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Classical risk factors for primary coronary artery 
disease from an aging perspective through Mendelian 
Randomization

Swetta A. Jansen · Bas Huiskens · Stella Trompet · JWouter Jukema · Simon P. Mooijaart · 
Ko Willems van Dijk · Diana van Heemst · Raymond Noordam   

risk score and primary CAD stratified by age of 
diagnosis. In addition, feature importance and model 
accuracy were assessed in different age groups to 
evaluate predictive power of the genetic risk scores 
with increasing age. We found age-dependent asso-
ciations for all classical CAD risk factors. Notably, 
body mass index (OR 1.22 diagnosis < 50  years; 
OR 1.02 diagnosis > 70  years), blood pressure (OR 
1.12 < 50 years; OR 1.04 > 70 years), LDL cholesterol 
(OR 1.16 < 50 years; OR 1.02 > 70 years), and triglyc-
eride levels (OR 1.11 < 50 years; 1.04 > 70 years). In 
line with the Mendelian Randomization analyses, 
model accuracy and feature importance of the classi-
cal risk factors decreased with increasing age of diag-
nosis. Causal determinants for primary CAD are age 
dependent with classical CAD risk factors attenuating 
in relation with primary CAD with increasing age. 

Abstract The significance of classical risk factors 
in coronary artery disease (CAD) remains unclear 
in older age due to possible changes in underlying 
disease pathologies. Therefore, we conducted Men-
delian Randomization approaches to investigate the 
causal relationship between classical risk factors and 
primary CAD in different age groups. A Mendelian 
Randomization study was conducted in European-
ethnicity individuals from the UK Biobank popula-
tion. Analyses were performed using data of 22,313 
CAD cases (71.6% men) and 407,920 controls (44.5% 
men). Using logistic regression analyses, we investi-
gated the associations between standardized genetic 
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These results question the need for (some) currently 
applied cardiovascular disease risk reducing interven-
tions at older age.

Keywords Mendelian Randomization · Coronary 
artery disease · Risk factors · LDL cholesterol · 
Aging

Introduction

Current preventive strategies, especially for the pre-
vention of a primary coronary artery disease (CAD) 
event, are mainly focused on reduction of body 
weight, blood LDL-cholesterol concentration, blood 
pressure, and to a lesser extent blood triglycerides 
concentration [1–4]. However, observational studies 
showed that total cholesterol levels are not as strongly 
associated with vascular events in older individuals 
as compared with middle-aged individuals [5] with 
similar observations for hypertension [6, 7].

In a randomized clinical trial comprising older 
people, the reduction of vascular events risk was only 
observed in users of pravastatin therapy with a history 
of vascular disease, suggesting predominantly effec-
tiveness in secondary prevention in older people [8]. 
In addition, the effectiveness of cholesterol-lowering 
treatment irrespective of disease history was shown to 
decrease with increasing age in a large meta-analysis 
[9]. The comparison of the association of other car-
diovascular risk factors with vascular events between 
younger and older individuals has not been studied 
to a large extent, although there seem to be indica-
tions that the effect of antihypertensive treatment on 
CAD risk is also reduced in old age [10]. Changes 
in the association of cardiovascular risk factors with 
events could be due to physiological/pathophysiologi-
cal changes associated with increasing age, which 
include changes in DNA methylation [11, 12], mRNA 
expression profiles [13], and age-associated arterial 
stiffness [14]. Most importantly, randomized clini-
cal trials are frequently only performed in individu-
als of younger age because of safety concerns and/or 
concomitant disease, and if performed, they usually 
contain a highly selected relatively healthy subpopu-
lation, which limits direct translation of the study 
results to clinical practice[15].

Mendelian Randomization (MR) [16] has been 
successful in linking classical CAD risk factors 

to CAD in the absence of most confounding and 
reverse causation [17–19]. We hypothesized that 
classical causal primary CAD risk factors are not or 
weakly associated with primary CAD in older age 
due to age-associated changes in underlying dis-
ease pathologies. Consequently, this would mean 
that targeting these risk factors with pharmacologi-
cal and/or lifestyle interventions might not be as 
efficient in older age for the prevention of primary 
CAD. To test this hypothesis, we assessed the asso-
ciations between classical risk factors and CAD in 
different age groups in European individuals from 
the large UK Biobank using MR.

