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Abstract

Background and Objective: Previous research assessing whether biological ageing (BA) indicators can enhance the risk
assessment of cardiovascular disease (CVD) outcomes beyond established CVD risk indicators, such as Framingham Risk
Score (FRS) and Systematic Coronary Risk Evaluation (SCORE2)/SCORE2-Older Persons (OP), is scarce. We explored
whether BA indicators, namely the Rockwood Frailty Index (FI) and leukocyte telomere length (TL), improve predictive
accuracy of CVD outcomes beyond the traditional CVD risk indicators in general population of middle-aged and older
CVD-free individuals.

Methods: Data included 14 118 individuals from three population-based cohorts: TwinGene, Health 2000 (H2000), and
the Helsinki Birth Cohort Study, grouped by baseline age (<70, 70+). The outcomes were incident CVD and CVD
mortality with 10-year follow-up. Risk estimations were assessed using Cox regression and predictive accuracies with Harrell’s
C-index.

Results: Across the three study cohorts and age groups: (i) a higher FI, but not TL, was associated with a higher
occurrence of incident CVD (P < .05), (ii) also when considering simultaneously the baseline CVD risk according to FRS
or SCORE2/SCORE2-OP (P < .05) (iii) adding FI to the FRS or SCORE2/SCORE2-OP model improved the predictive
accuracy of incident CVD. Similar findings were seen for CVD mortality, but less consistently across the cohorts.
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Conclusions: We show robust evidence that a higher FI value at baseline is associated with an increased risk of incident
CVD in middle-aged and older CVD-free individuals, also when simultaneously considering the risk according to the FRS
or SCORE2/SCORE2-OP. The FI improved the predictive accuracy of CVD outcomes beyond the traditional CVD risk
indicators and demonstrated satisfactory predictive accuracy even when used independently.

Keywords: biological ageing; frailty-index; telomere length; systematic coronary risk evaluation (SCORE2); cardiovascular

disease (CVD) risk; older people

Key Points

* Higher FI is associated with an increased risk of incident cardiovascular disease (CVD) in middle-aged and older adults

without prior cardiovascular disease (CVD).

* The Frailty Index (FI) improved predictive accuracy for incident cardiovascular disease (CVD) beyond traditional
cardiovascular disease (CVD) risk indicators (FRS and Systematic Coronary Risk Evaluation/Systematic Coronary Risk

Evaluation-Older Persons (SCORE2/SCORE2-OP).

* The Frailty Index (FI) demonstrated satisfactory predictive accuracy for cardiovascular disease (CVD) when used

independently.

Introduction

The biological ageing (BA) process is the gradual deteriora-
tion of an organism’s physical and cellular functions during
chronological ageing, and a BA indicator reflects the extent
of these changes [1, 2]. A BA indicator can provide essential
information beyond chronological age. For example, two
people with the same chronological age may differ in their
stage of the BA process, with one being ‘biologically older’
and the other ‘biologically younger’. The difference arises
because the BA process progresses at varying rates among
individuals. People who are ‘biologically older’ are more sus-
ceptible to earlier onset of age-related diseases and disability
compared to their chronological age peers [3].

Currently, there is no universally accepted ‘gold standard’
for BA indicators, though the following are widely recog-
nized in geroscience. Telomere attrition, a shortening of a
repetitive nucleotide sequence at the ends of chromosomes
with passing cell divisions is an indicator of BA at the cellular
level and a hallmark of ageing [4-6]. Another BA indicator
is the Rockwood Frailty Index (FI), an indicator at the
organismal level. The FI is based on the deficit accumulation
model, i.e. it represents the cumulative burden of various
age-related health deficits as an index ranging between 0 and
1 [5, 7]. The deficits considered in the FI include diseases,
signs, symptoms, disabilities, psychosocial well-being and
optionally clinical biomarker values.

