate —— 0.646 [0.616, 0.675]

Prediction interval

0.646 [0.581, 0.710]

[ T T 1
12=97% 0.500 0.600 0.700 0.800

C-statistic

Eastern Europe

Country N Events C-statistic [95% Cl]

Estonian Biobank 12986 3489 3l 0.681 [0.668, 0.695]
REACH - EU very high risk 4382 694 0.630 [0.513, 0.747]
REACH - EU high risk+Bialystok P/P 1055 121 ————————= (.772[0.659, 0.886]
Pooled estimate - 0.682 [0.668, 0.696]
Prediction interval : I ol : 0.682 [0.667, 0.697]
2=0% 0.500 0.600 0.700 0.800

C-statistic

Other global regions

Country N Events C-statistic [95% CI]
REACH - North America 156857 1414 —a— 0.646 [0.596, 0.697]
REACH - Asia 5396 578 —_— 0.632[0.544, 0.721]
REACH - Japan 3745 371 —_— 0.638 [0.572, 0.704]
REACH - Latin America 1446 162 —_— 0.676 [0.574, 0.779]
REACH - Australia 1963 133 —_— 0.652 [0.546, 0.758]
Pooled estimate —— 0.646 [0.613, 0.679]
Prediction interval : - —— I l 0.646 [0.613, 0.679]
12=0% 0.500 0.600 0.700 0.800
C-statistic
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Supplementary Figure 3: Calibration of the SMART2 risk score before recalibration in Western
Europe
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Supplementary Figure 4: Calibration of the SMART2 risk score before recalibration in Eastern

Europe
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Supplementary Figure 5: Calibration of the SMART2 risk score before recalibration in the
Non-European external validation cohorts
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Supplementary Figure 6: Net benefit of treatment intensification based on the SMART2 al-
gorithm

Net benefit
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Results from the decision curve analyses in all cohorts with at least 10 years maximum follow-up. Each panel
displays the net benefit of treatment intensification based on the SMART2 model (dashed line) against the treat all
(gray line) and treat none (black line) approaches.
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Supplementary Figure 7: Illustration of the SMART2 risk score recalibrated to the different
European regions

Low risk region Moderate risk region
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Expected proportion of individuals above the 20 and 40% 10 year risk thresholds in every risk region in Europe.
Results were based on a simulation in UCC-SMART (n=8,355) assuming equal risk factor distributions across regions.
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Supplementary Table 1: Endpoint definitions

SMART2

Fatal cardiovascular disease

Endpoints included ICD10-codes
Hypertensive disease 110-16
Ischemic heart disease 120-25
Arrhythmias, heart failure 146-52
Cerebrovascular disease 160-69
Atherosclerosis/AAA 170-73
Sudden death and death within 24h of symptom onset R96.0-96.1
Excluding the following

Myocarditis, unspecified 151.4
Subarachnoid haemorrhage 160
Subdural haemorrhage 162
Cerebral aneurysm 167.1
Cerebral arteritis 168.2
Moyamoya 167.5
Non-fatal events

Non-fatal myocardial infarction 121-123
Non-fatal stroke 160-69
Excluding the following

Subarachnoid hemorrhage 160
Subdural hemorrhage 162
Cerebral aneurysm 167.1
Cerebral arteritis 168.2
Moyamoya 167.5

Endpoint definitions depend on cohort availability but where ideally defined as stated above
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Supplementary Table 3: Summary of recalibration procedure

Step 1: calculate crude SMART2 risk
First, the non-recalibrated SMART2 10 year risk is predicted for all individuals in the data source. The mean
of all these individual predicted risks is the ‘expected’ incidence.

CVDrisk,y =1 — (1 — baserisk,,)®PEPi ~LPmean)

Step 2: calculate cumulative incidence
In the data source, the cumulative incidence at 10 years is obtained, taking into account competing risks
(R function cuminc, cmprsk package). This is the ‘observed' incidence in the cohort.

Step 3: Expected-observed ratio
Above metrics are combined in the expected-observed ratio.

mean(CVDrisk,,)
Cum.incy

EOratioregion =

For the high risk region, there was no cohort as large and minimally selected as CPRD (low risk region)
or SWEDEHEART (moderate risk region). Therefore, the expected-observed ratios from the individual
cohorts were averaged to get a regional recalibration factor.

Step 4: Calculate recalibrated SMART2 risks
Individual recalibrated risks can be calculated by using the natural logarithm of the expected observed
ratio.

CVDriskyy = 1 — (1 — baserisk, o) “Pi ~LPmean ~In(EOTatioregion ))
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Supplementary Table 4: Discriminative model performance with sex-specific or established

ASCVD location-specific model derivation

REACH Western Europe (n=12,882) C-statistic (95%CI)

Overall derivation

Sex-specific derivation

Total population 0.644 (0.629-0.659)
Men only 0.646 (0.629-0.662)
Women only 0.643 (0.623-0.662)

Overall derivation

0.642 (0.627-0.658)
0.645 (0.629-0.662)
0.639 (0.620-0.658)

Location-specific derivation

Total population 0.644 (0.629-0.659) 0.645 (0.630-0.660)
CAD patients only 0.663 (0.645-0.681) 0.661 (0.643-0.679)

CeVD patients only 0.650 (0.609-0.690) 0.650 (0.609-0.690)
PAD/AAA patients only 0.635 (0.606-0.664) 0.634 (0.604-0.663)

External model performance in terms of discrimination when repeating model derivation and validation separately
for both sexes (top) and locations of established ASCVD (bottom) in comparison to using the whole dataset.
CAD = coronary artery disease, CeVD = cerebrovascular disease, PAD = peripheral artery disease, AAA = abdominal

aortic aneurysm.
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Residual cardiovascular risk reduction guided

by lifetime benefit estimation in patients with
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and cost-effectiveness
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Abstract

Aims: To determine the (cost)-effectiveness of blood pressure lowering, lipid lowering
and antithrombotic therapy guided by predicted lifetime benefit compared to risk
factor levels in patients with symptomatic atherosclerotic disease.

Methods: For all patients with symptomatic atherosclerotic disease in the UCC-
SMART cohort (1996-2018; n = 7,697) two treatment strategies were compared. The
lifetime benefit-guided strategy was based on individual estimation of gain in CVD-
free life with the SMART-REACH model. In the risk factor-based strategy all patients
were treated the following: LDL-c <1.8 mmol/L, systolic blood pressure <140 mmHg,
and antithrombotic medication. Outcomes were evaluated for the total cohort using
a microsimulation model. Effectiveness was evaluated as total gain in CVD-free life
and events avoided, cost-effectiveness as incremental cost-effectivity ratio (ICER).

Results: In comparison to baseline treatment, treatment according to lifetime benefit
would lead to an increase of 24,243 CVD-free life years (95%Cl 19,980-29,909) and
would avoid 940 (95%Cl 742-1140) events in the next 10 years. For risk-factor based
treatment, this would be an increase of 18,564 CVD-free life years (95%Cl 14,225-
20,456) and decrease of 857 (95%Cl 661-1,057) events. The ICER of lifetime benefit-
based treatment with a treatment threshold of 21 year additional CVD-free life per
therapy was €15,092/QALY gained and of risk factor-based treatment €9,933/QALY
gained. In a direct comparison, lifetime benefit-based treatment compared to risk
factor-based treatment results in 1871 additional QALYs for the price of €36,538/
QALY gained.

Conclusions: Residual risk reduction guided by lifetime benefit estimation results in
more CVD-free life years and more CVD events avoided compared to the conventional
risk factor-based strategy. Lifetime benefit-based treatment is an effective and
potentially cost-effective strategy for reducing residual CVD risk in patients with
clinical manifest vascular disease.
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Introduction

According to current guidelines all patients with symptomatic atherosclerotic disease
are at very high 10 year risk of (recurrent) cardiovascular events.*? Based on this very
high risk preventive treatment is advised for all patients, including lipid modifying
therapy, blood pressure lowering and antithrombotic therapy. However, even after
such therapy is initiated, large variation remains in the residual risk of recurrent
cardiovascular disease (CVD)3 Identification of the patient who benefits most from
further risk factor lowering may help to effectively reduce residual risk of CV eventsin
patients with established CVD. It is unknown which is the most (cost)effective method
of selecting the right combination of medications for each individual.

With the externally validated SMART risk score, the 10-year risk of CV events can be
estimated in patients with clinical manifest vascular disease. As age is one of the most
important factors in CVD risk, treatment decisions solely based on 10-year risk can
lead to more intensive treatment of the elderly. Due to their limited life expectancy,
from both cardiovascular and non-cardiovascular causes, the actual treatment benefit
may be overestimated in older patients. Although they may be presumed to have
the highest 10 year risk for new CV events, this approach may not be the most (cost)
effective method of selecting the right combination of medications. Younger patients
on the other hand who may have a high lifetime risk may not be identified for intensive
preventive treatment as their 10-year risks are low. To deal with these shortcomings, a
more recent development is the possibility to predict CVD-free life expectancy rather
than 10-year risk.2® Combining CVD-free life expectancies with hazard ratios (HRs)
from trials or meta-analyses opens the possibility of estimating the lifetime treatment
benefit, defined as the gain in CVD-free life expectancy from preventive therapy” The
highest lifetime treatment benefit can be expected in younger patients (who have
the largest life expectancy) with higher levels of vascular risk factors (who have the
highest risk to reduce)’ Intensive or expensive therapies like proprotein convertase
subtilisin/kexin type 9 (PCSKQ) inhibitors, intensive blood pressure lowering, dual
anti-platelet therapy or dual pathway inhibition (DPI) antithrombotic treatment have
all proven to effectively reduce the risk of cardiovascular events in patients with
symptomatic atherosclerotic disease. These new treatment options are however
costly or induce a bleeding risk which makes identification of patients that benefit
most a key issue in clinical practice.®¢ The aim of the current study was to evaluate the
effectiveness and cost-effectiveness of blood pressure lowering, lipid lowering and
antithrombotic therapy guided by predicted lifetime benefit compared to treatment
based on risk factor threshold levels in terms of total gain in CVD-free lifetime and
CV events avoided in patients with symptomatic atherosclerotic disease.
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Methods

Population

Patients with symptomatic atherosclerotic disease were included from the Utrecht
Cardiovascular Cohort - Secondary Manifestations of ARTerial disease (UCC-SMART).
UCC-SMART is a single-center ongoing prospective cohort study at the University
Medical Center Utrecht, the Netherlands.*® Patients where included in the period
1996 to 2018 with coronary artery disease, cerebrovascular disease, peripheral
artery disease and/or abdominal aortic aneurysm. Patients between the age 45 to
80 years (n = 7.697) were included in the present analyses as the SMART-REACH
model is validated for this range.5 Detailed information about the used definitions,
data collection, follow-up procedures and endpoint verification from UCC-SMART can
be found in the supplemental methods. The study was approved by the local Medical
Ethics Committee and written informed consent was obtained from all patients.

Estimating individual lifetime treatment benefit

First, the CVD-free life expectancy was estimated for all UCC-SMART study
participants using the externally validated SMART-REACH model.> This competing
risk adjusted model uses the following predictors: sex, current smoking, diabetes
mellitus, systolic blood pressure (SBP), total cholesterol, creatinine, number of
locations of cardiovascular disease (coronary, cerebral and/or peripheral arterial
disease), a history of atrial fibrillation and a history of congestive heart failure, more
information about the SMART-REACH model can be found in the online supplement.
The lifetime treatment benefit is defined as the difference in CVD-free life expectancy
with and without medication and can be calculated by incorporating HRs from meta-
analyses or trial data in the competing risk models.

Second, to model treatment effect, the SMART-REACH model's predictions are
combined with hazard ratios from randomized trials and meta-analyses. For lipid
lowering therapies, a decrease in LDL levels is modelled. Meta-analyses have shown
an HR of 0.78 (95%Cl 0.76 - 0.80) for major vascular events per 1 mmol/L reduction
of low-density lipoprotein cholesterol (LDL)®* Moderate-intensity lipid lowering
was defined as the use of a low or moderate-intensity statin and was modelled
as if simvastatin 40mg was used, lowering LDL by an average 37%.*2 High-intensity
lipid lowering was defined as the use of either a high dose statin or the addition of
ezetimibe to moderate-intensity lipid lowering. To estimate the treatment effect of
high-intensity lipid lowering, an additional LDL reduction of 24% was assumed, equal
to the average LDL-reduction achieved by addition of ezetimibe to a moderate dose
statin.’*3 The expected decrease in LDL-c of PCSKgQ inhibitors was assumed to be
59%.1415
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As the number of classes of antihypertensive drugs are large and the goal of the
current analysis was not to compare those classes or a specific strategy combining
those, the effect of blood pressure was evaluated through lowering SBP to 130 mmHg
or 140 mmHg. The effect of 100mmHg reduction corresponded to an HR of 0.80 (95%
Cl 0.77-0.83).* It was assumed that blood pressure was lowered exactly towards the
intended target. The effect of blood pressure lowering was truncated at 130 mmHg,
assuming no effect from further reduction.

The effect of antithrombotic therapy was directly added to the hazard function for
cardiovascular events. For aspirin, an HR of 0.81 (95%Cl 0.75-0.87) was used.”” Addition
of a low-dose direct oral anticoagulant (DOAC) to aspirin (i.e. dual pathway inhibition;
DPI) was assumed to have an HR of 0.76 (95%Cl 0.66-0.86) compared to aspirin alone.®
Patients with a vitamin K antagonist or a higher-dose DOAC at baseline were assumed
to have the risk reduction in CVD events associated with aspirin.

It was assumed that all treatment effects of the different classes were independent of
each other® and did not affect the risk of non-CVD mortality. No lifestyle interventions
such as smoking cessation were evaluated as those should be performed regardless
of pharmaceutical interventions. The effect of diabetes-specific medication was not
evaluated in the current study.

Lifetime benefit-based treatment decision-algorithm

Clinical decision-making was simulated in this study by following a step-wise
decision-algorithm that was run for every individual patient in the study dataset
(Figure 1). This decision-algorithm follows an iterative process, estimating therapy
benefit in terms of gain in CVD-free life expectancy using the SMART-REACH model.
With each iteration, the effect of the first next treatment option in the categories
blood pressure lowering, lipid-lowering and antithrombotic therapy is estimated.
Out of those three treatment options, the treatment with the highest benefit in terms
of extra CVD-free life years gained is compared with the treatment threshold. If the
predicted effect of treatment exceeded the threshold, that single therapy was added
to the patient's regimen and the algorithm was reiterated with the remaining options.
Once there are no remaining treatment options that exceed the treatment threshold,
the simulation ends and the total predicted extra CVD-free life years for that specific
patient is summed up. For the main analyses, a treatment threshold of 12 months per
therapy was evaluated. Treatment thresholds of 6 and 24 months per therapy were
evaluated as secondary analyses. In clinical practice, this minimally desired benefit
varies from patient to patient and should be part of a shared decision making process,
based on preferences of patient and the treating physician.
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Figure 1: Stepwise decision algorithm of lifetime benefit-based treatment
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A) schematic overview over lifetime benefit-based treatment selection. B) shows the possible treatment options in
the three different classes. PCSKQ = proprotein convertase subtilisin/kexin type 9.

For example, for a treatment-naive subject, the next options would be moderate-
intensity lipid lowering, SBP lowering <140mmHg, and aspirin. For someone already
on high-intensity lipid lowering, the benefit of a PCSKg inhibitor on top of the high-
intensity lipid lowering will be assessed. Next, the therapy benefit was estimated for
the next available option in each category (step 1). The most effective of these three
options was selected (step 2) and if the therapy benefit was larger than the minimally
desired benefit, the therapy was added to the individual treatment strategy (step
3). Then, the first step was repeated, taking into account the therapeutic effect of
the selected therapy. In the category of the selected therapy, the therapy benefit
of the next available therapy is evaluated. This continues until there are no more
therapies that lead to more benefit than the minimally desired benefit (stop). Two
patient examples are shown in figure 2 and Supplemental Figure S1.

282



Effectiveness of lifetime benefit based treatment

Figure 2: Patient example of lifetime benefit-based treatment
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Patient example of a lifetime benefit-based treatment strategy. This patient was already treated according to the
current guidelines at baseline. On top of the current medication, cardiovascular prevention could be intensified by
adding a PCSKg inhibitor, dual pathway inhibition or by lowering blood pressure below 130 mmHg. Dual pathway
inhibition and a PCSKg inhibitor led to most benefit and were added to the lifetime benefit-based strategy.
SBP - systolic blood pressure, LDL = low-density lipoprotein cholesterol, PCSKg = proprotein convertase subtilisin/
kexin type 9, DPI = dual pathway inhibition

Risk factor-based decision algorithm
The risk factor-based decision algorithm simply consisted of treating all patients
according to recommendations for very high risk patients in the current ESC
cardiovascular prevention, including the medication that was prescribed at baseline?!
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For lipid lowering, this meant lowering the LDL-c of all patients to <1.8 mmol/L. This
was modeled using a stepwise approach: first, all patients with an LDL-c >1.8 mmol/L
got assigned moderate-intensity lipid lowering. If the expected post-treatment LDL-c
was >1.8 mmol/L, high-intensity lipid-lowering was started. If the expected post-
treatment LDL-c was still >1.8 mmol/L, a PCSKgQ inhibitor was initiated. SBP was
lowered to 140 mmHg for all patients. All patients were treated with aspirin, none
were treated with DPI as this is not (yet) recommended in the guidelines. A patient
example of a risk factor-based treatment strategy is shown in Supplemental Figure S1.

