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Abstract 18 

Physical inactivity is associated with excess weight gain in observational studies. However, some 19 

longitudinal studies indicate reverse causality where weight gain leads to physical inactivity. As 20 

observational studies suffer from reverse causality, it is challenging to assess the true causal 21 

directions. Here, we assess the bidirectional causality between physical inactivity and obesity by 22 

bidirectional Mendelian randomization analysis. We used results from genome-wide association 23 

studies for accelerometer-based physical activity and sedentary time in 91,105 individuals and for 24 

body mass index (BMI) in 806,834 individuals. We implemented Mendelian randomization using 25 

CAUSE method that accounts for pleiotropy and sample overlap using full genome-wide data. We 26 

also applied inverse variance-weighted, MR-Egger, weighted median, and weighted mode 27 

methods using genome-wide significant variants only. We found evidence of bidirectional 28 

causality between sedentary time and BMI: longer sedentary time was causally associated with 29 

higher BMI [beta (95%CI) from CAUSE method: 0.11 (0.02, 0.2), P=0.02], and higher BMI was 30 

causally associated with longer sedentary time (0.13 (0.08, 0.17), P=6.3.x10-4). Our analyses 31 

suggest that higher moderate and vigorous physical activity are causally associated with lower 32 

BMI (moderate: -0.18 (-0.3,-0.05), P=0.006; vigorous: -0.16 (-0.24,-0.08), P=3.8x10-4), but 33 

indicate that the association between higher BMI and lower levels of physical activity is due to 34 

horizontal pleiotropy. The bidirectional, causal relationship between sedentary time and BMI 35 

suggests that decreasing sedentary time is beneficial for weight management, but also that 36 

targeting obesity may lead to additional health benefits by reducing sedentary time. 37 
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Background 39 

Obesity and physical inactivity are major risk factors for a number of chronic diseases, such as 40 

type 2 diabetes, cardiovascular diseases and several types of cancer. Today’s epidemic of obesity 41 

and sedentary lifestyle are thus a major burden on public health systems worldwide 42 

(Collaborators, 2020).  43 

Many observational studies suggest that physical inactivity is associated with a higher risk of 44 

obesity (Lee et al., 2010, Du et al., 2013, Silva et al., 2019, Myers et al., 2017). However, other 45 

studies have indicated a reverse effect, where obesity leads to physical inactivity (Petersen et al., 46 

2004, Mortensen et al., 2006, Bak et al., 2004, Barone Gibbs et al., 2020, Ekelund et al., 2008, 47 

Myers et al., 2017). Furthermore, randomized clinical trials of physical activity interventions have 48 

indicated that the causal effects of physical activity on body weight are modest (Church et al., 49 

2009, Rosenkilde et al., 2012, Golubic et al., 2015) compared to the strong inverse relationship 50 

between physical activity and body weight observed in cross-sectional epidemiological studies. 51 

This suggests that the observational results may be affected by bias, such as reverse causality 52 

or confounding by other lifestyle or environmental factors (Schnurr et al., 2021). To date, the 53 

causal relationships between physical inactivity and obesity remain unclear and warrant further 54 

investigation.  55 

Mendelian randomization is a powerful method to minimize the influence of reverse causality and 56 

confounding on causal estimates derived from observational data. Since genotypes are randomly 57 

allocated at conception, genetic alleles associated with physical activity, sedentary behavior, and 58 

body mass index (BMI) can be used to assign individuals according to higher or lower mean levels 59 

of these exposures in a randomized manner.  60 
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Here, we aimed to assess the causality between physical inactivity and BMI by applying 61 

bidirectional Mendelian randomization analyses on summary results of accelerometer-based 62 

physical activity and sedentary time for 91,105 adults and of BMI for 806,834 adults.  63 

 64 

Methods 65 

Data sources and populations 66 

We used summary results from the largest published genome-wide association studies (GWAS) 67 

of objectively assessed physical activity, sedentary behavior, and BMI in individuals of European 68 

ancestry. The physical activity GWAS included up to 91,105 individuals for accelerometer-based 69 

vigorous physical activity, moderate physical activity, or sedentary time from the UK Biobank 70 

(Klimentidis et al., 2018, Doherty et al., 2018). In these studies, accelerometer was worn 71 

continuously for at least 72 hours and up to 7 days. Vigorous physical activity was defined as the 72 

fraction of accelerations >425 milli-gravities [15], and moderate physical activity was predicted 73 

using a machine-learning method for moderate intensity activity time (Doherty et al., 2018). 74 