Materials and methods

Study setting and population

The UK Biobank cohort is a prospective general 
population cohort. Baseline assessments took place 
between 2006 and 2010 in 22 different assessment 
centers across the UK [20]. A total of 502,628 par-
ticipants between the age of 40 and 70  years were 
recruited from the general population. Invitation 
letters were sent to eligible adults registered to the 
National Health Services (NHS) and living within 
a 25 miles distance from one of the study assess-
ment centers. All participants from the UK Biobank 
cohort provided written informed consent, and the 
study was approved by the medical ethics commit-
tee. The project was completed under project num-
ber 56340.

For the present study, we restricted the analyses 
to the UK Biobank participants who reported to be 
of European ethnicity to minimize possible bias due 
to population stratification, and who were in the full 
release imputed genotyped datasets (N = 430,223). 
As the non-European-ancestry sample of the UK 
Biobank is heterogenous, we did not perform analy-
ses restricted to this subpopulation.

The present study used an individual-level Men-
delian Randomization design as summary-level data 
from genome-wide association studies (for con-
ducting two-sample Mendelian Randomization) on 
coronary artery disease (CAD) stratified by age of 
diagnosis is lacking.
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Genotyping and genetic imputations

UK Biobank genotyping was conducted by Affy-
metrix using a bespoke BiLEVE Axium array for 
approximately 50,000 participants; the remaining 
participants were genotyped using the Affymetrix UK 
Biobank Axiom array. All genetic data were quality 
controlled centrally by UK Biobank resources. More 
information on the genotyping processes can be found 
online (https:// www. ukbio bank. ac. uk).

Based on the genotyped SNPs, UK Biobank 
resources performed centralized imputations on the 
autosomal SNPs using the UK10K haplotype [21], 
1000 Genomes Phase 3 [22], and Haplotype Refer-
ence Consortium reference panels [23]. Based on the 
independent SNPs on the autosomal chromosomes, 
genetic principal components were calculated as 
a measure to be able to correct for possible present 
population substructures in the same ancestry group.

For the present study, we extracted, from pub-
lished genome-wide association studies in which the 
UK Biobank did not contribute, the independent lead 
variants (p-value < 5 ×  10−8) previously identified in 
relation to body mass index (339,224 individuals; 
76 SNPs) [24], LDL cholesterol level (188,577 indi-
viduals; 15 SNPs) [25], triglycerides (188,577 indi-
viduals; 20 SNPs) [25], and systolic blood pressure 
(200,000 individuals; 42 SNPs) [26]. The selection 
of only SNPs that were genome-wide significant is 
conventional in the field of Mendelian Randomization 
and prevents bias from weak instrumental variables 
[27]. Using the beta estimates of the independent lead 
variants, we calculated weighted genetic risk scores 
per participant. To limit bias by pleiotropy, we did not 
allow overlap in independent lead variants between 
LDL cholesterol and triglyceride levels in the genetic 
risk scores.

Assessment of exposure variables at baseline

Body mass index was measured at the study center 
using the Tanita BC418MA body composition ana-
lyzer (Tanita, Inc. Manchester, UK). Systolic blood 
pressure was measured at the study center using an 
automated device (Omron device) in resting sitting 
position. Measurement was performed twice; the 
average of the two measurements was used for the 
analyses. LDL cholesterol was measured directly 
in mmol/L (analytical range: 0.26–10.3) using 

Enzymatic Selective Protection analysis methodol-
ogy using the Beckman Coulter AU5800 platform 
(Beckman Coulter (UK), Ltd). Triglycerides were 
measured in mmol/L (analytical range: 0.1–11.3) 
using enzymatic methodology using the Beckman 
Coulter AU5800 platform (Beckman Coulter (UK), 
Ltd). When participants reported the use of choles-
terol-lowering medication during the assessment, 
LDL cholesterol levels were divided by 0.7; when 
participants reported the use of blood pressure-lower-
ing medication, 15 mmHg was added to the measured 
systolic blood pressure. These correction factors have 
been frequently used in large collaborative genetic 
association studies for reasons of data harmonization.

