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Abstract

Aims

Methods
and results

Conclusion

To develop and validate a recalibrated prediction model (SCORE2-Diabetes) to estimate the 10-year risk of cardiovascular
disease (CVD) in individuals with type 2 diabetes in Europe.

SCORE2-Diabetes was developed by extending SCORE?2 algorithms using individual-participant data from four large-scale
datasets comprising 229 460 participants (43 706 CVD events) with type 2 diabetes and without previous CVD. Sex-specific
competing risk-adjusted models were used including conventional risk factors (i.e. age, smoking, systolic blood pressure, to-
tal, and HDL-cholesterol), as well as diabetes-related variables (i.e. age at diabetes diagnosis, glycated haemoglobin [HbA1c]
and creatinine-based estimated glomerular filtration rate [eGFR]). Models were recalibrated to CVD incidence in four
European risk regions. External validation included 217 036 further individuals (38 602 CVD events), and showed good dis-
crimination, and improvement over SCORE2 (C-index change from 0.009 to 0.031). Regional calibration was satisfactory.
SCORE2-Diabetes risk predictions varied several-fold, depending on individuals’ levels of diabetes-related factors. For ex-
ample, in the moderate-risk region, the estimated 10-year CVD risk was 11% for a 60-year-old man, non-smoker, with type
2 diabetes, average conventional risk factors, HbA1c of 50 mmol/mol, eGFR of 90 mL/min/1.73 m? and age at diabetes diag-
nosis of 60 years. By contrast, the estimated risk was 17% in a similar man, with HbA1c of 70 mmol/mol, eGFR of 60 mL/min/
1.73 m?, and age at diabetes diagnosis of 50 years. For a woman with the same characteristics, the risk was 8% and 13%,
respectively.

SCORE2-Diabetes, a new algorithm developed, calibrated, and validated to predict 10-year risk of CVD in individuals with
type 2 diabetes, enhances identification of individuals at higher risk of developing CVD across Europe.
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Structured Graphical Abstract

Key Question
Can cardiovascular disease (CVD) risk prediction for individuals with type-2 diabetes be improved to reflect substantial regional variation
in CVD incidence across Europe?

Key Finding

The SCORE2-Diabetes algorithms were developed by extending SCORE?2, using data from >220,000 individuals with type 2 diabetes.
Recalibration accounted for three- to four-fold variation in CVD incidence across Europe. SCORE2-Diabetes showed good external
validation in >210,000 individuals from four countries (Sweden, Spain, Malta and Croatia).

Take Home Message

SCORE2-Diabetes accurately estimates CVD risk in individuals with type-2 diabetes. It extends SCORE2, aligning CVD risk prediction
for those with and without diabetes, while accounting for variation in risk across Europe. This facilitates the identification of individuals at
high CVD risk.
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Example: 60 year old non-smoking individual with diabetes, SBP = 140 mm Hg, total cholesterol = 5.5 mmol/L and HDL = 1.3 mmol/L

Moderate risk region Very-high risk region
+ + ‘ ‘ + + ‘ ‘

Newly diagnosed diabetes (i.e. at age 60), HbA1c = 7 o o 9
of 50 mmol/mol, eGFR of 90 mi/min/1.73m? 1.0% 76% REN Uil RUB% Qo
Diabetes diagnosed age 50, HbA1c of 70 12.9% 17.2% 127% 21.0% 20.4% 31.2% 34.0%
mmol/mol, eGFR of 60 ml/min/1.73m? ol il : : . : = =

SCORE2-Diabetes 10-year CVD risk models: development process, key features and illustrative example. CVD: cardiovascular disease; SBP: systolic
blood pressure; HDL-C: high-density lipoprotein cholesterol; HbA1c (mmol/mol): glycated haemoglobin, in International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) units; eGFR: estimated Glomerular Filtration Rate (mL/min/1.73m?).
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SCORE2-Diabetes

Introduction

Cardiovascular diseases (CVD) remain a major cause of morbidity and
mortality in Europe with almost 13 million new cases recorded in 2019
alone." Type 2 diabetes mellitus is a major risk factor for CVD.
Individuals with diabetes from high-income countries have, on average,
a 2-fold greater risk of developing CVD outcomes compared to coun-
terparts without diabetes.” The European Society of Cardiology (ESC)
provides guidelines and advocates estimation of CVD risk in individuals
with type 2 diabetes to inform treatment decisions.>

Risk prediction models used in the primary prevention of CVD in gen-
eral populations usually estimate individual risk over a 10-year period by
integrating information on measured levels of conventional CVD risk
factors (i.e. age, smoking status, systolic blood pressure, and total and
HDL-cholesterol) and information on diabetes status.”™® To help ac-
count for substantial variation in risk across individuals with diabetes,
however, additional diabetes-related information [e.g. age at diagnosis
of diabetes, glycated haemoglobin (HbA1c), and markers of kidney func-
tion] have been included in several published risk models.”~"°
Nonetheless, available diabetes-specific models have important poten-
tial limitations. In particular, they may not be optimal for use across
Europe’s diverse populations since they have been developed from a
narrow set of observational studies and/or intervention trials, and
have not been systematically ‘recalibrated’ (i.e. statistically adapted) to
reflect the substantial variation
European countries.” """ To address these limitations, the ESC has con-
vened an effort to extend the regionally recalibrated European SCORE2
10-year risk models,'? enabling use in individuals with type 2 diabetes.

