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ORIGINAL RESEARCH

Causal Association of Cardiovascular 
Risk Factors and Lifestyle Behaviors With 
Peripheral Artery Disease: A Mendelian 
Randomization Approach
Anna G. Hoek , MD; Sabine van Oort , MD, PhD; Petra J. M. Elders , MD, PhD;  
Joline W. J. Beulens , PhD

BACKGROUND: We investigated the causal associations between the genetic liability to cardiovascular and lifestyle risk factors 
and peripheral artery disease (PAD), using a Mendelian randomization approach.

METHODS AND RESULTS: We performed a 2- sample inverse- variance weighted Mendelian randomization analysis, multiple sen-
sitivity analyses to assess pleiotropy and multivariate Mendelian randomization analyses to assess mediating/confounding fac-
tors. European- ancestry genomic summary data (P<5×10−8) for type 2 diabetes, lipid- fractions, smoking, alcohol and coffee 
consumption, physical activity, sleep, and education level were selected. Genetic associations with PAD were extracted from 
the Million- Veteran- Program genome- wide association studies (cases=31 307, controls=211 753, 72% European- ancestry) 
and the GoLEAD- SUMMIT genome- wide association studies (11 independent genome- wide association studies, European- 
ancestry, cases=12 086, controls=449 548). Associations were categorized as robust (Bonferroni- significant (P<0.00294), 
consistent over PAD- cohorts/sensitivity analyses), suggestive (P value: 0.00294– 0.05, associations in 1 PAD- cohort/
inconsistent sensitivity analyses) or not present. Robust evidence for genetic liability to type 2 diabetes, smoking, insom-
nia, and inverse associations for higher education level with PAD were found. Suggestive evidence for the genetic liability to 
higher low- density lipoprotein cholesterol, triglyceride- levels, alcohol consumption, and inverse associations for high- density 
lipoprotein cholesterol, and increased sleep duration were found. No associations were found for physical activity and coffee 
consumption. However, effects fully attenuated for low- density lipoprotein cholesterol and triglycerides after correcting for 
apoB, and for insomnia after correcting for body mass index and lipid- fractions. Nonsignificant attenuation by potential media-
tors was observed for education level and type 2 diabetes.

CONCLUSIONS: Detrimental effects of smoking and type 2 diabetes, but not of low- density lipoprotein cholesterol and triglyc-
erides, on PAD were confirmed. Lower education level and insomnia were identified as novel risk factors for PAD; however, 
complete mediation for insomnia and incomplete mediation for education level by downstream risk factors was observed.

Key Words: cardiometabolic risk factors ■ cigarette smoking ■ education ■ health risk behaviors ■ hypercholesterolemia   

■ mendelian randomization analysis ■ peripheral artery disease

Peripheral artery disease (PAD) is characterized by 
atherosclerosis of the large arteries of the lower 
extremities.1 It is estimated to affect >200 million 

people worldwide with a prevalence rising sharply with 

age, therefore making it one of the most common man-
ifestations of atherosclerotic disease.2 Furthermore, in-
dividuals with PAD have an increased risk of both major 
cardiovascular events and cardiovascular mortality.3
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To date, there is no cure for PAD, therefore clinical 
management mainly focuses on prevention of disease 
progression by stimulating physical activity and improv-
ing cardiovascular risk factor management.4 However, 
since executing a randomized controlled trial to assess 
the causal association between risk factors and PAD 
remains challenging because of practical and ethical 
concerns,4 recommendations given in current guide-
lines are largely based on observational studies. The 
negative effects of smoking, diabetes, hypertension, 
and hypercholesterolemia on PAD have been exten-
sively reported, and corroborated in a meta- analysis.2 
Furthermore, the impact of cholesterol lowering drugs 
and glucose lowering therapy on PAD has been inves-
tigated in a number of randomized controlled trials.5– 8 
Nevertheless, the evidence from studies investigating 
the effects of behavioral risk factors and education 

status on PAD is less convincing. In summary, harm-
ful effects for obesity, lower physical activity, insomnia, 
and lower education level on PAD, and inverse effects 
for alcohol use and coffee consumption on PAD2,9– 13 
have been reported. However, these risk factors were 
investigated in observational studies containing small 
sample sizes or using cross- sectional designs, mak-
ing them vulnerable to bias such as confounding and 
reverse causation.14 Therefore, no conclusions on cau-
sality can be made. Given the difficulties in evaluating 
the causal relationship between lifestyle factors and 
PAD using conventional epidemiological frameworks, 
Mendelian randomization (MR) studies can function as 
an alternative way to assess causality and therefore fill 
the observed evidence gap.

MR is an instrumental variable (IV) analysis which 
uses genetic variants that are robustly associated with 
risk factors as IVs. Since genetic variants are randomly 
allocated at meiosis, they mimic a randomized con-
trolled setting in which all other variables except the 
exposure are distributed equally between subgroups, 
this makes the design less vulnerable to confounding 
and reverse causation bias.15 Previously executed MR 
studies observed significant associations between 
genetic liability to insomnia, alcohol consumption, 
low- density lipoprotein cholesterol (LDL- C), type 2 
diabetes and PAD,16– 20 however the data used to as-
sess PAD in these studies were derived from smaller 
genome- wide association studies (GWASs) and there-
fore potentially lacks power. Recently, 2 GWASs on 
PAD with larger sample sizes were published; The 
Million Veteran Program (MVP) GWAS, consisting of 
predominantly males of multi- ancestry origin (72% 
European- ancestry),21 and the GoLEAD- SUMMIT 
GWAS consisting of males and females of European- 
ancestry.22 A number of recently published MR studies 
using the MVP GWAS reported significant associa-
tions between hyperlipidemia,23 hypertension,24 over-
all smoking25 and obesity26 with PAD. However, to 
our knowledge, no MR studies have investigated the 
causal effects of the genetic liability to impaired glu-
cose tolerance, smoking cessation, coffee consump-
tion, increased sleep duration, short and long sleep 
duration, physical activity, and education status on 
PAD. Furthermore, to validate prior studies, analyses 
on the genetic liability to insomnia, alcohol consump-
tion, type 2 diabetes, and lipid subfractions on PAD 
should be repeated in cohorts consisting of larger 
sample sizes or cohorts consisting of participants of 
European ancestry to overcome bias.

In this study, we aim to give a comprehensive over-
view of putative cardiovascular and lifestyle related risk 
factors for PAD by investigating the causal associa-
tions of the genetic liability to these risk factors on PAD 
using an MR design. Our aim is 2- fold; first we aim to 
investigate risk factors for PAD that have not yet been 

CLINICAL PERSPECTIVE

What Is New?
• Our study strengthened the causality claim on 

the harmful relationship between smoking, type 
2 diabetes, and peripheral artery disease.

• Our findings further strengthened the suspicion 
that apoB, rather than low- density lipoprotein 
cholesterol and triglycerides, is responsible for 
causing peripheral artery disease in people with 
hyperlipidemia.

• Our study identified lower education level and 
insomnia as upstream risk factors in the devel-
opment of peripheral artery disease.

What Are the Clinical Implications?
• The results of our study contribute to a more 

targeted prevention strategy for peripheral ar-
tery disease, by providing a better understand-
ing of causal risk factors in the development of 
peripheral artery disease.

Nonstandard Abbreviations and Acronyms

IV instrumental variable
IVW inverse variance weighted
MR Mendelian randomization
MR- PRESSO Mendelian Randomization 

Pleiotropy Residual Sum and 
Outlier

MVP Million Veteran Program
MVPA moderate- to- vigorous physical 

activity
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investigated in MR studies, and second we aim to up-
date research on previously investigated risk factors, 
using genetic summary data of the 2 largest, most 
recently published GWAS available of both European 
and multi- ancestry origin.

METHODS
Data Availability and Institutional Review 
Board Approval
All GWAS exposure data used in this MR study, and 
data from the GoLEAD- SUMMIT consortium GWAS 
are publicly available. Information on how to access 
these data can be found in the below cited GWAS 
articles. Million Veteran Program PAD GWAS sum-
mary statistics are available on dbGAP (Accession 
phs001672.v6.p1). All used GWASs were approved by 
their respective institutional review committees, and 
all participants provided written informed consent. 
Information on institutional review board approval can 
be found in the below cited articles.

Two- Sample MR Design
A 2- sample MR design was used to investigate the 
relationship between the genetic liability to cardiovas-
cular and lifestyle related risk factors and PAD. Single 
nucleotide polymorphisms (SNPs), genetic variants 
that are robustly associated with risk factors, were 
used as IVs. Since SNPs are randomly allocated at 
meiosis, they are largely free of the classic forms of 
bias that are observed in observational research (eg, 
confounding, reverse causation, measurement error) 
and can therefore be used to explore causal effects on 
an outcome, providing certain assumptions are met. 
These assumptions include the following: (1) the SNPs 
are associated with the exposure; (2) the SNPs are in-
dependent of confounders of the risk factor–  outcome 
association; and (3) the SNPs influence the outcome 
only via the exposure (Figure S1).15

Data Sources for and Selection of Genetic 
Instruments
We used GWASs conducted primarily among individu-
als of European ancestry as data sources for the ge-
netic instruments of the investigated risk factors. For 
each risk factor the largest and most recently pub-
lished GWASs were identified (Table). We selected 
SNPs as IVs if associated with the risk factors at the 
genome- wide significance level (P<5×10−8). If SNPs 
were in linkage disequilibrium (r2>0.1), we included the 
SNP with the strongest correlation with the risk fac-
tor. If SNPs were not available (n=103 [MVP], n=22 
[GoLEAD- SUMMIT]) in the PAD GWAS, the SNPs were 
excluded from the analyses. Because of the minimal 

number of unavailable SNPs, no linkage disequilibrium 
proxies were used.