Cardiovascular disease outcomes

Information on incident cardiovascular disease was 
collected through information from the data provided 
by the NHS record systems. Diagnoses were coded 
according to the International Classification of Dis-
eases (ICD) [20]. Here, the study outcome was CAD 
which we defined as angina pectoris (I20), myocar-
dial infarction (I21 and I22), and acute and chronic 
ischemic heart disease (I24 and I25). We addition-
ally defined subgroups of primary CAD on the 
basis of the age of diagnosis, notably CAD with age 
of diagnosis < 50  years, 50–60  years, 60–70  years, 
and > 70  years. Control participants were defined as 
having no CAD event prior to or during the follow-
up, and we used the same control population for all 
analyses. For sensitivity analyses, we selected only 
the control subjects that remained free of primary 
CAD and had follow-up time available until the age 
of 70  years. For the age-specific analyses, primary 
CAD cases who did not fulfill the age criterion were 
set missing.

Statistical analyses

Population characteristics Characteristics were 
presented for the total population free of CAD at 
baseline, and stratified in subgroups based on the age 
of enrolment, notably 40–50 years, 50–60 years, and 
60–70 years. In addition, for the Mendelian Randomi-
zation analyses, characteristics of the study popula-
tion were examined at enrolment and expressed as 
means (standard deviations) and proportions, and 
stratified for cases based on the age of diagnosis and 
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controls (those not developing CAD during before 
and during the study period).

Multivariable‑adjusted cox proportional hazard 
analyses As first (descriptive) analyses, we asso-
ciated baseline measured exposures (notably, body 
mass index, systolic blood pressure, LDL cholesterol, 
and triglyceride levels) with incident CAD in a cohort 
free of history of CAD using cox proportional hazard 
models (implemented in the survival package in R) 
adjusted for age at enrolment and sex. For these anal-
yses, participants were followed until the end of fol-
low-up, loss-to-follow up, mortality, or the date that 
the participant became a case, whichever came first. 
Analyses were additionally stratified based on the age 
at enrolment, notably 40–50 years, 50–60 years, and 
60–70 years, and were repeated after the exclusion of 
cases who developed CAD during the first 2 years of 
follow-up to limit potential effects of reverse causa-
tion in these analyses. Furthermore, we additionally 
excluded participants either taking blood pressure-
lowering medication (for the blood pressure analyses 
only) or LDL cholesterol-lowering medication (for 
the LDL cholesterol-lowering analyses only) at the 
moment of enrolment.

Mendelian Randomization analyses For the Men-
delian Randomization analyses (e.g., considering the 
lifelong exposure to high levels of the examined risk 
factors), which is an instrumental variable method 
that is free from most confounding and from reverse 
causation, we standardized the genetic risk scores to a 
standard normal distribution (mean = 0, s.d. = 1) to be 
able to compare the results of the different risk factors 
on a similar unit scale. For this analysis, we made use 
of a case–control design and included both past (prior 
to study enrolment) and incident cases (after enrol-
ment until the end of follow-up) of CAD.

Before doing the main Mendelian Randomization 
analyses, we first validated the associations between 
the genetic risk scores and the exposures in the UK 
Biobank, and in groups dependent on the age at enrol-
ment, notably 40–50 years, 50–60 years, 60–70 years, 
using linear regression models adjusted for age, sex, 
and the first 10 genetic principal components (to be 
able to correct for possible population substructures). 
Subsequently, we used logistic regression models to 
study the associations between the genetic risk scores 

and primary CAD stratified in age groups, adjusted 
for sex and the first 10 genetic principal components. 
In addition, we included all four genetic risk scores 
simultaneously in the logistic regression model to 
investigate whether the genetic risk scores are inde-
pendent from each other (as we also attempted to 
perform by excluding genetic instruments associated 
with both LDL and TG). In addition, we repeated all 
statistical analyses stratified analyses by sex. These 
analyses were performed using the glm statistical 
package in R (version 3.6.1) [28], and the results 
could be interpreted as the odds ratio per 1  s.d. 
increased exposure to one of the classical primary 
CAD risk factors with accompanying 95% confidence 
interval.

