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Regional and temporal differences in the associations
between cardiovascular disease and its classic risk factors

An analysis of 49 cohorts from 11 European countries
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Abstract

Aims The regional and temporal differences in the associations between cardiovascular disease
(CVD) and its classic risk factors are unknown. The current study examined these associations in
different European regions over a 30-year period.

Methods The study sample comprised 553818 individuals from 49 cohorts in 11-European countries
(baseline: 1982—-2012) who were followed up for a maximum of 10 years. Risk factors (sex, smoking,
diabetes, non-HDL [high-density lipoprotein] cholesterol, systolic blood pressure [BP], and body mass
index [BMI]) and CVD events (coronary heart disease or stroke) were harmonized across cohorts.
Risk factor-outcome associations were analysed using multivariable-adjusted Cox regression models,
and differences in associations were assessed using meta-regression.

Results The differences in the risk factor-CVD associations between central Europe, northern Europe,
southern Europe, and the United Kingdom were generally small. Men had a slightly higher hazard ratio
(HR) in southern Europe (p=0.043 for overall difference) and those with diabetes had a slightly lower
HR in central Europe (p=0.022 for overall difference) compared with the other regions. Of the six CVD
risk factors, minor HR decreases per.decade were observed for non-HDL cholesterol (7% per mmol/L;
95% confidence interval [Cl], 3-10%) and systolic BP (4% per 20 mmHg; 95% CI, 1-8%), while a
minor HR increase per decade was observed for BMI (7% per 10 kg/m?; 95% ClI, 1-13%).
Conclusion The results demonstrate that all classic CVD risk factors are still relevant in Europe,
irrespective of.regional area. Preventive strategies should focus on risk factors with the greatest

population. attributable risk.

Abstract word count: 250
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Lay summary

All classic CVD risk factors are still relevant in Europe, irrespective of regional area.

¢ The differences in the associations of CVD risk factors with overt CVD between regions of
Europe are generally small.

e Minor temporal hazard decreases were observed for non-HDL cholesterol and systolic blood

pressure, while a minor hazard increase was observed for body mass index.

Keywords: Cardiovascular disease; Coronary heart disease; Stroke; Risk factor; Europe

€202 1aqwiaoa( GO uo Jasn jsejjag Ausianiun s,uaand Aq v/ ¥5zy//65cpemz/odlina/ge0 L 0L /10p/ao1ue-aoueApe/odlina/woo dno-ojwapeoe//:sdpy woly papeojumoq



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Introduction

The association between cardiovascular disease (CVD) and its classic risk factors — that is, male sex,
elevated blood pressure (BP), smoking, hyperlipidaemia, diabetes, and obesity — has.been widely
studied over the past 60 years (1,2). The identification of these risk factors has, in turn, led to
considerable changes in the population-level lifestyle, the discovery of numerous pharmaceutical
therapies, and a revolution in overall CVD care (3,4). As a consequence, the-CVD mortality of working-

age men and women has decreased by up to 80% in some European-countries (5,6).

Considerable variation exists in the genetic structure and the'lifestyle between various European regions
(7,8). In addition, novel CVD risk factor therapies have been introduced over the past decades (3,4).
Understanding the differences in the association between CVD risk factors and CVD outcomes in
different European regions and over time.are, therefore, critical for developing population-specific
prevention and treatment strategies. However, due to a lack of harmonized data that span over several
decades and that come from several regional areas, it is currently unknown, for example, whether the
relative association between hon-high-=density lipoprotein (HDL) cholesterol and CVD is the same today
as itwas in the 1980s and whether systolic BP predisposes to CVD comparably in southern and northern

Europe.

To elucidate theregional and temporal differences in the associations between CVD and its classic risk
factorsin.Europe, we identified and harmonized cohorts that were recruited from general populations,
spanning over three decades and including 553818 individuals from 49 cohorts and 11 European

countries.
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Methods

Study cohorts

This study included European cohorts from the Cardiovascular Research Data Catalogue (accessible
via the European Society of Cardiology website at https://www.escardio.org/Research or via
https://mica.eucanshare.bsc.es/) with baseline data from general population samples and with follow-
up data on incident CVD. This resulted in 49 cohorts from 18 studies (see-Supplementary Table 1 for
details of each study). Data from 16 of these studies had already been harmonized in the MORGAM
(Monica Risk, Genetics, Archiving and Monograph) project (9). The two other studies were the Study of
Health in Pomerania (SHIP) (10,11), specifically the SHIP-TREND cohort, and the UK Biobank (UKBB)
(12). The combined data included participants from 11 European countries with baseline measurements

in 1982-2012 and with follow-up extending up to 2021 (Figure 1).

