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See the editorial comment for this article ‘The complexities of modelling lifetime risk in the general population’, by M. Bahls and S. GroB,
https://doi.org/10.1093/eurjpc/zwae152.

Aims The 2021 European Society of Cardiology prevention guidelines recommend the use of (lifetime) risk prediction models to
aid decisions regarding initiation of prevention. We aimed to update and systematically recalibrate the LIFEtime-perspective
CardioVascular Disease (LIFE-CVD) model to four European risk regions for the estimation of lifetime CVD risk for appar-
ently healthy individuals.

Methods The updated LIFE-CVD (i.e. LIFE-CVD2) models were derived using individual participant data from 44 cohorts in 13 countries

and results (687 135 individuals without established CVD, 30 939 CVD events in median 10.7 years of follow-up). LIFE-CVD2 uses sex-spe-
cific functions to estimate the lifetime risk of fatal and non-fatal CVD events with adjustment for the competing risk of non-CVD
death and is systematically recalibrated to four distinct European risk regions. The updated models showed good discrimination
in external validation among 1 657 707 individuals (61 311 CVD events) from eight additional European cohorts in seven coun-
tries, with a pooled C-index of 0.795 (95% confidence interval 0.767-0.822). Predicted and observed CVD event risks were well
calibrated in population-wide electronic health records data in the UK (Clinical Practice Research Datalink) and the Netherlands
(Extramural LUMC Academic Network). When using LIFE-CVD?2 to estimate potential gain in CVD-free life expectancy from
preventive therapy, projections varied by risk region reflecting important regional differences in absolute lifetime risk. For ex-
ample, a 50-year-old smoking woman with a systolic blood pressure (SBP) of 140 mmHg was estimated to gain 0.9 years in
the low-risk region vs. 1.6 years in the very high-risk region from lifelong 10 mmHg SBP reduction. The benefit of smoking ces-
sation for this individual ranged from 3.6 years in the low-risk region to 4.8 years in the very high-risk region.

Conclusion By taking into account geographical differences in CVD incidence using contemporary representative data sources, the re-
calibrated LIFE-CVD2 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 for cardiovascular prevention as recommended by
2021 European guidelines.

Lay summary  The study introduces LIFE-CVD2, a new tool that helps predict the risk of heart disease over a person’s lifetime, and high-
lights how where you live in Europe can affect this risk.

e Using health information from over 687 000 people, LIFE-CVD?2 looks at things like blood pressure and whether someone
smokes to figure out their chance of having heart problems later in life. Health information from another 1.6 million people
in seven different European countries was used to show that it did a good job of predicting who might develop heart disease.
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e Knowing your heart disease risk over your whole life helps doctors give you the best advice to keep your heart healthy.

Let us say there is a 50-year-old woman who smokes and has a bit high blood pressure. Right now, she might not look like

she is in danger. But with the LIFE-CVD?2 tool, doctors can show her how making changes today, like lowering her blood

pressure or stopping smoking, could mean many more years without heart problems. These healthy changes can make a

big difference over many years.

Risk prediction e Lifetime ® Prevention ® Cardiovascular disease ® Primary prevention
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Introduction

Cardiovascular diseases (CVDs), which include coronary heart disease and
stroke, are the most common fatal non-communicable diseases globally, re-
sponsible for an estimated 18.6 million deaths in 2019." Cardiovascular dis-
ease remains a major cause of morbidity and mortality in Europe. A key
strategy in the prevention of CVD is the use of risk prediction algorithms
to target preventive interventions on people who benefit from them
most.>? Recent European Society of Cardiology (ESC) CVD prevention
guidelines recommend an individualized strategy regarding initiation of pre-
ventive treatment, in which personal preferences, expected treatment side
effects, predicted 10-year CVD risk, and/or lifetime risk estimates are all
taken into account in a shared decision-making process.* Since age is the
primary driver of 10-year CVD risk, younger individuals with a high-risk fac-
tor burden may remain below treatment thresholds based on 10-year risk
estimates. However, the potential long-term gain in CVD-free life expect-
ancy from preventive treatment in such individuals may be substantial.”
Conversely, older individuals often have high 10-year CVD risks, but can
have limited treatment benefit due to shorter remaining life expectancy.
Use of lifetime risk predictions and associated projected lifetime benefits
of preventive therapies can therefore support patient—doctor communica-
tion and shared decision-making, an approach that is especially recom-
mended for younger people in the 2021 ESC CVD prevention guidelines.*