Accelerated BA, indicated by the FI or telomere length
(TL), is associated with compromised cardiovascular (CV)
health [6, 8—14]. For example, a higher FI is associated with
a higher CV disease (CVD) risk measured by different risk
scores [10], the prevalence and incidence of CVDs [11-13]
and CVD mortality [15]. Among individuals with a CVD,
those who are frail have a worse prognosis than those who
are not [16, 17]. Furthermore, genetic evidence supports the
causal association of FI and TL with the risk of CVDs [6,
12, 18-20].

The CV risk of a CVD-free individual can be estimated
using indicators such as the Framingham Risk Score (FRS)
[21], Systematic Coronary Risk Evaluation (SCORE2) [22]
and SCORE2-Older Persons (OP) [23]. These risk scores
consider chronological age, smoking, blood pressure and
blood lipid levels with sex-specific scoring systems. FRS
takes into account also comorbid diabetes and blood pres-
sure treatment and SCORE2/SCORE2-OP geographical
risk region. However, neither of these considers differences in
BA beyond chronological age in the scoring even though BA
is a well-known risk factor for CV health, and the potential of
BA indicators to enhance the predictive accuracy of existing
CVD risk assessments has been studied only to a limited
extent [17].

We aimed to assess the potential added value of BA
indicators beyond CVD risk estimation by FRS and
SCORE2/SCORE2-OP in ~14 000 individuals represent-
ing the general population of middle-aged and older adults
who did not have a CVD at baseline. We analysed whether
worse baseline values of BA indicators—namely, a higher FI
and shorter TL—(i) are associated with a higher incident
CVD and CVD-related mortality in 10-year follow-up and
(i) do so also when simultaneously considering the risk
according to the FRS [21] or SCORE2/SCORE2-OP. Then,
(iii) we assessed the improvement in predictive accuracy after
combining a BA indicator with these established CVD risk

indicators.

Methods
Study populations

The data comprised three population-based cohorts (Twin-
Gene, Health 2000 [H2000] and Helsinki Birth Cohort
Study [HBCS]) from Sweden and Finland (Appendix:
Supplementary Methods). In this study, we included only
individuals without a CVD (Appendix: Supplementary
Table 1, Supplementary Figure 1) at baseline, thus resulting
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in 7580 study subjects in the TwinGene, 4831 in the H2000
and 1701 in the HBCS. The data were split into <70 and
70+ due to age-specific SCORE2 risk algorithms [22, 23]
(Appendix: Supplementary Figure 1).

CVD risk indicators

Three existing CVD risk scoring algorithms were used to
assess CVD risks at baseline in the study participants. We
calculated FRS for all ages, SCORE2 for the age group <70,
and SCORE2-OP for the age group 70+ according to the
equations in the original publications [21-23] (more details
in Appendix: Supplementary Methods).

BA indicators

The FI at baseline was constructed according to the Rock-
wood deficit accumulation model [7, 24]. The data types
used for the FI are presented in Supplementary Table 2
(Appendix). The deficits included in the FIs varied between
the three cohorts. In each cohort, two separate Fls were con-
structed: one including CV items and the other excluding
them. The latter was constructed to avoid double-counting
of CVD risk factors, thereby preserving the independence of
the FI as a distinct construct. Results are also shown for the
full version of the FI, as it is the most widely used FI version.
In addition, presenting the results for both FI versions, with
and without CV items, helps disentangle the impact of CV
items (i.e. domain of CV health) on the association between
FI and CVD outcomes.

TL at baseline was measured from DNA extracted from
peripheral blood cells using a real-time quantitative poly-
merase chain reaction method [25] as previously described
for TwinGene [26], H2000 [27, 28] and HBCS [25, 29-31]
(Appendix: Supplementary Methods).