Here, we describe development, validation, and illustration of
SCORE2-Diabetes to estimate the 10-year risk of non-fatal myocardial

in CVD rates across different

Original SCORE2 Algorithms:
Including age, sex, smoking, diabetes,
SBP, total and HDL cholesterol

)

infarction, stroke, or any CVD mortality in individuals with diabetes but
without previous CVD, aged over 40 years, in four different European
risk regions.

Methods
Study design

The SCORE2-Diabetes project involved several interrelated components
and data sources (Figure 1). First, the original SCORE?2 risk prediction mod-
els for fatal and non-fatal CVD outcomes were adapted for use in individuals
with type 2 diabetes using individual-participant data from four population
data sources [Scottish Care Information—Diabetes (SCID), Clinical
Practice Research Datalink (CPRD), UK Biobank (UKB), Emerging Risk
Factors Collaboration (ERFC)] across seven countries (England, Wales,
Scotland, France, Germany, Italy, and the USA). Second, we recalibrated
the derived risk models to each European risk region, applying methods
previously used to develop SCORE2. Third, we completed external valid-
ation in individuals with type 2 diabetes across four countries (Sweden,
Spain, Croatia, and Malta) using data from the Swedish National Diabetes
Register (SNDR), the Information System for Research in Primary Care
(SIDIAP, Sistema d’Informacié per al Desenvolupament de la Investigacid
en Atencié Primaria), and two contributing registries from the EUropean
Best Information through Regional Outcome in Diabetes (EUBIROD).
Fourth, we illustrated the variation of CVD risk in individuals with type 2
diabetes across European regions by applying the recalibrated models to
data from contemporary populations in each risk region.

Data sources and procedures

For model derivation, we used individual-participant data from patients with
type 2 diabetes, without previous CVD, aged over 40 years, from SCID,
CPRD, UKB, and seven cohorts from the ERFC with available information

Adaptation of SCORE2 for
individuals with diabetes; addition of

Prospective individual participant data on
229,460 individuals with diabetes from 7

age at diabetes diagnosis, HbA1c and
eGFR to create SCORE2-Diabetes

ERFC studies, UK Biobank, CPRD and
SCID

A 4

Recalibration to four risk regions of

Recalibration rescaling factors from

Europe

A 4

original SCORE2 models applied

216980 individuals from the SNDR,

A
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A 4

Illustration of risk distribution in

A

SIDIAP and EUBIROD

Sex- and age-specific risk predictor
values from diabetes health records used

each European risk region

with recalibrated SCORE2-Diabetes
models

Figure 1 Study design for the SCORE2-Diabetes project. ERFC: Emerging Risk Factors Collaboration, CPRD: Clinical Practice Research Datalink,
SCID: Scottish Care Information—Diabetes, SNDR: Swedish National Diabetes Register, SIDIAP: Sistema d’Informacié per al Desenvolupament de
la Investigacié en Atencié Primaria, EUBIROD: EUropean Best Information through Regional Outcome in Diabetes, eGFR: estimated Glomerular

Filtration Rate, HbA1c: glycated haemoglobin.
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on diabetes-related variables. SCID is a dynamic population-based register of
people with a diagnosis of diabetes in Scotland that has had almost complete
coverage since 2006."® CPRD is an ongoing primary care database of anon-
ymised medical records from general practitioners, 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 represen-
tative of the UK general population in terms of age, sex, and ethnicity. The
data used for this study is restricted to the region of England. Model deriv-
ation datasets for the SCID and the CPRD involved individuals with diabetes
on 1st June 2008 and risk factor measurements recorded during the period
from 30th June 2006 to 31st December 2008. Follow-up was to 1st June
2019 for SCID and 31st December 2019 for CPRD, with incident non-fatal
events obtained from linkage with Scottish Morbidity Records and English
Hospital Episode Statistics and deaths from National Records of Scotland
and Office for National Statistics. The UKB is a single large prospective co-
hort study with individual-participant data on approximately 500 000 parti-
cipants aged over 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 national datasets and disease-specific
registers.'> 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 ana-
lysis if they met all the following criteria: had recorded baseline information
on CVD risk factors necessary to derive risk prediction models [i.e. age, sex,
smoking status, systolic blood pressure, total and HDL-cholesterol, history
of diabetes mellitus (defined by self-report plus medication and/or biochem-
ical criteria,>'”) age at diabetes diagnosis, HbA1c and creatinine or estimated
glomerular filtration rate (eGFR)]; were approximately population-based
[i.e. did not select participants based on having previous disease (e.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 infarc-
tion or stroke) for at least 5 years of follow-up. Data selection for model
adaptation/derivation is shown in Supplementary data online, Figure S7.
Details of contributing data sources are provided in Supplementary data
online, Tables 1 and 2.