Overall we included 280/281 SNPs (MVP/GoLEAD- 
SUMMIT) for type 2 diabetes,27 35/35 SNPs for fasting 
glucose,28 53/54 SNPs for LDL- C,29 65/65 SNPs for 
high- density lipoprotein cholesterol (HDL- C),29 35/35 
SNPs for triglycerides,29 346/360 SNPs for smoking 
initiation,30 21/21 SNPs for smoking cessation,30 45/47 
SNPs for smoking heaviness,30 84/90 SNPs for alco-
hol consumption,30 14/14 SNPs for coffee consump-
tion,31 7/7 SNPs for moderate- to- vigorous physical 
activity (MVPA),32 4/4 SNPs for sedentary behavior,33 
229/238 SNPs for insomnia,34 75/78 SNPs for overall 
sleep duration,35 27/26 SNPs for short sleep duration 
(<7 versus 7– 8 h/day),35 7/7 SNPs for long sleep du-
ration (≥9 versus 7– 8 h/day)35 and 1155/1201 SNPs 
for education level36 (Figure S2). The phenotypic vari-
ance explained by the genetic instruments varied from 
0.073% for MVPA to 16.3% for type 2 diabetes (Table). 
No sample overlap was present between the IVs and 
the MVP GWAS, however sample overlap was pres-
ent between the IVs and the GoLEAD- SUMMIT GWAS 
(ranging from 0.5% for the genetic liability to a higher 
fasting glucose to 96% for the genetic liability to type 2 
diabetes) (Table).

Data Source for PAD
We extracted the genetic associations of the instru-
mental variables with PAD from 2 cohorts: the 2019 
MVP GWAS and the 2021 GoLEAD- SUMMIT GWAS.

The 2019 Million Veteran Program GWAS of PAD 
by Klarin et al21 is a predominantly male (85.2– 97.9%) 
multiethnic (72% European- ancestry) GWAS of 31 307 
cases and 211 753 controls in which 19 PAD loci were 
identified, 18 of which have not been previously re-
ported. The results were replicated in an independent 
sample of 5117 PAD cases and 389 291 controls (UK 
Biobank). Cases and controls were defined based on 
electronic health record phenotyping, in which individ-
uals were defined as having PAD based on International 
Classification of Diseases, Ninth and Tenth Revision 
(ICD- 9 and ICD- 10) codes and/or Current Procedural 
Terminology coded associated with PAD and/or having 
at least 2 visits to a vascular surgeon within a 14- month 
period. Individuals were defined as controls if they had 
no diagnosis/procedure codes suggesting a diagnosis 
of PAD. The diagnosis of PAD was validated against 
ankle brachial index measurement and manual chart 
review. The GWAS was adjusted for age, sex, and 5 
principal components of ancestry.

The 2021 GoLEAD- SUMMIT GWAS by van Zuydam 
et al,22 combined 11 independent GWASs of individu-
als of European ancestry (n- cases: 12086, n- controls: 
499548). The majority of PAD cases (n=7172) were 
identified using clinical parameters (eg, ankle- brachial 



J Am Heart Assoc. 2022;11:e025644. DOI: 10.1161/JAHA.122.025644 4

Hoek et al MR Peripheral Artery Disease

Ta
b

le
 1

. 
O

ve
rv

ie
w

 o
f 

G
e

n
o

m
e

- W
id

e 
A

ss
o

c
ia

ti
o

n 
S

tu
d

ie
s 

U
se

d
 a

s 
In

st
ru

m
e

n
ta

l V
a

ri
a

b
le

s

R
is

k 
fa

ct
o

r 
(r

ef
er

en
ce

)
C

o
h

o
rt

(s
)

M
ea

su
re

m
en

t 
u

n
it

*
S

am
p

le
 s

iz
e

A
n

ce
st

ry

N
o

. S
N

P
s

(M
V

P
/G

o
L

E
A

D
- 

S
U

M
M

IT
) o

f 
to

ta
l i

d
en

ti
fi

ed
%

 V
ar

ia
n

ce
 

ex
p

la
in

ed
F

- s
t a

ti
st

ic

S
am

p
le

 
o

ve
rl

ap
M

V
P

S
am

p
le

 
o

ve
rl

ap
 

G
o

L
E

A
D

- 
S

U
M

M
I T

G
lu

co
se

 m
et

ab
ol

is
m

Ty
p

e 
2 

d
ia

b
et

es
27

M
et

a-
 an

al
ys

is
 >

30
 

co
ho

rt
s

O
d

d
s 

of
 t

yp
e 

2 
d

ia
b

et
es

89
8 

13
0

E
ur

op
ea

n
28

0/
28

1 
of

 4
03

16
.3

%
 fo

r 
40

3 
S

N
P

s
16

5
no

ne
96

%

Fa
st

in
g 

gl
uc

os
e28

M
A

G
IC

 C
on

so
rt

iu
m

 (n
ew

 
d

at
a 

m
et

a-
 an

al
yz

ed
 w

ith
 

4 
ex

is
tin

g 
G

W
A

S
s)

m
m

ol
/L

13
3 

01
0

E
ur

op
ea

n
35

/3
5 

of
 3

6
4.

8%
 F

or
 3

6 
S

N
P

s
35

0
no

ne
0.

5%

Li
p

id
 m

et
ab

ol
is

m

LD
L-

 C
29

M
et

a-
 an

al
ys

is
 >

40
 

co
ho

rt
s

1 
S

D
 in

cr
ea

se
 in

 L
D

L-
 C

18
8 

57
7

P
re

d
om

in
an

tly
 

E
ur

op
ea

n
53

/5
4 

of
 5

8
14

.6
%

 fo
r 

58
 S

N
P

s
78

4
no

ne
5%

H
D

L-
 C

29
M

et
a-

 an
al

ys
is

 >
40

 
co

ho
rt

s
1 

S
D

 in
cr

ea
se

 in
 H

D
L-

 C
18

8 
57

7
P

re
d

om
in

an
tly

 
E

ur
op

ea
n

65
/6

5 
of

 7
1

13
.7

 fo
r 

71
 S

N
P

s
59

3
no

ne
5%

Tr
ig

ly
ce

rid
es

29
M

et
a-

 an
al

ys
is

 >
40

 
co

ho
rt

s
1 

S
D

 in
cr

ea
se

 in
 

tr
ig

ly
ce

rid
es

18
8 

57
7

P
re

d
om

in
an

tly
 

E
ur

op
ea

n
35

/3
5 

of
 4

0
11

.7
%

 fo
r 

40
 S

N
P

s
92

0
no

ne
5%

S
m

ok
in

g

S
m

ok
in

g 
in

iti
at

io
n30

G
S

C
A

N
 C

on
so

rt
iu

m
 (>

30
 

co
ho

rt
s)

E
ve

r 
sm

ok
ed

 r
eg

ul
ar

ly
 

co
m

pa
re

d 
w

ith
 n

ev
er

 
sm

ok
ed

1 
23

2 
09

1
E

ur
op

ea
n

34
6/

36
0 

of
 3

78
2.

3%
 fo

r 
37

8 
S

N
P

s
17

no
ne

31
%

S
m

ok
in

g 
ce

ss
at

io
n30

G
S

C
A

N
 C

on
so

rt
iu

m
 (>

30
 

co
ho

rt
s)

C
ur

re
nt

 c
om

pa
re

d 
w

ith
 

fo
rm

er
 s

m
ok

er
s

54
7 

21
9

E
ur

op
ea

n
21

/2
1 

of
 2

4
0.

1%
 F

or
 2

4 
S

N
P

s
11

no
ne

42
%

S
m

ok
in

g 
he

av
in

es
s/

ci
ga

re
tt

es
 p

er
 d

ay
30

G
S

C
A

N
 C

on
so

rt
iu

m
(>

30
 c

oh
or

ts
)

S
D

 in
cr

ea
se

 in
 n

um
b

er
 

of
 c

ig
ar

et
te

s 
sm

ok
ed

 
d

ai
ly

33
7 

33
4

E
ur

op
ea

n
45

/4
7 

of
 5

5
≈1

%
 fo

r 
55

 S
N

P
s

55
no

ne
88

%

D
ie

t A
lc

oh
ol

 c
on

su
m

pt
io

n30
G

S
C

A
N

 C
on

so
rt

iu
m

 (>
30

 
co

ho
rt

s)
S

D
 o

f l
og

- t
ra

ns
fo

rm
ed

 
al

co
ho

lic
 d

rin
ks

/w
ee

k
94

1 
28

0
E

ur
op

ea
n

84
/9

0 
of

 9
9

≈
0.

2%
 fo

r 
99

 S
N

P
s

5.
8

no
ne

75
%

C
of

fe
e 

co
ns

um
pt

io
n31

U
K

 B
io

ba
nk

; N
ur

se
s’

 
H

ea
lth

 S
tu

d
y;

 H
ea

lth
 

P
ro

fe
ss

io
na

ls
 F

ol
lo

w
- U

p 
S

tu
d

y;
 W

om
en

’s
 

G
en

om
e 

H
ea

lth
 S

tu
d

y

50
%

 in
cr

ea
se

37
5 

83
3 

(3
74

 0
46

 fo
r 

rs
11

76
92

89
5)

E
ur

op
ea

n
14

/1
4 

of
 1

5
0.

