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Abstract
Objectives: Low socioeconomic status (SES) is associated with cardiovascular risk factors and increased coronary artery disease
(CAD) risk. We tested whether SES is an effect modifier of the association between classical cardiovascular risk factors and CAD using
SES-stratified Mendelian Randomization in European-ancestry participants from UK Biobank.

Study Design and Setting: We calculated weighted genetic risk scores (GRS) for the risk factors body mass index (BMI), systolic
blood pressure, low-density lipoprotein cholesterol, and triglycerides. Participants were stratified by Townsend deprivation index score. Lo-
gistic regression models were used to investigate associations between GRSs and CAD occurrence. Additionally, stratification based on
GRS-adjusted Townsend deprivation index residuals was conducted to correct for possible collider-stratification bias.

Results: In a total sample size of N 5 446,485, with 52,946 cases, the risk for CAD per standard deviation increase in genetically
influenced BMI was highest in the group with the lowest 25% SES (odds ratio: 1.126, 95% confidence interval: 1.106e1.145; odds ratio:
1.081, 95% confidence interval: 1.059e1.103 in high SES), remaining similar after controlling for possible collider-stratification bias. The
effects of genetically influenced systolic blood pressure, low-density lipoprotein cholesterol, and triglyceride on CAD were similar between
SES groups.

Conclusion: CAD risk attributable to increased BMI is not homogenous and could be modified by SES. This emphasizes the need of
tailor-made approaches for BMI-associated CAD risk reduction. � 2023 The Author(s). Published by Elsevier Inc. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Individuals with low socioeconomic status (SES) are at
an increased risk of developing cardiovascular disease
(CVD) [1e4]. Although it is known that a low SES is asso-
ciated with adverse lifestyle factors such as smoking,
alcohol consumption, unhealthy diet, and physical inac-
tivity [5e8], the exact mechanisms underlying the link
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between SES and risk for CVD are still relatively unclear.
Additionally, classic cardiovascular risk factors such as
high body mass index (BMI), elevated blood lipid levels,
and systolic blood pressure (SBP) play prominent roles in
the pathogenesis of (atherosclerotic) CVD [9]. Simulta-
neously, studies indicate that these classic risk factors are
also generally more prevalent in individuals with lower
SES [10e13], emphasizing the complex interplay between
SES, CVD risk factors, and the development of disease.

In a previous study conducted in the UK biobank, it was
shown that as much as 40% of the association between low
education, as a reflection of low SES, and increased CVD
risk was mediated by BMI, blood pressure, and smoking
behavior [14]. Additionally, evidence is emerging that the
risk for CVD associated with the classical CVD risk factors
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What is new?

Key findings
� Classical cardiovascular risk factor are associated

with coronary artery disease in Mendelian random-
ization in all groups based on socioeconomic
status.

� In people with the lowest socioeconomic status, the
association between genetically-influenced body
mass index and coronary artery disease was
strongest.

What this adds to what was known?
� Maximum effect of intervention studies might be

dependent on the socioeconomic status.

� While Mendelian randomization studies usually
study population averages, relevant subgroup ef-
fects might exist.

What is the implication and what should change
now?
� Intervention studies in all relevant subgroups

should be investigated more to ensure largest ef-
fects on population health.

is not universal throughout subgroups of the general popu-
lation and differs, for example, already for different age
groups and for the different sexes in observational studies
[15,16]. The heterogeneous risk factoreCVD associations
in different groups of the general population emphasize
the need of a ‘‘tailor-made’’ approach for clinical
decision-making. These observations are in line with the
general hypothesis that atherogenic cardiovascular diseases
are not a single disease entity but as a dynamic disease
construct with changing pathogenesis depending on specific
patient characteristics throughout life. For example, and in
line with this concept, we previously showed, using Mende-
lian Randomization (MR) approaches, that the impact of
genetically influenced increased BMI on the risk of devel-
oping type 2 diabetes was dependent on the age of diag-
nosis with older people with higher BMI were less
susceptible for developing type 2 diabetes [17]. In addition,
the impact of classical genetically influenced CVD risk fac-
tors on coronary artery disease (CAD) attenuated for
increasing age of diagnosis [18].