Microsimulation model

To evaluate outcomes of the different treatment strategies, a microsimulation model
was developed to predict quality-adjusted life years (QALYs), costs and clinical
outcomes. The model was run three times for all patients in the UCC-SMART cohort,
one time with the medication at baseline, one time with risk-based treatment and
one with lifetime benefit based treatment. A detailed description of the model and
model assumptions can be found in the supplemental methods.

Each year patients had a probability of acute events or death (Supplemental Figure
S1). The probabilities of events and death were based on patient characteristics and
were modified by treatment effects for the risk factor-based and lifetime benefit-
based treatment strategies. All chronic health states were associated with utility,
after experiencing an acute event patients would transfer to the chronic health state
associated with this event. A chronic 0.0015 reduction in utility was applied per drug
used. All costs were discounted with 4%, utilities were discounted with 1.5% as is usual
practice in The Netherlands. Costs were calculated from a healthcare perspective.
Costs were estimated for acute events, chronic health states and medication based
on literature (Supplemental Table 2), recent sources were selected if they were
applicable to the Dutch healthcare and included all relevant costs.

Outcomes

Primary effectiveness outcomes were the total gain in CVD-free life-years and
cardiovascular events avoided in comparison to treating all patients with the
medication as prescribed at baseline. Primary cost-effectiveness outcomes were
the difference in QALYs and costs in comparison to baseline treatment. Number
of therapies was defined as the sum of different lipid lowering, antihypertensive
and antithrombotic drugs and included medication already prescribed at baseline.
Confidence intervals and p-values were based on probabilistic sensitivity analyses.

Scenario analyses

Probabilistic scenario analyses were performed to assess robustness of the results,
repeating the prior microsimulation model 1000 times for every strategy. In these
analyses, drug and event costs, chronic health state utilities, annual event rates
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and HRs of all therapies were randomly chosen from beta or gamma distributions.
Additionally, several scenario analyses were performed for several model
assumptions.

Statistical analysis

Because complete case analysis may lead to loss of statistical power and possible
bias, values of the following variables were imputed by single regression imputation:
smoking status (n=32, 0.4%), creatinin (n=31, 0.3%), CRP (n=250, 3.2%), SBP (n-18, 0.2%),
LDL (n=80, 1.0%) or total cholesterol (n=34, 0.4%). Patients were followed-up until
death, lost to follow-up (n=561, 6.1%) or until march 2018. All analyses were performed
with R-statistic programming (version 3.5.1, R Foundation for Statistical Computing,
Vienna, Austria).

Results

Baseline characteristics

The baseline characteristics of the included patients are presented in Table 1. The
mean age of the patients was 62.0 +8.5 year and 75% was male. At inclusion, 69% of
the patients was using a statin and 13% ezetimibe or a high-intensity statin. At baseline,
15% of the population had a LDL 1.8 mmol/L, 56% a SBP of <140 mmHg, and 84%
was treated with aspirin or an equivalent drug.

Effectiveness

In comparison to baseline treatment, treatment according to lifetime benefit with
a treatment threshold of 12 months would lead to an increase of 24,243 CVD-free
life years (95%Cl 19,080-29,909), risk factor-based treatment to an increase of
18,564 CVD-free life years (95%Cl 14,225-20,456). In the next ten years, predicted
lifetime benefit-based treatment could avoid 940 (95%Cl 742-1,140) major adverse
cardiovascular events and risk factor-based treatment could avoid 857 (95%Cl 661-
1,057) events (Table 2).

At baseline, the mean number of preventive therapies was 2.3+1.3. Using a lifetime
benefit-based strategy this increased to 4.84#1.8, based on risk factor levels this
increased to 4.5+1.5. PCSKQ inhibitors were assigned to 20% of the patients according
to the lifetime benefit-based strategy and to 18% of the patients in the risk factor-
based strategy, low-dose DOACs were started in 72% of the UCC-SMART population
in the lifetime benefit-based treatment strategy. The distribution of the different
treatments when using lifetime benefit-based treatment and risk factor-based
treatment are presented in Table 3.
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Table 1: Patient characteristics of the study population at baseline

UCC- SMART
n=7697

Male sex 5,774 (75%)
Age (years) 62+8
Current smoker 2,215 (29%)
Former smoker 3,800 (49%)
Body mass index (kg/m2) 26.9£ 4.0
Systolic blood pressure (mmHg) 140 £ 20
Diabetes mellitus 1,386 (18%)
Coronary artery disease 4,835 (63%)
Peripheral artery disease 1,356 (18%)
Cerebrovascular disease 2,222 (29%)
Abdominal arterial aneurysm 687 (9%)
No. of disease locations

One 6,484 (84%)

Two 1,050 (14%)

Three 163 (2%)
Total cholesterol (mmol/l) 4.7 (3.9-5.6)
HDL-cholesterol (mmol/L) 1.2 (1.0-1.4)
LDL-cholesterol (mmol/L) 27(2.1-3.5)
Triglycerides (mmol/1) 1.4 (1.0-2.0)
Estimated GFR (ml/min/1.73m2) 76 +17
CRP (mg/dL) 2.1(1.0-4.4)
Medication use
Statin 5,323 (69%)
High-intensity statin 733 (10%)
Ezetimibe 304 (4%)
Diuretics 1,740 (23%)
ACE inhibitors 2,517 (33%)
Beta-blockers 4,260 (55%)
Calcium channel blockers 1,693 (22%)
Aspirin or equivalent 5,999 (78%)
Oral anticoagulants 862 (11%)

GFR = glomerular filtration rate (calculated with Chronic Kidney Disease Epidemiology Collaboration [CKDEPI]
formula). All data in n (%), mean + standard deviation, or median (IQR)
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Table 2: Effectiveness of predicted lifetime benefit-based treatment and risk-factor based
treatment

Risk-factor
Predicted lifetime benefit based based
N =7.697 26 months 212 months 224 months
Total gain in CVD-free lifetime (years) 35,972 24,243 8,806 18,564
Event reduction next 10 years (n) 1,329 940 324 857
Lifetime event reduction (n) 2,597 2,042 1,056 1,584
Mean number of preventive therapies (n) 6.3 4.4 3.0 4.1

The effectiveness of predicted lifetime benefit-based treatment and risk factor-based treatment. Treatment threshold
is the minimal number of months gain in CVD life expectancy before a therapy was started, so the threshold of at
least 12 months shows the treatment strategy including all preventive treatments leading to at least 1 year gain in
CVD-free life expectancy as estimated with the SMART-REACH model. Gain in lifetime and event reduction are all
in comparison to treating all patients with their baseline medication. Number of preventive therapies is the sum
of the number of lipid lowering, blood pressure lowering or antithrombotic drugs. CVD-= cardiovascular disease.

Table 3: Proportion of patients treated with every therapy according to their baseline
prescriptions and after lifetime benefit- or risk factor-based treatment intensification

Treatment intensification based on

Treatment at Lifetime benefit
Therapy baseline (>12 months) Risk factor
Moderate-intensity lipid lowering 69% 93% 99%
High-intensity lipid lowering 13% 23% 52%
PCSKg inhibitors 0% 20% 18%
SBP target <140 mmHg 43% 77% 88%
SBP target <130 mmHg 0% 8% 0%
Aspirin or equivalent 78% 92% 100%
DPI 0% 72% 0%

Proportion of patients of the UCC-SMART cohort that has a certain therapy assigned at study inclusion or after
benefit- or risk factor-based treatment intensification. SBP = systolic blood pressure, PCSKg = proprotein convertase
subtilisin/kexin type 9, DPI = dual pathway inhibition.

In younger patients (<60 year), lifetime benefit-based treatment with a treatment
threshold of 12 months led to treatment with median 5.4+1.7 therapies and risk factor-
based to 4.3#1.4 therapies in comparison to 2.4+1.4 at baseline. In patients >75 year,
lifetime benefit-based treatment led to a median of 3.4+1.8 therapies and risk factor-
based treatment to 4.84#17 therapies, in comparison to 1.8+1.2 at baseline (Figure
3A). The mean age of a PCSKg inhibitor user was 577 years when treating lifetime
benefit-based and 62+9 years old when treating risk factor-based. Treating according
to lifetime benefit would lead to a decreased incidence of CVD in patients up to 75
years old, but a higher incidence in patients older than 75 year (Figure 3B).
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When using a treatment threshold of 6 months gain in CVD-free life expectancy rather
than 12 months, more events could be avoided and more CVD-free life years could
be won (Table 3). However, this would be at the cost of increased medication use. In
a treatment strategy with a threshold of 24 months per therapy, fewer medications
would be started, but this would result in fewer events avoided and less CVD-free
life won.

Figure 3: Medication use and predicted incidence of CVD when treating lifetime benefit-based
or risk factor-based per age group
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.

B Lifetime benefit-based ?

= B Risk factor-based

o

®

g 5

B £ o |

E o § 8

3 =

s :

g g

o <« 4 o

5 g

k] T Q-

g " g

° S

S E

é N 2 o

g 3 T

=

=

c

§ -

% = = Under baseline treatment

— Lifetime benefit-based
o - ~— Risk factor-based
S = T T T T T T T T
<60  60-70  >70 50 55 60 65 70 75 80 85
Age (years) Age (years)

Medication use and predicted incidence of CVD when treating lifetime benefit-based (threshold >12 months) or
riskfactor-based per agegroup. A) Medication use includes baseline use of medication and is the sum of the number
of treatments for lipid lowering, blood pressure lowering and antithrombotic therapy. B) Predicted incidence was
calculated by combining the treatment effects per strategy with the observed incidence (dashed line).

Cost-effectiveness

Lifetime benefit-based treatment with a treatment threshold of 12 months led to
0,664 additional QALYSs, risk factor-based treatment led to 7,793 additional QALYs
compared to treatment as at baseline. The additional costs for the lifetime benefit-
based strategy were €145.8 million and for risk factor-based treatment €77.4 million.
The ICER of lifetime benefit-based treatment was €15,092/QALY gained and of risk
factor-based treatment €9,933/QALY gained (table 4). A lifetime benefit-based
treatment approach was 90% likely to be cost-effective under the Dutch threshold
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of €20,000/QALY gained compared to treatment as at baseline (supplemental
figure S3). For a risk factor-based treatment approach, this was >99%. The results
when using a treatment threshold of 6 or 24 months are in table 4. When directly
comparing lifetime benefit-based treatment to risk factor-based treatment, the ICER
was €36,538/QALY gained, which was 20% probable to be cost-effective under the
threshold of €20,000/QALY. A direct comparison for other commonly used cost-
effectiveness thresholds is shown in supplemental Table 3. When discounting both
costs and utilities with 3% as is usual in several other countries, the ICER for lifetime
benefit-based treatment was €24,432/QALY gained. Excluding DPI led to an ICER of
€19,529 for lifetime benefit-based treatment. When doubling the chronic disutility
per drug used to 0.003 to account for side effects, the ICER increased to €16,281/
QALY gained. The results of all scenario analyses are shown in supplemental Figure
S4 and supplemental Table 4.

Table 4: Cost-effectiveness of lifetime benefit-based and risk factor-based treatment

Baseline Risk-factor

treatment Predicted lifetime benefit based based
N =7.697 26 months 212 months 224 months
Total costs (mln €) 442.1 818.2 587.9 472.0 519.4
CVD event costs (mln €) 182.4 107.7 130.4 161.4 1385
Chronic care costs (mln €) 246.8 206.4 2781 2590.8 2731
Therapeutic costs (mln €) 12.8 4141 179.4 50.8 107.8
Total QALYs (x1000) 74.4 90.0 84.0 787 82.2
Total lifeyears (x1000) 149.2 176.0 164.9 155.8 161.9
Total events (MACE) 0,633 7,061 7,591 8,602 8,049
ICER vs current practice (€/QALY) 25,327 15,092 8,217 9.933
ICER vs risk-factor based (€/QALY) 38,340 36,585 13.775
Prob. of cost-effectiveness (<20,000 €/QALY)  0.16 0.90 >0.99 >0.99

Cost-effectiveness results of the different strategies. All results are on cohort level on a lifetime perspective.
Treatment threshold is the minimal number of months gain in CVD life expectancy before a therapy was started,
so the threshold of at least 12 months shows the treatment strategy including all preventive treatments leading to
at least 1 year gain in CVD-free life expectancy as estimated with the SMART-REACH model. ICER is in comparison
to baseline treatment. Probability of cost-effectiveness is defined as the probability that the treatment strategy
costs less than 20,000 euro per QALY. QALY = quality-adjusted lifeyear, ICER = incremental cost-effectiveness ratio.

Discussion

Results from the current study show that lifetime benefit-based treatment is an
effective for reducing residual CVD risk in patients with clinical manifest vascular
disease. In direct comparison to risk factor-based treatment, treating lifetime benefit-
based can avoid more cardiovascular events and can lead to more CVD-free life years
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with a similar amount of started preventive therapies, although at a higher price.
Depending on the willingness-to-pay threshold, lifetime benefit-based treatment is
potentially cost-effective.

Residual risk reduction based on predicted lifetime benefit leads to more intensive
treatment of younger patients compared to the conventional risk factor-based
strategy. As cardiovascular events are prevented at a younger age, a larger gain
of CVD-free life expectancy can be obtained. However, this comes with the cost of
longer treatment durations as preventive treatment is usually initiated lifelong, with
increased costs and potential side effects. On the other hand, lifetime benefit based
treatment may reduce overtreatment of older patients. Even though absolute risk
reduction from preventive therapy can be substantial in older patients, the actual
increase in life expectancy can be limited due to the high remaining risk of both CVD
and non-CVD mortality. On top of that, this group has the highest rates of adverse
events and interactions with other medications due to the high rates of polypharmacy,
even further reducing the net-benefit this group has from preventive treatment.z

In the current study, only intensification of preventive treatment was evaluated.
Overtreatment in older patients may be prevented even further by evaluating whether
currently prescribed medication still leads to sufficient benefit. It should be noted that
only pharmaceutical interventions were evaluated in the current study, as lifestyle
improvements should be performed regardless of pharmaceutical interventions.
Especially smoking cessation, of which the absolute risk reduction and gain in CVD-
free life expectancy are often much greater than from any of the pharmaceutical
interventions mentioned in the current study, should be recommended in clinical
practice prior to considering pharmaceutical treatment intensification.

In the current study, a minimally desired benefit of 12 months gain in CVD-free life
expectancy was primarily used in order to make an analysis on a population scale.
However, in clinical practice it is unlikely that one threshold for treatment benefit
can be used in all patients. Secondary analyses showed that the use of a smaller
threshold like 6 months more events can be avoided, but at the cost of more intensive
treatment. There is much variation in how much benefit patients and physicians
consider enough in order to start or intensify risk factor treatment .2 Deciding whether
the expected therapy benefit is enough should be the result of shared decision
making between patient and healthcare professional. As the benefit in terms of gain
in CVD-free life-expectancy is an intuitive measure, it is very suitable to be used
in shared decision-making and should be used alongside the expected treatment
duration and side effects.

A previous study found that lifetime benefit-based treatment is more cost-effective
than a 10-year risk-based approach for PCSKg inhibitors for patients with symptomatic
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atherosclerotic disease.?? To our knowledge, there are no other studies assessing the
effectiveness or cost-effectiveness of treatment decisions based on lifetime benefit
or directly comparing an individual risk factor-based and lifetime benefit-based
approach in the secondary prevention of cardiovascular disease. Results from the
current study show that residual CV risk reduction based on lifetime benefit is an
effective alternative to risk factor-based treatment as advocated in guidelines for
patients with established atherosclerotic vascular disease

Both the lifetime benefit-based and risk factor-based strategies are cost-effective
strategies in comparison to current practice. In direct comparison, it depends on
the treatment threshold for lifetime benefit based treatment and the willingness-to-
pay threshold used which strategy is most likely cost-effective. In the Netherlands,
willingness-to-pay thresholds range from €20,000 to €80,000 per QALY gained.
2324 Under the most conservative threshold of 20,000€/QALY, often used in The
Netherlands when evaluating prevention programs, only the 24 month threshold was
cost-effective. However, at a willingness-to-pay threshold of 50,000€/QALY lifetime
benefit-based strategies are likely to be cost effective regardless of the individual
treatment threshold used.

In the current ESC guidelines, all patients with symptomatic atherosclerotic disease
are in the very high risk category.! As a consequence, treatment targets for SBP
and LDL are equal for all patients with cardiovascular disease and all patients are
advised to use an antiplatelet drug. In a recent ESC position paper it is suggested
that lifetime benefit can facilitate communication concerning treatment decisions
and, after additional validation of the methodology, may play a more central role in
future treatment recommendations in guidelines.? By prediction of treatment effects,
cardiovascular prevention can be more precisely tailored to the individual patient,
which can be more or less intensive than treatment advised in current guidelines.