48
%

 fo
r 

15
 S

N
P

s
84

no
ne

90
%

P
hy

si
ca

l a
ct

iv
ity

P
hy

si
ca

l a
ct

iv
ity

, 
M

V
PA

32
U

K
 B

io
ba

nk
S

D
 in

cr
ea

se
 in

 M
E

T-
 

m
in

ut
es

 /
w

k 
of

 M
V

PA
37

7 
23

4
E

ur
op

ea
n

7/
7 

of
 9

0.
07

3%
 fo

r 
9 

S
N

P
s†

25
no

ne
82

%

S
ed

en
ta

ry
 b

eh
av

io
r33

U
K

 B
io

ba
nk

S
D

 in
cr

ea
se

 in
 

se
d

en
ta

ry
 ti

m
e

91
 1

05
E

ur
op

ea
n

4/
4 

of
 4

0.
08

%
 fo

r 
4 

S
N

P
s

48
no

ne
20

%  (C
on

tin
ue

d
)



J Am Heart Assoc. 2022;11:e025644. DOI: 10.1161/JAHA.122.025644 5

Hoek et al MR Peripheral Artery Disease

index, a clinical diagnosis, procedures specific to PAD 
and treatment for claudication). A comparatively smaller 
subset of the PAD cases was identified based on a 
mixture of self- reported PAD in patients with clinical 
evidence of vascular disease and hospital admission 
codes related to PAD (n=4914). Summary statistics 
across the 11 GWASs were combined in a fixed- effects 
meta- analysis, under an inverse- variance weighting 
scheme. Detailed information on the combined and in-
dividual GWASs can be found elsewhere.22

Main Analysis
For the main analysis a 2- sample MR analysis was 
performed in each cohort separately, using the inverse 
variance weighted (IVW) method which combines 
the Wald estimates for each SNP (SNP outcome es-
timates/SNP exposure estimate, where the intercept 
is constrained to zero) into 1 causal estimate of each 
risk factor. Afterwards, the SNPs were combined using 
an IVW multiplicative random- effect meta- analysis to 
obtain 1 causal estimate for each risk factor. The IVW 
method provides an unbiased estimate in the absence 
of horizontal pleiotropy or when horizontal pleiotropy is 
uncorrelated with SNP- confounder associations and is 
balanced.15

Validation of the MR Assumptions
We assessed adherence to the first MR assumption, 
meaning that genetic subgroups defined by the variant 
have different average levels of exposure, or in other 
words; there is a systematic difference between the 
different group, by only including SNPs that were at 
the genome- wide significance level (P<5×10−8). The 
strength of the IVs was evaluated by the proportion 
of variance explained (Table), which was reported in 
the original papers or calculated using the formula 
2×minor allele frequency×(1– minor allele frequency)×(β 
estimate in SD units).2 Furthermore the F statis-
tic was calculated as a measurement for instrument 
strength,37 a strength of F>10 was considered suffi-
cient38 (Table). Lastly, post hoc- power calculations 
were performed for the main IVW analyses using an 
online power calculation tool (https://sb452.shiny apps.
io/power/) (Table S1).39

The second MR assumption ensures that all other 
variables are distributed equally between subgroups 
and the third assumption ensures that the only causal 
pathway from the genetic variant to the outcome is via 
the exposure.15 By adhering to these assumptions the 
genetic variant is not directly associated with the out-
come, nor is there any alternative pathway by which 
the variant is associated with the outcome other than 
through the exposure. Pleiotropy might be present 
if these assumptions are not met. The presence of 
pleiotropy was assessed for each cohort separately 
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by plotting the beta coefficients and corresponding 
standard errors of the SNP- exposure association 
against the beta coefficients and standard errors of 
the SNP- outcome association to get a first impression 
about the presence of unbalanced pleiotropy and the 
direction of the causal effects.40 Furthermore, a num-
ber of robust sensitivity analyses were performed, in 
which the causal estimates from the various methods 
were compared with test for potential directional plei-
otropy. First, we performed complementary analyses 
using the weighted median and MR- Egger regression 
methods which are relatively robust under different 
assumptions about pleiotropy, although at the cost of 
statistical power.41, 42 Deviation of the MR- Egger inter-
cept from zero was used as another tool to assess 
pleiotropy and the Q statistics were used to assess 
heterogeneity. Second, the MR Pleiotropy Residual 
Sum and Outlier (MR- PRESSO) test was used to iden-
tify outlying SNPs reflecting likely pleotropic biases, 
in which we checked whether exclusion of the out-
lying SNP changed the causal estimate.43 Third, the 
contamination mixture method, which is a robust 
method if the largest group of SNPs estimating the 
same quantity is the group of valid instruments, was 
performed.44

For the IVs MVPA, sedentary behavior and long 
sleep duration, only a limited number of SNPs was 
available that met the threshold of genome- wide 
significance. For these exposures the IVW analy-
ses were repeated using a more liberal threshold 
(P<5x10−6) for selecting SNPs. Furthermore, possi-
ble pleiotropic associations between the instrumen-
tal SNPs and potential confounders for the lifestyle 
factors with <20 independent SNPs were identified 
using Phenoscanner Database Version 2 and were 
excluded from the analysis in a conservative sensi-
tivity analysis.

Lastly, a number of multivariable MR analyses 
were performed: The genetic instruments for LDL- C, 
HDL- C, triglycerides, and the lipid subfractions (apo 
A1 and apoB) are partly overlapping.45 Therefore, we 
performed multivariable MR as a sensitivity analysis 
to obtain causal estimates adjusted for these genetic 
correlations. For LDL- C, HDL- C, and triglycerides 
summary data from a GWAS by Willer et al were 
used,29 for the lipid subfractions summary data from 
a GWAS by Sinnot- Armstrong et al were used.46 
Furthermore, the relationship between genetically 
predicted education level, insomnia, and type 2 di-
abetes is likely to be mediated by other cardiomet-
abolic and lifestyle- related risk factors. To assess 
potential mediation by these risk factors, the analy-
ses were adjusted for the genetic liability to hyperlip-
idemia,29 hypertension,47 type 2 diabetes,27 smoking 
initiation,30 and body mass index48 by adding these 
risk factors to the analyses.

All analyses were conducted using RStudio version 
4.0.3, with the R packages MR49 and MRPRESSO.45 
Results were reported as odds ratios (OR) with corre-
sponding 95% CIs. To account for multiple testing in 
our principal analyses, we used a Bonferroni corrected 
significance level of P<0.00294 (0.05 divided by 17 
risk factors). P values between 0.00294 and 0.05 were 
considered as potential causal associations.

RESULTS
We identified 2824 SNPs that could serve as IVs for 
the 17 selected exposures. A total of 239 SNPs in 
the exposure GWASs were in linkage disequilibrium 
or were not genome- wide significant and were there-
fore excluded from the analyses; 103 SNPs were not 
available in the MVP outcome GWAS, and 22 SNPs 
were not available in the GoLEAD- SUMMIT GWASs. 
Overall, 2482 and 2563 SNPs were used in the MVP 
GWAS and the GoLEAD- SUMMIT GWAS analyses, 
respectively (Figure S2). Results of the IVW analyses 
in both cohorts are depicted in Figure  1. Figure  2 
shows a graphic overview of the outcomes of the 
main and sensitivity analyses. A complete overview 
of results including sensitivity analyses, and param-
eters for the assessment of pleiotropy can be found 
in Table  S2, S3 and Figure  S3 through S6. A post 
hoc analysis of instrument strength can be found in 
Table S1.

Diabetes
Genetic liability to having type 2 diabetes was strongly 
associated with a higher odds of PAD in both cohorts 
(MVP: OR, 1.18 [CI, 1.15– 1.21]; GoLead- SUMMIT: OR, 
1.16 [CI, 1.12– 1.21]). The observed effect remained sig-
nificant in all sensitivity analyses, with exception of the 
MR- Egger analysis in the GoLEAD- SUMMIT cohort, 
and the intercept of the MR- Egger analyses in both 
cohorts which significantly deviated from 0 (0.004; 
P value: 0.012 [MVP], 0.01; P: 3.37E- 4 [GoLEAD- 
SUMMIT]). Further exploration of pleiotropy by ex-
cluding outlying SNPs in the MR- PRESSO analysis 
did not change the estimates (distortion test P value: 
0.93). Overall, the robustness of the results in nearly all 
sensitivity analyses suggest little to no interference by 
pleiotropy. Furthermore, adjusting for the genetic cor-
relation between possible mediators (genetic liability to 
smoking initiation, body mass index, LDL- C, HDL- C, 
triglycerides, systolic and diastolic blood pressure) via 
multivariable MR analyses did not significantly change 
the association between type 2 diabetes and PAD 
(Figure S4).

A complementary analysis investigating the genetic 
liability to having a higher fasting glucose (increase of  
1- mmol L−1) showed a suggestive causal association 
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Figure 1. The association between cardiovascular risk factors and lifestyle behaviors with peripheral artery 
disease using the inverse variance- weighted Mendelian randomization method.
Odds ratios represent the associations of peripheral artery disease with listed risk factors. GoLEAD- SUMMIT indicates 
genome- wide association study, executed by the GoLEAD- SUMMIT consortium; GWAS, Genome wide association 
study; HDL, high- density lipoprotein; LDL, low- density lipoprotein; MVP, Genome wide association study on peripheral 
artery disease, executed by the Million veteran program; MVPA, moderate- to- vigorous physical activity; OR, odds ratio; 
PAD, peripheral artery disease; and SNP, single nucleotide polymorphism.
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with higher odds of PAD (OR, 1.41 [CI, 1.11– 1.79]) in the 
MVP cohort, but lacked statistical power when corrected 
for multiple testing. A similar, albeit nonsignificant, trend 
was seen in the IVW results from the GoLEAD SUMMIT 
cohort (OR, 1.21 [CI, 0.91– 1.61]). The suspicion of pleo-
tropic inference was strengthened by the results of the 
MR- PRESSO analysis, in which the estimates changed 
significantly after exclusion of outliers (distortion test P 
value: 0.05), and the corrected estimate did not reach 
statistical significance when corrected for multiple test-
ing (OR, 1.26 [CI, 1.05– 1.51], P value: 0.02). Given the 

results of the main and sensitivity analyses in both co-
horts, pleiotropic inference cannot be ruled out.

Lipid Metabolism
Genetic liability to having higher LDL- C (1- SD increase 
in LDL- C) was associated with higher odds of PAD in 
the IVW (OR, 1.23 [CI, 1.13– 1.33]) and sensitivity analy-
ses of the MVP cohort. However, even though a similar 
trend was observed, the IVW failed to reach statistical 
significance in the GoLEAD- SUMMIT cohort (OR, 1.13 

Figure 2. Overview of the associations of cardiovascular risk factors and lifestyle behaviors with peripheral artery disease.
All results can be found in Figure 1 and Table S2 and S3. *Bonferroni corrected significance level of P<0.00294 (0.05 divided by 17 
risk factors). IWV indicates Inverse variance- weighted method; HDL, high- density lipoprotein; LDL, low- density lipoprotein; MVPA, 
moderate- to- vigorous physical activity; MR- PRESSO, Mendelian Randomization Pleiotropy Residual Sum and Outlier; NA, not 
applicable; and PAD, peripheral artery disease.
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[CI, 0.99– 1.30]) and most sensitivity analyses except for 
the contamination mixture analysis (OR, 1.18 [CI, 1.08– 
1.29]). Furthermore, adjusting for the genetic correlation 
between the different lipids and lipid subfractions via mul-
tivariable MR analyses showed full attenuation of the ef-
fect, when adjusted for apoB (Figure S5) in both cohorts.

