
ARTICLE

Separating the direct effects of traits on atherosclerotic
cardiovascular disease from those mediated by type 2 diabetes

Venexia M. Walker1,2,3 & Marijana Vujkovic4 & Alice R. Carter1,2 & Neil M. Davies1,2,5 & Miriam S. Udler6 &

Michael G. Levin7,8
& George Davey Smith1,2

& Benjamin F. Voight9,10,11 & Tom R. Gaunt1,2 &

Scott M. Damrauer3,8,10

Received: 5 August 2021 /Accepted: 22 November 2021
# The Author(s) 2022

Abstract
Aims/hypothesis Type 2 diabetes and atherosclerotic CVD share many risk factors. This study aimed to systematically assess a
broad range of continuous traits to separate their direct effects on coronary and peripheral artery disease from those mediated by
type 2 diabetes.
Methods Our main analysis was a two-step Mendelian randomisation for mediation to quantify the extent to which the associ-
ations observed between continuous traits and liability to atherosclerotic CVD were mediated by liability to type 2 diabetes. To
support this analysis, we performed several univariate Mendelian randomisation analyses to examine the associations between
our continuous traits, liability to type 2 diabetes and liability to atherosclerotic CVD.
Results Eight traits were eligible for the two-step Mendelian randomisation with liability to coronary artery disease as the
outcome and we found similar direct and total effects in most cases. Exceptions included fasting insulin and hip circumference
where the proportion mediated by liability to type 2 diabetes was estimated as 56% and 52%, respectively. Six traits were eligible
for the analysis with liability to peripheral artery disease as the outcome. Again, we found limited evidence to support mediation
by liability to type 2 diabetes for all traits apart from fasting insulin (proportion mediated: 70%).
Conclusions/interpretation Most traits were found to affect liability to atherosclerotic CVD independently of their relationship
with liability to type 2 diabetes. These traits are therefore important for understanding atherosclerotic CVD risk regardless of an
individual’s liability to type 2 diabetes.
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Abbreviations
FDR False discovery rate
GWAS Genome-wide association studies

Introduction

Type 2 diabetes shares several risk factors with the atheroscle-
rotic CVDs coronary artery disease and peripheral artery
disease. These risk factors include obesity and hypertension
[1–3]. In addition, type 2 diabetes is one of the strongest inde-
pendent risk factors for both coronary and peripheral artery
disease [4, 5]. As a result of the shared links between type 2
diabetes and atherosclerotic CVD, it can be difficult to sepa-
rate the direct effects of risk factors for atherosclerotic CVD
from those mediated by type 2 diabetes. Distinguishing these
effects is important because it may provide novel biological
insight into the conditions individually, while also improving
our understanding of their commonalities.

Mendelian randomisation uses genetic variants associated
with an exposure (referred to as an ‘instrument’) as a proxy for
that exposure [6]. This method can be used to estimate the
causal effect of an exposure on an outcome free from bias
due to non-genetic confounding and reverse causality if its
assumptions hold [7]. Two-step Mendelian randomisation

for mediation analysis is an extension to this method and
incorporates the causal effect of a mediator, to estimate the
direct (independent of the mediator) and indirect (via the
mediator) effects of an exposure on an outcome [8, 9].
Furthermore, this approach can be applied using summary
statistics from multiple genome-wide association studies
(GWASs) with non-overlapping samples [10]. This removes
the need for individual-level data from a single study contain-
ing information on all the risk factors, allowing broad system-
atic assessment of a wide range of risk factors unlikely to be
captured in one place.

WhileMendelian randomisation has previously been used to
individually estimate the effect of several risk factors on liability
to our three disease outcomes of interest [4, 11–15], and
Mendelian randomisation for mediation has been conducted
to investigate the mediating effect of a selected set of obesity-
related markers [16], systematic assessment of a wide range of
traits usingMendelian randomisation to separate their effects on
liability to atherosclerotic CVD from liability to type 2 diabetes
has not yet been conducted. The aim of this study was therefore
to implement a standardised univariate Mendelian
randomisation framework and follow-up analyses with two-
step Mendelian randomisation for mediation to interrogate the
association of a broad range of continuous traits with liability to
our three disease outcomes: type 2 diabetes; coronary artery
disease; and peripheral artery disease.
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Methods