Outcomes

International Classification of Diseases Revision (ICD)
codes indicating incident CVD and CVD-related mortality
were obtained from the national health and popula-
tion registers (Appendix: Supplementary Methods and
Supplementary Table 1). The occurrence of hypertensive
heart or renal disease, ischemic heart disease, heart failure,
cerebrovascular diseases, or atherosclerosis was considered
an incident CVD. For CVD-related mortality, deaths with
main or contributing causes indicated with ICD codes
starting with the letter I were considered. In the analysis
of incident CVD, participants were followed up from the
baseline assessment to the date of CVD diagnosis, death
from any cause, or the end of the 10-year follow-up,
depending on which came first. Regarding CVD-related
mortality, the endpoints in the analysis were the date of
CVD-related death, death from any cause, or the end of the
10-year follow-up depending on which came first.

Statistical analysis

All analyses were conducted separately in TwinGene,
H2000 and HBCS, stratified by baseline age <70 and

70+ years. FRS, SCORE2, SCORE2-OP, TL, FI including
CV items, FI excluding CV items and chronological age
were used as continuous and sex as categorical (reference
category = women) variables. Twin relatedness was consid-
ered in all regression models in TwinGene by handling
cluster-robust standard errors (Appendix: Supplementary
Methods).

As descriptive analyses, we assessed the baseline asso-
ciations between the BA and CVD risk indicators using
generalized estimating equation models in TwinGene, and
linear regression in H2000 and HBCS, adjusted for age
and sex. In the main analyses on the incidence of CVD
and CVD-related mortality, the hazard ratios (HRs) and
95% confidence intervals were calculated for the outcomes
per 10% increase of an indicator value using Cox pro-
portional hazard models. First, we investigated in separate
models the association of the FI including CV items (model
D), FI excluding CV items (model II), FRS (model III)
SCORE2/SCORE2-OP (model IV) and TL (model V) at
baseline with the incident CVD and CVD-related mortality.
We then performed risk assessment using the combination
of the FI (excluding CV items) or TL and FRS (models
VI and VII) or SCORE2/SCORE2-OP (models VIII and
IX). Models including FI or TL (I, II and V-IX) were
adjusted for age and sex. The proportional hazards assump-
tion of the models was found to be satisfactory accord-
ing to Schoenfeld residuals. Harrell’s C-index was used to
assess Cox models’ (I-IX) predictive accuracy, and AIC
and BIC their fit. Statistical significance for the improve-
ment in goodness of fit was obtained using likelihood ratio
test comparisons, function ANOVA in R package survival.
In this analysis, model IIT (FRS) was compared to model
VI (FRS + FI) and model IV (SCORE2/SCORE2-OP to
model VIII (SCORE2/SCORE2-OP+FI). Sensitivity anal-
yses are reported in the Appendix.

The threshold for two-sided statistical significance was set
to a P-value of 0.05. All analyses were performed using R
statistical software.

Ethics

Analysis in TwinGene was approved by the Regional Ethics
Review Board in Stockholm, Sweden and in H2000 and
HBCS by the Ethical Committee for Research Epidemiol-
ogy and Public Health at the Hospital District of Helsinki
and Uusimaa, Finland. All participants signed an informed
consent to participate in the studies.

Results

The baseline characteristics of all participants are shown in
Table 1. The participants under 70 years (age range 30—
69 years) were found to be on average at moderate risk for
future CV events according to reference values [22, 32] for
FRS (<10% low risk, 10%—-19% moderate risk and >20
high risk) and SCORE2 (<5% low, 5 to <10 moderate
and >10% high risk) (Table 1a). Even though the study
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Table 2. Occurrence of incident CVD and CVD-related deaths during 10 years of follow-up in the study participants without
a CVD at baseline, also stratified by sex statistics are shown according to baseline age <70 (a) and 70+ (b).