An association was found for the genetic liability to 
having a higher HDL- C (1- SD increase in HDL- C) with 
a lower odds of PAD in both cohorts (OR, 0.84 [CI, 
0.77– 0.91] MVP; OR, 0.81 [CI, 0.73– 0.91] GoLEAD- 
SUMMIT), and a suggestive causal association was 
found for the genetic liability to having higher triglycer-
ide levels (1- SD increase in triglycerides) with higher 
odds of PAD (OR, 1.15 [CI, 1.03– 1.28]) in the MVP co-
hort, but no associations were found in the GoLEAD- 
SUMMIT cohort (OR, 1.08 [CI, 0.93– 1.25]). For both 
HDL- C and triglycerides, the observed effects could 
not be confirmed in all sensitivity analyses, therefore 
pleiotropic inference cannot be ruled out. Furthermore, 
adjusting for the genetic correlation between the dif-
ferent lipids and lipid subfractions via multivariable MR 
analyses led to a partial attenuation of the association 
between HDL- C and PAD after correcting for LDL- C, 
triglycerides, and apoB, and a full attenuation of the 
association between triglycerides and PAD after cor-
rection for LDL- C, HDL- C, and apoB (Figure S6).

Smoking
Genetic predisposition to smoking initiation (ever 
smoked regularly versus never smoked) and to smok-
ing an increased number of cigarettes per day (1- SD 
increase) were associated with higher odds of PAD in 
both cohorts (OR, 1.48 [CI, 1.38– 1.59] and OR 1.90 
[CI, 1.62– 2.24], respectively in the MVP cohort and 
OR, 1.59 [CI, 1.42– 1.76] and OR, 1.87 [CI, 1.49– 2.36], 
respectively in the GoLEAD- SUMMIT cohort). These 
results were robust to sensitivity analyses, suggesting 
the absence of directional pleiotropy.

The genetic predisposition to smoking cessation (for-
mer versus current smoker) was found to be associated 
with higher odds of PAD in the GoLEAD- SUMMIT GWAS 
IVW analysis (OR, 1.66 [CI, 1.12– 2.45]), and showed a 
stable trend in sensitivity analyses, however results but 
not meet the Bonferroni- corrected significance level. Null 
results were reported for the genetic liability to smok-
ing cessation in the MVP cohort, even though a trend 
towards a harmful association is visible (OR, 1.25 [CI, 
0.92– 1.70]). Results are likely to be influenced by plei-
otropy, as well as weak instrument (explained variance 
0.1%), and insufficient power (3.1% and 9.9% in the MVP 
and GoLEAD- SUMMIT cohorts, respectively, Table S1).

Education
Genetically predicted higher education status (1- SD in-
crease in years of education attainment) was associated 

with lower odds of PAD in both cohorts (MVP: OR, 0.58 
[CI, 0.54– 0.62]; GoLEAD- SUMMIT: OR, 0.50 [CI, 0.45– 
0.56]). The observed effect remained significant in all 
sensitivity analyses. Overall making a compelling case 
for a causal relationship with minimal to no interference 
of directional pleiotropy.

Adjusting for the genetic correlation between pos-
sible mediating factors (genetic liability to smoking 
initiation, body mass index, type 2 diabetes, LDL- C, 
HDL- C, triglycerides, and systolic and diastolic blood 
pressure) via multivariable MR analyses did not change 
the association between education diabetes and PAD. 
Nevertheless, effects sizes did slightly attenuate after 
correcting for the genetic liability to smoking initiation, 
body mass index, and lipid fractions (Figure S6).

Diet
In the GoLEAD- SUMMIT cohort, genetically predicted 
alcohol consumption (1- SD increase in log- transformed 
alcohol drinks/week) was associated with higher odds 
of PAD (OR, 1.87 [CI, 1.27– 2.75]). Effect sizes remained 
significant in the weighted median and MR- Egger anal-
yses, though the MR egger intercept significantly devi-
ated from 0 (−0.01, P: 0.02). No effects were found for 
genetically predicted alcohol consumption and PAD in 
the MVP cohort (OR, 1.12 [CI, 0.84– 1.49]), but these 
analyses were significantly underpowered (0.4% for the 
MVP cohort compared with 50.5% for the GoLEAD- 
SUMMIT cohort, Table S1).

Genetically predicted coffee consumption (50% in-
crease in coffee consumption) showed no association 
with PAD in both cohorts (MVP: OR, 1.19 [CI, 0.92– 1.54]; 
GoLEAD- SUMMIT: OR, 1.13 [CI, 0.75– 1.69]). Exclusion 
of outlying SNPs, identified by MR- PRESSO analysis, 
did not alter the results significantly. Furthermore, ex-
clusion of potentially pleiotropic SNPs correlated with 
body mass index and LDL- C (rs574367, rs66723169, 
rs1260326, rs10865548, rs34060476) did not alter the 
results for coffee consumption (Figure S3).

Physical Activity
Genetically predicted MVPA (1- SD increment in meta-
bolic equivalent of task min/week) and genetic liability 
to sedentary behavior (1 SD increase) were not asso-
ciated with PAD in both cohorts (MVP: OR, 0.95 [CI, 
0.37– 2.44], OR, 1.01 [CI, 0.65– 1.57], respectively; and 
GoLEAD- SUMMIT: OR, 0.54 [CI, 0.10– 2.99], OR, 0.78 
[CI, 0.4– 1.35], respectively) in the main and sensitivity 
analyses. Excluding outlying SNPs via MR- PRESSO 
analysis did not change the outcomes. Exclusion of 
rs2035562 for MVPA and rs25981 for sedentary be-
havior, both correlated with coronary artery disease, 
higher cholesterol, and diabetes, and additional analy-
ses using a more liberal cut- off to select instrumental 
SNPs (P<5x10−6) did not alter the results (Figure S3). 
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However, even though instrument strength based on 
the F- statistic appears sufficient, the low variance ex-
plained for both IVs (0.073% and 0.08%, respectively), 
and lack of power (0.6– 11.2% for MVPA and 1.2– 1.3% 
for sedentary behavior), should be considered when 
interpreting the results (Table S1).

Sleep
Genetically predicted insomnia was associated with 
higher odds of PAD in both cohorts (MVP: OR, 1.10 [CI, 
1.05– 1.14]; GoLEAD- SUMMIT: OR, 1.20 [CI, 1.13– 1.28]). 
Consistent estimates were obtained by the weighted 
median, contamination mixture and MR- PRESSO 
analyses. However, the MR- Egger showed attenua-
tion of the effect sizes (MVP: OR, 0.99 [CI, 0.84– 1.17]; 
GoLEAD- SUMMIT: OR, 1.28 [CI, 1.02– 1.63]). Overall 
the robustness of the results in nearly all sensitivity 
analyses suggested little interference by pleiotropy. 
Similarly, genetically predicted sleep duration (increase 
of 1 hour sleep per day) was associated with lower 
odds of PAD (MVP: OR, 0.69 [CI, 0.54– 0.87]; GoLEAD- 
SUMMIT: OR, 0.63 [CI, 0.48– 0.83]), and persisted in 
most sensitivity analyses, although with insufficient 
statistical strength when corrected for multiple testing. 
Exclusion of outlying SNPs identified by MR- PRESSO 
analysis did not alter the results.

Adjusting for the genetic correlation between ge-
netic liability to smoking initiation, higher body mass 
index, type 2 diabetes, LDL- C, HDL- C, systolic and di-
astolic blood pressure via multivariable MR analyses 
showed that effect sizes significantly attenuated when 
corrected for body mass index, type 2 diabetes, and 
lipid fractions in both cohorts. No attenuation was ob-
served after correcting for smoking initiation and mark-
ers of blood pressure (Figure S4).

Complementary analyses revealed a harmful effect 
of the genetic liability to short sleep duration (<7 h/d) 
on PAD (MVP: OR, 1.20 [CI, 1.04– 1.38]; GoLEAD- 
SUMMIT: OR, 1.56 [CI, 1.25– 1.95]). This trend persisted 
in most sensitivity analyses. However, the Q- statistic 
indicated heterogeneity. Furthermore, a nonsignificant 
trend towards beneficial effects of genetic liability to 
long sleep duration (≥9 h/d) (MVP: OR, 0.82 [CI, 0.59– 
1.12]; GoLEAD- SUMMIT: OR, 0.75 [CI, 0.56– 1.00]) was 
observed. Nevertheless, the MR Egger intercept sig-
nificantly deviated from 0 in the MVP cohort. After ex-
clusion of outlying SNPs by MR- PRESSO analysis, the 
estimates did not change significantly. Exclusion of po-
tentially pleiotropic SNPs (rs17817288 and rs17688916) 
both associated with body mass index attenuated the 
protective trend of long sleep duration on PAD to a null 
association (Figure S3). Nevertheless, additional analy-
ses with a more liberal cut- off (5x10−6) emphasized the 
protective trend of the genetic liability to long sleep dura-
tion (MVP: OR, 0.81 [CI, 0.64– 1.03]; GoLEAD- SUMMIT: 

OR, 0.80 [CI, 0.62– 0.98]) (Figure S3) but did not meet 
statistical significance.

DISCUSSION
In this MR study, we found robust evidence (present 
in both cohorts, and consistent over most sensitivity 
analyses) for a causal relationship between genetically 
predicted type 2 diabetes, smoking initiation, smok-
ing heaviness, insomnia and lower education status 
with increased risk of PAD. However effects found for 
insomnia significantly attenuated after correcting for 
potential mediating risk factors, and a similar but non- 
significant effect was observed for education level. 
Furthermore, we found strong evidence (eg, consistent 
over most sensitivity analyses) for a causal relationship 
between genetically predicted increased sleep dura-
tion and higher levels of HDL- C with a decreased risk 
of PAD. Finally, suggestive evidence of causality was 
found for genetically predicted increased fasting glu-
cose, higher alcohol consumption, smoking cessa-
tion and short sleep duration on PAD, but statistical 
strength was lacking when corrected for multiple test-
ing and/or effects were only found in one of the 2 in-
vestigated outcome cohorts. Even though in the main 
analyses a harmful trend on PAD was observed for the 
genetic liability to increased LDL- C and triglycerides, 
these effects fully attenuated after correcting for apoB. 
No evidence was found for a causal relationship be-
tween MVPA, sedentary behavior, long sleep duration 
and coffee consumption and PAD.