Sedentary time was defined as the time spent in activities with metabolic equivalent of task (MET) 75 

≤ 1.5 during sitting, lying, or in reclining posture, except for driving and certain non-desk work 76 

instances where MET ≤ 2.5 was applied (Doherty et al., 2018). For BMI, we utilized GWAS results 77 

from a meta-analysis of the Genetic Investigation of Anthropometric Traits (GIANT Consortium) 78 

and the UK Biobank data, including altogether 806,834 individuals of European ancestry (Pulit et 79 

al., 2019). For Mendelian randomization analyses using the inverse variance-weighted (IVW), 80 

weighted median, weighted mode, and MR-Egger regression methods, we used only the GIANT 81 

Consortium BMI meta-analysis data of 339,224 individuals without the UK Biobank data to avoid 82 

sample overlap between the exposure and outcome traits as these methods are sensitive to bias 83 

from overlapping samples (Locke et al., 2015). 84 
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Mendelian randomization using full genome-wide summary results for the exposure trait 85 

Only few genetic loci have been found to be associated with accelerometer-based moderate 86 

physical activity (n=2), vigorous physical activity (n=1) or sedentary time (n=4) at genome-wide 87 

significance (P<5x10-8) (Klimentidis et al., 2018, Doherty et al., 2018), and the loci thus provide a 88 

limited power to study causal associations with BMI using Mendelian randomization. The recently 89 

published Causal Analysis Using Summary Effect Estimates (CAUSE) Mendelian randomization 90 

method (Morrison et al., 2020) improves statistical power in such cases, by utilizing full genome-91 

wide summary results instead of genome-wide significant loci only. Furthermore, the CAUSE 92 

method is able to correct for sample overlap between the exposure and the outcome trait, which 93 

allows using the largest sample sizes available for both traits. CAUSE has also been found to be 94 

less prone to identify false positive associations compared to other commonly used Mendelian 95 

randomization methods (Burgess et al., 2019, Morrison et al., 2020). 96 

The CAUSE method calculates the posterior probabilities of the causal effect and the shared 97 

(non-causal) effect, where the causal effect reflects the effect of the variants on the outcome trait 98 

through the exposure and the shared effect reflects correlated horizontal pleiotropy (Figure 1), i.e. 99 

the effect of the variants on the outcome through confounders. The distinction between a causal 100 

effect and correlated horizontal pleiotropy follows the assumption that a causal effect leads to 101 

non-zero genetic correlation between the exposure and the outcome where the correlation is 102 

driven by all variants associated with the exposure. If only a subset of variants contributes to the 103 

genetic correlation between the exposure and the outcome, it is considered the result of correlated 104 

horizontal pleiotropy. The CAUSE method also provides an estimate of the proportion of variants 105 

that are likely to show correlated horizontal pleiotropy, the q value. 106 

We used the CAUSE settings and procedures originally recommended by the authors (Morrison 107 

et al., 2020), with the exception of q priors that were set to fit the strictest model possible 108 

(q_alpha=1 and q_beta=2) in order to avoid false positive findings. A thorough explanation of the 109 
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steps used to perform CAUSE analysis is included in the in the Supplementary text (Additional 110 

file 1).  111 

 112 

Figure 1. Mendelian randomization assumptions and directional associations between 113 

physical activity, sedentary time and adiposity 114 

 115 

Figure 1 legend. Panel A shows Mendelian randomization assumptions when estimating the causal 116 

association between a given exposure and outcome: 1) instrumental variants are associated with the 117 

exposure, 2) the instruments do not cause the outcome independently from the exposure (horizontal 118 

uncorrelated pleiotropy), and 3) the effects of the exposure on the outcome are not influenced by any 119 

confounders (horizontal correlated pleiotropy). Panel B indicates the one-way directional association 120 

between activities and adiposity, whereas panel C indicate unidirectional directions between adiposity and 121 

activities, here referred as reverse causation. Panel D indicates two-way directional associations where 122 

activities have an impact on adiposity, but at the same time adiposity impact levels of activity in a 123 

bidirectional manner. Figure icons were created with BioRender.com.  124 
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Mendelian randomization using genome-wide significant loci for the exposure trait 125 

In addition to the CAUSE method that implements Mendelian randomization analyses using full 126 

genome-wide summary results for the exposure trait, we implemented four commonly used 127 

Mendelian randomization methods that utilize genome-wide significant loci only: the IVW, MR-128 