As we recognize that the sample sizes for the case 
subgroups were different, we repeated the analyses in 
1000 random subsamples of 1000 cases and 25,000 
controls each. To be able to formally test whether 
the association between the genetically influenced 
level of exposure and primary CAD attenuated with 
increased age, we performed linear regression analy-
ses with the maximum age without CAD (age at diag-
nosis for cases; maximum known age for controls) as 
outcome and an interaction term between the genetic 
risk score and CAD as independent variable, adjusted 
for sex and the first 10 principal components, as we 
have done previously [29]. As a last analysis, we 
explored the associations between the genetic risk 
scores and incident CAD in a population free of CAD 
at baseline in 10-year age bins. This analysis was con-
ducted to explore the possible impact of immortal 
time bias since the oldest age group used in the main 
analyses only consisted of incident cases after study 
enrolment. These analyses were performed using cox 
proportional hazard models, adjusted for sex and the 
first 10 genetic principal components; effect attenu-
ation was formally tested by including a multiplica-
tive interaction term between age and the genetic risk 
score in the cox proportional hazard model.

We also explored the predictive ability of the 
genetic risk scores on primary CAD in 5-year age 
bins. To avoid imbalance between the two classes, 
the number of control participants was equalized 
with the number of participants with a primary CAD 
event. A logistic regression model for each of the age 
segments was specified, which uses a linear solver 
(LIBLINEAR library) and k-fold (k = 10) cross-
validation to obtain the optimal hyperparameters 
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[30]. The logistic regression models contained the 
genetic risk scores and sex as input. The output vari-
able of the model indicates if the participant became 
a case. The binomial regression models were esti-
mated and evaluated using the machine learning 
library Scikit learn for the Python programming lan-
guage [31]. To determine the quality of the model, 
the area under the curve (AUC) was calculated for 
each model. The predictive power of the model can 
be deduced from this metric, with larger areas sig-
nifying higher predictive power. Along with AUC, 
the accuracy and recall were calculated from clas-
sification tables and used to evaluate the predictive 
power of the models. The accuracy is defined as 
( 
∑

True positive +
∑

True negative)∕(
∑

Predictions) , 
which refers to the percentage of predictions 
the model calculated correctly. Recall refers 
to the percentage of total relevant results cor-
rectly classified by the algorithm defined as 
( 
∑

True positive∕
∑

Positive predictions) [32].
Previously, it has been shown that selection on age 

in MR can introduce survival/collider stratification 
bias with false-positive observations as its main con-
sequence [33]. We attempted this issue by performing 
the following sensitivity analyses: First, we assessed 
the mean genetic risk scores within the different age 
bin to test for survival effects by the genetic risk 
scores. Second, we tested the association between the 
first ten principal components and CAD and age of 
first CAD occurrence to assess whether the genetic 
structure differs in cases and controls and in younger 
and older cases. And third, we repeated our main MR 

analyses by using only controls who were at least 
70 years at the end of follow-up without developing 
CAD.

Results

Associations between measured exposures and 
incident CAD in a cohort without a history of CAD

In a cohort of 433,163 participants free of a history 
of CAD at enrolment, 9617 cases developed primary 
CAD during follow-up (Table 1). Without exception, 
a higher measured BMI, LDL cholesterol, triglycer-
ides, or higher blood pressure at the moment of enrol-
ment was associated with a higher risk of primary 
CAD during follow-up (Supplementary Table  1). 
However, in general, associations, adjusted for sex, 
were stronger in the subgroup age 40–50  years at 
enrolment and attenuated with increasing age. Results 
remained similar when we excluded cases from the 
analyses that developed CAD in the first 2  years of 
follow-up as well as when we excluded participants 
taking either blood pressure-lowering or cholesterol-
lowering medication.