Study design Our study consisted of two stages (summarised in
Fig. 1). First, we used univariate Mendelian randomisation to
estimate the effects of 108 continuous traits (see Trait selection,
below) on liability to three disease outcomes: type 2 diabetes;
coronary artery disease; and peripheral artery disease. In addition,
we used univariate Mendelian randomisation to estimate the
effect of liability to type 2 diabetes on the 108 continuous traits.
This allowed us to remove traits that had a bidirectional associ-
ation with liability to type 2 diabetes as we cannot determine
which phenotype should be the exposure andwhich themediator
for downstream analyses in this case. Based on the evidence from
stage 1, we implemented stage 2: two-step Mendelian
randomisation for mediation. Using this approach, we estimated
the direct effect (i.e. independent of liability to type 2 diabetes)
and indirect effect (i.e. mediated via liability to type 2 diabetes) of
the traits on the atherosclerotic CVDs of interest.

Trait selection Traits were selected from the IEU OpenGWAS
database by implementing a selection procedure to retain the
largest, minimally adjusted GWAS for each continuous
biological trait that had been studied in both men and women
of European or mixed ancestry (electronic supplementary
material [ESM] Fig. 1) [17]. Sample overlap was permitted

between traits and so most of the GWASs included partici-
pants from UK Biobank [18].

Outcome phenotypesWe obtained the GWASs for liability to
type 2 diabetes in European ancestry from the DIAMANTE
consortium [19]. The GWASs for liability to coronary artery
disease and liability to peripheral artery disease were obtained
from the CARDIoGRAM consortium and Million Veteran
Program, respectively [20–22]. As noted above, sample over-
lap was permitted between traits, although GWASs were
obtained from distinct samples for liability to type 2 diabetes,
coronary artery disease and peripheral artery disease.

Univariate Mendelian randomisation Instruments for each
trait were defined using the genome-wide significant (p<5 ×
10−8) genetic variants from the corresponding GWAS to satis-
fy the first instrumental variable assumption of relevance. A
description of relevance and the other the instrument assump-
tions required for Mendelian randomisation are given in ESM
Methods 1. For the univariate Mendelian randomisation anal-
yses, instruments were clumped using a 10 Mb window and
R2 linkage disequilibrium (LD) threshold of 0.001 against the
1000 genomes reference panel for the European super-popu-
lation, which was filtered to include only bi-allelic variants
with minor allele frequencies greater than 0.01. Instruments

a
Stage 1 Stage 2

UVMR evidence for 
risk factor > T2D

UVMR evidence for
T2D > risk factor

UVMR evidence for
risk factor > ASCVD

Two-step MR 
for media�on

Suppor�ve Suppor�ve Suppor�ve None

Suppor�ve Limited Suppor�ve See b

Suppor�ve Suppor�ve Limited None

Suppor�ve Limited Limited None

b Variants with a direct 
effect on the risk factor

Variants with direct 
effects on both the risk 

factor and liability to T2D

Variants with a direct 
effect on liability to T2D

Liability to 
ASCVD

Risk factor

Liability to T2D

Fig. 1 Illustration of the two-stage study design and the two-step
Mendelian randomisation for mediation model used for stage 2. (a)
Summary of how evidence from univariate Mendelian randomisation
analyses of the risk factor, liability to type 2 diabetes, and liability to
atherosclerotic CVD are assessed in stage 1. Here, estimates that met
the arbitrary FDR threshold of 5% were deemed to lend ‘supportive’
evidence, while all other estimates were considered to provide ‘limited’

evidence. Depending on the evidence obtained in stage 1, a trait may
progress to stage 2 (i.e. the two-step Mendelian randomisation for medi-
ation). (b) The model for two-step Mendelian randomisation is shown.
Red arrow represents the direct (i.e. independent of the mediator) effect
and the blue arrow represents the indirect (i.e. via the mediator) effect.
ASCVD, atherosclerotic CVD; T2D, type 2 diabetes; UVMR, univariate
Mendelian randomisation; MR, Mendelian randomisation
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consisting of less than ten variants were removed, before
harmonisation with the outcome data to represent an increase
in the exposure. Mendelian randomisation was then perform-
ed using the inverse variance weighted method. Note that all
estimates are presented in SD units to allow comparison
between traits.