For apparently healthy individuals, the previously published LIFE-CVD
model was derived in the MESA study to predict 10-year and lifetime
CVD risk> Risk prediction algorithms developed in one population may
over- or underestimate risk in another population (i.e. they may not be
well ‘calibrated’), since CVD event rates and average risk factor levels vary
with time and geographic region. Performance can be improved by statistical
adjustment (recalibration) to contemporary CVD event rates and risk factor
levels.® No existing risk prediction model for estimation of lifetime CVD risk
has been systematically recalibrated to estimate risk in different regions of
Europe.

Here, we describe the development of the LIFEtime-perspective
CardioVascular Disease 2 (LIFE-CVD2) model, which is a major update of
the previous LIFE-CVD model in two ways.> First, additional data sets
from multiple countries are included in model derivation to ensure general-
izability; second, the models were recalibrated to four European risk regions
using contemporary and representative risk factor levels and CVD incidence.
The recalibration approach was aligned with similar methods used for
10-year CVD risk algorithms currently recommended by international
guidelines.””’

Methods
Study design

The updated LIFE-CVD2 model involved multiple data sources for all stages
of the project (Figure 7). First, to enable reliable estimation of age- and
sex-specific relative risks, prediction models for cardiovascular events and
non-CVD mortality were derived using individual participant data from 44
prospective cohorts involving 687 135 participants in 13 countries, including
the MESA study in which the original LIFE-CVD model was derived. Second,
to adapt risk prediction models to the circumstances of four European risk
region (grouped on age- and sex-standardized CVD mortality rates, as

with the SCORE? risk algorithms),? the derived risk models were recalibrated
using estimated contemporary age- and sex-specific incidences and risk factor
distributions. Third, to enhance validity and generalizability, we completed ex-
ternal validation using individual participant data from a further eight
European prospective cohorts (i.e. studies not used in the model derivation)
from seven countries, involving 1 657 707 participants without prior CVD.

Derivation and internal validation data

The updated LIFE-CVD2 model was derived using individual participant
data from cohorts included in the Emerging Risk Factor Collaboration
(ERFC) and the UK Biobank (UKB)."®"" The ERFC has collated and harmo-
nized 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, current smoking status (vs. never of former
smoking), history of diabetes mellitus (DM), systolic blood pressure
(SBP), and total and HDL cholesterol]; were approximately population
based [i.e. did not select participants on the basis of having previous disease
(e.g. case—control studies) and were not active treatment arms of interven-
tion studies]; had a median year of baseline survey after 1990; and had re-
corded cause-specific deaths and/or non-fatal CVD events (i.e. non-fatal
myocardial infarction or stroke) for at least 1 year of median follow-up.
The UKB is a single large prospective cohort study with individual partici-
pant data on ~500 000 participants aged >40 years recruited across 23
UK-based assessment centres during 2006—10 and followed-up for cause-
specific morbidity and mortality through linkages to routinely available na-
tional data sets and disease-specific registers. Individuals with prior CVD
at baseline were excluded from model derivation. Details of contributing
cohorts are provided in Supplementary material online, Table S1.

External validation data

For external validation, eight additional data sources were used: the Clinical
Practice Research Datalink (CPRD, UK, low-risk region), the Extramural
LUMC Academic Network (ELAN, the Netherlands, 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, including cohorts from Poland and
the Czech Republic (high-risk region), Russia, and Lithuania (very high-risk
region)]."”®