We hypothesized that SES is an important factor that can
modify the impact of classical CVD risk factors on CVD, in
addition to age and sex. If confirmed, this would mean that
interventions tailored to specific SES groups may achieve a
larger reduction in CVD risk not only due to low SES
groups having a higher average BMI but also due to SES
acting as a catalyst for BMI-attributable CAD risk. To omit
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potential reverse causation and/or most confounding in our
analyses, we used a MR approach. Here, genetic variants
are used as instrumental variables for given exposures to
approximate the effect of life-long exposure to risk factors
on the development of disease outcomes [19e21]. In the
present study [22], we assessed the associations between
classical genetically influenced CVD risk factors and
CAD, stratified for SES, in a large cohort of European-
ancestry participants from the UK Biobank.
2. Methods

2.1. Study setting and population

The UK Biobank is a prospective general population
cohort with 502,628 participants between the age of 40
and 70 years at the moment of enrollment [23]. Recruit-
ment took place between 2006 and 2010 (more information
can be found online; https://www.ukbiobank.ac.uk). Invita-
tion letters were sent to eligible adults registered to the Na-
tional Health Services and living within a 25-mile distance
from one of the assessment centers. Participants provided
information on their lifestyle and medical history through
touch-screen questionnaires and physical measurements.
Blood samples were collected for biochemistry analyses
and genotyping.

The UK biobank study was approved by the North-West
Multicenter Research Ethics Committee. Access for infor-
mation to invite participants was approved by the Patient
Information Advisory Group for England and Wales. All
participants in the UK Biobank provided a written informed
consent. The present study was accepted under project
number 56340.

We restricted all our analyses to participants of Euro-
pean origin (N 5 446,485), as to limit confounding by
ethnic genetic variation. Townsend Deprivation Index
(TDI) scores, a measure of SES, were collected at baseline
for nearly all of the participants in the study (N5 445,965).
2.1.1. Genotyping, genetic imputations, and genetic risk
scores

For our study, we conducted stratified MR analyses,
where weighted genetic risk scores (GRS) were used to
represent the genetically determined higher BMI, low-
density lipoprotein (LDL) cholesterol levels, triglyceride
(TG) levels, and SBP. These weighted GRS were calculated
using independent lead genetic variants (P value ! 5 �
10�8) that have been previously identified in genome-
wide association meta-analyses in which the UK Biobank
population did not contribute. The GRS score for BMI
was based on data from 339,224 individuals; 76 single
nucleotide polymorphisms (SNPs) [24], LDL cholesterol
level on 188,577 individuals; 15 SNPs [25], TGs on
188,577 individuals; 20 SNPs [25], and SBP 200,000 indi-
viduals; 42 SNPs [26].

https://www.ukbiobank.ac.uk


Fig. 1. Directed acyclic graph (DAG) illustrating the relationship be-
tween the studied variables. When variable G (GRS) and variable C
(TDI) are directly linked, TDI can be considered a collider variable,
becoming a dependent variable when conditioned on. (For interpreta-
tion of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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The published beta estimates for the independent lead
variants in these genetic meta-analyses were subsequently
used to calculate the weighted GRS for each CVD risk fac-
tor for each participant in the UK biobank study. Overlap-
ping independent lead variants [25] between LDL
cholesterol and TG levels in the genetic risk scores were
not taken into account in the calculation of the GRS with
the intention to limit bias by (directional) pleiotropy.

The genotyping of the UK Biobank population was per-
formed for roughly 50,000 participants by Affymetrix, us-
ing a BiLEVE Axiom array. For the other UK Biobank
participants, the genotyping was performed using the Affy-
metrix UK Biobank Axiom array. More information on the
genotyping processes can be found online (https://www.
ukbiobank.ac.uk). Based on the genotyped data from these
arrays, the UK Biobank resources performed imputation on
the autosomal SNPs using the UK10K haplotype [27], 1000
Genomes Phase 3 [28], and Haplotype Reference Con-
sortium [29] as reference panels.

2.1.2. Socioeconomic status
To stratify the UK biobank population into different SES

groups, we used the TDI [30]. This calculated index score,
defined at the moment of enrollment, is a composition of
four different variables, all related to SES: unemployment,
nonownership of a home, nonownership of a car, and
household overcrowding [30]. Importantly, the TDI is not
linked to a specific individual but instead linked to the
postal codes from the UK Biobank participants and is there-
fore a reflection of overall SES of the neighborhood in
which the participants are living.

The TDI scores recorded within the UK Biobank ranged
between �6.26 and 11.00, and lower scores are reflective of
a higher SES in the neighborhood. Using quartiles of these
scores, the population was divided into four groups.
Because some individuals had very high TDI values, we
performed sensitivity analyses by dividing the highest
TDI group into two subgroups based on the 87.5 percentile
of TDI and repeated the main analysis accordingly.