We repea ted the above univar ia te Mendel ian
randomisation analyses using the simple mode, weighted
median, weighted mode and MR-Egger methods as a sensi-
tivity analysis to examine estimate consistency. We also
derived heterogeneity statistics to examine the consistency
of estimates across the variants included in each analysis and
performed a leave-one-out analysis to determine whether
certain variants were driving the observed effects. We includ-
ed an MR-Egger intercept test to assess whether directional
pleiotropy was likely to have affected our results [23]. Finally,
to assess the nomeasurement error assumption for MR-Egger,

we calculated the I2GX statistic as a measure of potential atten-
uation bias [24]. All univariate analyses and associated sensi-
tivity analyses were implemented using the TwoSampleMR
package for R [25].

Two-step Mendelian randomisation for mediation When we
found the following evidence: (1) evidence to support an
effect of the trait on liability to type 2 diabetes; (2) limited
evidence to support an effect of liability to type 2 diabetes on
the trait; and (3) evidence of an effect on liability to at least one
atherosclerotic cardiovascular outcome of interest, multivari-
able Mendelian randomisation was applied using the trait and
liability to type 2 diabetes as exposures. An arbitrary false
discovery rate (FDR) of 5%, calculated according to the
Benjamini and Hochberg method, was used as an indicator
of supportive evidence of an association [26]. This multivar-
iable Mendelian randomisation allowed us to estimate the
effect of the trait, independent of liability to type 2 diabetes,
on the liability to atherosclerotic CVD outcome of interest
(Fig. 1b). This effect is often referred to as the ‘direct’ effect.
We were also able to derive the effect of the trait, through
liability to type 2 diabetes on liability to the atherosclerotic
CVD outcome of interest, often referred to as the ‘indirect’ or
‘mediated’ effect. For the two-step Mendelian randomisation
for mediation, we multiplied the estimate for the effect of the
trait on liability to type 2 diabetes obtained from the univariate
Mendelian randomisation by the direct effect of liability to
type 2 diabetes on the atherosclerotic cardiovascular outcome
of interest obtained from the multivariable Mendelian
randomisation (where the exposure of interest and mediator
were both used as exposures). CIs were derived using the sum
of squares method.

Instruments for this analysis were clumped against either
the trait or liability to type 2 diabetes (whichever had the
smallest instrument) using a 10 Mb window and R2 LD
threshold of 0.001 against the 1000 genomes reference panel

for the European super-population, which was filtered to
include only bi-allelic variants with minor allele frequencies
greater than 0.01. Harmonisation was performed with variants
aligned to represent an increase in the trait prior to analysis.
We calculated conditional F statistics to test instrument
strength for each exposure in our analysis. We also calculated
a modified form of Cochran’s Q statistic that has been devel-
oped to measure heterogeneity in causal effect estimates from
multivariable Mendelian randomisation. Multivariable
Mendelian randomisation estimates and these statistics were
obtained using the MVMR package for R [27]. Again, all
estimates are presented in SD units to allow comparison
between traits. The non-collapsibility of ORs can pose a prob-
lem when using summary statistics from logistic regression
for binary mediators and outcomes in multivariable
Mendelian randomisation. To assess whether this is likely to
have impacted our results, we repeated our analyses using a
GWAS of liability to type 2 diabetes based on a linear (instead
of a logistic) model (ESM Methods 2). Finally, note that
alongside the standard instrument assumptions required for
Mendelian randomisation (ESM Methods 1), two-step
Mendelian randomisation for mediation also assumes no inter-
action between the exposure and the mediator.

Code availability All analyses were conducted in R version
4.0.2. The associated code is available from https://github.
com/venexia/T2DMediationMR.

Ethics approval This research using UK Biobank data was
completed under Application Number 15825, which has been
subject to ethics approval.

Results

The results of this analysis are presented in four parts: (1) the
selection of traits from the IEUOpenGWAS database [17]; (2)
the results of the univariateMendelian randomisation analyses
to interrogate the effect of each trait on liability to type 2
diabetes and the effect of liability to type 2 diabetes on each
trait; (3) the results related to liability to coronary artery
disease from both the univariate Mendelian randomisation
and two-step Mendelian randomisation for mediation; and
(4) results related to liability to peripheral artery disease from
the univariate Mendelian randomisation and two-step
Mendelian randomisation for mediation.