A strength of the current study is the use of a large, real-world cohort with patients
with different types of symptomatic cardiovascular disease. CV event- and (total)
mortality rates could be accurately modelled in the cost-effectiveness analysis due
to the extensive follow-up in the UCC-SMART cohort. Treatment selection was done
using the externally validated SMART-REACH model. This model is competing-risk
adjusted and left truncation allows the model to perform accurate predictions beyond
the scope of the observed follow-up time, making it very suitable for evaluating
the long-term effectiveness of interventions’” Also, extensive sensitivity analyses
were performed to confirm the robustness and validity of the assumptions of the
cost-effectiveness analysis, including probabilistic analyses and one-way scenario
analyses. Finally, ‘lifetime benefit-based treatment’ as used in this study can be
applied directly in clinical practice. Both the SMART-REACH model and (soon) the
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tool that was used for the individual treatment selection are available in an online
calculator (www.u-prevent.com).

Limitations of the study should also be considered. Treatment effects were assumed
to be constant for lifetime duration. Especially for more novel treatments like PCSKg
inhibitors and low-dose DOACS, this required extrapolation beyond the maximum
follow-up of the relevant RCTs. Long-term results of treatment with those agents are
not yet available, long-term efficacy and safety should be validated in future studies
with longer follow-up durations. For PCSKg inhibitors, the actual effect of long-term
LDL-c reduction may be even larger than modelled, since the causal effect of LDL-c
lowering on cardiovascular outcomes is cumulative and increases over time.2%%” For
DPI such evidence unfortunately does not exist yet. Treatment algorithms like the one
shown in the current study should be continuously adapted to growing knowledge
and potentially changing priorities. Moreover, the effectivity of long-term treatment
in individuals developing additional comorbidities may be altered. As these long
term effects are often not captured in trials due to the limited follow-up duration,
treatment effects from trials may become less applicable to the target population
as time passes. Another limitation is that two variables of the SMART-REACH model,
presence of atrial fibrillation and congestive heart failure, were not recorded at
baseline in the UCC-SMART study. However, repeating the analysis on a simulated
population resembling the UCC-SMART population including age- and sex- corrected
prevalence rates of atrial fibrillation and congestive heart failure showed similar
results as the main analysis.

In conclusion, residual CV risk reduction guided by lifetime benefit estimation is an
effective and potentially cost-effective strategy which can lead to more CVD-free life
years and event reduction compared to treating according to risk factor threshold
based treatment in patients with established vascular disease. Treatment benefit
expressed as gain in extra CVD-free life is an intuitive measure to be used in the
shared decision making process, which can help to tailor preventive treatment to
the individual patient.
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Supplementary Materials

UCC-SMART cohort

Study patients of the UCC-SMART cohort are newly referred patients to the
University Medical Center Utrecht with atherosclerotic disease or an increased risk
for atherosclerotic disease and were included between January 1996 and March
2018. Coronary artery disease was defined as a history of a clinical diagnosis of
angina pectoris, myocardial infarction, cardiac arrest, or coronary revascularization
(coronary bypass surgery or coronary angioplasty), cerebrovascular disease as a
clinical diagnosis of a transient ischemic attack or ischemic or hemorrhagic stroke,
peripheral artery disease as a symptomatic and documented obstruction of distal
arteries of the leg (ankle brachial index <0.90), a revascularization procedure of the
leg (percutaneous transluminal angioplasty or bypass surgery) or a prior amputation
and an abdominal aortic aneurysm as an abdominal aortic anteroposterior diameter
of 23 cm at baseline screening.

All baseline characteristics were determined at baseline using a standardized
screening protocol consisting of questionnaires, physical examination and laboratory
testing. Smoking and the amount of pack-years were self-reported. Medication use
was self-reported. Office systolic blood pressure was used, which was measured in
sitting position twice in the both arms, the highest mean of the measurements on
one arm was used. Diabetes mellitus (DM) at baseline was either self-reported DM
type 1 or 2 or a fasting glucose of >7.0 mmol/L at baseline screening. LDL-c was
calculated using the Friedewald formula. Estimated glomerular filtration rate (eGFR)
was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) formula.

To evaluate possible endpoints, patients received biannual questionnaires. \Whenever
a possible event was reported, hospital discharge letters, GP letters, and results of
relevant laboratory and radiology examinations were collected and the endpoint
was verified by three independent experienced physicians from the UMC Utrecht.

SMART-REACH model

The CVD-free life expectancy was estimated for all UCC-SMART study participants
using the externally validated SMART-REACH model.5 This competing risk adjusted
model uses the following predictors: sex, current smoking, diabetes mellitus,
systolic blood pressure (SBP), total cholesterol, creatinine, number of locations of
cardiovascular disease (coronary, cerebral and/or peripheral arterial disease), a
history of atrial fibrillation and a history of congestive heart failure, These predictors
are used for two Fine and Gray competing risk-models for cause specific estimates
for cumulative incidence, one for CVD and one for non-CVD mortality. With age as
an underlying time-scale, life-tables are made, calculating the risk for every 1-year
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interval. The CVD-free life expectancy can be read from this table as the median
survival without CVD, the age at which the cumulative survival is 0.5. The lifetime
treatment benefit is defined as the difference in CVD-free life expectancy with and
without medication and can be calculated by incorporating HRs from meta-analyses
or trial data in the competing risk models.

Microsimulation model

To model (cost-effectiveness, a discrete-time microsimulation was run for all patients
in the UCC-SMART cohort with 1-year time intervals. Costs were calculated from
a healthcare perspective and did not include indirect patient costs. All acute and
chronic health states were associated with certain costs and utilities, based on trials,
observational studies or registries. All costs were derived from Dutch sources with
comparable population to the population used in the current study. Event costs
include the costs of the event and post-event care.. All costs were discounted with
4%, utilities were discounted with 1.5% as is usual practice in The Netherlands* As
a sensitivity analysis, both utilities and costs were discounted 3% as is practice in
several other geographical regions. The incremental cost-effectiveness ratio (ICER)
was defined as the costs spend per QALY gained for every approach .in comparison to
the scenario in which all patients were treated according to their baseline medication.

Event probabilities

In the model, all patients start in the chronic health state according to their clinical
history. Every year, a patient has a certain probability of acute events (coronary
revascularizations, major adverse limb events (MALE), myocardial infarctions, strokes
or hospitalizations for heart failure) and death. The model was run until all patients
had died. After experiencing an acute event, patients would transfer to the chronic
healthstate associated with this event (supplemental figure S1).

Annual event probabilities were based on the UCC-SMART cohort or trials
(supplemental table S1). Even probabilities were corrected for age, sex, SBP,
presence of diabetes mellitus, smoking status and total cholesterol. Case-fatality
rates of acute events were obtained from Dutch registries and are age- and sex-
dependent (supplemental table S1).23 Treatment effects were implemented in the
microsimulation model by multiplying the cardiovascular event probabilities for every
year with the combined HR of all therapies in the lifetime benefit-based or risk factor-
based strategy. Treatment effects were assumed not to affect non-CVD mortality.

Costs

The costs of the different treatment options were based on the cheapest available
alternative in that class in the Netherlands (supplemental table S2). Pharmaceutical
costs included costs of the therapy itself, one outpatient physician consult per started
therapy (€96), and a pharmacy dispensing fee of €7 per 3 months for every therapy.!
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For blood pressure lowering, the number of standard dosses of antihypertensive
required was based on the pre-treatment blood pressure according to a trial-based
formula.* To model the effect of blood pressure, it was assumed that blood pressure
lowering from a standard dose was the same regardless of the antihypertensive class.
Costs per standard dose were calculated using a weighted average of the cheapest
available agent in any class, weighted by prescription frequency in the UCC-SMART
cohort since 2009. Costs of novel preventive medications were assumed to reduce
25% in price after patent expiry (2024 for Rivaroxaban, 2029 for Evolocumab). All costs
were updated to 2019 levels using the Dutch consumer price indices*

Utilities

QALYs were calculated by the time spent in a health state multiplied by the utility
that is associated with that particular health state (supplemental table S2). In the used
sources, this utility is determined by EQ-5D questionnaires and varies between 0.0
(death) and 1.0 (perfect health).5 In the base case analysis, the median utility for all
chronic health states was used. As only patients were used with prior cardiovascular
disease, all patients would start in a chronic health state. For all acute events, a 0.1
disutility was assumed for one month.6 After experiencing an acute event, the chronic
utility value for this individual would decrease up to a random value between the
current utility and the lower bound of the event-associated chronic health state.
A chronic 0.0015 disutility was substracted per used medication in the base case
scenario.

Sensitivity analyses

Probabilistic scenario analyses were performed to assess robustness of the (cost)
effectivity results, repeating the prior microsimulation model 1000 times. HRs
of all treatment effects, annual event rates and utilities were randomly chosen in
every repitition from beta distributions, costs were randomly chosen from gamma
distributions. These random distributions were selected a priori based on relevant
literature and prior cost-effectivity analyses.’** For treatment effects, annual event
rates, the 95% confidence interval was used as the random distribution. For utilities,
the interquartile ranges were used surrounding the median that was used in the
base case. Costs were chosen from a range from -25% to +25% of the base case
costs. Primary outcome of the probabilistic analyses was the probability if cost-
effectiveness for every willingness to pay.

Additionally, several scenario analysis were performed, assessing the sensitivity to
variation of single assumptions of the model. These scenario analyses included an
analysis in which DPI was left out of the analysis and an analysis assuming a statin
intolerance of 10% of the population. As congestive heart failure (CHF) and atrial
fibrillation (AF) were not recorded at baseline in the UCC-SMART cohort, an analysis
was performed with a simulated population based on the UCC-SMART cohort. In
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this simulated population, presence of CHF or AF at baseline was randomly sampled
using age- and sex dependent prevalence rates.®3 Finally, an analysis was performed
to account for disutility due to medication use and side effects. In this analysis, a
disutility 0.003 per therapy was subtracted for every lifeyear for every patient.*

Supplemental Table 1. Event risks, costs and utilities

Base
Parameter case Source Reference
Annual event risk (%) *
Revascularization 217 Observational study 15
Myocardial infarction 1.08 Observational study 5
Stroke 072 Observational study 5
Major adverse limb event 1.68 Observational study 5
Hospitalization for heart failure 116 Registry ©
Death 0.93 Observational study 5
Case fatality rates (%)
Myocardial infarction 22 Registry 2
Stroke 13 Registry 3
Hospitalization for heart failure 16 Registry 3

Mean annual event risks and fatality rates for a 60 year old female patient with mean risk factor levels. Fatality rates
were dependent on age and sex, annual event risks depended on age, sex, systolic blood pressure, smoking status
and total cholesterol and were predicted using Cox proportional hazard models (supplemental Table 3).
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Supplemental Table 2. Costs and utilities

Base Lower Upper
Parameter case bound bound Source Reference
Event costs
Revascularization € 18,284 € 13,713 € 22,855 RCT 7
Myocardial infarction € 5544 € 4158 € 6,030 Registry 8
Stroke € 20,409 € 15,306 € 25,511 Observational study
Major adverse limb event € 7,914 €5,035 € 9,802 Observational study
Hospitalization for heart
failure € 6,528 € 4,896 € 8,160 Registry 2
Chronic care costs
Coronary artery disease €3,214 €2,411 € 4,018 Registry 22
Cerebrovascular disease € 3,430 € 2573 € 4,288 Registry 2
Peripheral artery disease € 2,451 €1,838 € 3,064 Registry 23
Chronic heart failure € 4,023 € 3,018 € 5,029 Registry 2
Medication costs
Statin €14.24 €10.68 €17.80 Official tariff 24
Ezetimibe €20.27 €15.20 € 2534 Official tariff 24
PCSKg inhibitor €554756 € 416067 €6,034.45 Official tariff 24
Blood pressure lowering” € 10.63 €797 €13.29 Estimated tariff 24
Aspirin €863 €6.47 €10.79 Official tariff 24
Low-dose DOAC € 859.59 € 644.69 €1,074.49 Official tariff 24
Pharmacy €7 €552 €9.20 Official tariff 124
Doctor's visit €06 € 7173 € 11953 Official tariff B
“per standard dose
Utilities
Coronary artery disease 0.70 0.59 0.80 Observational study 5
Cerebrovascular disease 0.66 0.19 0.78 Observational study 5
Peripheral artery disease  0.73 0.62 0.80 Observational study 5
Chronic heart failure 0.62 0.19 0.73 Observational study 5
Death o] Definition

PCSKg = proprotein convertase subtilisin/kexin type 9, DOAC = direct oral anticoagulant.
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Supplemental Table 3: Direct comparison between lifetime benefit-based treatment and risk
factor-based treatment

Predicted lifetime benefit based

N =7.697 26 months 212 months 224 months
ICER vs risk-factor based (€/QALY) 38,340 36,585 13,775

Prob. of cost-effectiveness (<20,000 €/QALY) 0.004 0.204 0.974

Prob. of cost-effectiveness (<50,000 €/QALY) 0.845 0.829 >0.99

Prob. of cost-effectiveness («<80,000 €/QALY) >0.99 0.937 >0.99
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Supplemental figure S1: Patient example of benefit- and risk factor-based treatment

Patient B A. Lifetime benefit-based treatment
Lipid lowering Blood pressure lowering Antithrombotic therapy Lifetime benefit-based strategy
( Y Y )
[ [ ] \ Current: - Aspirin Statin
Next step: Statin <140 mmHg DPI Aspirin
Benefit: +0.9 year
enefi \_ +1.2 year A Y A +1.1year )
Statin gives most benefit
75 year old female
Never smoker , Treatment effects recalculated
Cerebrovascular a4 Y ~\
disease Current: Statin Aspirin
No diabetes Next step: Ezetimibe <140 mmHg DPI
LDL-c 3.5 mmol/L ) No more therapies give
SBP 150 mmHg Benefit: | +0.4 year A +0.6 year A +0.8 year ) >1 year benefit
Current medication:
Aspirin B. Risk factor-based treatment
Lipid lowering. Blood pressure lowering Antithrombotic therapy Risk factor-based strategy
Current: LDL: 3.5 mmol/L SBP: 150 mmHg Aspirin )
Statin
\ } Goal: LDL < 1.8 mmol/L <140 mmHg Aspirin or equivalent
Ezetimibe
) Statin Lower to <140 mmHg -
Y J SBP to 140 mmHg
\/ LDL reduction 37% v N
Aspirin
Current: LDL: 2.2 mmol/L SBP < 140mmHg
Goal: LDL < 1.8 mmol/L <140 mmHg
Next step: \_ Ezetimibe ) -
LDL reduction 24%
Current: LDL: 1.7 mmol/L
Goal: LDL < 1.8 mmol/L

Next step: -

Patient A Lipid lowering Blood pressure lowering Antithrombotic therapy Lifetime benefit-based strategy
Y )
[ [ Current: Statin + Ezetimibe <140 mmHg Aspirin i
atin
Next step: PCSK9 inhibitor <130 mmHg DPI
—— 15 Ezetimibe
enefit: +1.2 year +1.1year +1.3 year
N\ /\ J PCSK9 inhibitor
DPI gives most benefit
c SBP lowered to 140mmHg
65 year old male Treatment effects recalculated \ Aspirin
Former smoker 2 N\
Coronary artery Current: Statin + Ezetimibe <140 mmHg Aspirin + DPI it
disease
e Next step: PCSK9 inhibitor <130 mmHg E
SBP 139 mmHg Benefit: +1.2 year +1.1year B
LDL-c 1.7 mmol/L ~ —/ e —\ #
Pcsk9-inhibitor gives most benefit N
Current medication:
e Treatment effects recalculated
pirin
Statin N 140 mmH Y i h
- Current: Statin+Ezetimibe+PCSK9 < mmHg Aspirin + DPI
Ezetimibe
ACE-inhibitor Next step: - <130 mmHg .
No more therapies give
\_ _J Benefit: | - #08year A . y, >1 year benefit

Patient example of a lifetime benefit-based and risk factor-based treatment strategy. At baseline, this patient was
only treated with aspirin. Only a statin or dual pathway inhibition would lead to an increase of more than 1 year in CVD-
free life expectancy. According to the risk factor-based strategy, additional therapy for lipids and blood pressure
would be considered. SBP = systolic blood pressure, LDL = low-density lipoprotein cholesterol, PCSKg = proprotein
convertase subtilisin/kexin type 9, DPI = dual pathway inhibition.
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Supplemental figure S2: schematic overview of the microsimulation model

Events

Revascularization

MALE

]—)[ Peripheral artery disease ]

Health states

[ Coronary artery disease ] Myocardial infarction

]—)[ Coronary artery disease ]

[ Cerebrovascular disease

[ Peripheral artery disease ] Stroke

]—)[ Cerebrovascular disease ]

[ Chronic heart failure ]

Heart failure

]—)[ Chronic heart failure ]

Supplemental figure S2: schematic overview of the microsimulation model which was run for a lifetime horizon
with 1-year intervals. All patients started in the health state present in their medical history and had a certain
probability of having an acute event every year, thereby transferring to the associated healthstate. MALE = major

adverse limb event.
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Supp

lemental figure S3: Probabilistic sensitivity analyses of benefit- and risk factor-based

treatment
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Supplemental figure S3: Probabilistic sensitivity analyses presented in cost-effectiveness planes and cost-
effectiveness acceptability curves. Results are from a treatment threshold of 12 months. Upper: the probability of
cost-effectiveness of benefit- or risk factor-based treatment in comparison to treatment at baseline for different
thresholds of willingness to pay per QALY. Lower: Incremental costs and QALYs benefit or risk factor-based treatment
in comparison to treatment at baseline. Each dot is 1 of 1000 Monte Carlo simulations. QALY = quality adjusted
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Effectiveness of lifetime benefit based treatment

Supplemental figure S4: One-way sensitivity analyses for lifetime benefit-based and risk fac-
tor-based treatment

Lifetime benefit-based treatment (>12 months)

Utilities upper and lower bound

Similar discount cost/benefit (3%)

Patent expiry price reduction 75% or 0%
Medication costs -25% or +25%
Treatment effects lower and upper bound
Only patients over 75 years

Event probabilities +25% or -25%
Undiscounted

Excluding Dual pathway inhibition
Mortality -25% or +25%

Reduced DOAC effectivity over time
Simulated bleeding probabilities

Statin intolerance 10% of population
Disutility for medication use none or double
Simulated baseline AF and CHF

Only patients below 75 years

f T T T 1
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ICER (Euro/QALY)

Risk factor-based treatment

Utilities upper and lower bound
Medication costs -25% or +25%

Similar discount cost/benefit (3%)

Statin intolerance 10% of population
Patent expiry price reduction 75% or 0%
Undiscounted

Event probabilities +25% or -25%
Treatment effects lower and upper bound
Mortality -25% or +25%

Dual pathway inhibition for all

DPI in 70% of patients risk factor-based
Disutility for medication use none or double
Simulated bleeding probabilities

Only patients over 75 years

Simulated baseline AF and CHF

Only patients below 75 years
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Supplemental figure S4: Scenario analyses varying model assumptions for benefit- and risk factor-based treatment.
AF = atrial fibrillation, CHF = congestive heart failure, ICER = incremental cost-effectivity ratio, QALY = quality adjusted
lifeyear. DPI = Dual pathway inhibition.
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Chapter 10

Abstract

Purpose: Suboptimal secondary prevention in patients with stroke causes a remaining
cardiovascular risk desirable to reduce. We have validated a prognostic model
for secondary preventive settings and estimated future cardiovascular risk and
theoretical benefit of reaching guideline recommended risk factor targets.