For the recalibration of models, recalibration factors from the SCORE2
risk models were used. SCORE2 has been systematically recalibrated to re-
flect risk of the entire population (including those with diabetes) in four risk
regions of Europe. Hence, adapting SCORE?2 for use in individuals with type 2
diabetes (i.e. SCORE2-Diabetes) does not require additional data and reca-
libration for diabetes-specific populations. Data from the SNDR, SIDIAP, and
EUBIROD were used for external validation (see Supplementary data online,
Table $3). SNDR is a national registry that has close to complete coverage of
the population with a diagnosis of type 2 diabetes in Sweden.'® As with data
used in model derivation, we used records from individuals with diabetes
during the period from 30th June 2006 to 31st December 2008, and no pre-
vious history of CVD. Follow-up was to 31st December 2019 with incident
fatal and non-fatal events obtained from linkage to hospital and mortality re-
cords. SIDIAP is a primary care electronic health records database managed
by the Catalan Health Institute, covering around 75% of individuals (>5 mil-
lion) in the Catalonia region of Spain across 328 primary care centres, and is
representative of this population in terms of age, sex, and geographic distri-
bution.'®?° For this analysis, we used individuals with type 2 diabetes from a
randomly selected 400 000 individuals whose records were linked to hos-
pital and specific cause of death records to obtain CVD outcomes.
Individuals had been included in SIDIAP for at least 1 year before 1st
January 2010 and were subsequently followed-up until 2017. EUBIROD is
the largest network of diabetes registries and data sources in Europe,?" shar-
ing a common dataset®” and open source software® to analyse individual
data in a privacy-enhanced distributed infrastructure.>*~>* Data on people
with type 2 diabetes with baseline records between January 2013 and June
2015 were independently processed at each of the eight participating coun-
tries (Belgium, Croatia, Denmark, Germany, Hungary, Latvia, Malta, and

Slovenia), and analysed using R source code embedded in the EUBIROD
NeuBIRO software. Where available, follow-up for CVD events was ob-
tained through linkage to hospital and death records over the subsequent
5 years, enabling validation. Only aggregate data were made available by
each participating centre to the study coordinators. Risk factor data from
CPRD, SNDR, SIDIAP, EUBIROD, and the 2017/18 extraction from the
National Diabetes Audit (NDA) were used to illustrate SCORE2-Diabetes
predicted risk distributions in each European risk region. The NDA is an an-
nually updated registry covering more than 98% of individuals with a re-
corded diabetes diagnosis from primary healthcare providers in England
and Wales and specialist healthcare providers in England.”’

The primary outcome was CVD events, defined as a composite of car-
diovascular mortality, non-fatal myocardial infarction, and non-fatal stroke.
Follow-up was until the first non-fatal myocardial infarction, non-fatal
stroke, death or end of the study, or 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 data online, Table $4. In all data
sources, individuals with a known history of previous CVD at baseline
were excluded, as defined in Supplementary data online, Table S5.

Statistical analysis

Details of statistical analysis are provided in Supplementary data online,
Supplementary Methods. For model derivation, the SCORE2 models
were extended by addition of diabetes-related variables: HbA1c, age at dia-
betes diagnosis, and eGFR. These predictors were selected due to their pre-
dictive ability based on previous literature as well as their wide availability in
clinical practice and available datasets used for model derivation.
Coefficients for the variables already included in SCORE2 derivation (i.e.
age, current smoking, history of diabetes mellitus, systolic blood pressure,
and total and HDL-cholesterol) were fixed at the same values used in the
SCORE2 models and included as an offset in Fine and Gray competing
risk-adjusted models used to estimate additional sex-specific coefficients
[i.e. sub-distribution hazard ratios (SHRs)]. Additional coefficients were
then estimated for each of the SCORE2 variables, to allow their effects
to vary among individuals with diabetes, as well as for the newly added
diabetes-related variables included in SCORE2-Diabetes. All newly derived
coefficients were estimated separately by data source and pooled using
fixed effects meta-analysis. Since previous research showed that associa-
tions of these variables with CVD decline with increasing age, age interac-
tions were added for all predictors. A quadratic term was also included
for eGFR to allow for its non-linear association with CVD outcomes (see
Supplementary data online, Supplementary Methods Figure). There were
no (or very minimal) violations of the proportional hazards assumptions,
as assessed by inclusion of time varying coefficients.

Risk models were recalibrated to risk regions using recalibration factors
previously derived for SCORE2 and SCORE2-OP models (see
Supplementary data online, Supplementary Methods Table S7). Similarly,
the grouping of European countries into risk regions was defined according
to World Health Organization CVD mortality rates following SCORE2 and
SCORE2-OP methodology (see Supplementary data online, Table S6 and
Figure S2). For validation, we assessed discrimination using Harrell’'s
C-index, adjusted for competing risk,® and examined improvement
when comparing use of SCORE2-Diabetes vs. SCORE2. Where data
were available we compared SCORE2-Diabetes with the ADVANCE risk
model for individuals with diabetes.'® We use ADVANCE as a comparison
as it is recommended by the 2021 ESC Guidelines on CVD prevention in
clinical practice® and it is designed to predict CVD risk. To provide clinical
context, we compared incremental improvements afforded by diabetes-
related information included in SCORE2-Diabetes with those afforded by
total and HDL-cholesterol, biomarkers commonly used in CVD risk assess-
ment. Improvements in risk prediction were also quantified by the continu-
ous net reclassification index (NRI), which summarises the appropriate
directional change in risk predictions for those who do (cases) and do
not (non-cases) experience an event during follow-up (with increases in
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SCORE2-Diabetes