Trait selection We identified 108 traits from the IEU
OpenGWAS database for inclusion in our analysis [17].
Details of both the trait and outcome GWASs are provided
in ESM Table 1. Most of the trait GWASs were conducted in
UK Biobank by the Neale lab [28]. Twelve of the selected
GWASs were from other sources: adiponectin [29]; alcoholic
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drinks per week [30]; body fat [31]; BMI [32]; cigarettes per
day [30]; fasting glucose [33]; fasting insulin [33]; heart rate
[34]; neuroticism [35]; total cholesterol [36]; urinary sodium-
potassium ratio [37]; and waist/hip ratio [38].

Causes and consequences of liability to type 2 diabetes
Estimates from bidirectional univariate Mendelian
randomisation of each trait and liability to type 2 diabetes
found evidence for ten traits as causes, but not consequences,
of liability to type 2 diabetes at an FDR threshold of 5% (ESM
Figs 2, 3; ESM Table 2). These traits were taken forward to
the two-step Mendelian randomisation for mediation analyses
for liability to atherosclerotic CVD. Sensitivity analyses using
alternative Mendelian randomisation methods were consistent
with the inverse variance weighted estimates (ESM Table 2).
The MR-Egger intercept test found intercepts between −0.15
(body fat on liability to type 2 diabetes) and 0.07 (fasting
glucose on liability to type 2 diabetes) (ESM Table 3).

Finally, the I2GX statistic was over 0.93 for all MR-Egger
results (ESM Table 4). When taken as an estimate of the
attenuation bias in these analyses, this corresponds to less than
7% relative bias towards the null.

Causes of liability to coronary artery disease Using univariate
Mendelian randomisation, we found evidence for 53 of the
108 traits as causes of liability to coronary artery disease at
the FDR threshold of 5% (ESM Fig. 4; ESM Table 2). After
restricting to traits thought to be causes of liability to type 2
diabetes, eight traits remained and were studied using two-
step Mendelian randomisation for mediation (ESM Table 5,
where variable ‘stage2_cad’ is true). In this analysis, we found
similar direct and total effects for most traits: apolipoprotein
B; aspartate aminotransferase; diastolic BP; standing height;
total cholesterol; and trunk fat percentage (Fig. 2 and ESM
Table 6). The exceptions were fasting insulin and hip circum-
ference, where the effects indicated partial mediation by liabil-
ity to type 2 diabetes. These effects corresponded to an esti-
mate for the proportion of the effect mediated by liability to
type 2 diabetes of 56% and 52%, respectively (ESM Table 7).
The conditional F statistics for the multivariable Mendelian
randomisation component of these analyses ranged from 9 to
87 (ESM Table 6), indicating good instrument strength.
Meanwhile, the modified Cochran’s Q statistic exceeded the
critical value for the χ2 distribution at the 5% level for all
analyses. This indicated that the chosen SNPs predicted both
the trait and liability to type 2 diabetes in the data. Taken as a
whole, the analyses concerning liability to coronary artery
disease suggest that the effects of the traits are likely to be
independent of the effects of liability to type 2 diabetes.

Causes of liability to peripheral artery disease We found
evidence for 42 traits as causes of liability to peripheral artery
disease at the FDR threshold of 5% using univariate

Mendelian randomisation (ESM Fig. 5; ESM Table 2). After
restricting to traits thought to be causes of liability to type 2
diabetes, six traits remained: apolipoprotein B, diastolic BP,
fasting insulin, hip circumference, total cholesterol and trunk
fat percentage (ESM Table 5, where variable ‘stage2_pad’ is
true). Two-step Mendelian randomisation for mediation of
these traits found similar direct and total effects in most cases
(Fig. 3; ESM Table 6). Fasting insulin was again identified as
an exception with effects that indicated partial mediation by
liability to type 2 diabetes and an estimated proportion medi-
ated of 70% (ESM Table 7). The conditional F statistics for
the multivariable Mendelian randomisation component of
these analyses again indicated good instrument strength, rang-
ing from 9 to 86 (ESM Table 6). We also found the modified
Cochran’s Q statistic exceeded the critical value for the χ2

distribution at the 5% level for all liability to peripheral artery
disease analyses. Similar to the results concerning liability to
coronary artery disease, these analyses suggest that the effects
for most of the traits on liability to peripheral artery disease are
likely to be independent of the effects of liability to type 2
diabetes.