Mendelian Randomization analyses

Characteristics of the study population

Our study sample of the Mendelian Randomiza-
tion analyses (Table  2) consisted of 22,313 primary 

Table 1  Baseline characteristics for the multivariable-adjusted analyses on incident coronary artery disease

Data presented as means with standard deviations, or as indicated otherwise. A total 2029 participants were either younger than 
40 years or older than 70 years at enrolment, and were not included in the age-stratified analyses
Abbreviations: IQR, interquartile range; LDL, low-density lipoprotein; mmHg, millimeter mercury

All Age 40–50 years Age 50–60 years Age 60–70 years

N 433,163 99,001 144,920 187,213
Number of cases 9617 710 2572 6247
Sex (% men) 45% 45% 43% 46%
Body mass index (kg/m2) 27.3 (4.8) 26.9 (4.9) 27.4 (4.9) 27.5 (4.5)
Blood pressure (mmHg) 141 (21) 130 (17) 139 (19) 148 (21)
LDL cholesterol (mmol/L) 3.8 (0.9) 3.5 (0.8) 3.8 (0.9) 3.9 (0.9)
Triglycerides (mmol/L), median (IQR) 1.49 (1.05, 2.15) 1.31 (0.91, 1.99) 1.48 (1.04, 2.15) 1.57 (1.14, 2.21)
Use of blood pressure medication (%) 19% 5.5% 15% 29%
Use of cholesterol-lowering medication (%) 15% 3.6% 11% 24%
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CAD cases (61.5 [6.0] years of age at study inclusion, 
71.6% men) and 407,920 controls (56.6 [8.0] years 
of age at study inclusion, 44.5% men). Of the pri-
mary CAD cases, 2241 cases were diagnosed before 
age 50  years and 1598 cases after age 70  years. In 
cases, the percentage of men diagnosed before age 
50 years was 75.4% and this was 66.6% after the age 
of 70 years. The BMI at the day of study enrolment 
was 30.1 (5.5) kg/m2 when diagnosed before the age 
of 50  years, and 28.2 (4.3) kg/m2 when diagnosed 
after the age of 70 years.

Assessment of the association between the genetic 
risk scores and CAD by age of diagnosis

All genetic risk scores were associated with higher 
exposure levels at baseline (Supplementary Table 2) 
as well as when we stratified for the age at enrolment.

Irrespective of the age of diagnosis (Table  3), a 
higher genetically influenced BMI (OR: 1.10 [95%CI: 
1.08, 1.12] per s.d.), blood pressure (OR: 1.08 [1.06, 
1.10] per s.d.), r LDL cholesterol (OR: 1.11 [1.10, 
1.13] per s.d.), and triglyceride (OR: 1.06 [1.05, 1.08] 

per s.d.) were associated with a higher risk of primary 
CAD.

Without exception, we observed (Table 3) a step-
wise diminished risk of primary CAD by the geneti-
cally influenced CVD risk factor with increasing 
age of diagnosis. In detail, the risk of primary CAD 
diagnosed before age 50 years was 1.22 times higher 
(95%CI: 1.17, 1.28) per s.d. higher genetically influ-
enced BMI, was 1.12 times higher (95%CI: 1.06, 
1.17) per s.d. higher genetically influenced blood 
pressure, was 1.16 times higher (95%CI: 1.06, 1.12) 
per s.d. higher genetically influenced LDL cholesterol 
concentration, and was 1.11 times higher (95%CI: 
1.06, 1.16) per s.d. higher genetically influenced tri-
glyceride concentration. Alternatively, the risk of 
primary CAD diagnosed after age 70  years was not 
increased by a higher genetically influenced BMI (OR 
1.02 [95%CI: 0.97, 1.08] per s.d.), blood pressure 
(OR 1.04 [95%CI: 0.98, 1.10] per s.d.), LDL choles-
terol (OR 1.02 [95%CI: 0.97, 1.08] per s.d.), and tri-
glycerides (OR 1.04 [95%CI: 0.99, 1.10] per s.d.).