Classic Cardiovascular Risk Factors
The harmful effects of smoking initiation, smoking 
heaviness, and type 2 diabetes on PAD found in our 
study align with results found in observational stud-
ies2 and previously executed MR studies.17,20,25,50 
Furthermore, for type 2 diabetes these results were 
corroborated in a short term randomized controlled 
trial in which positive effects on PAD were observed 
after glucose lowering therapies.8 Additionally, we 
found suggestive evidence for a causal relationship 
between the genetic liability to having higher fasting 
glucose levels and PAD, which to our knowledge, 
has not yet been investigated via an MR design, 
even though a certain influence of pleiotropy cannot 
be excluded based on our analyses. Combined, the 
evidence of multiple studies using different analyses 
techniques, together with a strong pathophysiologi-
cal rationale, a compelling case for the presence of a 
causal relationship between these classic cardiovas-
cular risk factors and PAD can be made. In our analy-
sis on the GoLEAD- SUMMIT cohort, genetic liability 
for smoking cessation was found to be detrimental for 
the development of PAD, no effects were observed in 
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the MVP cohort. In observational research a lower risk 
was found for former smoking compared with current 
smoking.2 The discrepancy between our findings and 
findings in observational studies could be due to the 
genetic instrument being defined as current versus 
former smoker, therefore a correlation with smoking 
initiation can be expected.

In observational studies and short- term random-
ized controlled trials, hypercholesterolemia has been 
associated with higher risk of PAD.2, 5– 7 However, we 
found the effects of HDL- C on PAD was partially atten-
uated, and the association between triglycerides and 
PAD was fully attenuated when corrected for LDL- C. 
Furthermore the effects of LDL- C and triglycerides fully 
attenuated after correction for apoB, insinuating that in 
accordance with findings of comparable MR studies23, 51  
apoB, rather than LDL- C or triglycerides is likely to be 
the causal subfraction in PAD.

Education Status
In observational studies lower education level has been 
linked to PAD13, 52 and the results from our MR analy-
sis fully corroborate this association. The strength and 
robustness of the observed association and the con-
sistency with observational studies suggest a causal 
relationship. Nevertheless, the results from the multi-
variate MR analysis showed non- significant attenua-
tion after correcting for the most common mediators 
suggesting that education level is a upstream determi-
nant of health; a higher education level likely leads to 
healthier life choices, thereby lowering the chance of 
getting exposed to other risk.

Sleep Status
Despite the sparse observational epidemiological 
evidence of impaired sleeping on PAD, a number of 
studies support the hypothesis that increased levels of 
inflammation markers facilitate the process of athero-
sclerosis in individuals suffering from lack of sleep.53, 54  
We observed a robust association between genetically 
predicted insomnia, an inverse association between 
genetically predicted increased sleep duration and a 
suggestive association between short sleep duration 
and PAD. For insomnia, our results corroborate the 
results of a recently published MR study.16 The larger 
sample size of our study, and the addition of other not 
prior investigated IVs that represent sleep duration (eg, 
increased sleep duration, short and long sleep dura-
tion), which all show detrimental effects of increased 
sleep duration on PAD, further strengthen the cau-
sality claim. However, since the GWASs used in our, 
and previously executed MR studies, are based on 
self- reported sleep data, bias cannot be completely 
eliminated. Furthermore, the results from our multi-
variate MR study indicate that insomnia functions as 

a precursor of other risk factors, and should rather be 
considered an upstream determinant of health.

Alcohol consumption
Analyses carried out in the GoLEAD- SUMMIT cohort re-
ported a harmful effect of alcohol consumption on PAD, 
which is in accordance with 2 other recently published 
MR studies.17, 18 Such associations were not found in the 
MVP cohort; however, the MVP analysis was significantly 
underpowered (Table S1) and overall instrument strength 
should be considered weak (F: 5.8). When interpreting 
these results, it should be taken into account that based 
on observational research a “J” shaped association 
curve is expected, indicating a reduced risk for PAD inci-
dence for within- guideline drinkers compared with either 
abstainers or excessive drinkers.9, 55 Neither our nor the 
previously published MR studies were designed to as-
sess non- linear relationships which could have resulted 
in a distortion of results.

Physical activity and coffee consumption
No effects on PAD were found for physical activity and 
coffee consumption. However, when looking at evidence 
from prior research there seems to be a strong rationale 
for a beneficial effect of physical activity on PAD, since the 
majority of observational studies and a number of small 
trials reporting associations between higher physical ac-
tivity and risk of the development of PAD.56– 60 For coffee 
consumption, prior evidence is inconsistent, but just as 
for alcohol consumption, a “J” shaped association is ex-
pected.9, 61 Overall, it is important to notice that the analy-
ses for physical activity, alcohol-  and coffee consumption 
in our study are all limited by a low variance explained for 
the used IVs (Table) and a lack of power (Table S1), leading 
to weak instrument bias by violation of the first assump-
tion of MR studies. Until stronger genetic instruments are 
identified by GWAS studies, MR studies are most likely 
not to be able to draw conclusions on causality.

Clinical Implications
With the expected continuation of the global aging 
process, a considerable increase in the prevalence of 
PAD is expected. In order to alleviate the societal and 
economic burden of PAD, efforts should be made to 
improve prevention, early diagnosis and treatment of 
PAD. In the western world smoking, hypertension, type 
2 diabetes and hypercholesterolemia are known to be 
the most abundant risk factors in the development of 
PAD, and preventive strategies to reduce those risk fac-
tors have been implemented. However, globally these 
risk factors are projected to increase substantially the 
next 10 years,62, 63 therefore worldwide awareness of 
these risk factors, especially in low income countries, 
is needed.2 Our study confirmed and strengthened 
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the causality claim on the harmful relationship between 
the classic cardiovascular risk factors; smoking, type 2 
diabetes and hypercholesterolemia and PAD, thereby 
reinforcing the importance of optimizing cardiovas-
cular risk factor control. However, our results and the 
results from recently published MRs indicate that lipid 
subfractions such as apoB are likely to be the harmful 
components in the development of PAD, even though 
more in- depth research is needed to confirm this asso-
ciation. Furthermore, with the improved prevention and 
management of classic risk factors the importance of 
discovering lifestyle related risk factors in the develop-
ment of PAD is pressing. In this study we identified lower 
education level and insomnia as other, upstream, risk 
factors in the development of PAD. By adapting policies 
that target upstream determinants of health, multiple 
downstream risk factors can be affected simultaneously, 
thereby significantly lowering the risk of PAD. We believe 
these findings could contribute to a more targeted pre-
vention strategy for PAD, both on national level as well 
as in a daily clinical setting by providing a better under-
standing of risk factors in the development of PAD.

Strengths and Limitations
This study has several strengths. First, the use of an MR 
design, which is for a large part independent of forms 
of bias that are inherent to observational research, 
enabled us to make causal claims provided all MR as-
sumptions are met. To satisfy these assumptions we in-
corporated several parameters in our study. In short, by 
using only SNPs that are associated with the risk factor 
at genome- wide significance level in our main analysis, 
we avoided weak instrument bias and by adding a vast 
amount of sensitivity analyses we diminished the likeli-
hood of horizontal pleiotropy. Second, the 2 GWASs in-
cluded in this study used data from large genome- wide 
studies, thereby strengthening statistical power. Third, 
sample overlap (eg, overlap of study sample between 
IV and outcome GWAS) and population stratification (eg, 
the IVs and the outcome GWAS not consisting of the 
same population) can bias the results of MR studies. In 
this current study, we used 2 GWASs of which the MVP 
had no sample overlap between IVs and outcomes, 
thereby keeping the type 1 error rate as low as possible 
and the GoLEAD- SUMMIT consisting of participants of 
European- ancestry only thereby keeping the presence 
of population stratification as low as possible. By com-
paring associations found in both GWASs and by exe-
cuting a vast amount of sensitivity analyses, we aimed to 
keep the impact of both forms of bias as low as possible.

However, a number of limitations to our study 
should be considered. First, PAD outcomes were stud-
ied among primarily male participants of the Veterans 
Affairs MVP. Second, for smoking cessation, MVPA 
and sedentary behavior, we were not able to draw 

conclusions on causality because of limited precision 
as a result of a small explained variance. Third, post- 
hoc power analyses showed the analyses for smoking 
cessation, alcohol, and coffee consumption, MVPA and 
sedentary behavior are significantly underpowered, po-
tentially distorting results. Furthermore, during the se-
lection of SNPs for the IVs, we used a relatively liberal 
cut- off of r2>0.1 for linkage disequilibrium, potentially in-
troducing bias in our instruments. Finally, our analyses 
did not enable to investigate potential non- linear rela-
tionships even though several lifestyle variables such as 
alcohol and coffee consumption are suspected to have 
a nonlinear relationship with cardiovascular disease.

CONCLUSIONS
Our study strengthened the causality claim on the harm-
ful relationship between smoking, type 2 diabetes and 
PAD. Furthermore, our findings further strengthened the 
suspicion that apoB, rather that LDL- C and triglycerides, 
functions as the harmful component causing PAD in hy-
perlipidemia. Lower education level and insomnia are 
identified as upstream risk factors in the development 
of PAD, and suggestive harmful associations for alcohol 
consumption and impaired sleeping and PAD were found. 
No associations between physical activity and coffee 
consumption and PAD were observed, but these analy-
ses were underpowered, limited by weak instrument bias 
and the inability to investigate non- linear relationships. The 
results of our study contribute to a more targeted preven-
tion strategy for PAD, by providing a better understanding 
of causal risk factors in the development of PAD.
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SUPPLEMENTAL MATERIAL 

  



Table S1. Post-hoc power calculation for the IVW analyses on modifiable risk factors and peripheral artery disease for analyses done in the Million Veteran Program cohort and the GoLEAD-SUMMIT 
cohort. 
 