The CPRD is a UK-based primary care database of anonymized medical
records from 674 general practices, with coverage of over 11.3 million pa-
tients, and is broadly representative of the general population in terms of
age, sex, and ethnicity. The data used for this study are restricted to the re-
gion of England with baseline during the period 1 April 2004-2006 and
follow-up to 30 November 2017. Incident non-fatal events are obtained
from linkage with Hospital Episode Statistics and deaths from the Office
for National Statistics. ELAN is a prospective, population-based study using
routine healthcare data from general practitioners with a baseline in 2010,
linked to hospital and registry data from Statistics Netherlands, in the region
of The Hague and Leiden, the Netherlands. 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-west 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 registries and regional and central hospital
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included in UK Biobank and ERFC
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; S

Region-specific mean risk factor values by age and sex from
NCD-RisC estimates from 55 countries
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1,657,707 individuals from 8 cohorts, at least one in every risk

region

Figure 1 Study design. CVD, cardiovascular disease; ERFC, Emerging Risk Factor Collaboration; WHO, World Health Organization; NCD-RisC,

NCD Risk Factor Collaboration.

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 2002-05 (2005-08 in Lithuania), stratified by sex and
5-year age groups. From these cohorts, all individuals aged 35 and older with-
out prior CVD or DM were included.

Statistical analysis

The LIFE-CVD2 model comprised complimentary sex-specific Cox propor-
tional hazards models for cardiovascular events and non-CVD mortality, re-
spectively. These models used age as the time axis (i.e. left truncation), were
stratified by cohort, and included the same predictors as the ESC recom-
mended SCORE2 and SCORE2-OP 10-year risk models® namely age,
SBP, total and HDL cholesterol, current smoking status, and DM and their
interactions with age at entry. While the LIFE-CVD2 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 ad-
justment for diabetes status), since it was not possible to exclude people
with diabetes from population-level mortality statistics and risk factor
data used in recalibration. Lifetime predictions are generated by calculating
individual participant specific cumulative survival estimates from the CVD
and non-CVD models repetitivel1y in 1-year windows across all future life
years using a life table approach,’® which incorporates adjustment for the
competing risk of non-CVD death. This approach has been shown to yield
accurate CVD risk predictions beyond the original cohort follow-up for up
to 17-year risk predictions.'® The CVD-free life expectancy can be read
from this life table and is defined as the median survival without a CVD
event or death, the age at which the cumulative survival probability be-
comes <0.5. The 45-90-year age range of the original LIFE-CVD algorithm
has been extended to 35-100 years for LIFE-CVD?2 to allow for lifetime
predictions for younger individuals and to be able to directly model beyond
a survival probability of <0.5 for older individuals. Lifetime risk was defined

as the risk of having a CVD event before the age of 80 years of life and was
calculated by summing all yearly predicted event risks from the current age
up until the age of 80 years. Since not all data sources included in the der-
ivation data had follow-up across the complete LIFE-CVD?2 age range, the
‘un-calibrated’ baseline hazard was based upon the low-risk region inci-
dence data [World Health Organization (WHO) CVD mortality rates con-
verted to CVD incidence] to ensure smooth baseline survival curves. The
primary outcome predicted by LIFE-CVD?2 was defined as a composite of
cardiovascular mortality, non-fatal myocardial infarction, and non-fatal
stroke. The competing non-CVD endpoint was defined as death from
any non-cardiovascular cause not included in the primary outcome.
Details of the different ICD-10 codes included in both the fatal and non-fatal
components of the endpoint are provided in Supplementary material
online, Table S2.

LIFE-CVD2 was recalibrated to four risk regions of Europe using meth-
ods and values previously applied for recalibration of the SCORE2 and
SCORE2-OP models, with adaptation for the lifetime risk context (see
Supplementary material online, Methods).2” Briefly, risk regions were de-
fined according to CVD mortality obtained from WHO mortality statistics
(see Supplementary material online, Figure S7) and recalibration involved
the use of region-, 5 year age group-, and sex-specific CVD incidence,
non-CVD mortality incidence, and average risk factor values. To obtain
CVD incidence estimates that included non-fatal as well as fatal events, an-
nual CVD mortality rates derived from the WHO mortality database'”
were converted to total CVD rates using a ‘multiplier approach’, applying
muItipIierSCPrevioust published for the SCORE2 and SCORE2-OP risk al-
gorithms.®? For non-CVD deaths, annual mortality rates derived from the
WHO mortality database®? corrected for the presence of individuals with
established ASCVD in national mortality statistics using similar multiplier ap-
proach. Age group- and sex-specific risk factor values were obtained from the
Non-Communicable Disease Risk Factor Collaboration (NCD-RisC).'8"?
Sex-specific recalibration of both the CVD and non-CVD mortality risk
models was performed by regressing the observed annual risks on the mod-
el predicted 1-year risks (using age group-specific risk factor values) across
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5-year age groups (see Supplementary material online, Methods). The reca-
librated CVD and non-CVD death risks were then combined in the life
table.