A similar attenuation of the effects was observed 
when we repeated the analyses 1000 times in random 

Table 2  Characteristics of the study population used for the Mendelian Randomization analyses

* Information on body mass index was missing in 8838 individuals. Data of the continuous traits presented as means with standard 
deviations

Controls Cases Cases (< 50 years) Cases (50–60 years) Cases (60–70 years) Cases (> 70 years)

N 407,920 22,313 2241 8615 9859 1598
Age at inclusion, years 56.6 (8.0) 61.5 (6.0) 51.1 (5.5) 60.1 (5.3) 64.2 (3.4) 67.6 (1.5)
Sex (% men) 44.5 71.6 75.4 73.6 69.7 66.6
Body mass index* (kg/

m2)
27.3 (4.7) 29.0 (4.8) 30.1 (5.5) 29.4 (4.9) 28.6 (4.5) 28.2 (4.3)

Table 3  Association between genetically influenced classical cardiovascular risk factors and atherogenic cardiovascular disease at 
different ages

Analyses adjusted for sex and the first 10 principal components. Results presented as the increased odds in atherogenic cardiovascu-
lar disease per standard deviation increase in genetically determined body mass index, blood pressure, LDL cholesterol, or triglycer-
ides with corresponding 95% confidence interval
Abbreviations: CAD, coronary artery disease; CI, confidence interval; LDL, low-density lipoprotein; OR, odds ratio

CAD CAD 
(case < 50 years)

CAD (case 
50–60 years)

CAD (case 
60–70 years)

CAD 
(case > 70 years)

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Body mass index 1.10 1.08, 1.12 1.22 1.17, 1.28 1.14 1.11, 1.16 1.06 1.03, 1.08 1.02 0.97, 1.08
Blood pressure 1.08 1.06, 1.10 1.12 1.06, 1.17 1.09 1.07, 1.12 1.07 1.04, 1.09 1.04 0.98, 1.10
LDL cholesterol 1.11 1.10, 1.13 1.16 1.06, 1.22 1.15 1.12, 1.18 1.09 1.06, 1.11 1.02 0.97, 1.08
Triglycerides 1.06 1.05, 1.08 1.11 1.06, 1.16 1.06 1.03, 1.08 1.06 1.04, 1.09 1.04 0.99, 1.10
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subpopulations of 1000 cases and 25,000 controls 
each (Supplementary Fig.  1). However, statisti-
cal evidence supporting attenuation of the causal 
effect was only observed for BMI (p-value = 3.4e-
6) and LDL cholesterol (p-value = 4.0e-5), and not 
for blood pressure (p-value = 0.22) and triglycerides 
(p-value = 0.23).

Results did not differ when we performed multi-
variable model analyses including all studied genetic 
risk scores. When we stratified by sex, results were 
somewhat more pronounced in women compared to 
men (Supplementary Table 3).

Sensitivity analyses

In the analyses where we matched primary CAD 
cases with controls based on age of diagnosis or age 
at study inclusion, we observed no differences in the 
genetic risk scores across the different age groups 
(Supplementary Table  4). In addition, we did not 
observe, when taking into account multiple testing, 
an association between the principal components with 
primary CAD nor with the age of primary CAD diag-
nosis (Supplementary Table 5). And last, we observed 
similar results as in the main MR analyses when we 
only selected controls that were at least 70  years of 
age at the end of follow-up without developing pri-
mary CAD (Supplementary Table  6). Furthermore, 
results were consistent when we conducted prospec-
tive analyses in a cohort free of CAD at baseline 
(Supplementary Table 7).

Accuracy and feature importance models

We observed (Fig.  1a) that while all individual 
genetic risk scores were specifically associated with 
primary CAD at younger age (in particular, the 
genetic risk score for BMI), these did not show asso-
ciations with an increased primary CAD risk in older 
age, specifically after the age of 60  years. Similarly 
(Fig. 1b), the weighted genetic risk scores collectively 
showed a lower accuracy, recall, and AUC on primary 
CAD dependent on the age of diagnosis. More spe-
cifically, the AUC decreased from 0.65 at the age of 
30 years to 0.60 at the age of 70 years, and specifi-
cally decreased after the age of 60 years. Model recall 
decreased from 0.79 at the age of 30 years to 0.68 at 
the age of 70  years, and showed a steady decrease 
with increasing age.