Table 1 Summary of available data on individuals with diabetes used in SCORE2-Diabetes risk model derivation

N (%) or mean (SD)

SCID ERFC/UKB CPRD
Particpamts Be12 057 st

Male sex 72525 (53%) 11485 (56%) 38599 (53%)
SCORE2 variables
Age (years) 65 (11) 60 (8) 64 (11)
Current smoker 24 447 (18%) 2353 (12%) 11423 (21%)
Systolic blood pressure (mmHg) 136 (16) 142 (17) 136 (16)
Total cholesterol (mmol/L) 4.3 (1.0) 4.7 (1.1) 4.4 (1.0)
HDL-cholesterol (mmol/L) 1.3 (04) 12(0.3) 12 (04)
SCORE2-Diabetes additional variables
Diabetes age of diagnosis (per 5-years) 58 (12) 53 (9) 58 (11)
HbA1c (mmol/mol) 58 (17) 55 (20) 52 (19)
eGFR (mL/min/1.73 m?) 74 (20) 88 (17) 76 (17)
Follow-up [years, median (5th—95th percentile)] 10.9 (6.8, 11.0) 11.3 (2.8, 13.6) 6.0 (0.8, 11.0)
Cardiovascular events 34595 1864 7247
Non-cardiovascular deaths 21062 1953 5211

SCID, Scottish Care Information—Diabetes; ERFC, Emerging Risk Factors Collaboration; UKB, UK Biobank; CPRD, Clinical Practice Research Datalink; eGFR, estimated Glomerular
Filtration Rate, calculated using the CKD-EPI 2009 equations; HbA1c, glycated haemoglobin, in International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) units.
Table shows summary statistics for datasets before imputation (which was carried out during analysis). A summary of missing data, by data source and variable, is provided in

Supplementary data online, Table S2.

predicted risk being appropriate for cases and decreases being appropriate
for non-cases). Similarly, the categorical NRI was also applied to summarise
the appropriate movement between risk categories of <5%, 5%—10%,
109%—-15%, 15%—20%, and >25%. Calibration was assessed by comparing
the observed and predicted risks.

To compare the proportion of the population with diabetes at different
levels of CVD risk according to the SCORE2-Diabetes models, predicted
risk distributions were estimated using age- and sex-specific risk factor va-
lues from the CPRD, NDA, SNDR, and all contributing EUBIROD popula-
tions, with the region-specific recalibrated versions of SCORE2-Diabetes.
To ensure that the SCORE?2 recalibration factors were applicable in recali-
bration of SCORE2-Diabetes we assessed that the average sex- and age-
specific SCORE2-Diabetes risk predictions matched the expected risks
for each risk region, and that the average sex- and age-specific risk predic-
tions were similar in the whole population, as well as in individuals with dia-
betes when using SCORE2 and SCORE2-Diabetes. In studies with available
information, SHRs and observed absolute risks were also estimated using an
extended endpoint additionally including non-fatal heart failure (HF) and
peripheral artery disease (PAD) (see Supplementary data online,
Table S4). We also ensured similar risk predictions were obtained when
using both the 2009 and 2021%° versions of the Chronic Kidney Disease
Epidemiology Collaboration eGFR equations to ensure interchangeability
of the two measures in clinical practice. Finally, SHRs were additionally es-
timated without the inclusion of ERFC/UKB data to ensure no sensitivity to
potential minor overlap in individuals contributing to UK-based studies and
the CPRD.

Missing data were imputed for derivation datasets, SNDR, and SIDIAP
using methods described in the Supplementary data online, Supplementary
Methods. We adopted analytical approaches and reporting standards re-
commended by the PROBAST guidelines and TRIPOD.*® Analyses were
performed with R-statistic programming (version 4.0.3, R Foundation for

Statistical Computing, Vienna, Austria) and Stata (version 16.1, StataCorp,
College Station, Texas). The study was designed and completed by the
SCORE2-Diabetes Working Group in collaboration with the ESC
Cardiovascular Risk Collaboration. Data used for the current study are
available upon reasonable request and approval of the individual cohorts
or collaborative groups. Stata code for calculation of the SCORE2-
Diabetes algorithms is available on request from authors.

Results

Model derivation involved a total of 229 460 participants with diabetes
and without history of CVD at baseline from SCID, CPRD, and ERFC/
UKB. Mean age (SD) at baseline was 65 (11) years for SCID, 64 (11)
years for CPRD, and 60 (8) years for ERFC/UKB. A total of 122 609
(53.4%) participants were male across all data sources (Table 7).
Median (5th, 95th percentile) follow-up in years was 10.9 (6.8, 11.0)
in SCID, 6.0 (0.8, 11.0) in CPRD, and 11.3 (2.8, 13.6) in ERFC/UKB, dur-
ing which a total of 43 706 CVD events and 28 226 non-CVD deaths
were recorded. SHRs are shown in Table 2. The association of the
diabetes-related variables decreased with increasing age of participants
(see Supplementary data online, Supplementary Methods Figure).
Associations were similar when excluding ERFC/UKB data (see
Supplementary data online, Table S7), and when an extended CVD end-
point including non-fatal HF and PAD was used (see Supplementary
data online, Table S8).