2.1.3. Coronary artery disease
CAD occurrence (either before or after enrollment in

UK Biobank) was the primary outcome for the analyses.
Diagnoses were coded according to the International Clas-
sification of Diseases [23]. 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). Cases were ascer-
tained through a UK Biobank algorithm combining data
from linked hospital admissions, death registries, reports
from the general practitioner, and self-report.

2.2. Statistical analysis

All the analyses were done using R (v4.1.0) statistical
software (The R Foundation for Statistical Computing,
Vienna, Austria) [31]. In our MR analyses, the associations
between genetically determined CVD risk factors and CAD
were calculated using multivariable-adjusted logistic
regression analyses, with CAD as dependent and the
weighted GRS score as exposure and corrected for age,
sex, and the first 10 principal components. In addition,
the analyses were stratified by the TDI score categories to
study the possible effect modification of the association be-
tween the genetically influenced CVD risk factor and CAD
by SES. The results derived from these models (with
accompanied 95% confidence intervals [CIs]) can be inter-
preted as the change in odds on CAD for every increase in
standard deviation (SD) in genetically determined expo-
sure. All analyses were adjusted for age, sex, and the first
10 genetic principal components to correct for possible
population admixture. Additional analyses were performed
where we stratified the study population for men and
women. We tested for evidence for an interaction on a mul-
tiplicative scale by adding an interaction term between the
GRS and TDI (both as continuous variables) in the
multivariable-adjusted logistic regression models on
CAD. The different genetic risk scores were examined
separately. For these analyses, we reported the P values
for interaction, corrected for multiple testing using the Bon-
ferroni adjustment method. Therefore, we required a P
value !0.0125.

However, stratification by TDI can introduce collider
bias when there is a conditional relationship between the
genetic risk score and TDI (e.g., the mean GRS score is
higher in either the low or high TDI group). As explained
in detail previously in Coscia et al. [32], when a variable
(TDI) in a causal diagram is directly affected by two other
variables, such as the risk factor (BMI, blood pressure,
LDL cholesterol, and TG levels) corresponding GRS, con-
ditioning on TDI might introduce a collider (Fig. 1). In line
with this paper, in a sensitivity analysis, we controlled for
the possible presence of such bias in the main analyses,
by defining strata defined by quantiles of the residual TDI

https://www.ukbiobank.ac.uk
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Table 1. Baseline characteristics of the study population

Variable name
Quartile 1

(N [ 111,563)
Quartile 2

(N [ 111,427)
Quartile 3

(N [ 111,488)
Quartile 4

(N [ 111,487) Total (N [ 446,495)

Sex, Female (%) 60,302 (54%) 60,929 (55%) 61,493 (55%) 59,736 (54%) 242,742 (54%)

Age 57.3 (7.8) 57.2 (7.9) 56.6 (8.1) 55.9 (8.2) 56.8 (8.0)

Townsend Deprivation Index
Score

�4.4 (�6.3, �3.7) �3.0 (�3.7, �2.3) �1.3 (�2.3, 0.2) 2.4 (0.2, 11.0) �2.3 (6.3, 11.0)

BMI 27.0 (4.3) 27.2 (4.5) 27.4 (4.7) 28.0 (5.3) 27.4 (4.7)

Systolic blood pressure 141 (19.6) 141 (19.6) 140 (19.6) 139 (19.7) 140 (19.7)

Diastolic blood pressure 82.3 (10.5) 82.3 (10.6) 82.2 (10.7) 82.0 (10.9) 82.2 (10.7)

LDL Cholesterol 5.76 (1.1) 5.7 (1.1) 5.7 (1.1) 5.6 (1.2) 5.7 (1.1)

Triglycerides 1.5 (0.2, 11.3) 1.5 (0.2, 11.3) 1.5 (0.2, 11.2) 1.5 (0.2, 11.3) 1.5 (0.2, 11.3)

Abbreviations: TDI, townsend deprivation index; BMI, body mass index.
Data are mean (SD) for normally distributed continuous variables or median (IQR) otherwise. Percentages are shown for dichotomous

variables.
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collider. We calculated the residual TDI, a variable that is
free from any influences of the instrument variable (the
GRS) [32], by calculating residuals using linear regression
analyses with TDI as outcome and the genetic risk score as
an independent variable. Using the residuals, new sub-
groups were defined based on quartiles, and the main ana-
lyses were repeated accordingly.
3. Results