Egger, weighted median and weighted mode methods (Additional file 1). We performed sensitivity 129 

analyses using Steiger filtering to remove variants that showed stronger association with the 130 

outcome than the exposure trait and that were thus not considered suitable as instruments for the 131 

exposure trait. To create the genetic instrument for the exposure trait, we only included the lead 132 

variants that showed genome-wide significant associations with the trait (P < 5x10-8) and with a 133 

pairwise linkage disequilibrium (LD) r2 < 0.001 with their neighboring variants, in a window of 134 

10000kb. Variants that were not available in the outcome trait GWAS were substituted by their 135 

LD proxies (r2 > 0.8). Palindromic variants (A/T, G/C) were excluded. If less than three genetic 136 

variants were identified with these parameters, we used a less stringent p-value threshold of P < 137 

5x10-7 to identify enough genetic instruments. In order to assess the strength of the genetic 138 

instrument, we obtained F-statistics for each trait. The analyses were performed using the 139 

TwoSampleMR package in R and are described in detail in the Additional file 1 (Hemani et al., 140 

2018).  141 

We estimated heterogeneity across the causal estimates of the SNPs using the Meta R package 142 

(Schwarzer et al., 2015). The causal estimates were considered heterogeneous if the P value for 143 

Cochran’s Q test was significantly different from zero (P<0.05) and I2 was above 0.25. We 144 

assessed bias introduced by horizontal pleiotropy by implementing the Egger’s intercept test 145 

using the TwoSampleMR package in R (Hemani et al., 2018). An Egger’s intercept that deviated 146 

significantly from zero (P<0.05) was considered as evidence of horizontal pleiotropy. We used 147 

the Rucker framework (Bowden et al., 2018) to assess whether Egger regression that accounts 148 

for horizontal pleiotropy but limits statistical power should be applied instead of the standard IVW 149 
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model. To visually assess heterogeneity and horizontal pleiotropy, we observed forest plots and 150 

funnel plots (Supplementary Figure S1). To detect individual pleiotropic variants that might bias 151 

the results, we applied the RadialMR package in R  using an iterative Cochran’s Q method and 152 

setting a strict outlier P value threshold of <0.05 (Bowden et al., 2018). The iterative Cochran’s 153 

Q, either IVW’s Q or Egger’s Q’ was chosen depending on Rucker framework results. After 154 

removing outlier variants detected with RadialMR, we re-run the Mendelian randomization and 155 

sensitivity test and plots, to make sure that the variants introducing horizontal pleiotropy (Figure 156 

1) had been removed. The analysis plan for this study is described in the in the Supplementary 157 

text (Additional file 2). 158 

The CAUSE method’s median posterior probability of the causal effect cannot be easily 159 

transformed to absolute units. To convert the causal estimates to absolute units, we calculated a 160 

causal effect with weighted median method using independent variants identified in CAUSE that 161 

were not removed by the outlier extraction protocol described above, in order to mimic CAUSE 162 

control for correlated and uncorrelated pleiotropy (Additional file 1). 163 

 164 

Results 165 

We use the Mendelian randomization CAUSE method to take advantage of the full genome-wide 166 

summary results.(Morrison et al., 2020) We found evidence of causal association between higher 167 

vigorous and moderate physical activity and lower BMI (P=3.8x10-4 and P=0.006, respectively), 168 

and between more sedentary time and higher BMI (P=0.02) (Table 1, Figure 2, and 169 

Supplementary Table S1 and S2). The median shared effect ranged from -0.01 to 0, which reflects 170 

the effect induced by correlated horizontal pleiotropy, was zero for all trait pairs, indicating that 171 

there was no bias induced by horizontal pleiotropy. The low q values (q=0.19-0.20), which reflect 172 

the proportion of variants that show correlated horizontal pleiotropy, also suggested that 173 
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horizontal pleiotropy was limited. In absolute units, we approximate that each one hour daily 174 

increase in moderate physical activity or decrease in sedentary time was causally associated with 175 

0.27 kg/m2 (~0.8 kg) or 0.14 kg/m2 (~0.4 kg) lower BMI, respectively (Supplementary Table S5). 176 

In the reverse direction, we found no evidence of a causal effect of BMI on vigorous physical 177 

activity (P=0.35) or moderate physical activity (P=0.31) using CAUSE (Table 1, Figure 2, and and 178 