Discussion

Using univariate Mendelian randomisation, we provide
evidence for the causal effects of multiple traits on liability
to our three outcomes of interest: type 2 diabetes; coronary
artery disease; and peripheral artery disease, (Fig. 4).
Common traits for liability to these outcomes included
glycaemic traits such as glucose (type 2 diabetes, OR 3.34
[95% CI 2.41, 4.63] [ESM Fig. 2]; coronary artery disease,
OR 1.25 [95% CI 1.11, 1.41] [ESM Fig. 4]; peripheral artery
disease, OR 1.26 [95% CI 1.10, 1.44] [ESM Fig. 5]) and
anthropometric traits such as body fat percentage (type 2
diabetes, OR 2.78 [95%CI 2.32, 3.32] [ESMFig. 2]; coronary
artery disease, OR 1.52 [95% CI 1.33, 1.73] [ESM Fig. 4];
peripheral artery disease, OR 1.92 [95% CI 1.68, 2.19] [ESM
Fig. 5]). We also identified specific traits for each outcome.
For instance, there were five traits with evidence to support an
effect on liability to type 2 diabetes (whole-body fat-free mass,
whole-body water mass, peak expiratory flow, lymphocyte
count, IGF-1) but not liability to coronary or peripheral artery
disease, as well as 12 and eight traits with specific effects on
liability to coronary and peripheral artery disease, respective-
ly. These findings confirm several known traits for each of the
outcomes and may provide novel biological insight regarding
some of the lesser-studied traits.

Using two-step Mendelian randomisation for mediation
analysis, this study found that the effects of most of the eligi-
ble traits were likely to be independent of the effects of liabil-
ity to type 2 diabetes. There are several reasons why a medi-
ating effect may not have been identified in this analysis. First,
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there could be no true mediating effect, so our findings reflect
reality. Second, we may lack power to detect a mediating
effect as the power requirements for multivariable
Mendelian randomisation are greater than univariate
approaches and the number of traits considered in this study
comes with a high multiple testing burden. Alternatively, the
phenotypic complexity of liability to type 2 diabetes may be
obscuring effects if, for example, a trait acts on a certain
component of liability to type 2 diabetes that does not have
a causal effect on liability to atherosclerotic CVD. Partial

mediation was observed for two traits: fasting insulin, which
is difficult to separate from the clinical definition of type 2
diabetes, and hip circumference, though this particular trait
was only an exception for the outcome liability to coronary
artery disease. Several of the traits tested, including BMI and
waist/hip ratio, were identified as both causes and conse-
quences of liability to type 2 diabetes and so were not studied
using two-step Mendelian randomisation for mediation, even
if the magnitude of the effects heavily favoured a direction.
Despite this, the strong causal effects observed for these traits

Fig. 2 Two-step Mendelian
randomisation for mediation
estimates for the total, indirect
(mediated by liability to type 2
diabetes) and direct (independent
of liability to type 2 diabetes)
effects of the indicated risk factors
on liability to coronary artery
disease
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on liability to coronary and peripheral artery disease, without
consideration of liability to type 2 diabetes, indicate that they
remain important traits for reducing the risk of atherosclerotic
CVD outcomes.

Four traits included in this study may be considered as part
of the c l in ica l def in i t ion of type 2 diabetes or
‘endophenotypes’ of type 2 diabetes, namely fasting glucose,
fasting insulin, glucose and HbA1c. Except for fasting insulin,
which was found to be a cause but not a consequence of
liability to type 2 diabetes, these traits were deemed to have
bidirectional relationships with liability to type 2 diabetes
when interpreted using the arbitrary 5% FDR threshold select-
ed for this study. Given the interrelated nature of these
glycaemic traits with liability to type 2 diabetes, this is unsur-
prising and highlights the difficultly in disentangling these
effects. Nonetheless, it was important to include these traits
in our analysis given our aim of systematically assessing the
effects of traits on liability to atherosclerotic CVD risk.