3.1. Baseline characteristics of the UK biobank study
population

When stratified in quartiles for TDI score, the study
sample (Table 1) consisted of 446,495 individuals of which
52,946 (12%) had CAD. Participants in quartile 4 (the
group with the highest TDI scores) had a higher mean
measured BMI (28.0 vs. 27.0 kg/m2) and a lower mean
age (55.9 vs. 57.3 years) compared with quartile 1 (reflec-
tive of the lowest TDI).
3.2. Mendelian randomization analyses

In quartile 1, around 10% of the participants
(N 5 11,526) developed CAD before or during follow-
up. With a higher TDI (quartiles 2 till 4), the percentage
of participants with CAD increased to around 14%
(N 5 16,158) in quartile 4.

The logistic regression models in our MR analyses
without stratification by TDI showed that a one SD increase
in genetically determined BMI (odds ratio [OR]: 1.107
[95% CI: 1.096, 1.117]), SBP (OR: 1.068 [95% CI:
1.058, 1.078]), LDL cholesterol (OR: 1.086 [95% CI:
1.077, 1.097]), and TGs (OR: 1.053 [95% CI: 1.044,
1.063]) were all associated with a higher risk of CAD.

In the stratified analyses, we observed that the effect es-
timate of CAD by genetically determined BMI increased as
TDI increased (Fig. 2A). The OR for CAD per SD increase
in genetically influenced BMI was 1.08 (95% CI: 1.06,
1.10) in quartile 1 vs. 1.13 (95% CI: 1.11, 1.15) in quartile
4. Using a logistic model that included a multiplicative
interaction term between the TDI score and the genetic risk
score, and after correcting for multiple testing, the OR of
CAD per SD increase in BMI differed significantly depen-
dent on the TDI groups (P value for interaction 5 0.0049).
For SBP, LDL cholesterol, and TG levels, the OR for CAD
per SD increase was similar in the different TDI groups
(Fig. 2BeD), although a trend was observed for TGs hav-
ing a weaker effect estimate in the group with the highest
TDI (quartile 4; Fig. 2D; P value for interaction 5 0.073).
P values for interactions were 0.27 for SBP and 0.44 for
LDL cholesterol level.

In subsequent analyses where we further stratified the
highest TDI group (quartile 4) because of the large range
in TDI values in this group (ranging from 0.2 to 11.0),
the OR for CAD per SD increase in genetically
influenced BMI in the 75e87.5 percentile TDI group was
1.11 (95% CI: 1.08, 1.14), whereas in the group with TDI
values above the 87.5 percentile the OR was 1.14 (95%
CI: 1.11, 1.17).

3.3. Sensitivity analyses

In logistic regression analyses, only genetically influ-
enced BMI was associated with TDI (estimate: 0.0016,
95% CI: 0.0013, 0.0019). Therefore, the analysis that stud-
ied the association between genetically influenced BMI and
CAD, stratified for TDI, was repeated using new BMI
GRS_free subgroups of TDI (‘‘IV free’’). These results
did not substantially differ from the main analysis
(Supplementary Table 1).
4. Discussion

We performed MR analyses using calculated genetic risk
scores for CVD risk factors to investigate their association



Fig. 2. Association between genetically determined risk factors body mass index (A), systolic blood pressure (B), LDL cholesterol (C), triglyceride
(D), and coronary artery disease stratified for socioeconomic status estimated ORs represent the effect per SD increase in risk factor GRS on CAD.
Results obtained using a logistic regression with genetic risk score as exposure, corrected for age, sex, and the first 10 principal components and
were stratified for SES. BMI, Body Mass Index; SBP, systolic blood pressure; TG, triglyceride; SES, socioeconomic status. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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with CAD in different SES groups, using data from 446,495
European-ancestry participants from the UK Biobank. Re-
sults indicated that in every SES group, each investigated
genetically influenced risk factor (BMI, SBP, LDL, and
TGs) was associated with an increased risk of CAD, con-
firming the previously observed effects of these risk factors
on CAD. However, for genetically influenced BMI, the
observed effect on CAD differed between SES groups. Spe-
cifically, in the lower SES group, the increased risk on
CAD per SD increase BMI was larger compared with the
highest SES group. Suggestive evidence was observed that
the association between TGs and CAD was weakest in peo-
ple having the highest TDI. These results could be an indi-
cation that an increased BMI is not only more prevalent in
low SES groups but that the risk associated with a one-unit
increased BMI is also higher.

