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Abstract
Aims Observational evidence suggests that physical activity (PA) is inversely and sedentarism positively related with car-
diovascular disease risk. We performed a two-sample Mendelian randomization (MR) analysis to examine whether geneti-
cally predicted PA and sedentary behavior are related to coronary artery disease, myocardial infarction, and ischemic stroke.
Methods and results We used single nucleotide polymorphisms (SNPs) associated with self-reported moderate to vigorous 
PA (n = 17), accelerometer based PA (n = 7) and accelerometer fraction of accelerations > 425 milli-gravities (n = 7) as well 
as sedentary behavior (n = 6) in the UK Biobank as instrumental variables in a two sample MR approach to assess whether 
these exposures are related to coronary artery disease and myocardial infarction in the CARDIoGRAMplusC4D genome-
wide association study (GWAS) or ischemic stroke in the MEGASTROKE GWAS. The study population included 42,096 
cases of coronary artery disease (99,121 controls), 27,509 cases of myocardial infarction (99,121 controls), and 34,217 cases 
of ischemic stroke (404,630 controls). We found no associations between genetically predicted self-reported moderate to 
vigorous PA, accelerometer-based PA or accelerometer fraction of accelerations > 425 milli-gravities as well as sedentary 
behavior with coronary artery disease, myocardial infarction, and ischemic stroke.
Conclusions These results do not support a causal relationship between PA and sedentary behavior with risk of coronary 
artery disease, myocardial infarction, and ischemic stroke. Hence, previous observational studies may have been biased.
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Introduction

Cardiovascular disease, including coronary artery disease 
and myocardial infarction are the main causes of morbid-
ity and mortality worldwide [1–3]. To reduce the burden 
on the population and individual level of these illnesses, 
effective prevention measures are essential. Current guide-
lines endorse a physically active lifestyle to reduce the risk 
for cardiovascular disease [4, 5]. A recent meta-analysis 
included 44 studies and more than 1.5 million participants 
[6] and showed a clear inverse relation of moderate and 
intense physical activity (PA) with cardiovascular mortal-
ity. Another meta-analysis of 36 studies (including 179,393 
events) reported that individuals who had an inactive 
lifestyle compared to those achieving the recommended 
150 min of moderate PA per week had a 23% higher risk for 
cardiovascular mortality and 17% greater risk for incident 
cardiovascular disease, respectively [7]. Further, PA is rec-
ommended for the primary prevention of ischemic stroke 
[8]. Overall, the general consensus in the scientific commu-
nity is that PA reduces the risk for coronary artery disease, 
myocardial infarction and ischemic stroke [5, 9, 10].

However, the causal relationship between PA and car-
diovascular disease risk is not clear. One drawback of the 
current state of knowledge is that the majority of previous 
studies used questionnaires to assess PA [4]. The use of self 
reports may considerably influence (i.e., over-estimate) the 
levels of PA due to recall and social desirability biases [11, 
12]. To overcome these issues, more recent studies have used 
device measured PA [13–18].

We tried to disentangle the role of PA and cardiovascular 
disease risk using a two-sample Mendelian randomization 
(MR). MR is a form of causal inference employing instru-
mental variable analysis which utilizes genetic variants 
(SNPs) as instruments. This method has also been referred 
to as nature’s randomized controlled trial, since the genetic 
variants are allocated randomly at conception [19, 20]. This 
approach allows to overcome biases of observational stud-
ies like unobserved confounding and reverse causation [21]. 
Two-sample MR relate exposure and outcome summary data 
from genome-wide association studies and with increasing 
sample size by forming consortia lead to increased statistical 
power. We performed a two-sample summary data MR anal-
yses to explore relationships between self-reported moderate 
to vigorous (MVPA), accelerometer assessed PA, acceler-
ometer-assessed fraction accelerations > 425 milli-gravities 
as well as sedentary behavior with risk for coronary artery 
disease, myocardial infarction, and ischemic stroke.

Methods

We used a five step approach for this two-sample MR analy-
sis. We first identified genetic variants which are associ-
ated with MVPA, accelerometer assessed PA, accelerometer 
assessed fraction accelerations > 425 milli-gravities as well 
as sedentary behavior in the UK Biobank to be used as expo-
sures. Second, the outcome variables for this two-sample 
MR were identified from genome-wide association studies 
(GWAS) for coronary artery disease, myocardial infarction, 
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and ischemic stroke. Third, the SNP-exposure and SNP-out-
come datasets were harmonized. Fourth, we performed the 
two-sample MR analyses. The last step included sensitivity 
analyses to ensure that the assumptions for MR analyses 
are met.