Patients and methods: The SMART-REACH (Secondary Manifestations of Arterial
Disease-Reduction of Atherothrombosis for Continued Health) model for 10-year and
lifetime risk of cardiovascular events was applied to 465 patients in the Norwegian
Cognitive Impairment After Stroke (Nor-COAST) study, a multicenter observational
study with two-year follow-up by linkage to national registries for cardiovascular
disease and mortality. The residual risk when reaching recommended targets
for blood pressure, low-density lipoprotein cholesterol, smoking cessation and
antithrombotics was estimated.

Results: In total, 11.2% had a hew event. Calibration plots showed adequate agreement
between estimated and observed 2-year prognosis (C-statistics 0.63, 95% confidence
interval 0.55-0.71). Median estimated 10-year risk of recurrent cardiovascular events
was 42% (Interquartile range (IQR) 32-54%) and could be reduced to 32% by optimal
guideline-based therapy. The corresponding numbers for lifetime risk were 70% (IQR
63-76%) and 61%. We estimated an overall median gain of 1.4 (IQR 0.2-3.4) event-free
life years if guideline targets were met.

Conclusions: Secondary prevention was suboptimal and residual risk remains
elevated even after optimization according to current guidelines. Considerable
interindividual variation in risk exists, with a corresponding variation in benefit from
intensification of treatment. The SMART-REACH model can be used to identify
patients with the largest benefit from more intensive treatment and follow-up.
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Introduction

Patients with ischemic stroke have an increased risk of recurrent cardiovascular
events.! Secondary prevention aims to reduce the risk of recurrence, but
implementation of guideline recommendations in clinical practice is suboptimal
with poor risk factor control and low adherence to medications.25 Consequently,
the residual cardiovascular risk remains elevated. However, there is a substantial
interindividual variation in the risk of recurrent events among patients with established
cardiovascular disease (CVD).5® This variation results from a composite of several
prognostic features like age, genetics, cardiovascular risk factors, effectiveness of
preventive therapy, competing risks and remaining life-expectancy.69° Appropriate
identification of patients at high risk is important because they most likely gain
greatest clinical benefit from intensive treatment of cardiovascular risk factors, novel
therapies on top of standard treatment®*2 and a more intensive and multidisciplinary
follow-up.

Patients with stroke are heterogeneous and systemic atherosclerotic disease and
overlapping stroke etiologies are common.3-5 Existing risk stratification tools for
stroke patients often focus on short-time risk of recurrent stroke -8, while recent
long-term follow-up studies have shown that risk of a fatal recurrent stroke and a fatal
cardiac event is similar! The SMART-REACH (Secondary Manifestations of Arterial
Disease-Reduction of Atherothrombosis for Continued Health) model* is a previously
derived, externally validated model estimating individual residual 10-year risk and
lifetime risk for recurrent stroke, myocardial infarction and vascular death. The model
is intended for use in all patients with clinically manifest atherosclerotic vascular
disease and may be useful in routine clinical stroke care. However, it is unknown if
this model gives reliable prognostic risk information in a stroke population. Our aim is
to estimate future cardiovascular risk using the SMART-REACH model for secondary
preventive settings after first validating the model in a stroke cohort. Furthermore,
we aim to estimate the theoretical benefit of reaching guideline-recommended risk
factor targets.
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Material and methods

Study population

We included 729 home-dwelling patients admitted with acute ischemic stroke in
the Nor-COAST (Norwegian Cognitive Impairment After Stroke) Study, a multicenter,
prospective cohort study consecutively including patients at five Norwegian stroke
units from May 2015 to March 2017. Details have been reported previously.22°

Follow-up for the current substudy started at 3 months poststroke and patients
who died before the scheduled 3-month visit (n = 28) were excluded. Since patients
expected to have difficulties returning for follow-up visits and patients not dependent
in daily activities were excluded in the original SMART-REACH derivation and
validation cohorts® and the model is intended for patients with stable vascular
disease in which additional preventive therapy is considered, we excluded patients
living in nursing homes (n = 36). As the SMART-REACH model was derived in patients
aged 45 to 80 years, patients outside this age range were excluded, leaving 465
patients eligible for analysis (Figure 1). Patients were assessed with self-report
questionnaires, clinical assessments and blood sampling 3 months poststroke at the
outpatient clinic. Patients unable to attend were assessed by telephone or by proxy
information. The Regional Committee for Medical and Health Research Ethics in North
Norway (REC number 2015/171 and 2017/1462) approved the study. All participants
gave their written informed consent before inclusion or by proxy if unable. This study
was conducted in accordance with the Declaration of Helsinki.

Outcomes

We defined recurrent cardiovascular events as stroke, myocardial infarction (MI) or
cardiovascular death, whichever occurred first. All hospitalized events from 3 months
poststroke (stable phase) to 31 December 2018 were identified by linkage to the
Norwegian Stroke Registry and the Norwegian Cardiovascular Disease Registry. The
Norwegian Causes of Death Registry provided follow-up information on primary
cause of death.

We defined recurrent stroke as either registration in the Norwegian Stroke Registry
or the Norwegian Cardiovascular Disease Registry (main diagnosis)?* according to
the International Classification of Diseases, 10" revision (ICD-10); 161, 163 and 164.
Admission with main or secondary diagnosis of MI (ICD-10; 121, 122 and 124) according
to the Norwegian Cardiovascular Disease Registry was defined as subsequent Miz,
Cardiovascular death was defined as ICD-code 100-199 registered as primary cause
of death or death within 28 days after a recurrent stroke or MI. The quality of the
information in the registries have been described previously?? (Supplementary
methods).

312



Risk stratification in stroke patients

Figure 1: Flowchart of inclusion and exclusion of patients

Home-dwelling patients with
ischemic stroke in Nor-COAST
n =729

Dead before the 3-month follow-up n = 28
Living in institution at 3-month follow-up n = 36

I - .

Alive and home-dwelling at 3-month follow-up
n = 665

Age > 80 years n = 184
< Age <45 years n = 16

Eligible for analysis in current substudy
n = 465

Event-free at end of follow-up
n =398

Residual cardiovascular risk

The SMART-REACH model* was used to predict residual cardiovascular risk after
initial treatment. The model is a Fine and Gray competing risk model for 10-year
and lifetime predictions of cardiovascular events (non-fatal stroke, non-fatal Ml
and CVD mortality) and non-cardiovascular mortality, where age is used as the
underlying time function.2*® The model uses the following predictors: age, sex, current
smoking, diabetes mellitus, history of heart failure, history of atrial fibrillation, systolic
blood pressure (BP), serum creatinine concentration, number of locations of CVD
(cerebrovascular, coronary and peripheral artery disease) and total and low-density
lipoprotein cholesterol (LDL-C). Risks were estimated based on clinical measurements
at the 3-month visit since the model is intended for patients with stable CVD in which
additional therapy is considered. This timepoint also roughly corresponds to the
guideline recommendations to examine risk factors and initiate or modify treatment
at 1-3 months after an acute event.23 Table S1 show detailed definitions of all variables
included in the SMART-REACH model and more information about the SMART-REACH
model can be found in Supplementary Methods.
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External validation

The external validity of the SMART-REACH model was assessed for risks at 2 years of
follow-up. We expressed discrimination (the extent to which patients who develop an
event also had higher estimated risk than those who were event-free) with Harrell's
C-statistic.¢ We showed the agreement between predicted and observed 2-year
risk (calibration) in a flexible calibration curve based on local polynomial regression
fitting (loess function in R).?5 First, the cohort was divided in 100 quantiles of predicted
risk. Then, a local regression was used to smoothly explain the observed cumulative
incidence per group by the mean predicted risk per group. The smooth calibration
plot and confidence bounds were subsequently predicted from this model over the
whole range of relevant predicted risks (cohort predicted risk quantile 0.025 up to
0.975). As event rates vary between geographic locations &2 and may be influenced
by selection of study participants, recalibration to the population of interest is often
necessary.92 The intercept of the SMART-REACH model for both CVD events and
non-CVD mortality was recalibrated (“calibration-in-the-large") to Nor-COAST by
subtracting the expected-observed ratio from the linear predictor (Supplementary
Methods).2527

Impact of optimization of risk factors

Reaching the recommended targets according to Norwegian guidelines?3 for systolic
BP (<140 mmHgQ), LDL-C (1.8 mmol/L), smoking cessation and use of antithrombotic
agents was defined as optimization of risk factor control and possible benefits if each
risk factor was controlled was quantified by the SMART-REACH model.

The relative effect of treating risk factors to recommended targets was retrieved from
meta-analyses?®3 (details described in Table S2) and combined with the competing
risk-adjusted Cox proportional hazard function from the SMART-REACH model
according to previously described methods.21°9 A hazard ratio (HR) of 0.80 was
assumed per 10 mmHg reduction in systolic BP2 and a HR of 0.78 was assumed per
1.0 mmol/L reduction in LDL-C?® regardless of whether this was achieved by lifestyle
changes or medication. Smoking cessation was assumed to reduce the risk of both
CVD events (HR 0.60)3* and non-CVD mortality (HR 0.73).2? We assumed that no use
of antithrombotic therapy was associated with the inverse effect of starting (at least)
aspirin (HR 1/0.81 = 1.23).3° Patients who had already achieved an individual target at
3 months were modeled with a HR of 1.00 for that target.

To estimate the benefit of reaching the guideline-recommended risk factor targets,
the cardiovascular risk was estimated twice with the SMART-REACH model for
each individual. First, we estimated the risk with the 3-month risk factor levels and
treatment, and next we estimated the risk with the assumption that all risk factors
met the guideline-recommended targets. The difference between estimated risk
with 3-month risk factor levels and estimated risk when risk factors are at target
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corresponds to an individual's estimated absolute risk reduction (ARR). We obtained
the following estimates from the model: 1) 10-year risk of CVD events, 2) lifetime risk
of CVD events, defined as the risk of having an event before the go™" life-year, and
3) the life-expectancy free of CVD events. We calculated the following treatment
effects: 1) absolute CVD risk reduction in the next 10 years, 2) absolute lifetime CVD
risk reduction and 3) gain in CVD-free life expectancy. The therapy benefits from
achieving treatment targets for BP, LDL-C and smoking were first estimated separately.
Next, the overall benefit of achieving optimal control of all targets (including use of
antithrombotic therapy) was modelled and the relevant ARRs calculated.

Statistics

Baseline characteristics at the index stroke event were described by means with
standard deviations (SD) and proportions as appropriate. Estimated risks and ARRs
are reported as median with interquartile range (IQR). We visually compared the
distribution of estimated risk on current treatment and estimated risk with risk factor(s)
at targets in density plots. We imputed missing data for clinical measurements at
3 months for prediction of CVD risk by means of single imputation using predictive
mean matching, including all variables used in the analyses. Details and amount of
missing data are shown in Table S3. All analyses were conducted using Stata version
16.1 or R statistical software V.4.0.2 (www.r-project.org, packages Hmisc, Survival,
Cmprsk, Rms, Pec).

Results

Table 1 shows characteristics at index stay and Table 2 presents achieved risk factor
levels 3 months poststroke. Mean LDL-C was 2.1 mmol/L (SD 0.8), mean % relative
LDL-C reduction from index stay to 3 months was 24% (SD 33) and 43% reached the
target at 3 months. Mean systolic BP was 140 mmHg (SD 19), 51% reached the BP target
and 50% (55/109) of smokers quitted smoking at 3 months. Antithrombotic drugs
were used by 98%, corresponding numbers for lipid-lowering and antihypertensive
drugs were 89% and 73%. Detailed information on cardiovascular medications in use
is shown in Table S4. In total, 80% (302/376) reported high adherence at 3 months
defined as a score of 4 on Morisky Medication Adherence Scale 4.233

In total, 52 cardiovascular events and 15 non-cardiovascular deaths were observed
from 3 months poststroke during a follow-up of median 2.20 years (IQR 1.79 to 2.62),
totally 991 patient-years (Figure 1). In total, 61% (n = 32) of the patients with a recurrent
cardiovascular event had a non-fatal stroke, 31% (n = 16) experienced a non-fatal Ml
and 8% (n = 4) died due to cardiovascular causes.
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Table 1: Characteristics at the index stay (N = 465)

n (% of N) or mean (SD)
Age 69.0(8.1)
Sex, male 287 (62%)
Atrial fibrillation 101 (22%)
Diabetes mellitus 92 (20%)
History of hypertension 252 (54%)
History of hypercholesterolemia 253 (54%)
Previous cerebrovascular disease 108 (23%)
Coronary artery disease 79 (17%)
Peripheral artery disease 35 (8%)
Number of vascular areas affected® 1, 2 or 3 369 (79%), 78 (17%), 18 (4%)
Heart failure 11 (2%)
Current smoker 109 (24%)
Previous smoker 174 (38%)
Estimated GFR®*(ml/min/1.73 m?) 79 (16)
Body Mass Index (kg/m?) 26.6 (4.2)
High-sensitive CRP concentration (mg/L) 9.6 (18.0)
Stroke subtypec (n = 450)
Large artery disease 49 (11%)
Cardioembolic 103 (23%)
Small vessel disease 105 (23%)
Other causes 12 (3%)
Unknown or multiple causes 181 (40%)
NIHSSH at discharge (n = 437) 1.7(2.4)
Charlson Comorbidity Index 3.7(1.9)
Frail® 34 (7%)
Cognitive impairment’ 13 (3%)

Notes:2Number of vascular areas were one if only stroke, two if combined with either coronary artery disease or
peripheral artery disease, and three if all three areas were affected. °GFR calculated by CKD-EPI equation. “According
to TOAST: Trial of ORG 10172 in Acute Stroke Treatment. “Stroke severity according to National Institutes of Health
Stroke Scale (NIHSS). °Measured by the 5-item Fried criteria.Defined as score = 3 on Global Deterioration Scale.
Detailed definitions in supplementary methods.

Abbreviations: CRP; C-reactive protein, eGFR; Estimated glomerular filtration rate.

Estimated risk of recurrent events

The average observed 2-year risk in Nor-COAST was higher than the average
predicted 2-year risk with the SMART-REACH model (Figure S1) (expected-observed
ratio 0.54). After recalibration, the calibration curve showed adequate agreement
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between predicted and observed risk and modest discrimination (C-statistics 0.63,
95% Cl 0.55 to 0.71) (Figure 2). Discrimination was slightly lower when excluding
patients with cardioembolic stroke etiology (C-statistics 0.61, 95% Cl 0.53 to 0.70,
Figure S2). Sex-specific analyses showed C-statistics 0.65 (95% Cl 0.56 to 0.73) for
men and 0.57 (95% Cl 0.41 to 0.74) for women (Figure S3).

Median estimated 10-year risk of recurrent events was 42% (IQR 32 to 54) (Table 3,
Figure 3 and Figure S4-S6). Median lifetime risk was 70% (IQR 63 to 76). Ten-year
cardiovascular risk increased with age, while lifetime risk was highest in younger
patients (Figure S7, Table S5-S6). In total, 56% of the patients in the highest 10-
year risk quartile had polyvascular disease (Table S5) and 22% were smoking; the
corresponding proportions for patients in the lowest risk quartile were 2% and 5%,
respectively.