The C-indices in the derivation datasets were 0.704 (95% CI 0.701,
0.706), 0.733 (0.727-0.739), and 0.666 (0.653, 0.678) in SCID, CPRD,
and ERFC/UKB, respectively (Figure 2). In external validation, the
C-index for SCORE2-Diabetes was 0.670 (0.667, 0.673) using data
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Table 2 Sub-distribution hazard ratios for predictor variables in the SCORE2-Diabetes risk models

SCORE?2 variables
Age (per 5 years) 1.71 (1.66, 1.76
1.61 (1.53,1.70

1.14 (111,117

Current smoking

Systolic blood pressure (per 20 mmHg)
Total cholesterol (per 1 mmol/L) 1.12 (1.10, 1.14
0.90 (0.86, 0.93

1.91 (1.81, 2.01

HDL-cholesterol (per 0.5 mmol/L)

NN == N N N2

History of diabetes mellitus

SCORE2-Diabetes additional variables
Diabetes age at diagnosis (per 5-years) 0.90 (0.89, 0.91
HbA1c (per SD mmol/mol)

In eGFR (per SD In(mL/min/1 .73m2))

)
1.10 (1.09, 1.11)
0.94 (0.93, 0.96)

)

In eGFR? (quadratic term) 1.01 (1.00, 1.01

0.94 (0.91, 0.96)
0.97 (0.96, 0.99)
0.98 (0.97, 0.99)
1.01 (0.99, 1.03)
0.91 (0.88, 0.93)

099 (0.98, 0.99)
1.01 (1.01, 1.01)

- 1.94 (1.88, 2.00) -
1.85 (173, 1.98) 0.89 (0.87, 0.92
145 (112, 1.19) 0.98 (097, 1.00
112 (109, 1.15)
0.85 (0.82, 0.89)
2.25 (2.1, 2.40)

0.98 (0.97, 0.99
1.02 (1.00, 1.04
0.88 (0.85, 0.91

NN AN

0.89 (0.88, 0.90) =
112 (111, 1.14) 0.98 (0.98, 0.98)
0.94 (0.92, 0.95) 1.02 (1.01, 1.02)

- 1.01 (1.00, 1.01) -

Sex-specific sub-distribution hazard ratios from Fine and Gray models predicting the risk of fatal and non-fatal CVD events as derived for SCORE2 and adapted in individuals with diabetes
from ERFC, UK Biobank, CPRD, SCID to include adjustments to SCORE?2 effects and SCORE2-Diabetes additional variables. Age was centred at 60 years, systolic blood pressure at 120
mmHg, total cholesterol at 6 mmol/L, HDL-cholesterol at 1.3 mmol/L, age at diabetes onset at 50 years HbA1c at 31 mmol/mol and eGFR 90 mL/min/1.732 (i.e. In-eGFR of 4.5). The
median baseline survival at 10 years in the derivation cohorts was 0.9625 for men and 0.9795 for women. For HbA1c, 1 SD = 9.34 mmol/mol and for eGRF 1SD = 0.15 In(mL/min/

173 m?).

Values shown are the combination of original SCORE2 coefficients and additional coefficients which modify the associations for individuals with diabetes. See Supplementary data online,

Supplementary methods for full sets of component effects for each risk predictor.

from 168 585 individuals with diabetes (34 944 CVD events) from the
SNDR and 0.658 (0.648, 0.669) using data from 21 698 individuals with
diabetes (2464 CVD events) from SIDIAP. Using EUBIROD datasets in-
cluding 3876 individuals from Malta and 22 821 individuals from Croatia
with complete information on all risk predictors, the C-index was 0.661
(0.622, 0.699) and 0.688 (0.672, 0.705), respectively (see
Supplementary data online, Figure S3).

In comparison to SCORE2, SCORE2-Diabetes showed improved
risk discrimination in individuals with diabetes, with increases in
C-indices (95% Cl) of 0.021 (0.020, 0.022), 0.023 (0.020, 0.026), and
0.026 (0.018, 0.034) in SCID, CPRD, and ERFC/UKB, respectively.
Somewhat smaller improvements were observed in SNDR, and
SIDIAP with increases in C-index of 0.009 (0.007, 0.010) and 0.009
(0.005, 0.014), respectively (Figure 2). In EUBIROD datasets from
Malta and Croatia, increases in C-indices were 0.031 (0.011, 0.050)
and 0.013 (0.006, 0.021), respectively (see Supplementary data
online, Figure S3). Significant improvements in C-indices were also
seen in both men and women, and within 10-year age groups (see
Supplementary data online, Figures $4-S7). C-indices were similar
eGFR  was using different equations (see
Supplementary data online, Figure S8), but were slightly attenuated
when excluding individuals with eGFR <45 mL/min/1.73 m? (see
Supplementary data online, Figure S9). Improvements in risk discrimin-
ation provided by the additional diabetes-related variables included in
SCORE2-Diabetes (i.e. age of diabetes diagnosis, HbA1c, and eGFR)
were greater than that provided by total and HDL-cholesterol concen-
tration in the same model. SCORE2-Diabetes also showed slightly im-
proved discrimination over the ADVANCE risk score (see
Supplementary data online, Table S9).

when calculated

Using SCORE2-Diabetes rather than SCORE2 improved risk classi-
fication, yielding a continuous NRI of 25.2 (95% Cl, 22.4, 28.0) in the
CPRD and 28.7 (27.7, 29.8) in the SNDR. Similarly, using SCORE2-
Diabetes rather than SCORE2 yielded a categorical NRI of 24.6
(22.5, 26.8) in the CPRD and 13.7 (12.9, 14.5) in the SNDR, with a re-
spective net of 44.8% (43.0%, 46.7%) and 31.9% (31.2%, 32.6%) cases
being appropriately reclassified (see Supplementary data online,
Table S10).