Risk factor Sample size* Ratio cases to 
controls* 

R2 of exposure by 
genetic variants† 

Causal effect‡ 
(OR according to 

IVW) 
Significance 

level Power§ 

 MVP/GoLEAD-
SUMMIT 

MVP/GoLEAD-
SUMMIT  MVP/GoLEAD-

SUMMIT  MVP/GoLEAD-SUMMIT 

Diabetes       
Type 2 diabetes 243,060 / 461,634 1:6.8 / 1:37.2 0.163 1.18 / 1.16 0.0025 100% / 100% 
Fasting glucose 
 

243,060 / 461,634 1:6.8 / 1:37.2 0.048 1.41a / 1.21a 0.0025 100% / 93.4% 

Cholesterol       
LDL cholesterol 243,060 / 461,634 1:6.8 / 1:37.2 0.146 1.23 / 1.13 0.0025 100% / 97.9% 
HDL cholesterol 243,060 / 461,634 1:6.8 / 1:37.2 0.137 0.84 / 0.81 0.0025 100% / 100% 
Triglycerides 

 
243,060 / 461,634 1:6.8 / 1:37.2 0.117 1.15 / 1.08 0.0025 100% / 43.3% 

Smoking       
Smoking initiation 243,060 / 461,634 1:6.8 / 1:37.2 0.023 1.48 / 1.59 0.0025 100% / 100% 
Smoking cessation 243,060 / 461,634 1:6.8 / 1:37.2 0.001 1.25 / 1.66 0.0025 3.1% / 9.9% 

    Cigarettes per day 
 

243,060 / 461,634 1:6.8 / 1:37.2 0.01 1.90 / 1.87 0.0025 100% / 100% 

Diet       
    Alcohol consumption 243,060 / 461,634 1:6.8 / 1:37.2 0.002 0.95 / 1.87 0.0025 0.4% / 50.5% 

Coffee consumption 
 

243,060 / 461,634 1:6.8 / 1:37.2 0.0048 1.01b / 1.13b 0.0025 0.2% / 1.8% 

Physical activity       
    MVPA 243,060 / 461,634 1:6.8 / 1:37.2 0.00073 1.12 / 0.54 0.0025 0.6% / 11.2% 
    Sedentary behaviour 

 
243,060 / 461,634 1:6.8 / 1:37.2 0.0008 1.19 / 0.78 0.0025 1.3% / 1.2% 

Sleep        
Insomnia 243,060 / 461,634 1:6.8 / 1:37.2 0.026 1.10 / 1.20 0.0025 31.2% / 56.6% 
Sleep duration 243,060 / 461,634 1:6.8 / 1:37.2 0.0069 0.69c / 0.63 0.0025 98% / 87.3% 

    Short sleep duration 243,060 / 461,634 1:6.8 / 1:37.2 NA 1.20 / 1.56 0.0025 NA 
Long sleep duration 
 

243,060 / 461,634 1:6.8 / 1:37.2 NA 0.82 / 0.75 0.0025 NA 

Education       
    Educational level 243,060 / 461,634 1:6.8 / 1:37.2 0.11 0.58 / 0.50 0.0025 100% / 100% 

       
* Sample size and ratio cases to controls according to the outcome GWAS on PAD, in both the MVP and the GoLEAD-SUMMIT cohort 
† Variance explained of exposure by genetic variants as reported in GWASs on the different modifiable risk factors 
‡ OR per 1-SD change for continuous exposures 
§ Calculated using an online power calculation tool (https://sb452.shinyapps.io/power/)  
a OR per 1-SD increase in fasting glucose, using an SD of 0.5 mmol/L approximated from the study characteristics in the GWAS meta-analysis  
b OR per 50% increase in coffee consumption. SD was not provided in GWAS meta-analysis  
c OR per 1-SD increase in sleep duration, using an SD of 1.1 h as reported in the GWAS  
Abbreviations: MVP: Genome wide association study on peripheral artery disease, executed by the Million veteran program; GoLEAD-SUMMIT: Genome wide association study, executed by the GoLEAD-SUMMIT 
consortium:  IVW = inverse-variance weighted; LDL = low-density lipoprotein; HDL = high-density lipoprotein; MVP:  MVPA = moderate-to-vigorous physical activity; NA: = not available; OR = odds ratio; PAD: peripheral 
artery disease. 



 
Table S2A. Results of the main and sensitivity analyses of the Mendelian randomization study on cardiovascular risk factors and lifestyle behaviors with peripheral artery disease in the Million Veteran 
Program cohort. 

 

Lifestyle factors 

 MR Method 

IVW Weighted median MR-Egger 

OR (95% CI) P-value Cochran’s Q P-value OR (95% CI) P-value OR (95% CI) P-value 
 

Intercept value  Intercept P-value Cochran’s Q P-value 
Diabetes           

Type 2 diabetes 1.18 (1.15;1.21) 2.12E-34 5.76E-20 1.19 (1.15;1.23) 6.00E-21 1.12 (1.06;1.17) 2.16E-5 0.004 0.012 8.41E-19 

Fasting glucose 1.41 (1.11;1.79) 5.23E-3 1.55E-11 1.18 (0.98;1.43) 0.076 0.96 (0.63;1.46) 0.85 0.013 
 

0.032 1.72E-9 

           

Lipid metabolism           

LDL-C 1.23 (1.13;1.33) 2.68E-6 5.73E-15 1.26 (1.16;1.36) 3.00E-8 1.33 (1.15;1.54) 1.20E-4 -0.006 0.18 2.61E-14 

HDL-C 0.84 (0.77;0.91) 4.91E-5 6.07E-16 0.90 (0.84;0.97) 6.09E-3 0.92 (0.81;1.04) 0.19 -0.007 0.06 1.46E-14 

Triglycerides  1.15 (1.03;1.28) 0.014 1.05E-11 1.17 (1.07;1.27) 5.37E-4 1.08 (0.92;1.27) 0.35 0.005 0.35 1.69E-11 

           

Smoking           

Smoking initiation 1.48 (1.38;1.59) 1.28E-28 6.83E-8 1.48 (1.35;1.62) 1.45E-17 1.98 (1.47;2.65) 5.50E-6 -0.006 0.05 1.39E-7 

Smoking cessation 1.25 (0.92;1.70) 0.15 9.36E-11  1.29 (0.97:1.72) 0.085 0.59 (0.25;1.42) 0.24 0.028 0.07 7.26E-9 

Number of cigarettes per day 1.90 (1.62;2.24) 8.20E-15 0.001 1.71 (1.42;2.06) 1.04E-8 1.66 (1.25;2.20) 3.98E-4 0.004 0.25 0.00129 

           

Diet            

Alcohol consumption 1.12 (0.84;1.49) 0.42 2.37E-10 1.19 (0.85;1.67) 0.31 1.20 (0.62;2.31) 0.59 -0.001 0.83 1.59E-10 

Coffee consumption 1.19 (0.92;1.54) 0.18 4.02E-6 1.10 (0.91;1.33) 0.34 1.08 (0.65;1.80) 0.75 0.005 0.67 2.57E-6 

           

Physical activity           

MVPA 0.95 (0.37;2.44) 0.91 3.76E-04 0.97 (0.45;2.09) 0.95 0.16 (0.01;3.13) 0.23 0.32 0.22 0.00191 

Sedentary behavior 1.01 (0.65;1.57) 0.98 0.142 1.02 (0.67;1.55) 0.94 NA - -0.003 0.99 0.0655 

           

Sleep 
 

          

Insomnia 1.10 (1.05;1.14) 1.53E-5 2.3E-10 1.12 (1.06;1.18) 2.06E-5 0.99 (0.84;1.17) 0.92 0.005 0.23 2.98E-10 

Sleep duration 0.69 (0.54;0.87) 1.99E-3 1.21E-11 0.76 (0.58;0.98) 0.033 1.00 (0.84;1.17) 1.00 -0.006 0.40 1.30E-11 

Short sleep duration 1.20 (1.04;1.38) 0.013 0.0676 1.18 (0.99;1.40) 0.072 1.39 (0.84;2.29) 0.20 -0.005 0.54 0.0586 

Long sleep duration 0.82 (0.59;1.12) 0.22 5.19E-5 0.92 (0.74;1.15) 0.47 2.09 (1.01;4.31) 0.046 -0.063 0.01 0.0334 

           



Education           

Educational level  0.58 (0.54;0.62) 1.50E-62 2.01E-11 0.58 (0.53;0.64) 3.79E-32 0.59 (0.47;0.75) 1.02E-5 0.00 0.80 1.83E-11 

 
Odds ratios display the association of listed cardiovascular risk factors and lifestyle behaviors with peripheral artery disease. The P-values of the OR are displayed in bold if below the Bonferroni-corrected threshold of 
0.00294, and in bold-italic if between 0.00294 and 0.05. 
Abbreviations: CI = confidence interval; HDL-C = High-density lipoprotein cholesterol; IVW = inverse-variance weighted; LDL-C = Low-density lipoprotein cholesterol; MR = Mendelian randomization; MR-PRESSO = 
Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MVPA = Moderate-to-vigorous physical activity; NA = not applicable; OR = odds ratio; SD = standard deviation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2B. Results of the main and sensitivity analyses of the Mendelian randomization study on cardiovascular risk factors and lifestyle behaviors with peripheral artery disease in the Million Veteran 
Program cohort. 