Instrumental variables for physical activity 
and sedentary behavior

Data for the genetic associations with self-reported and 
accelerometer-based PA to be used as exposures were 
obtained from two published GWAS conducted in the UK 
Biobank [22, 23]. The UK Biobank study is a community-
based prospective cohort study conducted between 2006 
and 2010 that recruited over 500,000 men and women aged 
40–69 years from different socioeconomic backgrounds 
from 22 centers across the United Kingdom [24].

Klimentidis et al. [23] identified SNPs associated with 
MVPA in 377,234 UK Biobank participants using the Inter-
national Physical Activity short form Questionnaire [25]. 
MVPA was calculated as the sum of total minutes per week 
of MVPA multiplied by eight, corresponding to their meta-
bolic equivalent tasks (METs) [23]. The mean (SD) MVPA 
was 1,650 (2,084) MET-minutes/week. Accelerometer-based 
PA was measured in a subset of 103,712 participants with an 
Axivity AX3 triaxial accelerometer on the wrist for a seven-
day-period between 2013 and 2015 [26]. After calibration, 
removal of gravity and sensor noise, and identification of 
wear/non-wear episodes the remaining 100 Hz raw triaxial 
acceleration data were used to calculate objective PA vari-
ables. Non-wear time was defined as consecutive stationary 
episodes lasting for at least 60 min where all three axes had a 
standard deviation of less than 13.0 milli-gravities. The val-
ues for the accelerometer-measured physical activity expo-
sure ‘average acceleration’ was 27.9 (27.0) milli-gravities. 
We used two different exposures based on accelerometer-
assessed PA: ‘average acceleration’ (in milli-gravities) and 
‘fraction of accelerations > 425 milli-gravities’ correspond-
ing to an intensity levels ≥ 6 METs [23]. Sedentary time 
was also derived from UK Biobank accelerometer data and 
definded as activity levels ≤ 1.5 METs [22].

Selection of genetic instrumental variables 
for physical activity

We initially selected 19 SNPs associated with self-reported 
MVPA at a genome-wide significance level (P < 5 ×  10–8) 
in the GWAS by Klimentidis et al. [23], using the PLINK 
clumping algorithm (r2 threshold = 0.001 and window 
size = 10 mB) [27] (Supplementary Table 1). We identi-
fied eight SNPs associated with accelerometer-measured 
‘average acceleration’ at P < 5 ×  10–8 [23] (Supplementary 
Table 2). Further, seven and six SNPs were associated with 

fraction accelerations > 425 milli-gravities [23] and seden-
tary behavior [22], respectively (Supplementary Tables 3 
and 4). After the removal of SNPs exhibiting potential pleio-
tropic effects (see details in ‘Statistical analyses’, ‘Results’ 
and suppl. Table 5), 17, 7, 7 and 6 SNPs were used as instru-
mental variables for MVPA, accelerometer measured PA, 
fraction accelerations > 425 milli-gravities and sedentary 
behavior, respectively. UK Biobank participants were gen-
otyped using the UK BiLEVE array and the UK Biobank 
axiom array.

GWAS summary data for coronary artery disease, 
myocardial infarction and ischemic stroke

Genetic variants associated with coronary artery disease 
(42,096 cases and 99,121 controls) [28], myocardial infarc-
tion (27,509 cases and 99,212 controls), and ischemic stroke 
(34,217 cases and 404,630 controls) [29] were obtained 
from GWAS meta-analyses. These GWAS meta-analyses 
did not include participants of the UK Biobank but have 
the same ethnicity as UK Biobank participants. Coronary 
artery disease diagnosis was broadly defined as myocardial 
infarction, acute coronary syndrome, chronic stable angina 
or coronary stenosis of > 50% [28]. Myocardial infarction 
was defined based on symptoms of persistent ischemic chest 
pain, ischemic changes on electrocardiogram with dynamic 
evolution, and increases in the levels cardiac biomarkers. 
Stroke was defined according to the World Health Organ-
ization (WHO), i.e. rapidly developing signs of focal (or 
global) disturbance of cerebral function, lasting more than 
24 h or leading to death with no apparent cause other than 
that of vascular origin. Strokes were defined as ischemic 
stroke based on clinical and imaging criteria. Information 
on participants included in each meta-analysis is provided 
in the appendix (suppl. Table 13 and 14).

Standard protocol approvals, registrations, 
and patient consents

Written informed consent was obtained from UK Biobank 
study participants and ethics approval of the UK Biobank 
was given by the North West Multicentre Research Ethics 
Committee, the National Information Governance Board 
for Health & Social Care and the Community Health Index 
Advisory Group. Both GWAS studies [22, 23] were covered 
by the general ethical approval of the UK Biobank studies 
from the NHS National Research Ethics Service on 17th 
June 2011 (Ref 11/NW/0382).