Table 2: Risk factor levels at the index stay and the 3-month visit (n = 465)

Index stay? 3-month visit

Systolic blood pressure (mmHg) 140 (20) 140 (19)
Diastolic blood pressure (mmHg) 80 (13) 83(12)
LDL-C (mmol/L) 3.1(1.1) 21(0.8)
HDL-C (mmol/L) 1.4(0.5) 1.5(0.5)
Total cholesterol (mmol/L) 4.9(1.3) 4.0 (0.9)
Current smoking 109 (23%) 55 (12%)
Use of secondary preventive medications

Lipid-lowering drugs® 415 (89%) 412 (89%)

Antihypertensive drugs® 320 (69%) 338 (73%)

Antithrombotic drugs* 456 (98%) 455 (98%)

Notes: Values are mean (standard deviation) or n (%). Missing values are imputed by single imputation using predictive
mean matching. *Concentrations of cholesterol were measured the first day after admission and blood pressure
levels at day 7 or at the day of discharge. *Use of lipid-lowering drugs as discharge was defined as use of drugs
belonging to ATC group C10. “Use of antihypertensive drugs at discharge was defined as use of drugs belonging to
ATC groups C03A, Co7, Co8, CogA/B, CogC/D, Co2A, Co2C and Co2D. “Use of antithrombotic drugs at discharge
was defined as use of drugs belonging to ATC group Bo1A. Detailed information about types of medications in use
are shown in Supplementary Table S4.

Abbreviations: LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; ATC,
Anatomical Therapeutic Chemical classification system.

Estimated benefit from optimization of risk factors

Figure S4-S6 shows the benefits from achieving targets for LDL-C, systolic BP and
smoking cessation separately. Median 10-year ARR if patients with elevated LDL-C
reached the target was 4% (IQR 2 to 7) and gain in CVD-free life-years was 0.8 years
(IQR 0.4 to 1.6) (Figure S4b). Median 10-year ARR if patients with elevated BP reached
the target was 8% (IQR 3 to 14) and 1.6 CVD-free life-years gained (IQR 0.6 to 3.1)
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(Figure S5b). Smoking cessation led to 14% (IQR 12 to 16) 10-year ARR and median 3.4
CVD-free life-years gained (IQR 2.4 to 4.3) (Figure S6).

Figure 2: Flexible calibration curve showing the agreement between quantiles of estimated
risk of stroke, myocardial infarction or vascular death by the SMART-REACH model versus
observed 2-year risk after recalibration

External validation in Nor—-COAST

20% 30% 40%
! ! |

Observed 2-year risk

10%

C-statistic:
0.626 (95%CI 0.546 - 0.705)
. T T T |
0% 10% 20% 30% 40%

Predicted 2-year risk

0%
|

If all targets were achieved, the overall median 10-year ARR was 6% (IQR 1 to 14) and
lifetime ARR was 6% (IQR 1 to 15) (Table 3 and Figure 3). The population could gain
median 1.4 (IQR 0.2 to 3.4) CVD-free life years. After optimization, the residual median
10-year risk had decreased to 32% (IQR 24 to 44) and lifetime CVD risk had decreased
to 61% (IQR 49 to 70) with a CVD-free life expectancy of 82.2 (IQR 78.9 to 85.4) years. If
all targets were reached, the 10-year risk would be < 20% for 16% of the patients and
< 30% for 43%. Treatment benefits in terms of gain in CVD-free life years were highest
in younger patients with elevated risk factor levels (Table S8).
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Discussion

In this observational study of patients with ischemic stroke, we found that a notable
proportion suffered from a recurrent event the first 2 years poststroke and showed
substantial variation in estimated future cardiovascular risk and treatment benefit from
intensification of secondary prevention. We revealed a remaining preventive potential
by reaching the guideline-recommended treatment targets and demonstrated that
the SMART-REACH model generates prognostic risk information reasonably well in
stroke patients.

Studies quantifying future cardiovascular risk in stroke populations are scarce.
However, comparable findings of risk and potential benefit variations have been
shown in patients with established CVD in general.%34 The residual risk in Nor-
COAST is quite high compared to other studies ¢34 However, Nor-COAST included
solely patients with stroke while other cohorts also included transient ischemic
attacks.”® Moreover, the consecutive inclusion of stroke patients minimizes healthy
participant bias 3% and higher-risk patients are more likely to be included. Although
high residual risk might be explained by non-modifiable factors such as age, already
severely progressed atherosclerosis or genetic disposition, modifiable risk factors like
inflammation or further reduction of BP and LDL-C are of importance 23229 Mean risk
factor levels in Nor-COAST are not far from targets and more in line with guideline
recommendations compared to other populations,2# yielding less possibilities for
benefit based on current cut-offs. However, BP and LDL-C are continuously related
to CVD risk 229 and an individual patient could still benefit from further reduction.

The predicted 2-year risk corresponded adequately with the observed risk in Nor-
COAST after recalibration. Discrimination was acceptable and in line with other
prognostic tools already in clinical use?***® and previous validations of the SMART-
REACH model have shown comparable results.’o34 Moreover, sex-specific analyses
showed lower c-statistics for women; however, these results should be interpreted
with caution due to lack of statistical power. Stroke is a heterogeneous condition with
multiple possible etiologies where stroke classification is crucial. Performance of the
model may be different in patients with cardioembolic stroke etiology, especially if
the burden of atherosclerosis and associated risk factors is low or absent. Due to the
limited sample size, the performance in this subgroup could not be evaluated. Still,
the large overlap between underlying etiologies and other cardiovascular entities®3*5
illustrate the need for optimal atherosclerotic risk factor control in general. Although
some short-term risk prediction models developed separately for stroke patients
already exist,***® the SMART-REACH? model can be used in individuals with any type
of atherosclerotic disease, also multiple manifestations, which often is the case in
clinical practice. The SMART-REACH model is readily available via online calculators
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such as u-prevent.com. However, ideally the geographic correction factor should be
applied when using the model in clinical practice for similar populations.

Strengths and limitations

The strengths of this study include the multicenter design, valid registry data, an
up-to-date time period and prospective consecutive inclusion of patients reflecting
current clinical practice® Another strength is using a prediction tool that estimates
both 10-year risk and lifetime risk adjusting for competing risks and remaining life-
expectancy. As secondary prevention presumably is continued lifelong, it may
be more intuitive to use a lifetime risk prediction model. Furthermore, adjusting
for death of other causes avoids overestimating CVD risk and treatment benefit
in older individuals . The observed 2-year event rate in Nor-COAST (Figure S8)
corresponds reasonably well with event rates in a recent meta-analysist and the Nor-
COAST population has characteristics in line with patients in the Norwegian stroke
registry.23% Generalization at least to Norwegian stroke patients and comparable
stroke populations is therefore plausible.

Not including the oldest patients is a significant limitation and performing external
validation and recalibration based on 2-year predictions might be a weakness.
However, previous studies have shown that lifetime estimates based on similar
methods appear to be reliable for predictions up to at least 17 years.? C-statistics for
discrimination are moderate. However, demonstrating adequate calibration might be
a more relevant measure since knowing that the predicted risk reflects the actual
risk is important for clinical treatment decisions.®3¢ We did not account for changes
in risk factor levels over time. However, changes in risk factor levels after 3 months
are not likely to affect predictive performance.¥ We have previously published
detailed data on how adherence to medications and risk factor control changes
from discharge to 18 months poststroke in Nor-COAST,? which showed that risk factor
levels remain relatively unchanged. Risk factor levels also often deteriorate over
time due to decrease in drug adherence and healthy lifestyle habits.25 Missing data
for clinical measurements at the 3-month follow-up might however be a weakness.
The relative effects of BP and LDL-C lowering are based on large meta-analyses
synthesizing evidence from primary and secondary preventive settings and benefits
might be smaller or larger depending on specific stroke characteristics. However,
relative effect estimates are broadly similar across several subgroups of patients
29 Therefore, we consider these relative effects valid for our population. We did
not account for disadvantages and harm of pharmacotherapy like adverse reactions
and costs. At last, risk prediction models include varying degrees of uncertainty and
cannot replace good clinical judgment but help structure and guide clinicians in their
medical decision-making process.®
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Conclusions

Current risk factor control after ischemic stroke is suboptimal. The predicted future
risk is high but with considerable individual variation and a corresponding variation in
the benefit from intensification of secondary prevention. An available risk prediction
tool such as the SMART-REACH model can be used to identify patients with the
largest benefit from intensification of treatment and more intensive short-term or
multidisciplinary follow-up. We believe the model can be a useful tool for more
personalized surveillance of patients in both stroke units and other clinical settings
like general practice. More research is needed to assess potential strategies for further
lowering of the high residual cardiovascular risk in these patients, and selection of
patients by risk stratification may help improve focus and efficiency in future trials.
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Supplementary Materials
Supplementary Methods

Definitions of variables in Table 1

Hypertension was defined as self-reported hypertension or use of antinypertensive
drugs at admission (Anatomical Therapeutic Chemical Classification System
codes (ATC): Co3A, Co7z, Co8, Cog9A/B, Co9C/D, Co2A, Co2C and Co2D).
Hypercholesterolemia was defined by use of lipid lowering drugs at admission (ATC
-code: C10). Previous stroke (before the index event) or transient ischemic attack
(TIA) was defined as previous ischemic stroke, TIA, hemorrhagic stroke or stroke of
undetermined subtype as reported by doctor (based on review of medical records)
/ patient. GFR (Glomerular filtration rate) was based on the CKD-EPI equation (based
on gender, age and the serum creatinine concentration measured at first day during
admission).2 Blood tests were taken the first day after admission. Stroke subtype
was defined according to the TOAST Trial of ORG 10172 in Acute Stroke Treatment
classification 3® Stroke severity was assessed by National Institutes of Health Stroke
Scale (NIHSS). Prestroke cognitive impairment was defined as score = 3 on Global
Deterioration Scale assessed by study nurses' interviews of caregivers during hospital
stay.2 Frailty was measured using a modified version of the five-item Fried criteria,?
based on reduced grip strength, slow gait speed, self-reported fatigue, low physical
activity and unintentional weight loss, where 3-5 criteria present corresponds to frail.
Definitions of variables also included in the SMART-REACH model are described in
Table S1.

Registry data

The Norwegian Stroke Registry is a medical quality register where all Norwegian
hospitals have been obligated to enter medical data on all residents > 18 years
of age admitted to hospital with acute stroke (ICD-10 codes 161, 161 and 164). The
Norwegian Stroke Registry had a coverage (completeness) of 87% in 20183539 we
therefore also linked Nor-COAST data to the Norwegian Cardiovascular Disease
Registry which is more complete.?* The Norwegian Cardiovascular Disease Registry is
an administrative health register based on data from the Norwegian Patient Register,
containing information on all admissions to hospital (main and second diagnosis), both
private and public, included in the public reimbursement policy in Norway since 2008.
For stroke endpoints we restricted analyses to main diagnoses of stroke which give
more correct registrations.?* For myocardial infarction endpoints we used both main
and second diagnoses for higher completeness.22 The Norwegian Causes of Death
Registry provided follow-up information on cardiovascular disease as the primary
cause of death. All registries are regulated according to the Act relating to Personal
Health Data Registries. The quality of information in the registries have previously
been described.?22
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The use of the SMART-REACH Fine and Gray competing risk model in Nor-
COAST

The SMART-REACH risk model is a competing-risk adjusted Fine and Gray
model, which can be used for estimation of both 10-year and lifetime risk of major
cardiovascular events and non-cardiovascular mortality in patients with clinically
manifest vascular disease. The underlying model formulas and methodology were
published in the original SMART-REACH publication® With age as underlying
timescale, lifetables calculating risks for every 1-year interval are made beginning
at the starting age of each individual®*® and repeated up to the maximum age of 9o
years. The model was derived using adapted Fine and Gray models to allow for left
truncation and right censoring.4°

For better judgement of the calibration, less influenced by arbitrary grouping in
comparison to a traditional calibration plot, we showed a flexible calibration curve
based on local polynomial regression fitting (loess, function R).?54+42 First, the cohort
was divided in 100 quantiles of predicted risk. Then, a local regression was used
to smoothly explain the observed cumulative incidence per group by the mean
predicted risk per group. The smooth calibration plot and confidence bounds were
subsequently predicted from this model over the whole range of relevant predicted
risks (cohort predicted risk quantile 0.025 up to 0.975). A curve close to the diagonal
indicates that predicted risks correspond well with the observed proportion of
events.?

Recalibration of the model was considered based on the calibration plot and
performed using “calibration-in-the-large" by subtracting the expected-observed
ratio from the linear predictor for both the CVD hazard function as for the non-CVD
mortality function.?5?” The expected-observed ratio was calculated by dividing the
expected incidence (mean of all predicted 2-year risks) by the observed incidence
(cumulative incidence in the study population at 2 years, corrected for competing
risks).
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Table S1. Definitions of variables included in the SMART-REACH model 7 and sources

Variable

Source when used in present study

Age (years)
Sex (male/female)
Current smoking (yes/no)

Diabetes mellitus (yes/no)

Congestive heart failure
(yes/no)

Atrial fibrillation (yes/no)

Systolic blood pressure
(mmHg)

Creatinine (umol/L)

Total cholesterol (mmol/L)

LDL cholesterol (mmol/L)

History of cerebrovascular
disease (yes/no)

History of coronary heart
disease (yes/no)

History of peripheral artery
disease (yes/no)

Use of antithrombotic drugs
(yes/no)

As recorded in medical journals
As recorded in medical journals
Patient response to smoking status at 3 months

Self-reported diabetes or HbA1c = 48 mmol/mol at admission or
prescribed antidiabetic drugs at admission or discharge

History of heart failure as reported by doctor (based on review of
medical records) / patient

Self-reported or documented on electrocardiogram or telemetry during
admission

Measured thrice by the same physician at 3 months with one-minute
intervals and the average of the second and third measurements was
used in the analysis

Serum concentration at 3 months

Non-fasting serum concentrations from venous blood measured in
fresh samples at 3 months

Non-fasting serum concentrations from venous blood measured in
fresh samples at 3 months

All patients were registered with cerebrovascular disease, since stroke
was an inclusion criterion in the Nor-COAST studly.

Previous angina pectoris, myocardial infarction or coronary
revascularization (coronary bypass surgery or percutaneous coronary
intervention) as reported by doctor (based on review of medical
records) / patient

Symptomatic or documented obstruction of distal arteries of the leg
or surgery of the leg or documented surgery of aorta as reported by
doctor (based on review of medical records) / patient

Use of aspirin or equivalent drug belonging to the Anatomical
Therapeutic Chemical (ATC) Classification System group Bo1A at 3
months. As reported by the patient or doctor, if information regarding
medications in use were missing, we contacted general practitioners,
home care services or used the electronic summary care record for
safer healthcare in Norway.

Abbreviations: HbA1c; Hemoglobin Aic. Nor-COAST, Norwegian Cognitive Impairment after Stroke.
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Table S3. Overview of missing values at index stay and 3-month visit (n=465)

n (%) missing n (%) missing
at index stay at 3-month visit
Age [¢) o]
Sex o] o
Current smoking 1(0.2%) 68 (15%)
Diabetes mellitus o] o
Systolic blood pressure 34 (7%) 72 (15%)
Total cholesterol 8 (2%) 113 (24%)
HDL cholesterol 12 (3%) 117 (25%)
LDL cholesterol 15 (3%) 115 (25%)
Creatinine 2(0.4%) 119 (26%)
Coronary artery disease o] o
Peripheral artery disease (incl. AAA) o] o
Heart failure o] o
Atrial fibrillation o] o
Information about medications 5(1%) 32 (7%)

Missing values for current smoking, systolic blood pressure, cholesterol, creatinine and information about
medications were imputed using single imputation by predictive mean matching for the purpose of CVD risk
prediction and assessment of changes in risk factor levels from index stay to 3-months follow-up. With this method,
the imputed value is taken randomly from a set of observed values whose predicted values are closest to the
predicted value from a specified regression model. For the baseline characteristics age, sex, history of diabetes,
coronary artery disease, peripheral artery disease, heart failure and atrial fibrillation, we assumed that registrations
at index stay also were valid at the 3-month visit. Abbreviations: eGFR; Estimated glomerular filtration rate. AAA;
Abdominal aortic aneurism, HDL; High-density lipoprotein, LDL; Low-density lipoprotein.
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Risk stratification in stroke patients

Table S4. Cardiovascular medications at discharge from index stay and at 3 months of follow-
up for patients with available detailed data on medications in use

Discharge (n = 460) 3-month visit (n = 433)
Antithrombotic drugs
No® 9 (2%) 8 (2%)
Single antiplatelet therapy 111 (24%) 130 (30%)
Dual antiplatelet therapy 189 (41%) 150 (35%)
Anticoagulation monotherapy 107 (23%) 114 (25%)
Anticoagulation in combination with 44 (10%) 31(7%)
antiplatelet agent(s)
Number of antihypertensive drugs
o? 144 (31%) 118 (27%)
1 167 (36%) 160 (37%)
2 105 (23%) 101 (23%)
3 33(7%) 43 (10%)
>3 11 (2%) 11 (3%)
Lipid-lowering drugs
No? 45 (10%) 42 (10%)
Any statin monotherapy 407 (88%) 381(88%)
Low-moderate intensity statin® 142 (30%) 133 (31%)
High intensity statin® 265 (58%) 248 (57%)
Ezetimibe monotherapy 3(1%) 6 (1%)
Statin + ezetimibe 5(1%) 4 (1%)

20Of patients with available follow-up information about medications in use at both discharge and 3 months (n-429),
5 out of 8 patients not using (any) antithrombotic drugs (ATC code: Bo1A) at discharge started antithrombotic
treatment between 0 and 3 months, while 4 out of 421 prescribed antithrombotic drugs at discharge discontinued
between 0 and 3 months. For antihypertensive drugs (ATC codes: Co3A, Co7, Co8, CogA/B, CogC/D, Co2A, Co2C and
Co2D), corresponding numbers were 28 / 133 and 12 / 296. For lipid-lowering drugs (ATC code: C10), corresponding
numbers were 12 / 40 and 11 / 389. °High-intensity statin was defined as atorvastatin 240 mg/d or other equivalent
drug as described previously 2 Low-moderate intensity statin was defined as <40 mg atorvastatin or other equivalent
drug. Abbreviations: ATC, Anatomical Therapeutic Chemical classification system
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Figure S1. Flexible calibration curve showing the agreement between estimated risk of stroke,
myocardial infarction or vascular death by the SMART-REACH model and observed 2-year risk
before recalibration

External validation in Nor-COAST
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Risk stratification in stroke patients

Figure S2: Flexible calibration curve showing the agreement between estimated risk of stroke,
myocardial infarction or vascular death by the SMART-REACH model versus observed 2-year
risk when excluding patients with cardioembolic stroke etiology according to the TOAST-clas-
sification

External validation (excluding cardioembolic stroke)
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Figure S3. Sex-specific flexible calibration curves showing the agreement between estimated
risk of stroke, myocardial infarction or vascular death by the SMART-REACH model versus
observed 2-year risk for a) men (n=278) and b) women (n=178).