Risk factors 

 MR Method 

IVW Contamination Mixture  MR-PRESSO 

OR (95% CI) P-value Cochran’s Q P-value OR (95% CI) P-value OR (95% CI) P-value 
Global test P-

value  
Distortion test P 

value  
Diabetes          

Type 2 diabetes 1.18 (1.15;1.21) 2.12E-34 5.76E-20 1.19 (1.16;1.22) 2.87E-19 1.18 (1.15;1.21)  1.38E-30 <0.0001 0.93 

Fasting glucose 1.41 (1.11;1.79) 5.23E-3 1.55E-11 1.18 (1.03;1.39) 0.03 1.26 (1.05;1.51) 0.02 <0.0001 0.05 

          

Lipid metabolism          

LDL-C 1.23 (1.13;1.33) 2.68E-6 5.73E-15 1.27 (1.15;1.36) 1.05E-5 1.22 (1.14;1.31) 8.14E-7 <0.0001 0.963 

HDL-C 0.84 (0.77;0.91) 4.91E-5 6.07E-16 0.85 (0.72;0.90) 9.64E-6 0.84 (0.78;0.89) 2.12E-6 <0.0001 0.92 

Triglycerides  1.15 (1.03;1.28) 0.014 1.05E-11 1.16 (1.09;1.24) 1.24E-3 1.16 (1.06;1.27) 0.003 <0.0001 0.78 

          

Smoking          

Smoking initiation 1.48 (1.38;1.59) 1.28E-28 6.83E-8 1.72 (1.59;1.89) 2.73E-20 1.47 (1.38;1.58) 1.49E-24 <0.0001 0.87 

Smoking cessation 1.25 (0.92;1.70) 0.15 9.36E-11  NA - 1.31 (0.99;1.73) 0.07 <0.0001 0.66 

Number of cigarettes per day 1.90 (1.62;2.24) 8.20E-15 0.001 1.89 (1.68;2.41) 3.81E-10 1.85 (1.61;2.12) 3.39E-11 0.003 0.69 

          

Diet           

Alcohol consumption 1.12 (0.84;1.49) 0.42 2.37E-10 1.60 (0.91;2.56) 0.09 1.27 (0.98;1.64) 0.07 <0.0001 0.57 

Coffee consumption 1.19 (0.92;1.54) 0.18 4.02E-6 1.19 (1.02;1.65) 0.03 1.16 (1.00;1.34) 0.07 0.0001 0.69 

          

Physical activity          

MVPA 0.95 (0.37;2.44) 0.91 3.76E-04 NA - 1.22 (0.74;2.03) 0.48 0.002 0.18 

Sedentary behavior 1.01 (0.65;1.57) 0.98 0.142 1.22 (0.30;3.56) 0.55 1.01 (0.65;1.57) 0.98 0.213 NA 

          

Sleep 
 

         

Insomnia 1.10 (1.05;1.14) 1.53E-5 2.3E-10 1.23 (1.16;1.29) 1.62E-7 1.10 (1.05;1.14) 1.40E-5 <0.0001 0.98 

Sleep duration 0.69 (0.54;0.87) 1.99E-3 1.21E-11 0.62 (0.44;0.77) 4.02E-3 0.75 (0.61;0.93) 0.01 <0.0001 0.26 

Short sleep duration 1.20 (1.04;1.38) 1.31E-2 0.0676 1.28 (1.08;1.48) 0.018 1.20 (1.04;1.38) 0.02 0.071 NA 



 
 
 
 
 
 
 

 
Odds ratios display the association of listed cardiovascular risk factors and lifestyle behaviors with peripheral artery disease. The P-values of the OR are displayed in bold if below the Bonferroni-corrected threshold of 
0.00294, and in bold-italic if between 0.00294 and 0.05. 
Abbreviations: CI = confidence interval; HDL-C = High-density lipoprotein cholesterol; IVW = inverse-variance weighted; LDL-C = Low-density lipoprotein cholesterol; MR = Mendelian randomization; MR-PRESSO = 
Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MVPA = Moderate-to-vigorous physical activity; NA = not applicable; OR = odds ratio; SD = standard deviation 
  

Long sleep duration 0.82 (0.59;1.12) 0.22 5.19E-5 0.96 (0.80;1.18) 0.65 0.85 (0.69;1.06) 0.22 0.0005 0.68 

          

Education          

Educational level  0.58 (0.54;0.62) 1.50E-62 2.01E-11 0.44 (0.41;0.51) 6.12E-38 0.58 (0.53;0.61) 3.86E-57 <4E-5 0.93 



Table S3A. Results of the main and sensitivity analyses the this Mendelian randomization study on cardiovascular risk factors and lifestyle behaviors with peripheral artery disease in the GoELAD-
SUMMIT cohort. 
 

Lifestyle factors 

 MR Method 

IVW Weighted median MR-Egger 

OR (95% CI) P-value Cochran’s Q P-value OR (95% CI) P-value OR (95% CI) P-value 
 

Intercept value  Intercept P-value Cochran’s Q P-value 
Diabetes           

Type 2 diabetes 1.16 (1.12;1.21) 3.71E-14 <0.0001 1.11 (1.04;1.18) 0.0014 1.02 (0.94;1.11) 0.57 0.01 3.37E-4 <0.0001 

Fasting glucose 1.21 (0.91;1.61) 0.20 0.0126 1.15 (0.82;1.62) 0.40 1.06 (0.62;1.79) 0.84 0.004 0.55 0.01 

           

Lipid metabolism           

LDL-C 1.13 (0.99;1.30) 0.07 <0.0001 1.13 (1.00;1.29) 0.052 1.34 (1.06;1.69) 0.013 -0.01 0.08 <0.0001 

HDL-C 0.81 (0.73:0.91) 2.14E-4 <0.0001 0.78 (0.68;0.90) 8.26E-4 0.83 (0.69;0.99) 0.038 -0.001 0.76 <0.0001 

Triglycerides  1.08 (0.93;1.25) 0.31 <0.0001 1.13 (0.98;1.31) 0.082 1.25 (1.02;1.54) 0.033 -0.01 0.05 0.0003 

           

Smoking           

Smoking initiation 1.59 (1.42;1.76) 2.87E-17 <0.0001 1.70 (1.46;1.97) 2.29E-12 2.78 (1.76;4.38) 1.08E-5 -0.01 0.01 <0.0001 

Smoking cessation 1.66 (1.12;2.45) 0.012 0.001 1.78 (1.17;2.70) 0.0067 0.78 (0.27;2.23) 0.65 0.03 0.13 2.80E-3 

Number of cigarettes per day 1.87 (1.49;2.36) 8.66E-8 0.256 2.26 (1.61;3.16) 2.26E-6 2.09 (1.40;3.13) 3.39E-4 -0.004 0.52 0.24 

           

Diet            

Alcohol consumption 1.87 (1.27;2.75) 0.0015 3.00E-4 2.41 (1.48;3.91) 3.81E-4 3.79 (1.85;7.75) 2.66E-4 -0.01 0.02 0.0001 

Coffee consumption 1.13 (0.75;1.69) 0.56 <0.0001 1.00 (0.73;1.37) 1.00 1.08 (0.50;2.35) 0.84 0.002 0.90 0.0002 

           

Physical activity           

MVPA 0.54 (0.10;2.99) 0.48 4.00E-4 1.27 (0.34;4.70) 0.72 - - - - - 

Sedentary behavior 0.78 (0.4;1.35) 0.37 0.32 0.76 (0.40;1.42) 0.34 - - - - - 

           

Sleep 
 

          

Insomnia 1.20 (1.13;1.28) 1.06E-9 0.002 1.21 (1.12;1.31) 3.50E-6 1.28 (1.02;1.63) 0.037 -0.003 0.57 <0.0001 

Sleep duration 0.63 (0.48;0.83) 8.28E-4 0.093 0.51 (0.35;0.75) 7.10E-4 0.90 (0.31;2.56) 0.84 -0.01 0.49 0.087 

Short sleep duration 1.56 (1.25;1.95) 8.8E-5 0.30 1.49 (1.10;2.02) 0.01 1.10 (0.51;2.37) 0.82 0.01 0.35 0.30 

Long sleep duration 0.75 (0.56; 1.00) 0.053 0.092 0.72 (0.53;0.98) 0.03 1.14 (0.50;2.56) 0.76 -0.03 0.29 0.12 

           

Education           



Educational level  0.50 (0.45;0.56) 2.63E-38 <0.0001 0.44 (0.38;0.52) 5.24E-25 0.51 (0.35;0.75) 4.61E-4 0.00 0.91 <0.0001 

 
Odds ratios display the association of listed cardiovascular risk factors and lifestyle behaviors with peripheral artery disease. The P-values of the OR are displayed in bold if below the Bonferroni-corrected threshold of 
0.00294, and in bold-italic if between 0.00294 and 0.05. 
Abbreviations: CI = confidence interval; HDL-C = High-density lipoprotein cholesterol; IVW = inverse-variance weighted; LDL-C = Low-density lipoprotein cholesterol; MR = Mendelian randomization; MR-PRESSO = 
Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MVPA = Moderate-to-vigorous physical activity; NA = not applicable; OR = odds ratio; SD = standard deviation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 
 
Table S3B. Results of the main and sensitivity analyses the this Mendelian randomization study on cardiovascular risk factors and lifestyle behaviors with peripheral artery disease in the GoELAD-
SUMMIT cohort. 
 

Risk factors 

 MR Method 

IVW Contamination Mixture  MR-PRESSO 

OR (95% CI) P-value Cochran’s Q P-value OR (95% CI) P-value OR (95% CI) P-value Global test P-value  Distortion test P value  
Diabetes          

Type 2 diabetes 1.16 (1.12;1.21) 3.71E-14 <0.0001 1.14 (1.05;1.20) 1.56E-3 1.15 (1.11;1.19) 1.17E-12 <0.0001 0.61 

Fasting glucose 1.21 (0.91;1.61) 0.20 0.0126 1.11 (0.81;1.42) 0.52 1.21 (0.91;1.61) 0.21 0.017 NA 

          

Lipid metabolism          

LDL-C 1.13 (0.99;1.30) 0.07 <0.0001 1.18 (1.08;1.29) 0.0025 1.15 (1.05;1.26) 0.0045 <0.0001 0.77 

HDL-C 0.81 (0.73:0.91) 2.14E-4 <0.0001 0.72 (0.62;0.83) 6.95E-4 0.81 (0.73;0.90) 0.0001 <0.0001 0.99 

Triglycerides  1.08 (0.93;1.25) 0.31 <0.0001 1.14 (1.01;1.29) 0.034 1.14  (1.02;1.28) 0.027 <0.0001 0.47 

          

Smoking          

Smoking initiation 1.59 (1.42;1.76) 2.87E-17 <0.0001 1.75 (1.54;2.10) 3.53E-9 1.57 (1.41;1.75) 1.19E-15 <0.0001 0.87 

Smoking cessation 1.66 (1.12;2.45) 0.012 0.001 3.11 (1.64;4.73) 6.48E-4 1.90 (1.33;2.69) 0.0021 0.001 0.051 

Number of cigarettes per day 1.87 (1.49;2.36) 8.66E-8 0.256 2.47 (1.90;3.11) 7.15E-5 1.87 (1.49;2.36) 2.67E-06 0.22 NA 

          

Diet           

Alcohol consumption 1.87 (1.27;2.75) 0.0015 3.00E-4 2.47 (1.04;3.61) 0.044 1.87 (1.27;2.75) 0.0021 <0.0001 NA 