a. Baseline age <70 n Incident CVD 7 (%) CVD-related mortality 7 (%) Non-CVD mortality 7 (%)
TwinGene All 6706 485 (7) 127 (2) 259 (4)
Men 2953 272 (9) 73 (3) 133 (5)
Women 3753 213 (6) 54 (1) 126 (3)
H2000 All 4610 570 (12) 52 (1) 140 (3)
Men 2152 333 (15) 44 (2) 81 (4)
Women 2458 237 (10) 8(0.3) 59 (2)
HBCS All 1701 302 (18) 40 (2) 125 (7)
Men 761 164 (22) 25 (3) 72 (9)
Women 940 138 (15) 15 (2) 53 (6)
b. Baseline age 70+
TwinGene All 874 120 (14) 80 (9) 80 (9)
Men 435 77 (18) 51 (12) 43 (10)
Women 439 43 (10) 29 (7) 37 (8)
H2000 All 221 118 (53) 17 (8) 36 (16)
Men 86 53 (62) 13 (15) 17 (18)
Women 135 65 (48) 4(3) 19 (14)

CVD, Cardiovascular disease; H2000, Health 2000; HBCS, Helsinki Birth Cohort Study.

participants originated from countries generally classified
as having moderate CVD risk [22], the participants over
70 years (age range 70-74 years) in this study were on
average at high risk for future CV events according to FRS
(<10% low, 10%-19% moderate and >20% high risk)
and SCORE2-OP (<7.5% low, 7.5%—15% moderate and
>15% high risk) (Table 1b [23]).

Baseline associations of FRS and SCORE2/SCORE2-OP
with TL and FI are presented in Supplementary Table 3
(Appendix). A higher value in both CVD risk indicators
was associated with a higher value in both FI versions in
age group <70 in the three cohorts (P < .05). However, in
the age group 704, the association was observed consistently
across the cohorts for the full FI (P < .05), but not for the
FI excluding CV items. Shorter TL was associated only with
a higher SCORE2 value in TwinGene among participants
aged <70 (P <.05).

Occurrences of incident CVD and CVD-related deaths
during the 10-year follow-up in the three cohorts are shown
in Table 2. Across study cohorts, in the age group <70, 7%-—
18% and in the age group 70+, 14%-53% had incident
CVD. Corresponding rates for CVD-related mortality were
1%—2% and 8%—9%.

First, we assessed how each indicator is related to the
outcomes by analysing them individually in separate models
I-V (Figure 1, Appendix: Supplementary Tables 4 and 5). All
indicators, except TL, were associated with incident CVD
in both age groups in all three cohorts (Figure 1, P <.05).
A shorter TL was associated with incident CVD only in
H2000 in the age group <70 (model V, HR = 0.9, P =.003).
For CVD-related mortality, a consistent association was
observed across age groups and cohorts for the FRS (III) and
SCORE2/SCORE2-OP (IV) (Figure 1, P < .05), while for
the FI (I) and the FI excluding CV items (II), the findings
were less consistent. The FI (I) was associated with CVD

mortality only in HBCS (<70) and in H2000 (70+), while
the FI excluding CV items (II) was associated only in H2000
(704) (Figure 1, P <.05). No association was observed
between baseline TL and CVD mortality (Figure 1).

Next, the CVD risk indicators were modelled together
with the BA indicators (models VI-IX), and we used in
models VI and VIII only the FI version excluding CV items.
The HRs for an incident CVD per 10% increase in values
of FRS, SCORE2 (OP), FI and TL remained similar in
models VI-IX (Figure 2, Supplementary Tables 4 and 5)
compared to the models including the indicators separately
(I-V, Figure 1, Supplementary Tables 4 and 5) across the
cohorts and age groups. In other words, the associations of
BA and CVD risk indicators with incident CVD were not
diminished by the presence of the other indicator type in the
model (Figure 2, P < .05).