A.

External validation (men)
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External validation (women)
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Notes: Number of CVD events for men and women were n=34 and n-18, respectively. Number of non-CVD related
deaths were n=10 and n=5 for men and women respectively.
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Risk stratification in stroke patients

Figure S4a: Current cardiovascular risk and potential benefit from optimization of LDL-C levels

(n = 465)
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<1.8 mmol/L in all patients. Abbreviations: LDL-C; Low density lipoprotein cholesterol, CVD; Cardiovascular disease,
ARR: Absolute risk reduction
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Figure S4b: Current cardiovascular risk and potential benefit from optimization of LDL-C levels
in patients with LDL-C > 1.8 mmol/L (n = 265)
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Distributions of A. Ten-year cardiovascular disease risk, B. Lifetime CVD risk, C. Remaining CVD-free life-years, D.
Current estimated risks and treatment benefits (median (interquartile range)) from optimization of LDL-C level to
1.8 mmol/L in patients with LDL-C > 1.8 mmol/L. Abbreviations: LDL-C; Low density lipoprotein cholesterol, CVD;
Cardiovascular disease, ARR: Absolute risk reduction
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Figure Ssa. Current cardiovascular risk and potential benefit from optimization of systolic blood
pressure levels (n = 465)
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risk reduction
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Figure Ssb. Current cardiovascular risk and potential benefit from optimization of systolic blood
pressure levels (n = 226) in patients with levels above 140 mmHg.
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in stroke patients

Figure S6: Current cardiovascular risk and potential benefit from smoking cessation in smokers
(n =55)
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Figure S7. Age-specific subgroups of estimated 10-year and lifetime risk of a recurrent vascular
event by the SMART REACH model in patients with ischemic stroke in the Nor-COAST studly.
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Age-specific subgroups of estimated 10-year and lifetime risk of a recurrent vascular event by the SMART REACH
model in patients with ischemic stroke in the Nor-COAST study. Data are shown as quartiles of risk where Q1
corresponds to lowest risk quartile and Q4 the highest risk quartile.
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Risk stratification in stroke patients

Table S5. Patient characteristics stratified by quartiles (Q1 - Q4) of estimated 10-year risk of
recurrent vascular events and mortality

10-year CVD risk

Q1 Q2 Q3 Q4

(n=117) (n =116) (n =116) (n =116)
Median (IQR) estimated 10-year risk, % 26 (21to29) 37(34t039) 48(44t050) 66 (58to 68)
Age,y 59.5 (6.2) 68.8 (5.6) 73.0 (5.6) 74.9 (4.5)
Female sex 46 (39%) 49 (42%) 45 (39%) 38 (33%)
Atrial fibrillation 7 (6%) 14 (12%) 30 (26%) 50 (43%)
Diabetes mellitus 2(2%) 13 (11%) 19 (16%) 58 (50%)
> 2 vascular areas® affected 2(2%) 9 (8%) 20 (17%) 65 (56%)
Current smoker® 5(5%) 11 (10%) 13 (11%) 26 (22%)
Systolic blood pressure (mmHg)® 137 (16) 139 (15) 144 (18) 140 (25)
Total cholesterol®, mmol/L 4.0(0.8) 4.1(1.0) 4.1(1.0) 3.9(0.8)
LDL cholesterol?, mmol/L 2.1(0.8) 2.2(0.8) 21(0.8) 2.0(0.7)
eGFR (ml/min/1.73 m3)P.¢ 87 (12) 81(13) 75 (15) 65 (18)
Fraild 3 (3%) 6 (5%) 9 (8%) 16 (14%)
Prestroke dementia® 0 (0%) 1(1%) 3 (3%) 9 (8%)

Values are n / N (%) or mean (standard deviation) if other not specified. ®Number of vascular areas were one if
only stroke, two if combined with either coronary artery disease or peripheral artery disease, and three if all three
areas were affected. PMeasured at 3 months follow-up. “CKD-EPI equation. “Frailty measured by 5-item Fried frailty
criteria.°Cognitive impairment defined as score > 3 on Global Deterioration Scale. Abbreviations: CVD, Cardiovascular
disease:; IQR, Interquartile range; LDL, Low density lipoprotein; eGFR, Estimated Glomerular Filtration Rate.
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Table S6. Patient characteristics stratified by quartiles (Q1 - Q4) of estimated lifetime risk of
recurrent vascular events and mortality

Lifetime CVD risk

Q1 Q2 Q3 Q4

(n =117) (n =116) (n =116) (n =116)
Median (IQR) estimated life-time risk, % 58 (54t061) 67(65t068) 73(71to74) 80 (78to 83)
Age,y 75.6(3.7) 69.9(5.9) 65.7 (8.6) 64.8(8.8)
Female sex 67 (57%) 49 (42%) 32 (28%) 30 (26%)
Atrial fibrillation 18 (15%) 28 (24%) 23 (20%) 32 (28%)
Diabetes mellitus 0 (0%) 9 (8%) 29 (25%) 55 (47%)
> 2 vascular areas® affected 6 (6%) 17 (14%) 26 (23%) 47 (41%)
Current smoker® 2 (2%) 6 (5%) 18 (16%) 29 (25%)
Systolic blood pressure (mmHg)®° 144 (16) 142 (19) 136 (18) 138 (23)
Total cholesterol®, mmol/L 4.2(0.8) 4.2 (1.0) 4.0 (0.9) 3.8(0.9)
LDL cholesterol?, mmol/L 2.2(0.8) 2.2(0.8) 2.1(0.8) 2.0(07)
eGFR (ml/min/1.73 m3)P-¢ 77 (12) 79 (15) 81 (15) 71(22)
Frail® 11(9%) 10 (9%) 4(3%) 9 (8%)
Prestroke dementia® 5(4%) 4 (4%) 0 (0%) 4 (4%)

Values are n / N (%) or mean (standard deviation) if other not specified. ®Number of vascular areas were one if
only stroke, two if combined with either coronary artery disease or peripheral artery disease, and three if all three
areas were affected. "Measured at 3 months follow-up. “°CKD-EPI equation. “Frailty measured by 5-item Fried frailty
criteria.cCognitive impairment defined as score = 3 on Global Deterioration Scale. Abbreviations: CVD, Cardiovascular
disease; IQR, Interquartile range; LDL, Low density lipoprotein; eGFR, Estimated Glomerular Filtration Rate.
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Table S7. Patient characteristics stratified by quartiles (Q1 - Q4) of estimated 10-year ARR of

recurrent vascular events and mortality

10-year ARR
Q1 Q2 Q3 Q4

(n =117) (n =116) (n =116) (n =116)
Median (IQR) estimated 10-year ARR, % 0% (0to0) 3%(2to4) 10%(8to12) 21%(16to27)
Age,y 67.4(8.5) 67.5(8.8) 69.4(7.5) 717 (6.8)
Female sex 42 (36%) 42 (36%) 41(35%) 53 (46%)
Atrial fibrillation 31(27%) 22 (19%) 22 (19%) 26 (22%)
Diabetes mellitus 17 (15%) 21 (18%) 23 (20%) 31(27%)
> 2 vascular areas? affected 18 (16%) 27 (23%) 20 (17%) 31(27%)
Current smoker® 0 (0%) 1(1%) 8(7%) 46 (40%)
Systolic blood pressure (mmHg)® 128 (10) 132 (12) 146 (13) 155 (23)
Total cholesterol®, mmol/L 3.4(0.6) 3.9(0.5) 4.3(0.8) 4.5(1.2)
LDL cholesterol®, mmol/L 1.6 (0.3) 21(0.4) 2.3(0.8) 2.6(1.0)
eGFR (ml/min/1.73 m3)P-¢ 80 (14) 77 (18) 77 (16) 75 17)
Fraild 6 (5%) 7 (6%) 7 (6%) 14 (12%)
Prestroke dementia® 2 (2%) 5 (4%) 2 (2%) 4 (4%)

Values are n / N (%) or mean (standard deviation) if other not specified. °Number of vascular areas were one if only
stroke, two if combined with either coronary artery disease or peripheral artery disease, and three if all three areas
were affected. "Measured at 3 months follow-up. °<CKD-EPI equation. “Frailty measured by 5-item Fried frailty criteria.
eCognitive impairment defined as score 2 3 on Global Deterioration Scale. Abbreviations: IQR, Interquartile range;
ARR, Absolute risk reduction; LDL, Low density lipoprotein; eGFR, Estimated Glomerular Filtration Rate.
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Table S8. Patient characteristics stratified by quartiles (Q1 - Q4) of lifetime benefit from
optimization of risk factors

Gain in CVD-free life years

Q1 Q2 Q3 Q4
(n=122) (n=117) (n=113) (n=113)

Median (IQR) lifetime benefit (in terms of o(0to0) 06(04t01.0) 23(1.8t028) 53(43t071)
CVD-free life years)

Age.y 68.6 (8.2) 69.2 (7.9 71.2(7.1) 66.0(8.7)
Female sex 41 (34%) 43 (37%) 43 (38%) 51 (45%)
Atrial fibrillation 34 (28%) 23 (20%) 25 (22%) 19 (17%)
Diabetes mellitus 22 (18%) 24 (21%) 25 (22%) 21 (19%)
> 2 vascular areas® affected 25 (20%) 29 (25%) 22 (19%) 20 (18%)
Current smoker® 0 (0%) 2(2%) 16 (14%) 37 (33%)
Systolic blood pressure (mmHg)® 128 (10) 133 (14) 143 (17) 157 (19)
Total cholesterol®, mmol/L 3.4 (0.6) 3.9(0.6) 4.2(0.8) 4.6 (1.1)
LDL cholesterol?, mmol/L 1.6 (0.3) 2.0(0.4) 2.3(07) 2.7 (1.0)
eGFR (ml/min/1.73 m?)°-¢ 78 (15) 73 (19) 78 (13) 79 (19)
Fraild 8 (7%) 8(7%) 8(7%) 10 (9%)
Prestroke dementia® 2 (2%) 6 (5%) 4(4%) 1(1%)

Values are n / N (%) or mean (standard deviation) if other not specified. “"Number of vascular areas were one if
only stroke, two if combined with either coronary artery disease or peripheral artery disease, and three if all three
areas were affected. "Measured at 3 months follow-up. “°CKD-EPI equation. “Frailty measured by 5-item Fried frailty
criteria.cCognitive impairment defined as score > 3 on Global Deterioration Scale. Abbreviations: CVD, Cardiovascular
disease; IQR, Interquartile range; LDL, Low density lipoprotein; eGFR, Estimated Glomerular Filtration Rate.
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Figure S8. Recurrent stroke, myocardial infarction and death in home-dwelling patients with
ischemic stroke in Nor-COAST regardless of age.

Home-dwelling patients admitted with
ischemic stroke in Nor-COAST
n=729

_— Dead before 3-month follow-up n = 28

Living in institution at 3 months n = 36

Alive and home-dwelling at 3 months
n =665

First event:
— Non-fatal ischemic stroke n = 42
Non-fatal intracerebral hemorrhage n = 2
Non-fatal myocardial infarction n = 22
Death from cardiovascular disease n = 14
Death from non-vascular disease n = 39

Event-free at end of follow-up
n =548
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Use of lipid-lowering therapy after stroke and
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Chapter 11

Abstract

Background: Elevated low-density lipoprotein cholesterol (LDL-C) increases the risk
of recurrent cardiovascular disease (CVD) events. We examined prescription patterns
for lipid-lowering therapy (LLT) following ischemic stroke, and estimated benefits
from guideline-based up-titration of LLT.

Methods: The Norwegian COgnitive Impairment After STroke (Nor-COAST) study,
a multicenter prospective cohort study, collected data on LLT use, dose intensity,
and LDL-C levels for 462 home-dwelling patients with ischemic stroke. e used
the SMART-REACH (Secondary Manifestations of Arterial Disease - Reduction of
Atherothrombosis for Continued Health) model to estimate expected benefit of up-
titrating LLT.

Results: At discharge, 92% received LLT (97% statin monotherapy). Patients with
prestroke dementia and cardioembolic stroke etiology were less likely to receive
LLT. Older patients (coefficient -3 mg atorvastatin per 10 years, 95% Cl -6 to -0.5)
and women (coefficient -5.1 mg atorvastatin, Cl -9.2 to -0.9) received lower doses,
while individuals with higher baseline LDL-C, ischemic heart disease, and large artery
stroke etiology received higher dose intensity. At 3 months, 45% reached LDL-C <1.8
mmol/L, and we estimated that 81% could potentially reach the target with statin
and ezetimibe, resulting in median 5 (interquartile range (IQR) 0 to 12) months of
CVD-free life gain and median 2% 10-year absolute risk reduction (IQR 0 to 4) with
large interindividual variation.

Conclusion: Potential for optimization of conventional LLT use exists in ischemic
stroke patients. Awareness of groups at risk of undertreatment and objective
estimates of the individual patient's benefit of intensification can help personalize
treatment decisions and reduce residual cholesterol risk.
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Use of lipid-lowering therapy in stroke patients

Introduction

Patients with ischemic stroke are at high risk of recurrent cardiovascular disease (CVD)
events.?® Drugs lowering low-density lipoprotein cholesterol (LDL-C) concentrations
reduce the risk of recurrent events?*® and statins are first-line lipid-lowering therapy
(LLT) with the addition of ezetimibe or other novel drugs in patients with persistently
elevated LDL-C levels or patients intolerant to statins.37 Although the optimal LDL-C
target after stroke remains unclear;? recent studies indicate that lower treatment
targets are more beneficial,>®9 especially in stroke patients with atherosclerotic
disease.

There has been an increase in both statin use and dose over time,*** but gaps
still exist between recommendations in guidelines371213 and current practice with
suboptimal target achievement for LDL-C 31416 Therefore, stroke patients may not
gain the full potential benefit from use of LLT. This gap could be associated with
both patient-related factors, such as poor adherence and persistence to prescribed
treatment and perceived side-effects,®31417 and physician-related factors like the
choice of drug type and dose intensity.61314%7 Awareness of an individual patient's risk
of CVD events, perceived risk of adverse effects and the expected harm-benefit ratio
may also influence how LLT is prescribed and used 3612131618

Little is known about current use of LLT among patients with a recent ischemic
stroke and factors influencing prescribing patterns. Moreover, stroke patients show
considerable interindividual variation in risk of recurrent events, competing risks and
remaining life expectancy,! with a corresponding variation in the net benefit from more
intensive LLT** Objective estimates of an individual patient's benefit of intensification
of LLT might assist in making well-balanced decisions on whether to intensify
treatment or not, in light of potential costs, adverse effects and remaining life-
expectancy. Our study therefore aimed to address two sets of questions. First, how
do current prescription patterns and achieved LDL-C reduction differ in subgroups
of stroke patients? Next, what is the expected treatment benefit when theoretically
up-titrating LLT according to guideline recommendations?
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Methods

Study population

Home-dwelling patients from the Nor-COAST (Norwegian Cognitive Impairment
After Stroke) study, a multicenter observational cohort study, were included (n=729),
Figure S1. In Nor-COAST, patients admitted with acute ischemic stroke at five
Norwegian stroke units were consecutively included between May 2015 and March
2017.2° Patients were assessed with self-report questionnaires, clinical examinations,
and blood sampling after 3 and 18 months at outpatient clinics. Patients unable to
attend were assessed by telephone interview or by proxy information. Detailed
information about definitions used and data collection in Nor-COAST can be found
in Supplementary Methods. For all analyses, we excluded patients who died within
the first 3 months poststroke (n = 29), patients living in nursing homes at 3 months
poststroke (n = 36) and patients lacking information about medications at all time
points (n = 3). Patients between 45 and 80 years (n=462) were included in the present
analyses as we used a cardiovascular risk prediction model derived and validated in
this age range.**® All participants in Nor-COAST gave written informed consent or by
proxy if the participant was unable to cooperate. The Norwegian Regional Committee
for Medical and Health Research Ethics North (REC humbers 2015/171 and 2017/1462)
approved the study.