Coffee consumption 1.13 (0.75;1.69) 0.56 <0.0001 0.96 (0.74;1.24) 0.76 1.03 (0.73;1.47) 0.86 0.0019 0.15 

          

Physical activity          

MVPA 0.54 (0.10;2.99) 0.48 4.00E-4 1.94 (0.57;6.19) 0.23 1.94 (0.95;3.93) 0.18 0.00396 0.0075 

Sedentary behavior 0.78 (0.44;1.35) 0.37 0.32 0.67 (0.16;4.03) 0.29 0.78 (0.44;1.35) 0.44 0.46 NA 

          

Sleep 
 

         

Insomnia 1.20 (1.13;1.28) 1.06E-9 0.002 1.25 (1.18;1.34) 4.02E-7 1.21 (1.14;1.27) 1.28E-10 0.0021 0.90 

Sleep duration 0.63 (0.48;0.83) 8.28E-4 0.093 0.56 (0.37;1.00) 0.053 0.63 (0.48;0.83) 0.0013 0.089 NA 



 
 
 
 
 
 
 
 
 

Odds ratios display the association of listed cardiovascular risk factors and lifestyle behaviors with peripheral artery disease. The P-values of the OR are displayed in bold if below the Bonferroni-corrected threshold of 
0.00294, and in bold-italic if between 0.00294 and 0.05. 
Abbreviations: CI = confidence interval; HDL-C = High-density lipoprotein cholesterol; IVW = inverse-variance weighted; LDL-C = Low-density lipoprotein cholesterol; MR = Mendelian randomization; MR-PRESSO = 
Mendelian Randomization Pleiotropy RESidual Sum and Outlier; MVPA = Moderate-to-vigorous physical activity; NA = not applicable; OR = odds ratio; SD = standard deviation 
 
 
 
 
  

Short sleep duration 1.56 (1.25;1.95) 8.8E-5 0.30 1.57 (1.14;2.12) 0.0044 1.56 (1.25;1.95) 0.0006 0.32 NA 

Long sleep duration 0.75 (0.56; 1.00) 0.053 0.092 0.63 (0.39;1.04) 0.052 0.75 (0.56;1.00) 0.10 0.12 NA 

          

Education          

Educational level  0.50 (0.45;0.56) 2.63E-38 <0.0001 0.38 (0.33;0.44) 8.14E-24 0.51 (0.46;0.56) 2.67E-36 <4E-5 0.90 



Figure S1. Overview of the instrumental variable assumptions of the MR design. 
 

 
 
Mendelian randomization assumptions: (i) the SNPs are associated with the exposure; (ii) the SNPs are independent of 
confounders of the risk factor– outcome association; and (iii) the SNPs influence the outcome only via the exposure  
 
  



Figure S2. Flowchart of all included single nucleotide polymorphisms in this mendelian randomization 
study on on cardiovascular risk factors and lifestyle behaviors with peripheral artery disease. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Abbreviations: SNPs = single nucleotide polymorphisms; LDL-C = Low density lipoprotein cholesterol; HDL-C = High density 
lipoprotein cholesterol; MVPA = Moderate to vigorous physical activity; MVP: Genome wide association study on peripheral 
artery disease, executed by the Million veteran program; GoLEAD-SUMMIT: Genome wide association study, executed by the 
GoLEAD-SUMMIT consortium 
 
 
 
 
 

Original SNPs  N=2824 

Type 2 diabetes  N=403 
Fasting glucose   N=36 

LDL-C   N=58 
HDL- C   N=71 
Triglycerides  N=40 

Smoking Initiation  N=378 
Smoking cessation  N=24 
Smoking heaviness  N=55 
 
Alcohol consumption  N=99  
Coffee consumption  N=15 
 
MVPA   N=9 
Sedentary behavior  N=4 

Insomnia   N=248 
Sleep duration  N=78 
Long sleep duration  N=8 
Short sleep duration  N=27 
 
Educational level   N=1271 

Included SNPs         MVP  GoLEAD- 
     SUMMIT  

N=2482 N=2563  

Type 2 diabetes  N=280 N=281 
Fasting glucose   N=35 N=35 

LDL-C   N=53 N=54 
HDL- C   N=65 N=65 
Triglycerides  N=35 N=35 

Smoking Initiation  N=346 N=360 
Smoking cessation  N=21 N=21 
Smoking heaviness  N=45 N=47 
 
Alcohol consumption  N=84 N=90 
Coffee consumption  N=14 N=14 
 
MVPA   N=7 N=7 
Sedentary behavior  N=4 N=4 

Insomnia   N=229 N=238 
Sleep duration  N=75 N=78 
Long sleep duration  N=7 N=7 
Short sleep duration  N=27 N=26 
 
Educational level   N=1155 N=1201 

Excluded because not available in outcome GWAS 

   MVP GoLEAD-
    SUMMIT  

   N=103 N=22 

Type 2 diabetes  N=14 N=13 
Fasting glucose   - - 

LDL-C   N=1 - 
HDL- C   N=2 N=2 
Triglycerides  - - 

Smoking Initiation  N=14 - 
Smoking cessation  N=1  N=1 
Smoking heaviness  N=2 - 
 
Alcohol consumption  N=8 N=2 
Coffee consumption  - - 
 
MVPA   - - 
Sedentary behavior  - - 

Insomnia   N=11 N=2 
Sleep duration  N=3 - 
Long sleep duration  N=1 N=1 
Short sleep duration  - N=1 
 
Educational level   N=46 - 

 

Excluded because not genome wide 
significant or in Linkage Disequilibrium  

N=239 

Type 2 diabetes  N=109 
Fasting glucose   N=1 

LDL-C   N=4 
HDL- C   N=4 
Triglycerides  N=5 

Smoking Initiation  N=18 
Smoking cessation  N=2 
Smoking heaviness  N=8 
 
Alcohol consumption  N=7 
Coffee consumption  N=1 
 
MVPA   N=2 
Sedentary behavior  - 

Insomnia   N=8 
Sleep duration  - 
Long sleep duration  - 
Short sleep duration  - 
 
Educational level   N=70 

 



Figure S3. Sensitivity analyses for weak IVs: Results of IVW analysis after manual exclusion of possible pleiotropic SNPs in in exposures with <20 SNPs, and results of IVW 
analysis for MVPA, sedentary behaviour and long sleep duration using a more liberal threshold (P<5x10-6) for selecting SNPs.  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Odds ratios represent the associations of peripheral artery disease with listed risk factors.  
Abbreviations: CI, confidence interval; OR, odds ratio; SNPs, single nucleotide polymorphisms MVP: Genome wide association study on peripheral artery disease, executed by the Million 
veteran program; MVPA; MVPA = moderate-to-vigorous physical activity, GoLEAD-SUMMIT: Genome wide association study, executed by the GoLEAD-SUMMIT consortium, IV; Instrumental 
variable, IVW; Inverse Variant Weighted  



Figure S4. Sensitivity analyses to adjust for the genetic correlation between potential mediators of the relationship between educational level, insomnia, type 2 diabetes and 
peripheral artery disease.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Odds ratios represent the associations of peripheral artery disease with listed risk factors.  
Abbreviations: CI, confidence interval; BMI: body mass index; DBP; diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; OR, odds ratio; SNPs, single nucleotide 
polymorphisms, SBP; systolic blood pressure, MVP: Genome wide association study on peripheral artery disease, executed by the Million veteran program; GoLEAD-SUMMIT: Genome wide 
association study, executed by the GoLEAD-SUMMIT consortium   



Figure S5. Sensitivity analyses to adjust for the genetic correlation between lipid traits and the lipid subfractions apolipoprotein A1 and B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Odds ratios represent the associations of peripheral artery disease with listed risk factors.  
Abbreviations: CI, confidence interval; GWAS, genome wide association study, HDL, high-density lipoprotein; LDL, low-density lipoprotein; OR, odds ratio; SNPs, single nucleotide 
polymorphisms; PAD, peripheral artery disease, MVP: Genome wide association study on peripheral artery disease, executed by the Million veteran program; GoLEAD-SUMMIT: Genome wide 
association study, executed by the GoLEAD-SUMMIT consortium. 
 
 
 
 
 
 
 



Figure S6A. The association between the SNPs and type 2 diabetes versus the association between the 
SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study.  
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Figure S6B. The association between the SNPs and 1 mmol/L change in glucose versus the association 
between the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SD = standard deviation; SNP = single nucleotide polymorphism A. Associations between 
exposure and peripheral artery disease found using genome wide association study executed by the Million 
veteran program; B. Associations between exposure and peripheral artery disease found using the GoLEAD-
SUMMIT Genome wide association study. 
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Figure S6C. The association between the SNPs and 1 SD change in LDL-C versus the association 
between the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6D. The association between the SNPs and 1 SD change in HDL cholesterol versus the 
association between the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SD = standard deviation; SNP = single nucleotide polymorphism. A. Associations between 
exposure and peripheral artery disease found using genome wide association study executed by the Million 
veteran program; B. Associations between exposure and peripheral artery disease found using the GoLEAD-
SUMMIT Genome wide association study. 
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Figure S6E. The association between the SNPs and 1 SD change in Triglyceride level versus the 
association between the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism . A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6F. The association between the SNPs and smoking initiation versus the association between the 
SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6G. The association between the SNPs and smoking cessation versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6H. The association between the SNPs and smoking heaviness versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6I. The association between the SNPs and alcohol consumption versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6J. The association between the SNPs and coffee consumption versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6K. The association between the SNPs and Moderate to vigorous physical activity versus the 
association between the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6L. The association between the SNPs and sedentary behavior versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6M. The association between the SNPs and insomnia versus the association between the SNPs 
and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6N. The association between the SNPs and sleep duration versus the association between the 
SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6O. The association between the SNPs and short sleep duration versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6P. The association between the SNPs and long sleep duration versus the association between 
the SNPs and peripheral artery disease. 
The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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Figure S6Q. The association between the SNPs and educational status versus the association between 
the SNPs and peripheral artery disease. 

The regression line was calculated using the inverse-variance weighted method. 
Abbreviations: SNP = single nucleotide polymorphism. A. Associations between exposure and peripheral artery 
disease found using genome wide association study executed by the Million veteran program; B. Associations 
between exposure and peripheral artery disease found using the GoLEAD-SUMMIT Genome wide association 
study. 
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