Dlscrlmmatlon was assessed using Harrell's C-indices corrected for com-
peting risks. 2% Calibration was assessed by visual inspection of predicted vs.
observed risk plots in deciles of predicted risk using external validation data
from CPRD and ELAN, as these were the only cohorts deemed approxi-
mately nationally representative.?’ Since none of the cohorts used for ex-
ternal validation had lifelong follow-up, discrimination and calibration
were assessed at 10 years of follow-up, or at the latest full year with at least
80% of the individuals still under follow-up, using time in study as the time-
scale. Calibration of lifetime risk predictions was also assessed in CPRD
using age as the timescale.

The handling of missing data is more extensively described in the
Supplementary material online, Methods. In brief, predictors were imputed
by single regression imputation with predictive mean matching for all cohort
data. As the routine care data sources (CPRD and ELAN) had much higher
rates of missing data, which were more likely to be associated to CVD out-
comes, these were handled using multiple imputations with fully conditional
specification in five imputed data sets. 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, TX, USA). All R and Stata code is available from the correspond-
ing author upon request.

Estimation of preventive intervention effects
The alteration of patient characteristics in individual predictions to simulate
treatment effects provides an observational, rather than causal, assessment
of risk factor changes.?" Therefore, to estimate the lifelong effect of risk fac-
tor management (blood pressure lowering, lipid lowering, and smoking ces-
sation), causal evidence was used from trials and meta—analyses,s’21 which
were combined with the annual risks of CVD events and non-CVD mortal-
ity as estimated in the updated LIFE-CVD?2 model. This process is described
in detail in the Supplementary material online, Methods. Accordingly, the po-
tential gain in CVD-free life expectancy was estimated by applying causal
hazard ratio (HR) of 0.78 per 1 mmol/L reduction in LDL cholesterol****
and 080 per 10 mmHg SBP reduction®® to the CVD event rates.
The benefit of smoking cessation was applied using an HR of 0.60 for
CVD event rates and 0.73 for non-CVD mortality rates.*>?¢ A stable HR
was assumed over time in the examples of the lifetime benefit of risk factor
reduction.

Results

Model derivation

Model derivation involved 687 135 individuals without previous CVD
recruited between 1990 and 2009 into prospective cohorts in
Europe (36 cohorts, 610 353 participants) and North America (9 co-
horts, 76 782 participants). Mean age at recruitment was 57 (SD 9)
years, and 298 408 (43%) were male (Table 1). During median follow-up
of 10.7 (5th, 95th percentile: 5.0, 18.5) years, a total of 30939 CVD
events and 34 284 non-CVD deaths were recorded. Model HRs are
summarized in Table 2, with the unrounded log HRs and baseline hazard
shown in Supplementary material online, Tables $3 and $4. The HRs for
most risk predictors decreased with increasing age of participants.
Using the age-, sex-, and region-specific mean risk factor levels and in-
cidence data, the LIFE-CVD2 model was recalibrated to four European
risk regions (see Supplementary material online, Figure S2). After recali-
bration, predicted risks based on mean risk factor levels showed good
agreement with the expected incidences of CVD event and non-CVD
mortality (see Supplementary material online, Figures S3 and $4) and
were also similar to incidence rates obtained from external national regis-
tries (see Supplementary material online, Figure S5). Regional sex- and
age-specific multipliers for conversion of CVD mortality rates to inci-
dence rates and for correction of those with prior CVD in national mor-
tality statistics are shown in Supplementary material online, Figures Sé
and S7. The ratio between the 1-year cumulative incidence of total to