After recalibration, the SCORE2-Diabetes predicted risks showed
good agreement with the expected 10-year CVD incidence in each
risk region (see Supplementary data online, Figure $10), and were simi-
lar on average within each age-group to those produced using SCORE2
(see Supplementary data online, Figure S11). SCORE2-Diabetes pre-
dicted risks also agreed with observed risks in individuals with dia-
betes from nationally representative datasets with 10-year of
follow-up (see Supplementary data online, Figure S12 and $13), and
showed improved calibration over SCORE2 (see Supplementary
data online, Figure $13). Use of an extended CVD endpoint including
non-fatal HF and PAD led to an absolute 10-year risk about 1.15
times higher than that estimated using the SCORE2-Diabetes
CVD endpoint, with results varying slightly according to age (see
Supplementary data online, Figure S14).

The SCORE2-Diabetes algorithms for CVD risk estimation in four
European risk regions are shown in the Supplementary data online,
Supplementary Methods Table 1. Risk charts to illustrate individual-
specific estimation of 10-year CVD risk for are provided in
Supplementary data online, Appendix 1, along with a risk calculator to
give more precise individual estimates in Supplementary data online,
Appendix 2. The estimated absolute risk for a given age and combination
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SCORE2-Diabetes

Cohort Individuals Cases  Risk model C-index (95% Cl) Difference in C-index
(risk region) SCORE2 Diabetes —
SCORE2 (95% Cl)
Internal CPRD 72751 7247  SCORE2 - 0.710(0.704,0.716)  ref
Validation (low risk) SCORE2-Diabetes - 0.733(0.727,0.739)  0.023 (0.020, 0.026)
ERFC/UKB 20517 1864  SCORE2 —— 0.640 (0.627,0.652)  ref
(!Otv)/modefa‘e SCORE2-Diabetes —-— 0.666 (0.653, 0.678)  0.026 (0.018, 0.034)
ris|
SCID 136188 34594  SCORE2 [} 0.683 (0.680, 0.685)  ref
(low risk) SCORE2-Diabetes [ ] 0.704 (0.701,0.706)  0.021 (0.020, 0.022)
External SIDIAP 21698 2464  SCORE2 —— 0.649 (0.638,0.659)  ref
Validation (low risk) SCORE2-Diabetes —-— 0.658 (0.648, 0.669)  0.009 (0.005, 0.014)
SNDR 168585 34944  SCORE2 - 0.661 (0.658,0.664)  ref
(moderate risk) SCORE2-Diabetes ] 0.670 (0.667, 0.673)  0.009 (0.007, 0.010)
T T T

C-index

Figure 2 Internal and External validation of the SCORE2-Diabetes models: ability to discriminate CVD risk. CPRD: Clinical Practice Research
Datalink; ERFC: Emerging Risk Factors Collaboration; UKB: UK Biobank; SCID: Scottish Care Information—Diabetes; SIDIAP: Sistema d’Informacié
per al Desenvolupament de la Investigacié en Atencié Primaria; SNDR: Swedish National Diabetes Register.

of conventional CVD risk factors differed substantially according to le-
vels of the diabetes-related variables (Figure 3). For example, when using
the moderate-risk region version of SCORE2-Diabetes, the estimated
10-year CVD risk for a 60-year-old non-smoking man with a history of
diabetes, average levels of conventional risk factors (i.e. systolic blood
pressure of 140 mmHg, total cholesterol of 5.5 mmol/L, and
HDL-cholesterol of 1.3 mmol/L), HbA1c of 50 mmol/mol, eGFR of
90 mL/min/1.73 m%, and age at diabetes diagnosis of 60 years, was
11.0%. For a similar man with less favourable diabetes-related risk fac-
tors (i.e. HbA1c of 70 mmol/mol, eGFR of 60 mL/min/1.73 m? and age
at diagnosis of 50 years), the estimated risks were 17.2%. For a woman
with the same characteristics, risk was 7.9% and 12.7%, respectively.
Risk estimates also varied across European risk regions due to recalibra-
tion, with a man or woman with the latter risk factor values having an
estimated risk of 12.9% and 9.8%, respectively, in the low-risk region,
and 31.2% and 34.0% in the very high-risk region (Structured Graphical
Abstract, Figure 3).

When we applied recalibrated SCORE2-Diabetes models to simu-
lated data representing populations from each risk region, the propor-
tion of individuals aged 40—79 years with an estimated risk greater than
10% varied substantially by region, from 61% in the low-risk region to
96% in the very-high-risk region in men and from 51% to 94%, respect-
ively, in women, with proportions increasing with age as expected
(Figure 4).