In total, 710019 individuals were available for.the study. Participants with history of coronary heart
disease or stroke at baseline were excluded (N = 29965), as were those who did not have any follow-
up data on coronary heart disease and stroke (N = 9850). Baseline age was restricted to 35 to 65 years,
since this age range was covered by most of the cohorts, leading to an additional exclusion of 116386

individuals. After.these exclusions, 553818 participants were included in the analyses.

CVD risk factorsand outcomes

Smoking.was defined as self-reported daily use of cigarettes, pipes, or cigar. Diabetes was defined as
self-reported history of diabetes of any type. Systolic BP (mmHg), non-HDL cholesterol (mmol/L), and
body mass index (BMI, kg/m?) were measured at health examinations. All the datasets have made no

distinction between sex and gender, so we could not separate them in this pooling project.
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The outcome variables in the survival models were the first incident CVD event as well as its
components — coronary heart disease (CHD; ICD-10:120.0, 121, 122 for non-fatal and 121-125, 146, R96,
R98, R99 for fatal events) and stroke (ICD-10: 160, 161, 163, 164). Sensitivity analyses were carried out
using a narrower definition of CHD (exclusion of sudden death, ICD-10: 146, R96, R98, R99). The follow-
up time was restricted to ten years. CVD events at baseline were defined using register and
guestionnaire data, while CVD events during follow-up were defined using register-or questionnaire data
or using death certificates (clinically validated). Diagnostic criteria and data sources varied by cohort
and year. Detailed information on recruitment, baseline examination, and follow-up and diagnostic

procedures of each MORGAM cohort are available online (13).

Statistical methods

The individual-level data of the MORGAM and UKBB cohorts were fully accessible for the authors from
the Finnish Institute for Health and Welfare. The SHIP-TREND cohort was analysed remotely using the
DataSHIELD infrastructure (14) and its.estimates were pooled with the estimates from the other cohorts

using meta-analyses.

For the regional analyses; Europe was divided into four regions: central Europe (France, Germany,
Lithuania, and Poland), northern Europe (Denmark, Finland, Norway, and Sweden), southern Europe
(Italy and Spain) and the United Kingdom (UK). The years of examination and the region of each cohort

are illustrated-in-Figure 1.

Risk factor-outcome associations were assessed by estimating hazard ratios (HR) from Cox proportional
hazard models. The models were fitted separately for each cohort, using age as the timescale, and with
sex, daily smoking, diabetes, systolic BP, non-HDL cholesterol, and BMI as covariates. Systolic BP,
non-HDL cholesterol, and BMI were treated as continuous variables. Missing data from the MORGAM

and UKBB cohorts, as detailed in Table 1, were handled by multiple imputation by generating ten
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imputed datasets with random forest as the imputation method. Complete-case analyses were
performed for the SHIP-TREND cohort because of technical restrictions of DataSHIELD. The
proportional hazards assumption was checked by graphical inspection of Schoenfeld residuals, and no

clear indications of violation were found.

Temporal and regional differences in the HRs were assessed by meta-analysing. the cohort-level
estimates using meta-regression with regional area and average baseline ‘'year (continuous) as
covariates. These models were linear mixed-effects models with In(HR) estimates of each risk factor as
outcomes. The meta-regression parameters were estimated using restricted maximum likelihood. As
the number of participants in the UKBB cohort was considerably greater than in the other cohorts, we
also evaluated in sensitivity analyses whether the results .were dominated by the greater weight of the
UKBB by using meta-regression models with equal weight for each cohort. Additional sensitivity
analyses were performed among the 458610 and 445103 individuals who did not use antihypertensive
or lipid-lowering therapy at baseline, respectively (treatment data available for 543695 and 500153

participants, respectively).

All analyses were carried out with the R statistical software (version 4.2.1) (15). R-package metafor (16)
was used for the meta-analyses, mice (17) for the multiple imputation, and survival (18) and dsSurvival

(19) for the Cox models. A two-tailed p-value less than 0.05 was considered statistically significant.
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Results

A total of 553818 participants were included in the analysis. Data on baseline characteristics and
disease incidence by region of Europe are presented in

Table 1. The proportion of men in central Europe was higher than in the other regions; explained by the
PRIME Study including only men. The relatively low share of smokers in the:UK was due to the
decreasing time-trends in smoking prevalence and the considerable weightof the UKBB (with baseline
data from the 2000s only). Also, the lower CVD event rates in southern"Europe and the UK reflected the
later baseline examinations in these regions compared to central and northern Europe. The proportion
of individuals with missing data was very small, except for non-HDL cholesterol (11.8%). The
characteristics of participants by cohort are presented in Supplementary Table 2. Figure 1 shows that
the baseline examinations spanned from 1982 to 2012 and that the period from 1984 to 2009 was

included in all four regions.