Table 1 Summary statistics of the model derivation
population

n (%) or mean (SD)

Total participants 687 135
Male sex 298 408 (43%)
Age (years) 58 (8)

Current smoker 104471 (15%)

Systolic blood pressure (mmHg) 135 (19)
Diabetes mellitus 32234 (4.7%)
Total cholesterol (mmol/L) 9 (1.1
HDL cholesterol (mmol/L) 4 (0.4)
Follow-up (years, 5th/95th percentile) 10.7 (5.0-18.5)
Cardiovascular events 30939
Non-cardiovascular deaths 34284

fatal CVD was similar to the ratio at 10 years (see Supplementary
material online, Figure S8) supporting the use of the SCORE2 project
multipliers previously estimated to convert 10-year CVD mortality to to-
tal CVD event risk.

External validation

External validation involved data from 1657 707 individuals without
previous CVD or DM from eight European cohorts. Of these indivi-
duals, 793 454 were male (48%) and the mean (SD) ages per cohort
ranged from 48 (13) years in the Estonian Biobank to 59 (6) years in
HNR (see Supplementary material online, Table S6). The median
follow-up times per cohort ranged from 6.3 years [interquartile range
(IQR) 6.0-6.9]in HAPIEE Poland to 14.0 years (IQR 10.5-15.6) in HNR.
During this follow-up, a total of 61311 CVD events and 65867
non-CVD deaths were recorded. The pooled C-index for the predic-
tion of CVD events was 0.795 [95% confidence interval (Cl) 0.767-
0.822] in the studies including the full LIFE-CVD?2 age range, and the
overall pooled estimate including all studies was 0.789 (95% ClI
0.703-0.875; Figure 2). The pooled C-index for the competing endpoint
of non-CVD mortality was 0.831 (95% CI 0.810-0.852) in the studies
with the full age range and 0.824 (95% Cl 0.711-0.937) when including
all external validation studies (see Supplementary material online,
Figure §9). C-indices for both endpoints were lower for cohorts that
did not include patients over the complete age range at baseline. In
the CPRD and ELAN data, the predicted 10-year CVD event risks
agreed well with the observed risks (Figure 3), whereas there was
some overestimation of non-CVD mortality risk in ELAN (see
Supplementary material online, Figure S10). Sensitivity analysis evaluat-
ing the accuracy of lifetime risks in CPRD showed good agreement be-
tween predicted lifetime risk and the observed lifetime incidence of
CVD for both men and women (see Supplementary material online,
Figure $11). The LIFE-CVD?2 individual predicted risks were well aligned
with SCORE?2 predictions. For example, among individuals below 70 in
CPRD, the median difference between the SCORE2 and LIFE-CVD2
10-year predictions was —0.15% (IQR —0.36%; —0.02%).

Estimation of treatment effects

Figure 4 shows how the estimated gain in CVD-free life expectancy,
conditional on age, from lifelong 10 mmHg blood pressure reduction
estimated by the LIFE-CVD2 model differs across regions for an individ-
ual person with a SBP of 140 mmHg, total cholesterol of 5.5 mmol/L,
and HDL cholesterol of 1.3 mmol/L. The estimated gain in CVD-free
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Table 2 Hazard ratios of the LIFE-CVD2 models

Age interaction term

(per 5 years)

Age interaction term

(per 5 years)

Age (per 5 years)*

Current smoking (vs. never/former)

SBP (per 20 mmHg)

Total cholesterol (per 1 mmol/L)
HDL cholesterol (per 0.5 mmol/L)
History of diabetes mellitus®

1.10 (1.08, 1.13)
1.90 (183, 1.97)
1.34 (1.31, 1.36)
1.16 (1.15, 1.18)
0.76 (0.74,0.78)
1.94 (1.84, 2.04)

0.94 (0.92, 0.96)
0.96 (0.96, 0.97)
0.97 (0.96, 0.98)
1.04 (1.03, 1.06)
091 (0.89, 0.94)