Supplementary Table S1 and S2). However, we found evidence of causal effects of BMI on more 179 

sedentary time (P=6.3x10-4), indicating bidirectional causality between the traits. The median 180 

shared effect in the causal association between BMI and sedentary time was zero and the q value 181 

was 0.18, suggesting that the causal association between sedentary time and BMI was unlikely 182 

to be biased by horizontal pleiotropy. In absolute units, we approximate that each kg/m2 (~3 kg) 183 

increase in BMI was causally associated with a 3.5 minute increase in sedentary time per day 184 

(Supplementary Table S5). 185 

We also estimated the causal effects of moderate physical activity, vigorous physical activity and 186 

sedentary time on BMI with four commonly used Mendelian randomization methods, including 187 

IVW, Egger, weighted median and weighted mode methods. Due to the low number of 188 

independent, genome-wide significant loci for vigorous physical activity, moderate physical 189 

activity and sedentary time that were present in the GWAS results for BMI, we used a less 190 

stringent threshold of P<5x10-7 to identify genetic instruments for these traits, resulting in 5, 3 and 191 

5 independent loci, respectively. The directions of causal estimates were consistent with the 192 

findings from CAUSE, but the evidence for causality was weaker (Table 2, Figure 2, Additional 193 

file 1, and Supplementary Table S3). To estimate the causal effect of BMI on moderate physical 194 

activity, vigorous physical activity and sedentary time, we used genome-wide significant BMI loci 195 

(P<5x10-8) as instruments (n=57, n=55 and n=57, respectively). Again, the directions of causal 196 

estimates were consistent with the CAUSE results, but the associations were weaker (Table 2, 197 

Figure 2, Additional file 1, and Supplementary Table S3). 198 
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Figure 2. Causal estimates for Mendelian randomization analyses using the CAUSE, 199 

inverse-variance-weighted (IVW), MR Egger regression, weighted median, weighted mode 200 

methods 201 

 202 

Figure 2 legend. Median causal estimates for Mendelian randomization analyses using the CAUSE 203 

method (left panel) and mean causal estimates from the inverse variance weighted (IVW), weighted median 204 

(Wmedian) and weighted mode (Wmode) methods, after outlier removal and accounting for horizontal 205 

pleiotropy. A diamond (♢) in the estimate for CAUSE indicates that the sharing model fit the data better 206 

than the causal model, i.e. that the association between the traits was more likely to be explained by 207 

horizontal correlated pleiotropy than causality. PA, physical activity; BMI, body mass index. Figure icons 208 

were created with BioRender.com 209 

 210 

 211 

 212 
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Table 1. Results for Mendelian randomization analyses using the CAUSE method 214 

Table 1. Results for Mendelian randomization analyses using the CAUSE method 

Causal model better fit for the data 

Direction Median causal effect (95% CI) Median q (CI) P causal vs sharing 

Vigorous PA → BMI -0.16 (-0.24, -0.08) 0.19 (0, 0.86) 3.8x10-04 

Moderate PA → BMI -0.18 (-0.3, -0.05) 0.20 (0.01, 0.86) 0.006 

Sedentary time → BMI 0.11 (0.02, 0.20) 0.19 (0, 0.86) 0.02 

BMI → Sedentary time 0.13 (0.08, 0.17) 0.18 (0, 0.85) 6.3x10-4 

Sharing model better fit for the data 

Direction Median shared effect (CI) Median q (CI) P causal vs sharing 

BMI → Vigorous PA -0.18 (-0.3, -0.05) 0.94 (0.77, 0.98) 0.35 

BMI → Moderate PA -0.11 (-0.19, -0.03) 0.77 (0.55, 0.95) 0.31 

The results display the data according to the goodness-of-fit for the causal or the sharing 

model. The median q value indicates the proportion of variants with correlated pleiotropy. CI, 

confidence interval; PA, physical activity; BMI, body mass index; P, P-value. 