To the best of our knowledge, the present study is the
first to investigate the impact of classic CVD risk factors
on CAD occurrence in different subgroups of SES in an
MR analysis. Of interest, earlier MR studies have shown
age-specific effects attributable to CVD risk factors
[17,18]. These findings, together with the findings from
the present study, further illustrate that the effect of CVD
risk factors is not homogeneous but subgroup-specific
instead.

To illustrate, a hypothetical intervention in our study
population leading to an equal reduction (e.g., one SD) in
BMI across all groups would lead to a relatively larger case
reduction of CAD in the lower SES group. A one-SD
reduction of BMI would lead to 1.081 lower odds of devel-
oping CAD attributable to BMI in the highest SES group.
Conversely, the same one-SD reduction would lead to
1.126 lower odds in the lowest SES group. With both a
larger incidence and a bigger effect size, a one-SD reduc-
tion of BMI leads to a larger absolute case reduction in
the low SES group. By not recognizing the different effect
attributable to BMI in different SES groups and using the
overall increased risk (OR: 1.107), a hypothetical interven-
tion would assume an underestimation and overestimation
of case-reduction in high and low SES groups, respectively.

Our findings on the subgroup-specific impact of BMI on
CAD risk could be caused by different body compositions
in different socioeconomic groups. BMI is generally
thought to have a linear relationship with CVD incidence
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[33]. However, it is a measure of overall adiposity that
takes into account body weight and length, but not body
composition variables such as fat mass and muscle mass.
It is possible that the increased CAD risk in groups of lower
SES could be because groups of lower SES have a higher
body fat percentage. However, there is currently not much
literature on body composition in different socioeconomic
groups. The distribution of fat is another aspect to consider.
Literature has shown that compared with subcutaneous fat,
visceral fat is associated with a higher risk for CAD [34]. It
could be hypothesized that the body fat of individuals of
lower SES consists of a larger proportion of visceral fat
than the body fat of individuals of higher SES. As there
are, to our knowledge, currently no sufficient reliable ge-
netic instruments for visceral fat, we were unable to test
this hypothesis. Thus, subsequent studies should aim to
explore the potential differences in body composition be-
tween SES groups.

It has been shown that low SES is one of the strongest
predictors toward engaging in lifestyle risk behavior asso-
ciated with cardiovascular death [35]. These include
smoking, alcohol consumption, and an unhealthy diet.
All of these lifestyle factors are in turn associated with
increased liver fat and/or visceral fat, which are known
to increase CAD risk [36,37]. It is therefore possible that
lifestyle risk behavior could lead to different body compo-
sitions between SES groups, which in turn could explain
our results.

Although SBP, TG, and LDL cholesterol are assumed to
be causal risk factors for CAD incidence, there does not
seem to be a difference in effect between SES groups ac-
cording to our results. Thus, it is likely that interventions
targeting SBP, TG, or LDL cholesterol would have a com-
parable effect on CAD incidence, independent of SES.

The main strength of this study is the large sample size
as well as considerable number of CAD cases. This ensured
statistical power for our analyses on the association be-
tween CVD risk factors and CAD occurrence. The MR
method also aims to prevent possible reverse causation or
confounding. Finally, our findings on the associations be-
tween known CVD risk factors and CAD are directionally
consistent compared with earlier literature, which increases
the credibility of our main findings. Some limitations
should also be considered. First, we used the TDI as an
indication of SES. As TDI is only measured at baseline, po-
tential changes in SES during follow-up cannot be taken
into account. To add, TDI is calculated based on geograph-
ical data and therefore is not a measure of individual SES,
but a measure of environmental poverty. Furthermore, using
a measure of neighborhood SES could provide suitable
target locations for potential tailor-made intervention pol-
icies. Second, our study population from the UK Biobank
consists of Caucasian participants. Therefore, the generaliz-
ability of our results to other ancestry groups is limited.
This is especially relevant as prevalence of CVD risk fac-
tors differs between ethnic groups [38]. However, limiting
the study population to Caucasians greatly reduces the het-
erogeneity between participants.

In conclusion, our findings indicate that CAD risk attrib-
utable to BMI is not homogenous and is modified by SES.
Although genetically influenced BMI was associated with
CAD in all SES subgroups, tailor-made approaches for risk
reduction dependent on SES should be considered to opti-
mize the reduction in disease risk.
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