1.13 (110, 1.16)
227 (217, 2.38)
140 (1.37, 143)
111 (1.09, 1.13)
0.78 (0.76, 0.80)
2.35 (2.21, 2.50)

0.90 (0.88, 0.93)
095 (0.94, 0.96)
0.97 (0.96, 0.98)
1.04 (1.03, 1.05)
0.89 (0.86, 0.91)

Models to predict non-CVD mortality

Age (per 5 years)*

Current smoking (vs. never/former)

SBP (per 20 mmHg)

Total cholesterol (per 1 mmol/L)
HDL cholesterol (per 0.5 mmol/L)
History of diabetes mellitus®

Main effect

099 (0.97, 1.02
222 (2.14, 2.30
1.08 (1.06, 1.10
092 (0.90, 0.93
110 (108, 1.13
161 (152, 1.70

Age interaction term
(per 5 years)

0.93 (0.92, 0.95)
0.96 (0.96, 0.97)

0.98 (0.97, 0.99)
0.92 (0.89, 0.94)

(
(
1.00 (0.99, 1.01)
(
(

Main effect

0.90
218
1.06
0.95
0.95
172

0.88, 0.92)
2.10,227)
1.04, 1.08)
0.94,0.97)
093, 097)
161,1.83)

~ S S~~~

Age interaction term

(per 5 years)

0.98 (0.97, 1.00)
0.98 (0.97, 0.99)
0.98 (0.98, 0.99)
1.01 (1.00, 1.03)
094 (0.91, 0.97)

Sex-specific hazard ratios from the LIFE-CVD2 models predicting the risk of fatal and non-fatal CVD events or the risk of non-CVD mortality. (Baseline) age was centred at 60 years,
systolic blood pressure at 120 mmHg, total cholesterol at 6 mmol/L, and HDL cholesterol at 1.3 mmol/L.
SBP, systolic blood pressure.
Diabetes mellitus was included in the modelling as diabetes patients are included in the recalibration data. For use in clinical practice, this coefficient should be ignored.

External validation

Cohort N Events C-statistic [95% CI]
CPRD 1,349,733 44,004 | | 0.802 [0.800, 0.804]
ELAN 275,990 14,342 - 0.771[0.768, 0.775]
HAPIEE Czech Republic* 6,247 808 ey 0.686 [0.669, 0.703]
HAPIEE Russia* 6,993 732 f—a—i 0.640 [0.621, 0.660]
HAPIEE Lithuania® 5,409 611 ——p 0.658 [0.637, 0.679]
HAPIEE Poland* 6,903 369 —_— 0.711[0.684, 0.738]
Estonian Biobank 3,004 285 — 0.772[0.743, 0.801]
HNR™ 3,687 240 — 0.711 [0.681, 0.742]
Pooled estimate —n—— 0.795 [0.767, 0.822]
[ T | 1
0.600 0.683 0.767 0.850
C-statistic

Figure 2 C-index of the recalibrated LIFE-CVD model to discriminate in external validation cohorts upon assessing cardiovascular disease events.
*As discrimination result may be underestimated because the entire age range of the LIFE-CVD2 model could not be included from this cohort, this
result is not included in the shown pooled estimate. The overall pooled estimate including all studies is 0.789 (95% confidence interval 0.703-0.875).
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External validation in CPRD
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|

Observed 10 -year risk
10%

C-statistic:

o 0.802 (95%CI 0.800 - 0.804)

= 1 T \
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0%

External validation in ELAN

30%
|

20%
L

Observed 10 -year risk
10%

C-statistic:

) 0.771 (95%CI1 0.768 - 0.775)
= I T T
0% 10% 20% 30%

Predicted 10 -year risk

0%

Figure 3 Calibration for prediction of cardiovascular disease events of the recalibrated LIFE-CVD2 model in Clinical Practice Research Datalink (n =
1349 377) and Extramural LUMC Academic Network (n =275 990). Predicted vs. observed cardiovascular disease risks in deciles of predicted risk for

the recalibrated LIFE-CVD2 model.

life expectancy in 40-year-old, non-smoking men ranged from 0.9 years
in low-risk countries to 1.7 years in very high-risk countries. In women,
it ranged from 0.9 years in low-risk countries to 1.6 years in very high-
risk countries (Figure 4). In comparison, the individual gain in CVD-free
life expectancy from smoking cessation in the same 40-year women
ranged from 4.2 years in the low-risk region up to 4.8 years for
40-year-olds in the very high-risk region, and for 40-year-old men
from 5.0 in the low-risk region up to 6.3 year in the very high-risk region
(see Supplementary material online, Figure S12). An example of several
10-year and lifetime prediction measures has been illustrated across dif-
ferent ages in Supplementary material online, Figure S13.