Assessment of use of lipid-lowering therapy

Trained health professionals obtained information about medications in use by clinical
interview of patients and caregivers at the index stay, 3 and 18 months. If information
regarding medications was missing, we contacted general practitioners and / or
home care services or used the electronic summary care record for safer healthcare
in Norway. LLT was identified using the following Anatomical Therapeutic Chemical
(ATC) classification system codes defined by the World Health Organization (WHO)
Collaborating Centre for Drug Statistics Methodology 2: C10AA (HMG-CoA reductase
inhibitors (statins)), C10AC (bile acid sequestrants), C10AX (other lipid modifying
agents) and C10B (combinations of lipid-lowering drugs). Statins included atorvastatin,
fluvastatin, pravastatin, rosuvastatin and simvastatin. We used the Defined Daily
Doses (DDDs),>* which are 20 mg for atorvastatin, 30 mg for simvastatin, 10 mg for
rosuvastatin, 60 mg for fluvastatin and 30 mg for pravastatin, to convert the doses
to atorvastatin equivalent doses by the following formula: (Dose of statin / DDD for
that statin) x DDD for atorvastatin = atorvastatin equivalent dose. High-intensity statin
(HIS) treatment was defined as drugs known to lower LDL-C by approximately 50%,
which corresponds to = 40 mg atorvastatin, = 20 mg rosuvastatin or 80 mg simvastatin
per day.3 Other statins were defined as non-high-intensity treatment. We measured
medication adherence by the 4-item Morisky Medication Adherence Scale (MMASY),
where a score of 4 points was defined as high adherence.?
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LDL-C target achievement at 3 months and expected LDL-C levels with up-ti-
tration of LLT

LDL-C 1.8 mmol/L was defined as target attainment’*? and 3-month levels were used
as the basis for theoretical intensification as this timepoint roughly corresponds to the
guideline recommended control after an acute event where risk factors should be
examined and prevention intensified if indicated.” Guidelines recommend statins at
maximally tolerated dose as first-line therapy (Step 1) and use of ezetimibe (Step 2)
in patients who are unable to achieve the LDL-C target with statins alone or are statin
intolerant.3722 \While statins and ezetimibe are well-established treatments available
at low costs, proprotein convertase subtilisin/kexin type 9 (PCSKQ) inhibitors are
more potent and expensive and mainly considered for patients still not reaching
targets (Step 3).37

We included patients receiving LLT at discharge in these analyses. When information
of drug and dose was missing at 3 months (6%), we used the drug and dose prescribed
at discharge* We estimated the effect of hypothetically up-titrating current LLT,
defined as drug and dose used at the 3-month visit, using a stepwise approach.’
The mean percent reduction in LDL-C derived from randomized clinical trials, as
previously presented and validated specifically for each drug and dose, was used®
(Supplementary Methods, Table S1). First, all patients with LDL-C > 1.8 mmol/L
not using HIS was up-titrated to HIS, assuming a 50.2% mean reduction in LDL-C
corresponding to the effect of atorvastatin 80 mg. 23 If the expected LDL-C then was
> 1.8 mmol/L, ezetimibe was added on top, assuming a mean 22.7% reduction in
LDL-C.2 We also estimated the effect of adding ezetimibe without increased statin
doses, assuming that all patients already were on maximally tolerated statin dose
and patients using ezetimibe monotherapy were statin intolerant.

Estimated potential benefit from up-titration of LLT

We estimated individual benefit of the abovementioned approach from a lifetime
perspective expressed in terms of gain in months free of recurrent stroke, myocardial
infarction or cardiovascular mortality*® and as 10-year absolute risk reduction (ARR),
by using the externally validated SMART-REACH (Secondary Manifestations of
Arterial Disease-Reduction of Atherothrombosis for Continued Health) model.*® The
model is a competing risk-adjusted lifetime risk model previously validated in Nor-
COAST* which uses the following predictors: sex, current smoking, diabetes mellitus,
systolic blood pressure, total cholesterol, serum creatinine concentration, number
of locations of cardiovascular disease (coronary, cerebral and/or peripheral arterial
disease), atrial fibrillation, and heart failure (Supplementary Methods and Table S2).

We first calculated the life expectancy without recurrent cardiovascular events

based on 3-month levels of predictors in the model, defined as the median estimated
survival without a recurrent event 9. \We next estimated potential treatment benefit

351



Chapter 11

defined as the difference in CVD-free life expectancy with and without up-titration
of LLT. CVD-free life expectancy with achieved LDL-C level after up-titration was
calculated by incorporating a hazard ratio of 0.78 for major cardiovascular events
per 1.0 mmol/L reduction in LDL-C? in the competing risk model. For 10-year ARRs,
we first calculated the 10-year CVD risk based on 3-month LDL-C levels, and next,
we calculated the 10-year CVD risk with achieved LDL-C levels after up-titration,
where the difference corresponds to the individuals' ARRs. Patients were assigned to
intensification only if they had not attained the LDL-C target. Since it is uncertain how
well the SMART-REACH model performs in the subgroup with cardioembolic stroke*
with otherwise low levels of atherosclerotic risk factors, we did additional analyses
excluding patients with cardioembolic stroke etiology.

Statistical analysis

We report characteristics by LLT use and intensity at discharge by means with
standard deviations (SD) and proportions as appropriate. We also reported descriptive
statistics for patient characteristics in categories defined by quartiles of percent
LDL-C reduction from discharge to 3 months. Logistic and linear regression was
used with LLT prescription (yes/no) and atorvastatin equivalent dose (mg/d) as
dependent variables, respectively, to identify variables predictive of LLT use and
intensity. Potential predictors were selected a priori based on previous studiesot17:24
and clinical reasoning, leading to inclusion of the following covariates, first one at
a time, and next, adjusted for age and sex: age, sex, LDL-C (measured the first day
after admission), prestroke use of LLT, frailty by a modified version of the 5-item
Fried criteria4 as a continuous variable from 0 (robustness) to 5 (frail), the Global
Deterioration Scale (GDS) as continuous variable from 1 (normal cognitive function) to
7 (severe dementia). A history of ischemic heart disease was included as a categorical
variable (yes/no) and was defined as angina pectoris, myocardial infarction, and/
or coronary revascularization (coronary bypass surgery or percutaneous coronary
intervention). Stroke subtype was divided into five categories according to the Trial
of Org 10172 in Acute Stroke Treatment (TOAST) classification: large artery disease,
cardioembolic stroke, small vessel disease, other etiology, and undetermined strokes.
As the subtype “other etiology" comprised a small number, it was grouped with
‘undetermined”. We report coefficients or odds ratios (OR) with 95% confidence
intervals (Cl) where relevant. Two-sided p-values <0.05 were regarded as statistically
significant. However, due to multiple comparisons, p-values between 0.01 and 0.05
should be interpreted with caution. Estimated CVD risks and benefits were reported
as medians with interquartile ranges (IQRs). We visually compared distribution of
estimated risk with current treatment and estimated risk after LLT intensification in
histograms. Since an available case analysis might lead to bias and loss of power,
we imputed missing data for LDL-C and covariates to predict CVD risk by means of
single imputation using predictive mean matching. The extent of missing data for
relevant variables is described in Table S2. We included all variables to be used in the
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analyses in the imputation model. Data analysis was performed using Stata version
16 or R version 4.0.2.

Results

Baseline characteristics and prescription patterns at discharge

The analysis included 462 home-dwelling patients with mean age 69.0 years (SD
8.1), 38% were female, 24% were smoking and 27% were physically active. At hospital
admission, 35% (n=161) were already using LLT in terms of statins (n=153), ezetimibe
monotherapy (n=5) or combination (n=3). The mean atorvastatin equivalent dose was
34 mg (SD 22) and 37% used HIS.

At discharge, 92% (n=427) were prescribed LLT, of whom 422 received statins, either
alone (n=414) or in combination with ezetimibe (n=8), whereas five patients were
receiving ezetimibe alone. The most frequently prescribed statin was atorvastatin
(77%), mean statin dose was 41 mg (SD 21) atorvastatin equivalent dose and 64%
(n=276) received HIS. Type and doses of LLT are shown in Table S3. In total, 65% of
those using LLT prestroke received the same LLT intensity at discharge.

Table 1: Clinical characteristics at index stay by lipid-lowering therapy use at discharge

Prescribed lipid-lowering therapy Not Total

(n =427) prescribed population

Non-high  High- Any? :L’:;:/de-ring (n =462

inte.nsity inte.nsity (n=427) therapy

statin statin® (n=35)

(n=146) (n=276)

Demographics
Age (years) 70.4(8.0) 68.0(8.0) 688(81) 707(8.2) 69.0 (8.1)
Sex, female 57 (39) 105 (38) 163 (38) 14 (40) 177 (38)
Education 12.3(3.8) 12.6 (3.7) 12.6(3.7) 11.5(3.4) 12.5(3.7)
Home care services 7 (5) 5(3) 15 (4) 5(14) 20 (4)
Cardiovascular characteristics

Atrial fibrillation 38 (26) 46 (17) 84 (20) 16 (46) 100 (22)
Diabetes mellitus 32 (22) 50 (18) 84 (20) 6 (17) Q0 (20)
History of hypertension 84 (58) 146 (53) 233 (55) 17 (49) 250 (54)
Prestroke lipid-lowering therapy 69 (47) 89 (32) 160 (37) 1(3) 161 (35)
Previous cerebrovascular disease 41(28) 52 (19) 97 (23) 10 (29) 107 (23)
Ischemic heart disease 30 (21) 46 (17) 77 (18) 2(6) 79 (17)
Peripheral artery disease 15 (10) 19 (7) 34 (8) 0 (0) 34 (7)
Heart failure 2(1) 6 (2) 8(2) 3(9) 11(2)
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Table 1 (continued)

Prescribed lipid-lowering therapy Not Total
(n=427) prescribed population
Non-high  High- Any® tm‘i—rin (n =462
inte.nsity inte.nsity (n=427) therapyg
statin statin® (n=35)
(n=146) (n=276)
Glomerular Filtration Rate (ml/ 79 (15) 78 (16) 79 (16) 77 (21) 79 (16)
min/1.73 m?)
Body Mass Index (kg/m?) 26.2(4.2) 27.0(4.3) 26.7 (4.2) 26.0(3.7) 26.7 (4.2)
Current smoker 34 (23) 101 (37) 100 (24) 9 (26) 109 (24)
Physically active 36 (25) 77 (28) 115 (27) 8(23) 123 (27)
Lipid levels at index stay
Total cholesterol (mmol/L) 4.6 (1.2) 51(1.3) 5.0(1.3) 4.7 (1.4) 5.0 (1.3)
LDL cholesterol (mmol/L) 2.8(0.9) 3.3(11) 3.1(1.1) 3.0 (1.3) 3.1(11)
HDL cholesterol (mmol/L) 1.4 (0.6) 1.4 (0.6) 1.4 (0.6) 1.3(0.4) 1.4(0.5)
Stroke characteristics and other comorbidities
NIHSS discharge 1.4(1.8) 17(2.4) 1.6 (2.2) 2.0(3.9 17(2.4)
Stroke subtype (n = 447)
Large artery disease 10 (7) 38(14) 48 (12) 1(3) 49 (11)
Cardioembolic 34 (24) 54 (20) 88 (21) 15 (43) 103 (23)
Small vessel disease 35 (25) 62 (24) 99 (24) 5(14) 104 (23)
Other cause 5(4) 6 (2) 11(3) 1(3) 12(3)
Undetermined or multiple causes 59 (41) 104 (39) 166 (40) 13(37) 179 (40)
Charlson Comorbidity Index 3.8(17) 4.3(1.9) 3.6(1.8) 41(1.9) 3.6 (1.8)
Frail 14 (10) 16 (6) 30(7) 2(6) 32(7)
Cognitive impairment 3(2) 4(2) 7(2) 6 (17) 13(3)
Independent functional status at 102 (70) 196 (71) 303 (71) 21 (60) 324 (70)
discharge®
Other secondary preventive drugs at discharge
Antithrombotic drugs 144 (99) 275 (100) 424 (99) 34 (97) 458 (99)
Antihypertensive drugs 113 (77) 205 (74) 321(75) 25 (71) 346 (75)
Total number of medications 5.3(2.6) 5.2(2.4) 5.2(2.5) 4.0(3.0) 5.1(2.6)

Values are n (%) or mean (standard deviation) (n observations). Defined as > 40 mg atorvastatin, 2 20 mg rosuvastatin
or 80 mg simvastatin per day. 5 patients received ezetimibe monotherapy.cDefined as <2 on Modified Rankin Scale.
Abbreviations: LDL; Low density lipoprotein, HDL; High density lipoprotein; NIHSS, National Institutes of Health
Stroke Scale. Detailed definitions in supplementary methods.

Unadjusted and age- and sex-adjusted associations between patient characteristics
and prescription of LLT (yes/no) at discharge are shown in Table S4. Prestroke
cognitive impairment and cardioembolic stroke etiology were associated with no
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prescription. Patient characteristics associated with dose intensity at discharge are
shown in Table 2. In analyses excluding cardioembolic stroke, the effect estimates
were mostly the same as in Table 2, but there was no significant association between
age and statin dose intensity (data not shown).

Table 2: Linear regression with statin dose intensity (mg) a as dependent variable, for
participants prescribed statin monotherapy at discharge (n = 414)

Unadjusted analysis Age- and sex adjusted analysis

n Coefficient (95% CI) p-value Coefficient (95% Cl)  p-value
Age, years 414 -0.30(-0.55t0-0.05) 0.019 -0.26 (-0.51t0 -0.01) 0.039
Sex, female 414 -51(-9.2t0-0.9) 0.017 -4.5(-8.6t0-0.3) 0.036
LDL-C> mmol/L 414 27(09to45) 0.004 2.8(0.9t0 4.6) 0.003
Prestroke use of LLT 414 -2.4(-6.6t01.8) 0.268 -1.8(-6.1t0 2.4) 0.402
Frailty© 414 0.2(-20t023) 0.889 1.3(-0.9t0 3.5) 0.249
Cognitive impairment® 408 0.2(-3.0t03.4) 0.018 0.8(-2.41t0 4.0) 0.626
Ischemic heart disease 414 6.1(0.8t011.4) 0.024 6.7 (1.3to121) 0.016
Index stroke etiology® 399
Large artery disease Reference category Reference category
Cardioembolic stroke -11.8 (-19.4 to -4.2) 0.002 -11.6 (-19.1to0 -4.1) 0.003
Small vessel disease -11.3(-18.8 t0 -3.8) 0.003 -11.3 (-18.8 t0 -3.9) 0.003
Undetermined or multiple -9.2(-16.2t0 -2.3) 0.010 -9.4(-16.3t0 -2.4) 0.008

causes

@Atorvastatin equivalent dose. "PMeasured at first day after admission “Measured by modified Fried Frailty criteria
with 0 as reference corresponding to robust, and 5 to frail. “Prestroke, measured by Global deterioration scale with
1 as reference corresponding to normal cognitive function and 7 to severe dementia. ¢Classified according to the
TOAST (Trial of Org 10172 in Acute Stroke Treatment) classification. Abbreviations: LDL-C, Low-density lipoprotein
cholesterol.

Achieved LDL-C levels and LLT at follow-up

For patients prescribed LLT at discharge (n=427), mean LDL-C decreased from
3.1 (SD 1.1) to 2.1 (SD 0.7) mmol/L from index stay to 3 months poststroke. For LLT
naive patients the corresponding decreases were from 3.5 (SD 1.0) to 2.0 (SD 0.7)
mmol/L and for those receiving prestroke LLT from 2.4 (SD 1.0) to 2.1 (SD 0.7) mmol/L,
respectively. In total, 45% (n=193) achieved the LDL-C target of <1.8 mmol/L and 33%
of these had reached the target by receiving non-HIS, 62% by HIS, 1% by ezetimibe
monotherapy, 2% by statin plus ezetimibe and 2% without LLT (discontinued). In total,
14 patients had discontinued statins between discharge and 3 months. For patients
not at target, the mean distance to the target was 0.7 (SD 0.6) mmol/L. In total, 58%
(n=249) had LDL-C 2.0 mmol/L, 11% (n=45) <1.4 mmol/L and 2% (n=10) <1.0 mmol/L
and 78% reported high medication adherence.

355



Chapter 11

Lipid profiles according to subgroups of stroke patients are shown in Table S5, where
women, younger patients and patients with no prestroke LLT had higher LDL-C at
admission. LLT for patients not reaching the target by subgroups of stroke patients
is shown in Table S6. Target attainment in different subgroups of LLT regimens is
shown in Figure S2, target attainment was observed in less than half of patients in
all LLT intensity groups.