Discussion

For the present study, we aimed to investigate whether 
classical cardiovascular risk factors gave a similar 
increase in risk of primary coronary artery disease 
in different age groups using MR. Without excep-
tion, we observed that higher levels of the measured 
exposures at the moment of enrolment were associ-
ated with an increased risk of incident CAD, but this 
association attenuated in subgroups with a higher age 
at enrolment. Using data from European individuals 
contributing to UK Biobank, we replicated the over-
all associations between genetically determined BMI, 
systolic blood pressure, LDL cholesterol, and triglyc-
erides and risk of primary CAD that have been pre-
viously published [17–19]. Importantly, we observed 
that these associations were driven by cases diag-
nosed at younger age, while the associations between 
the genetically influenced exposures for the cardio-
vascular risk factors and primary CAD attenuated 
with increasing age. Although attenuation of these 
associations was visually observed for all investigated 
exposures, we only observed statistical evidence sup-
porting an attenuation of effect for BMI and LDL 
cholesterol. Nevertheless, these results do indicate 
that the causal risk of primary CAD by classical risk 
factors is dependent on age.

Performing Mendelian Randomization analyses in 
older people is considered complicated given possible 
survival/selection or collider stratification bias [33]. 
However, simulations showed this effect was specifi-
cally present beyond age 80 years, and therefore mini-
mally affecting the results from the present study [33]. 
Furthermore, in our sensitivity analyses, we found no 
difference in mean genetic risk scores between differ-
ent age groups (meaning that there was no impact of 
the risk scores on survival/high age participation) nor 
did we observe an associations between the principal 
components and CAD and age of primary CAD.

Intervention studies and randomized clinical trials 
aiming to reduce body weight (although with some 
mixed results), LDL cholesterol, systolic blood pres-
sure, and triglycerides have been shown to effectively 
reduce the risk of coronary artery disease [1–4, 34]. 
In addition to a number of meta-analyses of obser-
vational studies that showed that the risk of classi-
cal CAD risk factors was dependent on age [5–7], 
our analyses suggest that the classical primary CAD 
risk factors predominantly affect those at young age. 
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These results are in line with some recent recommen-
dations for the older population [35]. However, these 
results deviate to some extent from the results of the 
randomized clinical trial of pravastatin treatment in 
individuals over 70  years of age [8]. However, sub-
sequent stratification based on cardiovascular disease 
history revealed that the pravastatin-induced decrease 
in vascular event rate was only observed in those 
with a vascular event in the history [8]. This suggests 
treatment with cholesterol-lowering therapy does not 
yield clinical benefit on primary CAD prevention in 
older people. For blood pressure reduction, results 

from randomized clinical trials are more difficult to 
translate to the present findings with the HYVET trial 
showing clinical benefit of blood pressure-lowering 
medication on cardiovascular disease outcomes in 
individuals aged 80 years and older, although primary 
CAD was not examined [36]. However, no clinical 
benefit on cardiovascular outcomes was observed in 
the meta-analysis of the INDANA group possibly due 
to differences in antihypertensive drugs being used 
in the trials and dosing regimens[37]. As antihyper-
tensive drugs are also prescribed for indications other 
than hypertension, our results should therefore only 

Fig. 1  Feature importance 
and model performance 
dependent on the age of 
diagnosis. Analyses were 
performed using a bal-
anced sample dependent 
on the age of diagnosis (for 
primary cases, cases of 
coronary artery disease) or 
age at study inclusion (for 
controls). The following age 
bins were used: 30–40 years 
(N = 210), 40–45 years 
(N = 711), 45–50 years 
(N = 1833), 50–55 years 
(N = 3828), 55–60 years 
(N = 6012), 60–65 years 
(N = 6376), and 65–80 years 
(N = 6336). a Presentation 
of the importance of the dif-
ferent features across age. 
b Performance measures of 
the combined genetic risk 
scores dependent on the age 
of diagnosis. Abbreviations: 
AUC, area under the curve; 
BMI, body mass index; BP, 
blood pressure; LDL, low-
density lipoprotein; TG, 
triglycerides
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be interpreted in the light of management of high 
blood pressure. Also, additional studies and efforts 
are required to make clear distinction in causal risk 
factors based on disease history.