We then assessed whether the prediction model was
improved beyond the CVD risk indicators by adding a
BA indicator to the model (Table 3). For incident CVD,
combining FI (excl CV items) but not TL, with either one of
the CVD risk indicators always resulted in a higher C-index
than the CVD risk indicator alone. As the findings were
most consistent for the FI, we analysed the improvement by
the FI in more detail and found that the difference in model
fit was statistically significant in all three cohorts, in both
age groups (P < .05, Supplementary Table 6), except in age
group 70+ in TwinGene (P =.063). The improvement, i.c.
the increase in Harrels’s C-index ranged between one and
four percentage points.

The best model for predicting incident CVD, i.e.
model with the highest-ranking Harrell's C-index was
model VIII (SCORE2/SCORE2-OP+FI excluding CV
items) across the three cohorts and age groups (Table 3).
For predicting CVD-related mortality, the best model
was obtained in the different cohorts and age groups
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Figure 1. Models I-V: HRs and 95% confidence intervals for incident CVD and CVD-related mortality per 10% increase in
indicator value, analysed separately by age groups (<70 years and 70+ years). FI including CV items (model I), FI excluding
CV items (model II), FRS (Framingham, model III), SCORE2/SCORE2-OP (model IV) and TL (model V) were analysed in
separate models. The SCORE?2 was used for the age group <70, and SCORE2-OP for 70+. Numeric estimates of the models I-V
are shown in Supplementary Tables 4 and 5. Abbreviations: CVD, Cardiovascular disease; CV, Cardiovascular; FI, Frailty Index;
FRS, Framingham Risk Score; H2000, Health 2000; HBCS, Helsinki Birth Cohort Study; SCORE2, Systematic Coronary Risk
Evaluation 2; SCORE2-OP, Systematic Coronary Risk Evaluation 2- Older Persons.

with either model VI (FRS +FI excluding CV items) or
VIII (SCORE2/SCORE2-OP+FI excluding CV items)
(Table 3). In addition, when comparing the models includ-
ing either a BA or a CVD risk indicator (I-V, Table 3), the
FI models (I and II) were mostly equal or more accurate
prediction models for CVD outcomes compared to the
FRS (III) or SCORE2/SCORE2-OP (IV) model. The
analysis strategy and consistent findings across the cohorts
are summarised in Supplementary Figure 5 (Appendix).

Discussion

We show 10-year risk estimations for incident CVD and
CVD-related mortality employing the established CVD risk
indicators, FRS [21] and SCORE2/SCORE2-OP [22, 23]
and BA indicators, the FI [5, 7] and TL [4-6] in 14 112
adults with no CVD and aged either <70 or 70+ at baseline.
As very consistent findings across the three study cohorts
and two age groups, (i) a higher FI, but not TL, was
associated with a higher occurrence of incident CVD, (ii)
also when considering simultaneously the baseline CVD
risk according to FRS or SCORE2/SCORE2-OP. (iii) Fur-
thermore, complementing the FRS or SCORE2/SCORE2-
OP model with the FI improved the predictive accuracy of
incident CVD across the cohorts in both age groups. We
also demonstrated two points: (i) the FI has equal or higher

6

predictive accuracy of incident CVD compared to the FRS
or SCORE2/SCORE2-OP model across the data and (ii) the
FI is associated with incident CVD, regardless of whether
CV-specific deficit items are included in or excluded from
the FI. The latter exemplifies that the FI is a comprehen-
sive BA indicator reflecting the accumulation of age-related
deficits, not specific health conditions. For CVD mortality,
the findings were less consistent as the FI was associated with
CVD mortality and improved the prediction model beyond
a CVD risk indicator only in some of the data. Our sensitiv-
ity analyses (Appendix: Supplementary Results) showed the
main findings remained very similar when assessed separately
in men and women and those without diabetes at baseline.
An exception was that women aged <70 years exhibited
higher HRs for the association between CVD risk indicators
and both CVD outcomes across the three cohorts.