The estimated individual gain in CVD-free life expectancy for each com-
bination of risk factor levels is displayed in 2D risk charts in Supplementary
material online, Appendix S1, showing the examples of 40% mmol/L LDL
cholesterol reduction, SBP reduction to <140 mmHg, and smoking ces-
sation in each of the four European risk regions. The highest gains in
CVD-free life expectancy from prevention are in younger individuals
with adverse risk factor values, who are often below recommended
treatment thresholds. For example, a non-smoking 52-year-old wo-
man, with a SBP of 150 mmHg, total cholesterol of 6.0 mmol/L, and
HDL cholesterol of 1.1 mmol/L, would have SCORE2 10-year risks
of 3.0% in the low-risk region ranging up until 8.2% in the very high-risk
region, all below the guideline-recommended treatment thresholds.*®
Based on the LIFE-CVD2 model, her gain in CVD-free life expectancy
from 1 mmol/L LDL reduction would range from 1.1 years in the low-
risk region until 1.9 years in the very high-risk region—a higher benefit
than several other individuals above 10-year risk-based treatment
thresholds (see Supplementary material online, Appendix $1).*

Discussion

This report describes the development of LIFE-CVD2, a risk model to es-
timate lifetime risk and CVD-free life expectancy in individuals without
previous CVD or DM in four European risk regions. It also demonstrates
how LIFE-CVD2 can be used to illustrate potential gains in CVD-free life

expectancy in response to preventative intervention, given reasonable as-
sumptions about intervention effects. Recalibration was completed using
an approach adapted from SCORE?2 to develop 10-year CVD risk models
for the same four risk regions. External validation was performed across
different risk regions, and estimations of lifetime treatment benefits were
illustrated for several risk factor profiles. The updated LIFE-CVD2 model
confers several advantages over the originally published version of the
model (LIFE-CVD).

First, it is systematically recalibrated using contemporary and repre-
sentative data on CVD incidence and risk factor data, which broaden
the generalizability of the LIFE-CVD2 model across European risk re-
gions. Because the recalibration approach was based on registry data,
the model can be readily updated to reflect future disease CVD inci-
dences and risk factor profiles as soon as new updated data become
available.”® Furthermore, since the recalibration approach was aligned
with that used in the 10-year CVD SCORE2 and SCORE2-OP risk pre-
diction models, synergy between 10-year and lifetime risk assessment is
ensured.

Second, because models have been derived and recalibrated to be
sex specific, LIFE-CVD?2 is well adapted to the contemporary clinical
practice for both sexes. The original LIFE-CVD model was not derived
and recalibrated separately for both sexes, ignoring differences in the
relative effects of certain predictors, and different evolution of risk
with age between men and women.

Third, the models have been derived again using powerful, contem-
porary data from multiple different studies and registry sources. This
enhances the accuracy, generalizability and validity of the approach. In
particular, data on a total of >12.5 million individuals from dozens of
countries were used for the development and recalibration of
LIFE-CVD2.

Fourth, the age range of the model has been extended from 45-90 to
the age range of 35-100 years. This allows the model to be applied to
individuals with a current age between 35 and 90 years and improves
the stability of estimates in people of all ages with a very high life expect-
ancy. As the worldwide life expectancy continues to rise,?’ this will be
increasingly important.
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Figure 4 Predicted gain in cardiovascular disease—free life expectancy from 10 mmHg blood pressure reduction for an individual with total choles-
terol concentrations of 5.5 mmol/L, HDL cholesterol of 1.3 mmol/L, and systolic blood pressure of 140 mmHg, for each region, stratified on smoking

status.