For the studies participating in the coronary artery dis-
ease [30], myocardial infarction [30] and ischemic stroke 
[29] GWAS, written informed consent was obtained from 
study participants, legal guardian, or other proxy. Study 
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protocols for all cohorts were reviewed and approved by 
the appropriate institutional review boards [29, 30]. The 
investigation must conform to the principles outlined in the 
Declaration of Helsinki.

Statistical power

The SNPs used as instrumental variables for MVPA, accel-
erometer-assessed PA and fraction accelerations > 425 milli-
gravities explained 0.15%, 0.24%, and 0.23% of the variance, 
respectively. A total of 0.22% of the variance in sedentary 
behavior was explained by the SNPs identified by Doherty 
et  al. [22]. We had sufficient statistical power to detect 
an association between a 1 SD change in accelerometer-
assessed PA and coronary artery disease (0.79), myocardial 
infarction (0.67), and ischemic stroke (0.85) given a type 1 
error of 5% and an expected odds ratio (OR) of 0.7 (Suppl. 
Table 6). A priori statistical power was calculated according 
to Burgess [31].

Statistical analyses

A multiplicative random effects inverse-variance weighted 
(IWV) estimate was used as the principal outcome for this 
two-sample MR [21, 32]. IVW estimates were calculated 
from the ratio estimates of the individual genetic variants 
in the IVW meta-analysis. Under the assumption of bal-
anced pleiotropy, the random effects IVW approach pro-
vides valid causal estimates by allowing each SNP to have 
different mean effects compared to the fixed effects IVW 
[32]. For the continuous exposure variables (i.e. MVPA and 
accelerometer-assessed PA) the results are represented as 
OR per 1-SD increment in MET-minutes/week and average 
acceleration in milli-gravities, respectively. One SD of ‘aver-
age acceleration’ in the UK Biobank Study is approximately 
8 milligravities (or 0.08 m/s2) of acceleration in a mean 5-s 
window [23]. For dichotomous exposure parameters (i.e. 
fraction accelerations > 425 milli-gravities and sedentary 
behavior) the OR for engaging in fraction acceleration ≥ 425 
milli-gravities vs. fraction acceleration < 425 milli-gravities 
or sedentary behavior (energy expenditure ≤ 1.5 METs vs- 
energy expenditure > 1.5 METs) were used. All compari-
sons were adjusted for multiple testing using false discovery 
rate [33]. Analyses were performed using the TwoSam-
pleMR (version 0.5.2) [34], MendelianRandomization (for 
multivariable MR analysis) and MRPRESSO (version 1.0) 
packages in R (version 3.6.3, Vienna, Austria)[35]. Report-
ing followed the STROBE-MR statement [36].

Two‑sample MR assumptions and sensitivity 
analyses

First, we examined the instrumental variable assumptions: 
i.e. the strength of the genetic instruments (IV1), IVs are 
not associated with confounders (IV2), and there is no 
residual IV-outcome association given exposure and con-
founders (IV3) [37]. Additional two-sample MR assump-
tions cannot be formally investigated but addressed by ade-
quate choice of exposure and outcome GWAS: the causal 
relationship holds for both samples (2SMR1), independ-
ence of both samples (2SMR2), the variances of exposure 
and outcome are known (2SMR3), no measurement error 
in the IV-exposure association (NOME) [37, 38].

IV1 was assessed by calculating the F statistic for 
each instrumental variable [39]. IV2 was tested by enter-
ing each instrumental genetic variant and its proxies 
(r2 > 0.8) in PhenoScanner [40], GWAS catalog [41] and 
GWAS Atlas [42] to identify previously reported asso-
ciations (P < 5 ×  10–8) with confounders or cardiovascular 
outcomes. Previous research has identified spiroergomet-
ric markers (i.e. forced vital capacity, forced expiratory 
volume in 1 s, total vital capacity) [43], anthropometric 
markers (i.e. body fat, body mass index, hip circumference 
and fat free mass) [44] and education [45] as potential 
confounders for the relationship between physical activity 
and cardiovascular outcomes. The number of SNPs with-
out potential for confounding was too low to perform a 
sensitivity analysis by excluding potentially confounded 
SNPs. Hence, we performed a multivariable MR analysis 
[46] to assess the relationship between genetically pre-
dicted self-reported moderate to vigorous physical activ-
ity, accelerometer-derived PA, vigorous PA and sedentary 
behavior on coronary artery disease, myocardial infarction 
and ischemic stroke adjusted for education and body mass 
index [47, 48]. IV3 was evaluated by performing a leave-
one-out analysis to assess whether the IVW estimate was 
driven or biased by a single SNP.