To our knowledge, this is the first study assessing CVD
risk in population-based samples using a combination of
the FI and SCORE2/SCORE2-OP. Farooqi ez /. [17] have
shown that the FI outperforms the FRS in predicting car-
diovascular outcomes and combining the two results in the
best predictive accuracy. Our results on FRS are in line with
these findings even though Farooqi er 4/. analysed clinical
trial participants who were either at high risk for CVD or
had a CVD already at baseline. Our study was performed in
general populations of middle-aged and older adults without


https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afaf075#supplementary-data
https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afaf075#supplementary-data
https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afaf075#supplementary-data
https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afaf075#supplementary-data
https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afaf075#supplementary-data

Predicting cardiovascular morbidity and mortality with SCORE2 (OP) and FRS

a I Framingham + BA indicator
| Incident CVD  |[  CVD mortality
<70 all <70 all
. . — ==
Framingham _’:-'_— -z
- —tv—
FI (excl CV items) _-:_ T+
——l e
Telomere length *. —&::_
70+ all 70+ all
Framingham _% ——
FI (excl CV items) e i el
Telomere length il
05 07 1.0 20 3.0 05 0.7 1.0 20 3.0
HR HR
COHORT MODEL
V¥ TwinGene @ Framingham + Fl (excl CV items) (VI)
A H2000 i
Framingham + Telomere length (VII
® HBCS O 9 gth (V1)
b SCORE2(OP) + BA indicator
Incident CVD | [ CVD mortality
<70 all <70 all
SCORE2 e A=
- = )
FI (excl CV items) - :4_.—_
Telomere length
|
70+ all 70+ all
SCORE2-OP - P i
Fl (excl CV items) B ] [
Telomere length
05 10 2030 50 05 10 2030 50
HR HR
COHORT MODEL
X L‘;V;':’Ge"e @ SCORE2(OP) + Fi (excl CV items) (VIII)
0
® HBCS SCOREZ2(OP) + Telomere length (IX)

Figure 2. Models VI-IX: HRs and 95% confidence intervals for incident CVD and CVD-related mortality per 10% increase
in indicator value, analysed separately by age groups (<70 years and 70+ years). Results for models VI and VII, which include
FRS and a BA indicator (either FI excluding CV items or TL), are shown in panel a. Panel b displays results for models VIII
and IX, which include SCORE2/SCORE2-OP and a BA indicator (either FI excluding CV items or TL). SCORE2 was used
for the age group <70, and SCORE2-OP for 70+. Numeric estimates of the models VI-IX are shown in Supplementary Tables
4 and 5. Baseline characteristics of the analytical samples are summarized in Table 1 and incidences of the outcomes in Table 2.
Abbreviations: CVD, Cardiovascular disease; CV, Cardiovascular; FI, Frailty Index; FRS, Framingham Risk Score; H2000, Health
2000; HBCS, Helsinki Birth Cohort Study; SCORE2, Systematic Coronary Risk Evaluation 2; SCORE2-OP, Systematic Coronary
Risk Evaluation 2- Older Persons.
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a CVD history, and those aged <70 years had, on average, a
moderate CVD risk. Altogether, the results by us and Faroogi
et al. [17] support the usage of the Rockwood FI for a CVD
risk assessment, even alone, but preferably in combination
with an established CVD risk assessment.

Previous research has shown that FRS, SCORE2/
SCORE2-OP, FI and TL are associated with incident CVD
and CVD-related mortality when analysed separately [6,
11-13, 17, 21-23, 33-41]. Our results are in line with
these in most parts. The FRS and SCORE2/SCORE2-
OP demonstrated robust associations in these Finnish and
Swedish data. The results for the FI are quite similar to those
by e.g. Liu ez al. [12] and Wang ez /. [13], which show thata
higher FI value is associated with a higher CVD incidence in
middle-aged and older individuals without CVD at baseline.
However, for TL, we obtained mixed results, as age- and
sex-adjusted TL was associated with CVD incidence in
younger ages in the H2000 only. The inconsistency in
our findings for TL aligns with, for example, a previous
meta-analysis [42] that highlighted variation in the observed
relationship between TL and all-cause mortality across 25
individual studies, despite the overall conclusion that shorter
TL associated with a higher mortality. In previous reports
[43, 44], the FI, a multi-systems BA indicator, has appeared
as a more accurate predictor of poor outcomes than TL or
other cellular BA indicators such as the epigenetic clocks.
This is in line with our findings: the FI is more accurate than
the TL in identifying CVD risk.