Table 3 shows characteristics in categories defined by quartiles of relative LDL-C
reduction. Patients with the largest reduction were younger, had higher LDL-C at
index stay, 82% were prescribed HIS and 86% reported optimal adherence. Among
patients with the smallest LDL-C reduction, 78% had prestroke LLT. In total, 28% had
achieved 250% reduction in LDL-C, mean relative reduction in LDL-C for patients
initiating HIS (with no prestroke LLT) was 42.5 % (SD 26).

In total, 73% of the 352 patients with available medication lists at 18 months reported
high medication adherence and 11% (n=38) had discontinued statins (10% of men and
13% of women, p=0.337, 9% with HIS and 14% with non-HIS, p=0.229), of whom 4 had
switched to ezetimibe monotherapy. Treatment patterns for those still persistent to
statins are shown in Figure S3. Of patients with no LLT use at discharge or 3 months
(n=26), six patients had started with LLT after more than 3 months.

Expected LDL-C levels when theoretically up-titrating LLT

Figure 1 shows LDL-C distribution after theoretically up-titrating LLT according to
guidelines, proportions achieving the guideline target for each step and proportions
at different LLT. Of the 55% (n=234) of patients not at target at 3 months, 63% (n=147)
were already receiving HIS whereas 37% (n=87) could undergo up-titration to HIS
(Step 1), Supplementary Figure S4. Up-titration in these 87 subjects would result in
an additional 18% (n=43) achieving an LDL-C level = 1.8 mmol/L (overall cohort with
LDL-C = 1.8 mmol/L, 55% at this stage). Of the remaining 45% (n=191) not at the LDL-C
target, six patients were already receiving concomitant ezetimibe. Ezetimibe could
be added to the remaining 44% (n=185) receiving HIS who were not at the target (Step
2). After this step, an additional 26% would have reached the target (total at target,
81% (N=347)).

After intensification, mean LDL-C changed from 2.1 mmol/L (SD 0.7) to 1.7 mmol/L
(SD 0.4). Mean LDL-C for those not reaching the target after intensification (n=80) was
2.2 mmol/L (SD 0.4). Assuming all patients were already using maximally tolerated
statin dose and only ezetimibe could be added to current treatment, 75% (n=319) could
potentially reach the treatment target.
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Figure 1. Distribution of LDL-C, proportions at target <1.8 mmol/L and LLT in use at 3 months
and after hypothetically up-titrating LLT according to guideline-recommendations
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Table 3: Characteristics in categories defined by quartiles of % LDL-cholesterol reduction from
index stay to the 3-month visit for patients prescribed LLT at discharge (n=427)

Q1 Q1to Q2 Q2toQ3 Q3

<8% oto35% 36 to 51% >51%

reduction reduction reduction reduction

(n=107) (n=107) (n=107) (n=106)
Median % reduction (IQR) -6 (-28to 0) 23(16t029) 44(39t048) 57 (54to 61)
Age, mean (SD) 70.3(8.1) 69.3(7.8) 68.9 (8.3) 66.9 (7.9)
Sex, female 28 (26) 42 (39) 44 (41) 49 (46)
Body Mass Index (kg/m?), mean (SD) 267 (4.1 26.6 (4.8) 26.5(4.2) 27.0(3.9)
Current smoker at admission 26 (24) 22 (21) 23 (22) 29 (27)
Hypertension 81 (76) 66 (62) 44 (41) 42 (40)
Prestroke use of LLT 83(78) 51(48) 18 (17) 8(8)
Diabetes mellitus 28 (26) 20 (19) 19 (18) 17 (16)
History of ischemic heart disease 41(28) 19 (18) 13 (12) 4(4)
Prior stroke 45 (42) 29 (27) 11 (10) 12 (11)
Charlson Comorbidity Index 4.3(1.8) 3.8(2.0) 3.2(1.4) 3.1(1.8)
Frail 77 9(8) 6(6) 8(8)
Cognitive impairment 4(4) 3(3) 0 (0) 0 (0)
Stroke subtype (n=412)
Large artery disease 10 (9) 14 (14) 13 (12) 11 (11)
Cardioembolic stroke 33(31) 24 (24) 18 (17) 13(13)
Small vessel disease 19 (18) 24 (24) 27 (26) 29 (29)
Other 3(3) 3(3) 5(5) 0 (0)
Undetermined 40 (38) 36 (35) 43 (41) 47 (47)
LDL-C at index stay, mean (SD) 2.1(0.8) 2.8(0.8) 3.5(0.9) 4.0(0.9)
LDL-C at 3 months, mean (SD) 2.4(0.8) 2.1(0.6) 2.0(0.5) 17(0.4)
10-year CVD risk (%)%, median (IQR) 50(38t063) 43(33tos54) 40(30to52) 37(29to49)
Discontinued statin between 0 and 3 7(7) 6 (6) 1(2) 0 (0)
months
Optimal medication adherence® (n-351) 70/87 (81) 67/87(77) 69/90 (77) 75/87 (86)
Non-high intensity statin 50 (47) 37(35) 37(35) 19 (18)
High-intensity statin 50 (47) 64 (60) 69 (64) 87 (82)
At target at 3 months 29 (27) 41(38) 47 (44) 76 (72)

Values are n/N (%) if other not specified. 2Estimated by the SMART-REACH model. ®*Corresponding to score 4 on
Morisky Medication Adherence Scale 4. Abbreviations: LDL-C, low-density lipoprotein cholesterol; GFR, glomerular
filtration rate; LLT, lipid-lowering therapy; CVD, cardiovascular disease; SD, standard deviation; IQR, interquartile
range. Detailed definitions of variables in Supplementary Methods.
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Expected benefit when theoretically up-titrating LLT

For all patients prescribed LLT (n=427), the median 10-year CVD risk was 42% (IQR 31
to 54%) and lifetime risk was 70% (IQR 64 to 76%). Median CVD-free life expectancy
was 80.2 years (IQR 76.2 to 83.2). The median estimated lifetime benefit when up-
titrating LLT for those not at target was 5 months (IQR 0 to 12). Median CVD-free life
gain was < 6 months for 52% (n=220), 6 to 12 months for 27% (n=115) and > 12 months
for 22% (n=92). Estimated median 10-year ARR was 2% (IQR 0 to 4%).

For patients with LDL-C above 1.8 mmol/L (n= 234), the median estimated lifetime
benefit by up-titrating LLT was 11 months (IQR 7 to 17), with 39% having > 12 months
of estimated CVD-free life gain (Figure 2, panel D).

Figure 2. Estimated prognostic impact of intensification of lipid-lowering therapy according to
the guideline-recommendations for patients with LDL-C above 1.8 mmol/L at 3 months (n=234).
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The top row shows (A) the distribution of the estimated 10-year CVD before and after intensification and (B) estimated
median life-expectancy free from CVD events before and after intensification. The bottom row shows (C) distribution
of estimated 10-year ARRs with intensification and (D) distribution in gain in months free from CVD events with
intensification. Abbreviations: LDL-C, low-density lipoprotein cholesterol; CVD, cardiovascular disease; ARR, absolute
risk reduction
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Characteristics for patients stratified by tertiles of months of gain in CVD-free life are
shown in Supplementary Table S7. Estimated 10-year ARR for these patients was
median 4% (IQR 3 to 5%), and the median 10-year risk level could be reduced from
40% (IQR 31 to 52%) to 35% (IQR 27 to 46%). Estimated lifetime benefit when excluding
patients with cardioembolic stroke etiology (n=51) was 11 months (IQR 7 to 17) and
median 10-year ARR was 4% (IQR 3 to 5%). Further up-titration to the LDL-C target 1.4
mmol/L would lead to median 17 months (IQR 11 to 25) of estimated lifetime benefit
(Supplementary Figure S5). Two illustrative patient examples are shown in Figure 3.

Figure 3. Patient examples

Patient A Patient B

A N A

Ischemic stroke
Non-smoker
No coexisting coronary artery disease or PAD
No atrial fibrillation, heart failure or diabetes
Systolic blood pressure 154 mmHg (treated)

Ischemic stroke

Former smoker
No coexisting coronary artery disease or PAD
No atrial fibrillation, heart failure or diabetes
Systolic blood pressure 122 mmHg (treated)

Total cholesterol 5.5 mmol/L Total cholesterol 4.5 mmol/L
LDL-C 3.6 mmol/L LDL-C 2.5 mmol/L
Simvastatin 40 mg as current LLT Ator-vastatln 40 mg as cur.rent LLT
Estimated 10-year CVD risk 20% Estimated 10-year CVD risk 48%

\ Estimated CVD-free life-expectancy 75.8 years / \ Estimated CVD-free life-expectancy 84.3 years /

Up-titration of LLT towards a target of 1.8 mmol/L

( Estimated achieved LDL-Cwith \ Estimated achieved LDL-Cwith
Atorvastatin 80 mg + ezetimibe: Atorvastatin 40 mg + ezetimibe:
2.3 mmol/L 1.9 mmol/L
Estimated 10-year ARR and iNNT: Estimated 10-year ARR and iNNT:
5% and 20 5% and 20
Gain in CVD-free life expectancy: Gain in CVD-free life expectancy:
4.2 years 0.6 years
Expected treatment duration: Expected treatment duration:

\ ~25 years j ~9 years
' g

Treating furthertowards a target of 1.4 mmol/Lby addinga
PCSKinhibitor:
Estimated 10-year ARR and INNT: 8% and 13

% Gain in CVD-free life expectancy: 6.3 years >

The benefit of intensification of current lipid-lowering therapy estimated by the SMART-REACH model for patients
aged 55 years versus 76 years and expected treatment duration. Abbreviations: PAD, peripheral artery disease; LLT,
lipid-lowering therapy; CVD, cardiovascular disease; LDL-C, low-density lipoprotein cholesterol; ARR, absolute risk
reduction; iNNT, individual number-needed-to-treat (1 divided by ARR); PCSKQg, proprotein convertase subtilisin/
kexin type 9.
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Discussion

In this observational study of patients <80 years discharged home after relatively
minor ischemic strokes, we showed high LLT prescription rates, and although LDL-C
levels in many cases were not far from target, less than half of patients reached
the target of 1.8 mmol/L. Age, sex, index stroke etiology and baseline LDL-C were
related to LLT intensity prescribed; however, target attainment was observed in
approximately 40-50% irrespective of age, sex, prestroke LLT, subtypes of stroke
and LLT intensity subgroups. Younger patients, women and patients receiving HIS
had larger % LDL-C reduction. We estimated that 81% could potentially reach the
target with well-established low-cost drugs leading to median of 11 months CVD-
free life-gain for patients with elevated LDL-C, but with large interindividual variation.

The prescription rates and mean statin doses were higher in the present study than
in other studies 1015162427 |n total, 63% of those not reaching the target reported using
HIS, illustrating that many patients with established CVD do not reach treatment
targets by the highest tolerated statin monotherapy dose.’3** However, a previous
study has noted that LDL-C levels down to a mean of 1.4 mmol/L is possible to
achieve if adherence to therapy is optimal and optimized dose of conventional LLT
(including ezetimibe) is prescribed.?® Although the Nor-COAST study was conducted
between 2015 and 2018 and most physicians were treating towards a target of LDL-C
< 2.0 mmol/L# (reached by 58% of patients), most patients with dose adjustments had
their dose reduced, in line with other studies 3° few used alternative LLT and although
reason for discontinuation was not known, 11% discontinued statins within 18 months.

In a previous study also including patients > 80 years, female sex and younger age
were associated with poor LDL-C control,** while higher statin dose was associated
with better LDL-C control. As shown in the current analyses, multiple factors might
interfere with choice of dose intensity. As in other studies,©12426.303t female sex and
advanced age were associated with lower dose intensity and females also had higher
LDL-C levels at admission. Other studies have shown that females less often receive
evidence-based CVD drugs and often experience more adverse drug reactions than
men and also more often have lower awareness of their CVD risk .. Current prescription
patterns in the elderly might be explained by the large heterogeneity in underlying
health status and life-expectancy2*#3 as well as age and polypharmacy being risk
factors for adverse effects and interactions.3 Although emerging evidence supports
similar relative risk reductions for major CVD events regardless of age, including those
> 75 years,® previous guidelines have been less concise in their recommendations.
The absolute risk reduction with intensified LLT can be substantial in the elderly. At
the same time, the actual increase in life-expectancy might be limited due to risk of
both CVD events and competing risks (Figure 3):318:32
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Cardioembolic stroke was associated with no LLT prescription, while large artery
disease etiology was associated with higher dose intensity. Coexisting ischemic heart
disease was associated with higher dose intensity. Evidence has historically been
more robust for patients with ischemic heart disease and large artery disease,*51516
and previous studies have reported that patients with ischemic heart disease
receive LLT and HIS more often than patients with peripheral and cerebrovascular
disease s However, the large overlap between ischemic stroke subtypes and the
high prevalence of atherosclerosis regardless of stroke etiology illustrate the need
for optimal lipid control in all subtypes.® Furthermore, consistent relative treatment
effects across multiple subgroups of patients have been demonstrated in landmark
meta-analyses?3 and observational studies show reduced risk of CVD events and
mortality with statins also in cardioembolic stroke 3435 Though, some of these patients
might not have atherosclerosis and treating lipids less intensively might better
harmonize with the individual patients’ expected benefit.

Concordance with guidelines might not be the ultimate marker of successful
treatment for all patients 3® However, not achieving targets might well be influenced
by lack of familiarity with guidelines, physicians’ and patients' preferences and
uncertainty of clinical benefit of LLT which might lead to misinterpretations about the
benefit-harm tradeoffs.131583° Statin intolerance and narrow reimbursement criteria
for PCSKg-inhibitors might also be important reasons %7 Moreover, levels are often
not far from targets; the physicians might then take a more pragmatic approach.
When hypothetically up-titrating LLT, 81% was expected to reach LDL-C <1.8 mmol/L
with safe, effective low-cost drugs, a proportion similar to large simulation studies.z337
Though, the efficiency of LLT is likely to be lower in real-life settings (Supplementary
Table S8) and PCSKg inhibitors would be required for a certain proportion especially
if aiming for more stringent treatment targets 3323 However, the estimated individual
net benefit of a more intensive approach varies, depending on baseline CVD risk,
level of LDL-C, remaining life-expectancy and competing risks 3122 Benefit on group
level was largest in younger patients with relatively high LDL-C levels, however,
younger age also means longer treatment duration and thereby higher costs to
achieve those benefits (Figure 3). The amount of benefit considered meaningful is
also highly subjective and conditional on side effects, costs, and patient preferences 3®
Furthermore, only estimating further up-titration for patients with LDL-C above 1.8
mmol/L underestimated the actual potential benefit of intensified LLT, since CVD risk
is linearly related to LDL-C reduction?3? (Supplementary Figure S5).

Strengths and limitations

The strengths of this study include prospective consecutively inclusion and
assessing LLT intensity three time-points post an acute event,37 whereas previous
studies are hampered by retrospective design®2? with data collected a long period
after an event©23° or solely at discharge.**?42¢ \X/e add knowledge about factors
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influencing LLT use in patients with stroke, which is a less studied group compared
to i.e., ischemic heart disease s Although proportions with frailty and dementia
were low, including detailed clinical information about these features and ischemic
stroke etiology is a strength that previous studies lack or have based on registry
data and diagnostic codes only.?** Using a lifetime risk prediction model adjusted
for competing risk avoids overestimating treatment benefit in older individuals and
underestimation of benefitin younger individuals® The Nor-COAST study participants
have characteristics comparable to patients in the Norwegian Stroke Registry3® and
generalization at least to Norwegian stroke patients and comparable populations
is plausible, however, it should be noted that we excluded the oldest patients from
these analyses.

Several limitations merit considerations. Self-reported use of LLT and medication
adherence might overestimate the actual use and might lead to a conservative
estimate of the expected LDL-C levels achieved with intensification of treatment
in these analyses. e did not account for the large interindividual variations in
percentage LDL-C reduction achieved with the same drug dose3® Whereas most
variables only had limited missingness, there was considerable missing for LDL-C
at 3 months (24%). In addition, the findings of the current study could further have
improved if information regarding drug-related adverse effects or patient preferences
was available, as these data might be the reason for non-adherence and reduction
in dose intensity. Our cohort does by no means represent a randomized controlled
trial setting, from which the LDL-C reductions and hazard ratio were retrieved.
Although ischemic stroke has more heterogeneous etiology than, i.e., ischemic
heart disease, we assumed all subtypes of stroke had the same relative benefit
of LDL-C reduction. However, the SMART-REACH model may perform differently
in patients with cardioembolic stroke etiology.* Moreover, these results give an
indication of the impact of conventional LLT but need to be put into the perspective
of a patient’s estimated life-expectancy, multimorbidity, polypharmacy and functional
impairments 1236

In conclusion, in a cohort with recent ischemic stroke < 80 years, almost all patients
received LLT at discharge from hospital, but below half of the patients reached the
guideline-based LDL-C treatment target. We show potential for improving LDL-C
control and reducing residual cholesterol risk with safe, effective well-established low-
cost lipid-lowering therapies. Awareness of patient groups at risk of undertreatment,
like women, and awareness of an individual patient's risk of CVD events and the
benefits of intensifying treatment might help avoid under- and overtreatment. To
overcome uncertainties regarding individuals' clinical benefit of further intensification
of treatment, the SMART-REACH model can be used to objectively estimate expected
benefit. When benefits are known, these can be balanced against potential costs and
perceived side-effects, to assist physicians and patients in well-informed treatment
decisions.
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