The two-sample MR assumptions were evaluated by 
performing additional sensitivity analyses. The weighted 
median MR method is robust to potential unbalanced 
horizontal pleiotropy. Horizontal pleiotropy violates the 
exclusion restriction assumption, because in this case the 
instrumental variables are associated with other traits (i.e. 
intermediates) which influence the outcome [21]. To detect 
and correct for outliers of the IVW linear regression, we 
applied the MR-Pleiotropy RESidual Sum and Outlier (MR-
PRESSO) method [34, 38]. The presence of directional plei-
otropy was assessed by MR Egger regression. The intercept 
of this regression must be close to “zero” otherwise plei-
otropy may be present [21]. We used a modified 2nd order 
weighting approach to estimate the Cochran’s Q statistic as 
a measure of heterogeneity [49].
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Data availability

Summary statistics for the physical activity GWAS by Kli-
mentidis et al. [23] are available at https:// klime ntidis. lab. 
arizo na. edu/ conte nt/ data (access date: 2020/01/27) and sum-
mary data for the GWAS by Doherty et al. [22] are avail-
able at https:// doi. org/ 10. 5287/ bodle ian: yJp6z Zmdj (access 
date: 2020/03/22). The GWAS for coronary artery disease 
and myocardial infarction [28] are available for download 
from the CARDIoGRAMplusC4D website (http:// www. 
cardi ogram plusc 4d. org/ data- downl oads/). The GWAS for 
ischemic stroke [29] can also be downloaded on the web-
site of the MEGASTROKE consortium (https:// www. megas 
troke. org/ downl oad. html).

Results

MR analysis for MVPA, accelerometer‑assessed 
PA, fraction accelerations > 425 milli‑gravities 
and sedentary behaviour on coronary artery 
disease, myocardial infarction, and ischemic stroke

We found no evidence for an effect of genetically predicted 
MVPA and accelerometer-assessed PA on coronary artery 
disease (IVW OR per 1-SD: 1.00–1.03; P > 0.730), myocar-
dial infarction (IVW OR per 1-SD: 0.99–1.16; P > 0.457), 
and ischemic stroke (IVW OR per 1-SD: 0.98–1.16; 
P > 0.244) (Tables 2 and 3). Moreover, neither fraction 
accelerations > 425 milli-gravities nor sedentary behavior 
showed a relationship with coronary artery disease (IVW 
OR per 1-SD: 0.77, P = 0.112 and OR: 0.91, P = 0.709), 
myocardial infarction (IVW OR per 1-SD: 0.75, P = 0.098 
and OR: 0.96, P = 0.855), and ischemic stroke (IVW OR per 
1-SD: 0.77, P = 0.123 and OR: 1.06, P = 0.748) (Tables 4 
and 5).

Two‑sample MR assumptions and sensitivity 
analyses

To assess whether the three IVs and additional Two-Sample-
MR assumptions held true, sensitivity analyses for a complete 
assessment of the results were performed. The strength of all 
genetic instruments for the exposure variables (i.e. MVPA, 
accelerometer-assessed PA, fraction accelerations > 425 
milli-gravities and sedentary behavior) were sufficient as evi-
denced by the high F-statistics with values of 29.9 or higher. 
Hence, IV1 was not violated since weak instrument bias was 
not present (Table 1). To evaluate whether the IVs were not 
associated with confounders (IV2) the genetic variants were 
entered in the PhenoScanner database, the GWAS catalog 
and the GWAS Atlas. A large number of SNPs was related 
to potential confounders like education, lung function and 

anthropometric markers (Suppl. Table 5). Hence, a potential 
violation of IV2 is possible. However, we conducted multivari-
able MR analyses to adjust for body mass index and education. 
Using this approach we found similar associations compared 
to the univariate analyses (suppl. Tables 13–17). To ensure 
that there was no residual IV-outcome association given 
exposure and confounders (IV3) leave one out analysis were 
performed. These analyses yielded no significant findings for 
the association between MVPA, accelerometer-assessed PA 
and sedentary behavior with coronary artery disease, myo-
cardial infarction and ischemic stroke (suppl. Tables 8, 9, 
11). However, the leave one out analysis identified the single 
SNP rs34858520 (suppl. Table 10) to influence the relation 
of fraction accelerations > 425 milli-gravities with coronary 
artery disease and myocardial infarction. Further, the allele 
frequency of this SNP strongly differed between the exposure 
GWAS (EAF = 0.558) and outcome GWAS  (EAFMI = 0.626, 
 EAFCAD = 0.614; Table 1, suppl. Table 4).

A modified Q-statistic was used to identify heterogeneity 
across individual SNPs (suppl. Table 7). Heterogeneity was 
identified for the association of fraction accelerations > 425 
milli-gravities (Cochran’s Q 13.73, P = 0.033) and seden-
tary behavior (Cochran’s Q 14.54, P = 0.013) with coronary 
artery disease. Additionally, significant heterogeneity was 
found for the relationship between sedentary behavior with 
myocardial infarction (Cochran’s Q 11.58, P = 0.041). The 
results between MVPA and ischemic stroke were also influ-
enced by heterogeneity (Cochran’s Q 19.17, P = 0.004).