Obesity has been shown to raise ischemic heart 
disease risk [17], and rises the CAD risk factors lipid 
levels and systolic blood pressure [17], which there-
fore act as mediators. However, investigating the 
genetic risk scores simultaneously did not give differ-
ent results, suggesting that BMI has additional (pos-
sibly direct) mechanisms through which it increases 
primary CAD risk, independent of LDL cholesterol 
and blood pressure.

CAD risk management is now also targeted at 
the lowering of blood triglyceride levels [34]. The 
so-called 2 × 2 factorial MR approach showed that 
decreased blood triglyceride levels by enhanced LPL 
activity was associated with a lower risk of CAD on 
top of the genetically determined lower CAD risk by 
lower LDL cholesterol [38]. Although we did not par-
ticularly focus on the modification of LPL activity in 
the present study, the lack of an association between 
triglyceride and primary CAD in individuals over 
70 years suggests that reducing blood triglyceride lev-
els is likely not to be effective as a primary preven-
tive strategy in older individuals, and only younger 
individuals will likely show clinical benefit. However, 
this hypothesis should be explored in greater detail in 
subsequent studies.

The lack of significant causal determinants for 
CAD in individuals above the age of 70 years raises 
the question what physiological factors contribute the 
CAD onset in this particular population and what pre-
ventive strategies could be applied in the increasing 
number of older individuals in societies. It is impor-
tant to stress that aging is associated with increased 
cardiac hypertrophy [39] to compensate for lower car-
diac output. It is therefore likely that elderly have less 
compensatory mechanisms to handle increased CAD 
risk and will develop CAD in an earlier pathological 
stage than younger individuals, which occurs inde-
pendently of the classical risk factors being examined 
in the present study. Interestingly, there seems to be 
an intersection of considered main biological mecha-
nisms of aging (e.g., oxidative stress management, 
growth hormone signaling, sirtuins) and cardiovas-
cular disease risk [40, 41], which might contribute to 
the observations from the present study, but warrant 
additional studies.

Although the present study was conducted in a 
large study sample with a relatively large number of 
primary cases of coronary artery disease allowing 
to stratify the cases in different subgroups depend-
ent on the age of diagnosis, some limitations should 
be addressed. For example, despite the large num-
bers, the number of cases in the extreme groups 
(notably the youngest and oldest age stratum) was 
limited and could have resulted in false-negative 
results. Although a similar trend in the attenuation 
of the effect was observed in the equally sized ran-
dom subgroups, which support the robustness of 
our findings, the results of our study still warrant 
replication in an independent cohort. However, it is 
important to stress that not only did the associations 
not reach the level of statistical significance, but the 
effect estimates were also considerably lower and 
do not provide a clinically relevant effect. In addi-
tion, this study only studied healthy individuals of 
European ethnicity; translation of our findings to 
other ancestry groups should be done with caution. 
Furthermore, the present study assumed that the 
SNP-exposure association, for use as instrumental 
variable in the MR analysis, remained similar in dif-
ferent age groups. Although our genetic risk scores 
were associated with higher levels of the measured 
exposure at the moment of enrolment in the UK 
Biobank, we were not able to validate these scores 
beyond age 70 years.

In summary, the results of the present study 
showed that specifically, the increased causal risk of 
primary CAD, conferred by the classical cardiovas-
cular risk factors, high body mass index, high blood 
pressure, high LDL cholesterol, and high triglyc-
erides, attenuated with increasing age. This study 
highlights the potential need of a dynamic approach 
based on age in primary cardiovascular disease 
risk factor management and questions the need for 
(some) currently applied cardiovascular disease risk 
reducing interventions at older age.
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