Fifth, to improve risk communication, the lifetime treatment benefit,
defined as the gain in CVD-free life expectancy from preventive ther-
apy, can be estimated with the LIFE-CVD2 model. This has been shown
to be an intuitive measure that lowers the decisional conflict among in-
dividuals considering preventive treatment.?® When using lifetime
treatment benefit measures in the shared decision process, these
should be weighed against the intended treatment duration. All of these
of risk estimates should be taken into account when considering treat-
ment initiation and should be used in conjunction with assessing poten-
tial risk modifiers relevant to the specific patient as well as patient
preferences.

Finally, the current study highlights the importantly different ex-
pected gain in CVD-free life expectancy differed across geographical lo-
cations in Europe. This has been incorporated into benefit estimation
by the integral recalibration step in model development, something
other lifetime risk models have not considered.™?* Our results have
shown that interventions are expected to lead to a higher absolute
treatment benefit in Eastern European countries, reflecting higher dis-
ease incidences in this region.

The LIFE-CVD2 model can be used in a simplified form via the 2D
risk charts as provided in Supplementary material online, Appendix S1,
predicting the benefit from lifelong lipid lowering, blood pressure
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lowering, and smoking cessation. However, to accommodate more ac-
curate predictions and to calculate a wider range of possible treatment
options, the LIFE-CVD2 model will be integrated in the CE-marked
U-Prevent medical device, available from www.U-Prevent.com.
Because of the time required for implementation in a CE-marked medical
device, the LIFE-CVD2 model is integrated in an R-shiny app for scientific
purposes only (i.e. no clinical use) from https:/hagemanshj.shinyapps.io/
LIFECVDY/.

The potential limitations of this study merit consideration. Calibration
of the LIFE-CVD2 model was only assessed in the large nationally
representative data set from the CPRD and ELAN, because the other
cohorts used for external validation do not necessarily reflect con-
temporary absolute risk levels across European regions (all cohort
data, including the cohorts involved, may not be nationally represen-
tative, reflecting past periods of time or self-selected participants
such as healthy volunteers). In the CPRD and ELAN, however,
good agreement was observed between 10-year predicted and ob-
served CVD incidences. Furthermore, estimated CVD rates agreed
well with national incidence rates from available independent exter-
nal registries from several countries and the discrimination was eval-
uated in all European risk regions.

Another potential limitation of the current study is that data on
medication use, family history, socio-economic status, nutrition, physical
activity, renal function, or ethnicity were not available in cohorts and regis-
tries used for model derivation and recalibration. Hence, interpretation of
LIFE-CVD?2 estimates may require clinical judgement, especially for indivi-
duals in whom these factors may be relevant.

For the derivation of the LIFE-CVD2 model, data from relatively
high-income countries were included. 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 volun-
teers. While healthy volunteer bias can lead to low estimates of abso-
lute risk, relative risks are generally unaffected.” Furthermore, our
approach makes the assumption that the relative risks obtained in
the derivation data set are transferable across different populations,
which was further supported by the satisfactory discrimination 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 mostly
performed with 10-year risks, as it is not feasible to perform validation
of life expectancy measures within the scope of cohort follow-up dura-
tions. In CPRD, sensitivity analyses using age as the timescale were per-
formed and showed adequate agreement between predicted and
observed lifetime risks. However, similar methodological adaptations
to calculate discrimination are not possible when taking a lifetime per-
spective. Previous studies have shown the validity of CVD risk predic-
tions for up to 17 years."® When longer-term data become available,
the model could profit from validations at even longer timescales to fur-
ther validate the underlying methodology.

Conclusions

In conclusion, by taking into account geographical differences in CVD
incidence, the recalibrated LIFE-CVD?2 model provides a more accurate
tool for the prediction of lifetime risk and CVD-free life expectancy for
individuals without previous CVD across Europe, ensuring synergy with
10-year risk estimation and facilitating shared decision-making on Step 2
cardiovascular prevention options as recommended by the 2021
European prevention guidelines.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology.
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