To address potential balanced horizontal pleiotropy, 
weighted median estimates are reported. These results were 
similar to the IVW estimates. MR-Presso and MR-Egger 
methodologies were used to assess potential pleiotropy of 
the genetic instruments. These results did not differ from 
the observed effects for MVPA, accelerometer-assessed PA, 
and fraction accelerations > 425 milli-gravities on coronary 
artery disease, myocardial infarction and ischemic stroke in 
the primary analyses (Tables 2, 3, 4 and 5). The MR Egger 
intercept test was used to find potential horizontal pleiotropy 
(suppl. Table 12). No horizontal pleiotropy was identified for 
the relation between MVPA, accelerometer-assessed PA and 
fraction accelerations > 425 milli-gravities with coronary 
artery disease, myocardial infarction, and ischemic stroke. 
However, directional horizontal pleiotropy was found for the 
association between sedentary behavior and coronary artery 
disease (intercept − 0.104, P = 0.008) as well as myocardial 
infarction (intercept − 0.093, P = 0.04). 

Discussion

The current two-sample MR study used GWAS data on self-
reported PA from 377,234 individuals, data from 91,084 
UK Biobank participants with accelerometer-assessed PA 

https://klimentidis.lab.arizona.edu/content/data
https://klimentidis.lab.arizona.edu/content/data
https://doi.org/10.5287/bodleian:yJp6zZmdj
http://www.cardiogramplusc4d.org/data-downloads/
http://www.cardiogramplusc4d.org/data-downloads/
https://www.megastroke.org/download.html
https://www.megastroke.org/download.html
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as well as 91,105 subjects with information on sedentary 
behavior. Further, GWAS data from 42,096 coronary artery 
disease cases, 27,509 myocardial infarction cases and 40,585 

ischemic stroke cases were employed. We found little evi-
dence for an association between PA and sedentary behavior 
with risk of these cardiovascular outcomes. Although we 

Table 1  Genetic variants 
associated with self-reported 
physical activity (PA), 
accelerometer-assessed PA, 
vigorous PA and sedentary 
bevahior

SNP single nucleotide polymorphism, Chr. chromosome, hg38 human genome assembly 38, EA effect 
allele, OA other allele, EAF effect allele frequency, beta beta estimate, se standard error, MVPA moderate 
to vigorous physical activity

SNP Chr Position (hg38) EA OA EAF beta se P value R2 F statistic

Self-reported MVPA (based on a GWAS by Klimentidis et al. 
[23])

 rs2942127 1 204450939 G A 0.175 0.016 0.003 3.30E−08 0.00008 30.522
 rs1974771 2 54051406 G A 0.9 -0.021 0.004 6.60E−09 0.00009 33.654
 rs2114286 3 41152792 A G 0.466 − 0.012 0.002 3.30E−08 0.00008 30.501
 rs877483 3 53812714 T C 0.433 0.012 0.002 4.00E−08 0.00008 30.132
 rs2035562 3 85007370 A G 0.328 − 0.014 0.002 3.90E−09 0.00009 34.687
 rs1972763 4 158939411 C T 0.342 0.013 0.002 3.30E−08 0.00008 30.526
 rs77742115 5 18330315 T C 0.862 − 0.018 0.003 9.60E−09 0.00009 32.922
 rs2854277 6 32660307 C T 0.917 0.032 0.005 2.60E−10 0.00011 39.959
 rs1186721 7 34934990 G A 0.684 − 0.013 0.002 4.40E−08 0.00008 29.984
 rs921915 7 50188985 T C 0.412 − 0.014 0.002 5.70E−10 0.0001 38.436
 rs1043595 7 128769958 G A 0.717 0.014 0.002 4.30E−09 0.00009 34.481
 rs7804463 7 133762898 T C 0.53 0.015 0.002 1.20E−11 0.00012 45.987
 rs2988004 9 37044391 T G 0.558 − 0.013 0.002 4.10E−09 0.00009 34.579
 rs7326482 13 53463668 G T 0.385 − 0.013 0.002 1.60E−08 0.00008 31.915
 rs10145335 14 98081411 G A 0.749 − 0.014 0.003 2.70E−08 0.00008 30.878
 rs12912808 15 94748994 C T 0.851 0.018 0.003 1.70E−08 0.00008 31.852
 rs1921981 21 41050620 G A 0.674 0.013 0.002 3.80E−08 0.00008 30.224