Biologically, our results highlight the centrality of
glycaemic traits in the shared causal pathways between type

2 diabetes and CVD, and in mediating the effect of type 2
diabetes on atherosclerotic CVD. There is evidence in the
literature to suggest that glycaemic traits may have direct
effects on atherosclerotic CVD that are independent of liabil-
ity to type 2 diabetes. For instance, insulin sensitivity has been
shown to be a marker of coronary artery disease risk in non-
diabetic populations [39, 40]. Similarly, human genetic
evidence suggests that average blood glucose levels linearly
influence CHD risk even within the physiologically normal
range [41]. Although focus on glycaemic control has variable
effects on CVD outcomes among large cohorts of individuals
with diabetes, in sum, these findings suggest that glycaemic
traits play a key role in the development of atherosclerotic
CVD [42, 43].

From a clinical standpoint, our results help clarify the goals
of risk factor modification for the prevention of type 2 diabe-
tes, as well as coronary and peripheral artery disease in the
setting of type 2 diabetes. They suggest that although diabetes
and atherosclerotic CVD share several risk factors, the effects
of these traits on atherosclerotic CVD are independent.

Fig. 3 Two-step Mendelian
randomisation for mediation
estimates for the total, indirect
(mediated by liability to type 2
diabetes) and direct (independent
of liability to type 2 diabetes)
effects of the indicated risk factors
on liability to peripheral artery
disease
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Clinically, these findings argue for broad risk factor modifi-
cation, rather than targeting glycaemic control as the sole
mediator of atherosclerotic CVD risk in individuals with type
2 diabetes. These findings fit within a broader clinical frame-
work built on lifestyle modification, whereby dietary and
exercise interventions may influence several cardiovascular
risk factors simultaneously, including diabetes/glycaemic
traits, obesity, BP and dyslipidaemia.

Our study has some limitations. Mendelian randomisation
requires several assumptions to hold for valid estimates to be
obtained and two-step Mendelian randomisation for media-
tion further requires no interaction between the exposure and
mediator [6, 7]. Except for relevance, these assumptions
cannot be tested. However, where possible, we have perform-
ed sensitivity analyses and falsification tests. In addition, our
study may be subject to weak instrument bias as a small
number of instruments have F statistics that fall below the
common (arbitrary) threshold of 10. We report these results,
with their F statistics, but encourage readers to be cautious in
the inferences made from these estimates. Our study may also
be biased due to the non-collapsibility of ORs, which can
impact estimates as a result of summary statistics from logistic
regression being used for binary mediators (such as liability to
type 2 diabetes) and outcomes (such as liability to coronary
and peripheral artery disease) [9]. We assessed this possibility
by repeating our analyses with summary statistics from a
novel GWAS that used a linear model for liability to type 2
diabetes and found little difference in the Mendelian

randomisation estimates we obtained (ESM Methods 2;
ESM Fig. 6). This indicates that non-collapsibility of ORs is
unlikely to have impacted our results. In addition, our study
may be affected by horizontal pleiotropy. We usedMR-Egger
estimators to investigate whether our results were sensitive to
assumptions about the structure of pleiotropy and found some
evidence that a small number of traits may have horizontally
pleiotropic effects. Finally, our study was restricted to individ-
uals of European or mixed ancestry due to the broad range of
GWAS required for the analysis. Consequently, the
generalisability of the findings from this study is limited to
comparable European or mixed ancestry populations.

In conclusion, we have used a Mendelian randomisation
framework to separate the effects of continuous traits from
liability to type 2 diabetes and aid our understanding of their
relationships with liability to coronary and peripheral artery
disease. Our analysis suggests that some key traits, including
diastolic BP and hip circumference, act independently of
liability to type 2 diabetes. These traits are therefore important
for understanding atherosclerotic CVD risk regardless of an
individual’s liability to type 2 diabetes.

Supplementary Information The online version of this article (https://doi.
org/10.1007/s00125-022-05653-1) contains peer-reviewed but unedited
supplementary material.
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in the military and now generously agreed to enrol in the study (see
https://www.research.va.gov/mvp/ for more details). The citation for
MVP is [22]. This research is based on data from the Million Veteran
Program, Office of Research and Development, Veterans Health
Administration, and was supported by the Veterans Administration
(VA) Cooperative Studies Program (CSP) award #no. G002.

Data availability All data used in this study are publicly available. We
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from the IEU OpenGWAS database (https://gwas.mrcieu.ac.uk/), for
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