Our data showed sex differences in baseline characteristics
and CVD outcomes. Across cohorts and age groups, men
had higher FRS and SCORE2/SCORE2-OP, while women
had higher HDL cholesterol, higher FI and longer TL. Men
also consistently exhibited higher incidence of CVD and
CVD mortality rates than women. Furthermore, sensitivity
analyses showed that FRS and SCORE2 were more strongly
associated with CVD outcomes in women than in men,
as reflected by higher HRs across all models (including or
excluding a BA indicator) in the age group <70 across the
three cohorts. All the abovementioned sex differences align
with previous reports [45—49]. However, as sex differences
were not a primary aim of our study, we did not formally
test the differences. Overall, the underlying causes of sex
discrepancy warrant further investigation.

When interpreting our findings, the following is also rel-
evant. For models predicting the incident CVD, the overall
level of C-index ranged from 0.6 to 0.8, and for models
predicting CVD-related mortality, from 0.6 to 0.9, across
all cohorts and age groups. The variation by country was
present also in the original publication reporting the devel-
opment of the SCORE2 algorithm [22]. In that study, the
overall C-index range was 0.66 (Northern Sweden)—0.81
(Monza, Italy). Our study was performed using three cohorts
from two neighbouring Nordic countries, Sweden and Fin-
land. Generally, the variation in the C-indices by popula-
tion may be explained by sample sizes and event rates as
well as demographics, healthcare systems, lifestyles, environ-
ment and genetics. In our study, the observed differences in

C-indices by country and cohort likely relate to differences
in sample sizes, event rates, baseline risk scores and age
ranges.

Strengths, implications and limitations

One of the main strengths of this study was the use of
three population-based cohorts from two Nordic countries,
including ~14 000 middle-aged and older participants who
were CVD-free at baseline. Another main strength was the
use of individually linked data combining information from
health examination surveys and register data. Our findings
are clinically relevant as the FI and CVD risk scores have
implementations in clinical practice. For example, the FI can
be constructed automatically based on routinely collected
electronic health records or administrative claims data [50].
Further, accelerated BA is a risk factor for all age-related
diseases [51], and in addition to CVDs, the FI predicts, for
example, cancer [51] and dementia [52] incidence. There-
fore, we hypothesize that the FI reflecting BA should be
considered as a general risk indicator in a similar way as
chronological age and sex.

Some issues are relevant when interpreting our results.
First, our sample was drawn from two Nordic countries,
and this might reduce the generalizability of our results to
other countries. Second, although all cohorts are population-
based, the TwinGene consists of twins. However, the twin
clustering was adjusted for all analyses in TwinGene data.
Third, in some of our subsamples, the sample size was
limited. Thus, we make our main conclusions on those
parts where statistical power is adequate. For example, we
suggest the CVD mortality as well as sex-stratified analyses
be replicated in larger CVD-free study populations. Finally,
in this study, only the FI and TL were available for our
analyses, and thus, the analyses could be repeated with other
BA indicators such as phenotypic age acceleration [53, 54]
in future studies.

Conclusions

We provide robust evidence that a higher FI is consistently
associated with an increased risk of incident CVD in middle-
aged and older adults without prior CVD. The FI improved
predictive accuracy for incident CVD beyond traditional
indicators (FRS and SCORE2/SCORE2-OP) and demon-

strated satisfactory accuracy when used independently.

Supplementary Data: Supplementary data is available at
Age and Ageing online.
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