Accelerometer assessed average acceleration (based on a GWAS 
by Klimentidis et al. [23])

 rs34517439 1 77984833 C A 0.879 0.308 0.056 4.40E−08 0.00033 29.972
 rs6775319 3 18717009 A T 0.271 0.225 0.041 3.50E−08 0.00033 30.43
 rs9293503 5 88653144 T C 0.888 0.329 0.059 2.10E−08 0.00034 31.42
 rs12522261 5 152675265 G A 0.657 0.211 0.038 3.90E−08 0.00033 30.207
 rs11012732 10 21541175 A G 0.668 0.225 0.039 5.40E−09 0.00037 34.036
 rs148193266 11 104657953 A C 0.957 − 0.51 0.092 3.10E−08 0.00034 30.67
 rs59499656 18 43188344 A T 0.656 − 0.228 0.038 2.40E−09 0.00039 35.597

Fraction accelerations > 425 milli-gravities (based on a GWAS 
by Klimentidis et al. [23])

 rs1856329 1 219766281 A C 0.801 0.027 0.005 9.00E−08 0.00032 28.569
 rs6433478 2 174376754 T C 0.457 − 0.024 0.004 1.20E−08 0.00036 32.465
 rs62443625 7 39013531 T C 0.767 − 0.026 0.005 1.40E−07 0.00031 27.683
 rs72633364 8 34329370 G A 0.711 − 0.023 0.005 4.10E−07 0.00028 25.635
 rs4754194 11 107219461 C T 0.773 − 0.025 0.005 2.40E−07 0.00029 26.642
 rs743580 15 74035775 A G 0.51 0.025 0.004 1.30E−09 0.00041 36.764
 rs1668835 18 24898988 T A 0.688 − 0.023 0.004 3.10E−07 0.00029 26.184

Sedentary behaviour (based on a GWAS by Doherty et al. [22])
 rs61776614 1 2234967 C T 0.925 0.05 0.009 3.90E−08 0.00033 30.182
 rs1858242 3 68477984 A G 0.259 0.031 0.005 3.80E−09 0.00038 34.745
 rs26579 5 88689478 G C 0.415 0.028 0.005 2.60E−09 0.00039 35.446
 rs25981 5 107487207 G C 0.531 0.028 0.005 2.70E−09 0.00039 35.366
 rs6870096 5 152566250 C G 0.321 − 0.028 0.005 2.40E−08 0.00034 31.149
 rs34858520 7 72258898 A G 0.558 0.028 0.005 4.50E−09 0.00038 34.402
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Table 2  Mendelian randomization estimates between self-reported 
moderate-to-vigorous physical activity identified by Klimentidis et al. 
[23] and coronary artery disease, myocardial infarction, and ischemic 
stroke

MR PRESSO MR Pleiotropy RESidual Sum and Outlie, CI confi-
dence interval, MET metabolic equivalent tasks
a OR (odds ratio) per increase in MET/h per week for self-reported 
physical activity

Method N SNPs ORa 95% CI P value

Coronary artery disease
 Inverse variance weighted 17 1.03 (0.71–1.50) 0.875
 Weighted median 17 0.94 (0.57–1.54) 0.800
 MR Egger 17 1.81 (0.31–10.61) 0.512
 MR PRESSO 17 1.03 (0.71–1.49) 0.877

Myocardial infarction
 Inverse variance weighted 17 1.16 (0.74–1.80) 0.519
 Weighted median 17 1.28 (0.74–2.23) 0.375
 MR Egger 17 1.57 (0.19–12.97) 0.676
 MR PRESSO 17 1.16 (0.74–1.80) 0.527

Ischemic stroke
 Inverse variance weighted 17 1.16 (0.80–1.67) 0.436
 Weighted median 17 1.15 (0.71–1.87) 0.565
 MR Egger 17 1.51 (0.26–8.74) 0.649
 MR PRESSO 17 1.16 (0.86–1.55) 0.340

Table 3  Mendelian randomization estimates between accelerometer-
derived average accelerations identified by Klimentidis et  al. [23] 
in relation to coronary artery disease, myocardial infarction, and 
ischemic stroke

MR PRESSO MR Pleiotropy RESidual Sum and Outlier, CI confi-
dence interval
a OR (odds ratio) per increase in milligravities for accelerometer 
derived physical activity

Method N SNPs ORa 95% CI P value

Coronary artery disease
 Inverse variance weighted 7 1.01 (0.96–1.06) 0.802
 Weighted median 7 0.99 (0.95–1.04) 0.722
 MR Egger 7 1.14 (0.94–1.38) 0.198
 MR PRESSO 7 1.01 (0.96–1.06) 0.809

Myocardial infarction
 Inverse variance weighted 7 0.99 (0.95–1.04) 0.748
 Weighted median 7 0.99 (0.94–1.05) 0.794
 MR Egger 7 1.08 (0.88–1.32) 0.476
 MR PRESSO 7 0.99 (0.95–1.04) 0.752