Discussion

Compared with existing risk scores, SCORE2-Diabetes, an extension
of the SCORE?2 risk models tailored to individuals with type 2 dia-
betes across Europe’s diverse populations, should help better sup-
port allocation of preventative interventions, as it involves several
advantages.

First, SCORE2-Diabetes has been systematically recalibrated to four
distinct European regions defined by varying CVD risk levels, using the
most contemporary and representative CVD rates available."® This im-
proves on previous CVD risk prediction models for individuals with

diabetes which either have not incorporated any recalibration to differ-
ent populations, or have been recalibrated based on sparse cohort or
country-level data on individuals with diabetes, which may not accur-
ately reflect the CVD rates and risk factor levels of populations in
each region.”™"" Our analysis illustrates that three- to four-fold vari-
ation in estimated CVD risk for a given set of risk factors can be seen
as a result of recalibration. Without recalibration this substantial vari-
ation in risk across Europe would be ignored. Because the recalibration
approach we used is based on registry data, the model can be readily
updated to reflect future CVD incidence and risk factor profiles of
any target population to be screened, including those with diabetes.
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. This is an important feature of the current risk score
since there have been considerable changes in cardiovascular risk over
time and region in people with type 2 diabetes, necessitating contem-
porary risk estimation.

A second — and related advantage — is that, rather than being devel-
oped solely in data from individuals with diabetes, SCORE2-Diabetes
extends SCORE2 models that were developed in all individuals without
previous CVD, including both those with and without diabetes (al-
though the ESC does not recommend SCORE?2 for use in those with
diabetes). A key advantage of this approach is that it allows recalibration
of the models using risk factor data and incidence rates from the general
population, rather than requiring data specifically from individuals with
diabetes, which are currently not available systematically across
European countries. By extending SCORE2 we also ensure harmonisa-
tion of risk estimation for individuals with and without diabetes across
Europe, aiding communication and interpretation of risk estimates. The
existing ESC CVD Risk Calculation App>"! and the ‘HeartScore’ web-
site®? will be updated to include SCORE2-Diabetes to facilitate risk es-
timation and communication between health professionals and
individuals with type 2 diabetes. Supplementary data online,
Appendices 1 and 2 also provide immediate tools to calculate individual
risk estimates.
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Figure 3 Estimates are for non-smokers with systolic blood pressure of 140 mm Hg, total cholesterol of 5.5 mmol/L and HDL-cholesterol of
1.3 mmol/L. eGFR: estimated Glomerular Filtration Rate (mL/min/1.73 m?) calculated using the CKD-EPI 2009 equations; HbA1c (mmol/mol): glycated
haemoglobin, in International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) units.

Third, while the recalibration applied accounts for substantial vari-
ation in whole population levels of risk across Europe, SCORE2-
Diabetes also shows good ability to discriminate and provide individual
risk estimates for individuals with type 2 diabetes, taking into account
their specific risk factors such as age of diabetes diagnosis, HbA1c
and kidney function (Structured Graphical Abstract). SCORE2-Diabetes
can therefore be used to help guide clinicians and individual patients
for considering the intensity of existing treatment (such as lipid lower-
ing therapies) as well as additional interventions to prevent CVD (such
as sodium-glucose co-transporter 2 inhibitors or glucagon like
peptide-1 receptor agonists).

Fourth, development, calibration, validation, and illustration of the
SCORE2-Diabetes models have been underpinned by powerful, exten-
sive and complementary datasets of contemporary relevance to indivi-
duals with type 2 diabetes across European populations. In particular,
SCORE2-Diabetes was developed using data from over 220000

individuals with type 2 diabetes from 10 different data sources, enhan-
cing the reliable and accurate estimation of risk ratios, and validated
using additional data on over 210 000 individuals, ensuring the general-
isability and validity of the approach.

Fifth, the approach used in SCORE2-Diabetes accounts for the im-
pact of the competing risk of non-CVD death. This statistical adjustment
should prevent any overestimation of CVD risk, thereby reducing the
chances of over-estimating the potential benefits of CVD risk-modifying
treatments. This adjustment particularly benefits treatment decisions in
older individuals, and those from high or very-high-risk regions, where
the risk of competing non-CVD deaths is high.

Finally, our analysis has illustrated the performance of SCORE2-
Diabetes with simulated data on individuals with type 2 diabetes
from different European risk regions, showing that the proportions
of individuals across different risk categories are strikingly different
across regions. This finding suggests that our risk estimates should assist
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Figure 4 The proportion of individuals expected in each risk category was estimated to reflect the age-group and sex-specific risk factor values in each

risk region (see Supplementary data online, Supplementary methods).

policy makers to make more appropriate and locally informed decisions
about the allocation of resources.