Men had a slightly higher HR of CVD in southern Europe (p=0.043 for overall difference) and those with
diabetes had a slightly lower HR of CVD in central Europe (p=0.022 for overall difference) compared
with corresponding participants.in the other regions (Figure 2). The results were similar for CHD (Figure
3), while there were no clear regional differences for stroke (Figure 4). There was no evidence of
regional differences when the narrow definiton of CHD was used in a sensitivity analysis

(Supplementary Figure 1).

Ofthe six CVDrisk factors, minor temporal changes in the HRs for CVD were observed for BMI, systolic
BP, and non-HDL cholesterol (Figure 5). The HR of BMI increased per decade by 7% (for each 10
kg/m?), and the HRs of systolic BP and non-HDL cholesterol decreased per decade by 4% (for each 20
mmHg) and 7% (for each 1 mmol/L), respectively. Similar temporal changes for the HRs of BMI and

non-HDL cholesterol were observed for CHD (Supplementary Figure 2), while for the narrow definition

10
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of CHD, the HR of smoking was observed to increase over time (Supplementary Figure 3). With
respect to stroke, the only clear temporal change was a decrease for the HR of systolic BP
(Supplementary Figure 4). In the sensitivity analyses that were restricted to individuals who did not
use antihypertensive or lipid-lowering therapy at baseline, the temporal trends for the HRs of systolic

BP and non-HDL cholesterol were slightly attenuated (Supplementary Figure 5).

Results from unweighted analyses indicated that the results were not drivenby the considerable weight
of the UKBB (Supplementary Figures 6-13). The estimates from the'meta-analyses that did not adjust
for the region of Europe or the calendar year of examination (Supplementary Table 3) showed that,
overall, all of the studied risk factors were positively associated with each of the outcomes, except that

there was no evidence of an association between non-HDL cholesterol and stroke.
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Discussion

This study, which used data from 49 cohorts that were recruited from general populations, showed that
the regional and temporal differences in the association of CVD with its classic risk factors.in Europe
have been small. Some statistically significant differences were observed, but on an absolute scale they
were minor. These results highlight that the relative associations between CVD.and its risk factors are,

in general, as relevant today as they were 40 years ago and that they existin all regions of Europe.

Considerable regional differences exist in the burden of CVD andits risk factors. Within Europe, there
is a clear north-east to south-west gradient in CVD mortality (20). Until now, multilevel analyses that
combine individual-level data to assess the regional differencesin relative, instead of absolute, risks of
CVD have been lacking. Therefore, despite differences'in absolute risks, it has remained unclear
whether some risk factors could be more.important than other risk factors in, for example, northern
versus southern Europe, between which there are considerable differencesin the populations’ genetic
structure and the implementation of CVD therapy (7,21). We observed only minor regional differences
for sex in southern Europe and for diabetes in central Europe. The former observation could be a result
of a gender health gap; pronounced at the expense of women, particularly in southern Europe (22). In
addition, some of the.countries from central Europe in our study, such as Poland and Lithuania, have
some of the highest proportions of individuals with undiagnosed diabetes in Europe, which might have
biased our findings (23). Some of these differencescould also be explained by the between-country and
between-region differences in diagnostics that could lead to misclassification of individuals with, for
example, diabetes or CVD. However, in general, our results suggest that the classic risk factors are
similarly linked to CVD outcomes in most parts of Europe. Therefore, preventive strategies for CVD
should be similar in all parts of Europe and be focused on the risk factors with the greatest population
attributable fraction. The population attributable fractions for BMI, systolic BP, non-HDL, smoking, and

diabetes were recently reported to vary considerably by global geographic region, although less so on

12
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an aggregated level within Europe (ranging from 53.2 to 55.8% in western Europe and from 57.6 to

60.2% in eastern Europe) (24).