Ischemic stroke
 Inverse variance weighted 7 0.98 (0.92–1.05) 0.515
 Weighted median 7 0.97 (0.91–1.03) 0.312
 MR Egger 7 1.11 (0.84–1.46) 0.472
 MR PRESSO 6 0.96 (0.90–1.02) 0.213

Table 4  Mendelian randomization estimates between fraction accel-
eration > 425 milli-gravities identified by Klimentidis et  al. [23] 
in relation to coronary artery disease, myocardial infarction, and 
ischemic stroke

MR PRESSO MR Pleiotropy RESidual Sum and Outlier, CI confi-
dence interval
a OR (odds ratio) for engaging in vigorous physical activity (≥ 425 
milli-gravities)

Method N SNPs ORa 95% CI P value

Coronary artery disease
 Inverse variance 

weighted
7 0.77 (0.48–1.25) 0.293

 Weighted median 7 0.86 (0.52–1.43) 0.564
 MR Egger 7 23.42 (0.01–113,590) 0.466
 MR PRESSO 7 0.77 (0.48–1.25) 0.334

Myocardial infarction
 Inverse variance 

weighted
7 0.75 (0.48–1.16) 0.188

 Weighted median 7 0.60 (0.35–1.02) 0.057
 MR Egger 7 22.35 (0.01–49,622) 0.429
 MR PRESSO 7 0.75 (0.48–1.16) 0.236

Ischemic stroke
 Inverse variance 

weighted
7 0.77 (0.52–1.14) 0.192

 Weighted median 7 0.83 (0.52–1.32) 0.437
 MR Egger 7 0.34 (0–559.72) 0.773
 MR PRESSO 7 0.77 (0.52–1.14) 0.240

Table 5  Mendelian randomization estimates between sedentary 
behavior identified by Doherty et  al. [22] in relation to coronary 
artery disease, myocardial infarction, and ischemic stroke

MR PRESSO MR Pleiotropy RESidual Sum and Outlier
a OR (odds ratio) for displaying sedentary behavior (energy expendi-
ture ≤ 1.5MET/h)

Method N SNPs ORa 95% CI P value

Coronary artery disease
 Inverse variance weighted 6 0.91 (0.56–1.49) 0.709
 Weighted median 6 0.92 (0.63–1.35) 0.662
 MR Egger 6 30.61 (2.25–417) 0.010
 MR PRESSO 5 1.10 (0.73–1.66) 0.678

Myocardial infarction
 Inverse variance weighted 6 0.96 (0.59–1.56) 0.855
 Weighted median 6 1.04 (0.68–1.60) 0.856
 MR Egger 6 21.87 (1.07–446) 0.045
 MR PRESSO 6 0.96 (0.59–1.56) 0.862

Ischemic stroke
 Inverse variance weighted 6 1.06 (0.75–1.48) 0.748
 Weighted median 6 1.11 (0.75–1.66) 0.599
 MR Egger 6 2.07 (0.20–21.36) 0.541
 MR PRESSO 6 1.06 (0.75–1.48) 0.761
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used the largest currently available GWAS for PA, sedentary 
behavior, coronary artery disease, myocardial infarction and 
ischemic stroke, our results are in disagreement with the 
current scientific concensus with regards to the benefits of 
regular PA [5, 9]. There may be several reasons for these 
initially unexpected findings which are outlined below.

In line with our findings, Doherty et al. recently per-
formed a one-sample MR analysis to assess potential rela-
tions between device measured PA and sedentary behavior 
with coronary artery disease, stroke, heart failure, blood 
pressure, hypertension and anthropometric traits (BMI and 
body fat %) [22]. No associations were found for overall 
and moderate PA as well as walking with coronary artery 
disease, myocardial infarction and stroke [22]. Similarly, van 
Oort et al. [50] also found no significant association between 
PA and risk for heart failure. In contrast van der Vegte et al. 
[51] reported that when sedentarism was specifically defined 
as watching television, a 1.5 h increase in daily leisure tel-
evision watching increased the risk for coronary artery dis-
ease by 44% independent of BMI and education. We used 
device measured sedentary behavior and found no evidence 
of such an association. Further, Zhuang et al. [52] found 
that self-reported vigorous PA was related to a lower risk 
for coronary artery disease and myocardial infarction. We 
used self-reported MVPA and accelerometer-based average 
acceleration and fraction > 425 milli-gravieties and found 
no association with cardiovascular risk. Our results suggest 
that previous observational studies may have been biased 
and that physical (in)activity is not related to cardiovascular 
disease risk. The differences between our and previous find-
ings may be explained by the definitions and assessments of 
PA and sedentary behavior.