The potential limitations of this study merit consideration. We ex-
tended the SCORE2 risk prediction models by estimating additional
relative risks for the diabetes-related variables using data sources
from European regions and populations at low or moderate CVD
risk. Ideally, relative risk estimation for use in high and very high-risk

countries would have involved large nationally representative, pro-
spective cohorts in these countries, coupled with prolonged follow-up
and validation of fatal and non-fatal CVD endpoints. Unfortunately,
such data do not yet exist. Indeed, even in low- and moderate-risk re-
gions, the data sources involved may not be nationally or regionally rep-
resentative, reflecting past periods of time, ‘healthy’ volunteers
contributing to cohort studies, or, in the case of registry data, individuals
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with increased tendency to seek medical attention. However, while
such biases can lead to misleading levels of absolute risk, relative risks
are generally unaffected.>*3** Furthermore, our analyses identified lit-
tle heterogeneity in model coefficients across studies used in model
derivation, suggesting transferability of model coefficients across differ-
ent populations, as evidenced by good discrimination in all populations
tested. Crucially, SCORE2-Diabetes models were recalibrated using na-
tionally representative incidence rates, an important step not common-
ly considered in development of other CVD risk scores for individuals
with diabetes,'®'" avoiding the limitations of mis-calibration provided
by potentially non-representative incidence rates in derivation datasets.

The rescaling factors used in recalibration of SCORE2-Diabetes
were identical to those used in recalibration of the SCORE?2 risk mod-
els. This approach assumes that the additional measurement of diabetes
age at diagnosis, HbA1c, and eGFR among individuals with diabetes
does not importantly change the average sex- and age-specific risk pre-
dictions for the regional target population (including those with and
without diabetes). We have tested this assumption using several data-
sets mostly from the low and moderate-risk regions, but further testing
should be completed if the relevant data become available in the future.
Likewise, more accurate representation of the potential predicted risk
distributions in each European risk region could be achieved by applying
the recalibrated SCORE2-Diabetes models to risk factor levels from
the diabetes-specific populations from additional representative data-
sets in each risk region. In parallel to the analysis presented in this study,
we have developed methods and statistical codes that will allow future
validation and illustration of SCORE2-Diabetes in diabetes-specific
registries as data becomes available.?’

Information on incident non-fatal HF and PAD were not uniformly
recorded in available data sources, and therefore it has not been
possible to include them in the SCORE2-Diabetes endpoint.
However, sensitivity analyses suggested that while discrimination of
SCORE2-Diabetes for these outcomes is still likely to be good, esti-
mates of CVD risk could be conservative and may underestimate the
potential benefits of CVD risk-modifying treatments that also reduce
HF risk. It is assumed that many individuals using SCORE2-Diabetes
will already be taking medication that affects CVD risk, and this assump-
tion is respected by inclusion of such individuals in datasets used to de-
rive and recalibrate the models. 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 improvement in risk prediction.®
Furthermore, comprehensive individual-participant data on medication
use were unavailable in all data sources used for model development
and recalibration. This was also the case with family history of CVD,
socio-economic status, ethnicity, and albuminuria meaning interpret-
ation of SCORE2-Diabetes estimates may require clinical judgement,
especially for individuals for whom these factors may be relevant (e.g.
those with a family history of premature CVD, or in higher-risk socio-
economic and non-white ethnic groups) as well as in older age groups
(those aged over 70 years) where additional consideration of multi-
morbidities and life expectancy may be needed.”?® While the
SCORE2-Diabetes models are broadly applicable across all European
countries, there remains a place for country-specific risk calculators
that consider the specific characteristics relevant to that population
(ideally incorporating information on socio-economic status and ethni-
city). More generally, better quality data collection, both in terms of risk
factors and outcomes, will serve to improve the quality of risk

prediction, and should be integral to the evolution of electronic health
records and their linkage.

We compared the performance of SCORE2-Diabetes with the
ADVANCE model in the SNDR dataset since this dataset is consid-
ered nationally representative of the diabetes population in Sweden.
However, due to lack of data availability albuminuria was used as a
binary rather than continuous variable and atrial fibrillation was not
included, meaning that the full predictive ability of ADVANCE may
not have been observed in the current analysis. Comparison with
other risk models already developed for use in individuals with type
2 diabetes was generally not possible because these models contain
variables often not available in datasets. Similarly, data availability for
recalibration is very limited, making such models less appropriate
for use across different risk regions. The discrimination ability
reported for SCORE2-Diabetes, was somewhat lower than that previ-
ously reported for CVD risk scores in the general population.*>3”3#
However, higher C-indices are expected to be seen in general popula-
tion cohorts given the wider age range and heterogeneity in risk factor
values. Furthermore, general population CVD risk scores are common-
ly designed for use in individuals both with and without diabetes, with
reported C-indices including the considerable discriminative ability of
diabetes status itself. The C-indices from the current analysis are similar
to those previously reported specifically among individuals with type 2
diabetes.” By contrast, the clinical performance of risk prediction mod-
els depends importantly on differing ability to predict the correct level
of risk in the target population (i.e. extent of ‘calibration’).3” We, there-
fore, ensured SCORE2-Diabetes was well-calibrated to current abso-
lute risk levels for each European region.

In summary, we have derived, recalibrated, validated, and illustrated
SCORE2-Diabetes, a 10-year risk model tailored to individuals with dia-
betes in European populations to predict 10-year risk of first-onset
CVD (Structured Graphical Abstract). This will assist future guidelines
on CVD prevention in individuals with type 2 diabetes, by providing
an appropriate risk estimation system to enhance the accuracy, practic-
ability, and sustainability of CVD prevention strategies and help guide
preventative treatment.
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