The association of non-HDL cholesterol and systolic BP with CVD outcomes changed slightly over the
study period. Namely, we observed a 7% decrease in the HR of non-HDL cholesterol (foreach 1 mmol/L
and decade) and 4% decrease in the HR of systolic BP (for each 20 mmHg and.decade). However, the
baseline examinations in our study were performed between 1982 and 2012. During this time,
antihypertensive and lipid-lowering therapies have become more common and more effective,
particularly among individuals with greatly elevated BP or lipid concentrations (25,26), which, mostlikely,
explains the diminished association between these two risk.factors and CVD outcomes over time (as
was also suggested by our sensitivity analysis performed.in participants untreated with such therapies
at baseline). Furthermore, these results could be even'more biased, given that we did not have
information on drug therapy initiated during. follow-up. The temporal changes of non-HDL cholesterol
and systolic BP for the combined CVD.endpoint could also be related to a change in the CHD/stroke-
ratio across populations and over time. However, the direction of change was similar when CHD and
stroke were analysed as separate outcomes. Allin all, despite these minor temporal changes, our results
highlight the importance of active and continued prevention and treatment of the classic CVD risk factors

in Europe as none of them have lost their importance.

The relative importance of obesity with respect to CVD incidence increased slightly over the study
period, as.we observed a 7% increase in the HR per 10 kg/m? and decade. Combined with the fact that
one in two adults in Europe is now overweight or obese (27), this finding raises an alarm on the dire
consequences of obesity on cardiovascular health. The underlying causes of the temporal changes in
the relative association between BMIand CVD are unknown. One of the main limitations of BMI is that
it does not measure body composition, meaning that individuals with the same BMI can have

considerable differences in fat mass and muscle mass. Prior studies have reported that obesity may

13
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result in loss of muscle mass and muscle strength, which is commonly accompanied by a reduction in
physical activity and an increase in metabolic disorders (28). At the same time, sarcopenic obesity may
also have a synergistic effect on the development of CVD (29,30). In addition to lifestyle changes,
preventive strategies might need to focus even more on weight control via the use of GLP-1 receptor
antagonists and SGLT-2 inhibitors or via bariatric surgery, which have all been shown to reduce CVD

events in individuals with diabetes or obesity (31-33).

The meta-data of the cohorts and variables used in this study are available from the Cardiovascular
Research Data Catalogue (https://www.escardio.org/Research. or. https://mica.eucanshare.bsc.es/).
This catalogue facilitates multicohort analyses by improving the discoverability and reuse of data. In the
future, the role of the catalogue might be even greater, as new studies are continuously added to the
catalogue and the data collection is still ongoing in.some studies. Data used in separate publications,
based on results from individual studies, are usually insufficiently harmonized to provide meaningful

comparisons of the HRs. Thus, analyses that utilize harmonized individual-level data are preferred.

The major strength of this meta-analysis was the availability of individual-level data from several
European countries and that spanned over multiple decades. In addition, the harmonized definitions of
CVD risk factors and CVD outcomes increased the validity of our analysis. However, our study also has
limitations. First;-although the disease end-points were harmonized to the best possible standard, the
diagnostics-of CVD have evolved over the years with the introduction of more accurate imaging and
biomarkers, which may have affected the results. Second, data were not available from all European
countries and some cohorts represented only relatively small sub-regions within countries. Finally, due
to a lack of direct measurements in the study samples, we could not perform analyses for LDL

cholesterol, triglycerides, and other lipid subgroups.

14
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In conclusion, our results demonstrate that all classic CVD risk factors are still relevant in Europe,
irrespective of regional area and despite the temporal changes in CVD risk factor therapies. These
findings may allow policy makers and future guidelines to more precisely “tailor” the preventive strategies
in the current point in time. Our results also highlight that a continued monitoring of CVD and its classic
risk factors is equally important in all parts of Europe and that the CVD burden may become more

manageable if the preventive focus is on risk factors with the highest population attributable risk.
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Figure legends

Figure 1 Baseline-years of the studies. Separate lines within a study represent different cohorts. The

cohorts of the'PRIME Study are on different rows, as they were from two regions and have

overlapping baseline years.

Figure 2 Hazard ratios (HR) with 95% confidence intervals (Cl) for the risk factors on CVD from cohort-

level meta-regression models adjusted for baseline year. The p-values are for overall differences

between the regions.
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Figure 3 Hazard ratios (HR) with 95% confidence intervals (Cl) for the risk factors on coronary heart
disease from cohort-level meta-regression models adjusted for baseline year. The p-values are for

overall differences between the regions.

Figure 4 Hazard ratios (HR) with 95% confidence intervals (Cl) for the risk factors on stroke from
cohort-level meta-regression models adjusted for baseline year. The p-values are for overall

differences between the regions.