A possible explanation for our results is the relation 
between PA and cardiorespiratory fitness (CRF). We have 
previously shown that leisure time PA and sports are both 
positively related to CRF and inversely associated with car-
diovascular mortality, whereas occupational PA is neither 
related to CRF nor to cardiovascular mortality [53]. There is 
currently a lack of information regarding whether the SNPs 
related to PA and sedentary behavior used in our analyses 
are associated with CRF. The phenoscanner analysis found 
that the SNPs identified by Klimentidis et  al. [23] and 
Doherty et al. [22] were not related to CRF assessed during 
an exercise test. In addition, even though PA increases CRF 
[54, 55], it only explains 1–36% of the variance in CRF [56, 
57], and CRF has a heritability of at least 50% [58]. Fur-
ther, animal studies that selectively bred rats for high aero-
bic capacity demonstrated a progressive genomic divergence 
caused by drift and selection [59]. These genetic markers 
do not currently contribute to the observed phenotype but 
may do so in the future under different environmental con-
ditions. Animal experiments also provide important insight 
into the relation between PA and CRF. Rats bred for high 

CRF died significantly earlier when provided with a running 
wheel compared to their sedentary counterparts [60]. In the 
same study the authors reported that in monozygotic twins 
levels of PA were not associated with all-cause mortality. 
The authors concluded that genetic pleiotropy may influence 
the biased association observed between high baseline CRF 
and later mortality. Taken together, differential relations of 
domain-specific PA and sedentary behavior to CRF and the 
strong genetic background of CRF may partly explain our 
null findings.

Our analysis has several notable strengths. The two-sam-
ple MR analysis enabled us to combine the largest GWAS 
on coronary artery disease, myocardial infarction and stroke 
to date with the largest GWAS on self-reported and device 
measured PA as well as sedentary behavior to increase the 
precision of genetically estimated PA, to reduce the potential 
for weak instrument bias, and to increase statistical power. 
Objectively measured PA is less prone to recall and response 
bias than self-reported PA [61].

Our study also had certain limitations. A two-sample 
MR analysis only provides unbiased risk estimates if the 
risk factor and outcome sample are derived from the same 
underlying population. The discovery GWAS of PA and 
sedentary behavior was based on data from UK Biobank 
participants of European descent aged 40–70 years [23]. 
The underlying assumption of using non-specific effects is 
that the genetic effect on PA and sedentary behavior does 
not change with age. This may be a limitation because the 
heritability of PA decreases with age [62]. Given the lim-
ited age range of UK Biobank participants and the inclusion 
of individuals from European ancestry, our results may not 
be generalizable to other age groups or ancestral popula-
tions. Hence, our findings need to be replicated in other age 
groups and populations. Further, one may argue that the 
dichotomized exposures (i.e. accelerometer fractions > 425 
milli-gravities and sedentary behavior) could violate the 
exclusion restriction (the genetic variant can influence the 
outcome via the continuous risk factor even if the binary 
exposure does not change) [63]. However, this is unlikely to 
be the case as we also used accelerometer-assessed PA as a 
continous variable. In addition, the UK Biobank PA GWAS 
[22, 23] included middle-aged to late-middle aged adults 
and thus identified SNPs associated with PA at that age. 
However, previous research based on twin correlations sug-
gests that the genetic contribution to this trait varies across 
the age range [62]. This means that the genetic effects of 
time-varying exposures could be heterogeneous across age. 
Unfortunately, there are currently no GWAS data available 
that identified genetic variants associated with objectively-
assessed physical activity at younger ages. Thus, estimates 
of PA derived from MR reflect long-term PA exposure in 
adulthood. Hence, we cannot determine whether higher 
PA in earlier life may have an association with CAD, MI 
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or ischemic stroke. Our analysis assumes a linear relation-
ship between the risk factors and the outcome. Quantitative 
estimates maybe misleading if the true relationship is non-
linear; although estimates are still reflective of the presence 
and direction of the population-averaged causal effect [64]. 
While our proportion of explained variance in PA and sed-
entary behavior by the SNPs is statistically sufficient, the  R2 
are very small and may be considered a limitation.

Cardiovascular disease is the number one cause for mor-
bidity and mortality worldwide [1–3]. PA is recommended 
in primary and secondary disease prevention settings to 
reduce the burden of coronary artery disease, myocardial 
infarction and stroke [4]. Our results suggest that geneti-
cally determined self reported and device measured PA as 
well as sedentary behavior are not related with cardiovascu-
lar disease outcomes. Further, results of MR studies do not 
necessarily inform how a PA intervention at a specific time 
in life for a predetermined duration (e.g. cardiac rehabilita-
tion) would work for reducing CAD, MI or ischemic stroke. 
The results of these analysis should not be interpreted as a 
means to not recommend exercise to patients since exercise 
improves overall health irrespective of whether or not car-
diovascular endpoints are reached [4].
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