Figure 5 Temporal trends in the hazard ratios of the risk factors on CVD. The slope parameters b
(confidence interval) describe multiplicative change in HR in 10 years, p-values are for the null
hypothesis of no change (b = 1) over time. Shapes of the symbols refer to the region (circle = central
Europe, square = northern Europe, diamond = southern Europe, triangle = UK). The HRs of BMI are
per each 10 kg/m?, systolic blood pressure per each 20 mmHg, and non-HDL cholesterol per each 1

mmol/L.
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1 Tables
2

3  Table 1 Baseline characteristics and disease events of the participants, age range 35-65 yeatrs.

Central Northern Southern UK All Missing, n (%)
Europe Europe Europe
N 30248 55799 37056 430715 553818
Men, n (%) 18373 (60.7) 27014 (48.4) 17728 (47.8) 192162 (44.6) 255277 (46.1) 0 (0.0)
Age, mean (sd) 52.4°(7.7) 48.5 (8.5) 50.0 (8.3) 54.4 (7.3) 53.4 (7.8) 0 (0.0)
Daily smoking, n (%) 7813(26.3) 17188 (31.1) 9699 (26.7) 39767 (9.3) 74467 (13.6) 4282 (0.8)
Diabetes, n (%) 1443 (4.9) 1689 (3.1) 1467 (4.0) 18074 (4.2) 22673 (4.1) 4004 (0.7)
Systolic BP (mmHg), mean (sd) 134.6 (20.5) 135.5 (19.6) 135.4 (20.2) 136.3 (18.3) 136.0 (18.7) 1860 (0.3)
BMI (kg/m2), mean (sd) 27.4 (4.9) 26.3 (4.3) 27.4 (4.6) 27.3 (4.8) 27.2 (4.8) 3107 (0.6)
Non-HDL cholesterol  (mmal/l), 4.4 (1.1) 4.6 (1.2) 4.2 (1.1) 4.3(1.1) 4.3(1.1) 64812 (11.8)
mean (sd)
CVD, n (%) 1677 (5.0) 3401 (6.1) 742 (2.0) 11624 (2.7) 17444 (3.1) 0 (0.0)
CHD, n (%) 1219 (3.6) 2453 (4.4) 568 (1.5) 7244 (1.7) 11484 (2.0) 0 (0.0)
CHD (narrow definition)*, n (%) 990 (2.9) 2132 (3.8) 422 (1.1) 6954 (1.6) 10498 (1.9) 0 (0.0)
Stroke, n (%) 580 (1.7) 1104 (2.0) 216 (0.6) 4725 (1.1) 6625 (1.2) 0(0.0)

4  sd, standard ‘deviation; BP, blood pressure; BMI, body mass index; HDL, high-density lipoprotein; CVD, cardiovascular disease; CHD, coronary

5 heart disease. *Without sudden death.
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Figure 1 Baseline years of the studies. Separate lines within a study represent different cohorts. The
cohorts of the PRIME Study are on different rows, as they were from two regions and have
overlapping baseline years.
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2 o Figure2Hazard ratios (HR) with 95% confidence intervals (Cl) for the risk factors on CVD from cohort-level meta-regression models adjusted for
3 ' baseline year. The p-values are for overall differences between the regions.
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Figure 3 Hazard ratios (HR) with 95% confidence intervals (ClI) for the risk factors on coronary heart disease from cohort-level meta-regression

models adjusted for baseline year. The p-values are for overall differences between the regions.
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2 (+Figure 4 Hazard ratios (HR) with 95% confidence intervals (Cl) for the risk factors on stroke from cohort-level meta-regression models adjusted
3 ' for baseline year. The p-values are for overall differences between the regions.
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Figure 5 Temporal trends in the hazard ratios of the risk factors on CVD. The slope parameters b

(confidence interval) describe multiplicative change in HR in 10 years, p-values are for the null

hypothesis of no change (b = 1) over time. Shapes of the symbols refer to the region (circle = central
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N

Europe, square = northern Europe, diamond = southern Europe, triangle = UK). The HRs of BMI are
per each 10 kg/m?, systolic blood pressure per each 20 mmHg, and non-HDL cholesterol per each

1 mmol
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Key Question:

Have there been regional or temporal differences in the associations between cardiovascular

disease (CVD) and its classic risk factors in Europe?

Key Finding:

The differences in the associations of CVD risk factors with overt CVD between regions of Europe
are generally small. Minor temporal hazard decreases were observed for non-HDL cholesterol and

systolic blood pressure, while a minor hazard increase was observed for body mass index.

Take-home Message:

All classic CVD risk factors are still relevant in Europe, irrespective of regional area. Preventive

strategies should focus on risk factors with the greatest population attributable risk.

Regional Differences in Risk Factor-CVD Links
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