 215 

 216 
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Table 2. Mendelian randomization results for inverse variance weighted, weighted median, weighted mode, and MR-Egger 218 

methods 219 

Table 2. Mendelian randomization results for inverse variance weighted, weighted median, weighted mode, and MR-Egger, methods 

 Direction Vigorous physical activity → BMI Moderate physical activity → BMI  Sedentary time → BMI 

MR method beta SE p-value beta SE p-value beta SE p-value 

IVW -0.17 0.08 0.04 -0.24 0.12 0.05 0.11 0.08 0.16 

Weighted median -0.18 0.10 0.08 -0.18 0.12 0.13 0.10 0.10 0.29 

Weighted mode -0.19 0.12 0.19 -0.14 0.15 0.43 0.08 0.14 0.59 

MR-Egger 1.33 2.21 0.59 0.12 0.45 0.84 0.49 0.36 0.26 

 Direction BMI  → Vigorous physical activity BMI → Moderate physical activity BMI → Sedentary time 

IVW -0.07 0.02 0.01 -0.06 0.03 0.03 0.07 0.03 0.01 

Weighted mode -0.01 0.06 0.83 0.02 0.06 0.68 -0.06 0.08 0.46 

Weighted median -0.04 0.03 0.27 0.003 0.04 0.93 0.03 0.04 0.48 

MR-Egger 0.13 0.07 0.06 0.16 0.07 0.04 -0.02 0.08 0.76 

BMI, Body mass index (BMI); SE, standard error; IVW, inverse variance weighted;  CI, 95% confidence interval. 

220 
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Discussion 221 

The present Mendelian randomization analyses suggest a bidirectional causal relationship 222 

between higher sedentary time and higher BMI, implying that decreasing sedentary time is 223 

beneficial for weight management, but also that reducing obesity may lead to additional health 224 

benefits by reducing sedentary time. The analyses also suggest there is a causal association 225 

between higher levels of physical activity and lower BMI, supporting the view that preventive 226 

programs for increasing physical activity and decreasing sedentary time are beneficial for weight 227 

management. 228 

Our results are in accordance with a previous observational study that aimed to assess the 229 

bidirectional relationship between physical activity and weight change during a 10-year 230 

period.(Barone Gibbs et al., 2020) Examining associations between accelerometer-based activity 231 

measures and weight change in 866 men and women, the study suggested a bidirectional 232 

relationship where higher sedentary behavior at baseline increased 10-year weight gain and 233 

higher baseline weight was associated with an unfavorable 10-year change in sedentary time. 234 

Our results are also in accordance with randomized clinical trials of physical activity interventions 235 

which generally suggest that increasing physical activity leads to a moderate loss of body weight 236 

in overweight or obese participants (Church et al., 2009, Rosenkilde et al., 2012, Golubic et al., 237 

2015, Kim et al., 2019, Biddle et al., 2015). Based on the causal effect size, we estimated that 238 

one hour daily increase in moderate physical activity leads to ~0.8 kg decrease in body weight 239 

(Additional file 1 and Supplementary Table S5). However, it is important to note that the causal 240 

estimates from Mendelian randomization are not fully comparable to those from randomized 241 

clinical trials, because they represent lifelong effects rather than effects lasting a defined length 242 

of an intervention, and furthermore, physical activity interventions may operate on body weight 243 

through other pathways than those affected by the genotypes. The causal association between 244 
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higher adiposity and physical inactivity has not been to date assessed in randomized clinical trials, 245 

likely due to the ethical and practical limitations of performing such a study.  246 

In a previous Mendelian randomization analysis of adult populations, evidence for a causal, 247 

bidirectional relationship between overall activity levels and higher BMI was observed using the 248 

maximum likelihood method, but the results showed evidence of horizontal pleiotropy that could 249 

not be fully accounted for and the role of activity intensity level remained unclear (Doherty et al., 250 

2018). Here, using a method that takes advantage of full genome-wide summary results and 251 

corrects for sample overlap between the exposure and the outcome traits to maximize statistical 252 

power and correct for pleiotropy, we showed that the causal bidirectional relationship is 253 

particularly evident for the relationship between sedentary time and obesity. Our results may also 254 

be compared with two independent one-sample Mendelian randomization studies performed in 255 

children (Richmond et al., 2014, Schnurr et al., 2018). The first study, including 4,296 children at 256 

11 years of age from the United Kingdom, indicated a causal association between higher BMI and 257 

lower accelerometer-based moderate and moderate-to-vigorous physical activity and more 258 

sedentary time (Richmond et al., 2014). The second study, including 679 children at age 3-8 years 259 

from Denmark, also indicated that higher BMI is causally associated with higher accelerometer-260 

based sedentary time, but did not find a causal association with moderate or moderate-to-261 

vigorous physical activity (Schnurr et al., 2018). Consistent with the latter study of children, our 262 

results indicate a causal effect of BMI on sedentary behavior, but not on physical activity, in adults. 263 

The differences between studies could be due to different applied methods, or methodological 264 

limitations, such as weak instrument bias when smaller sample sizes are used, which may lead 265 

to estimated causal effects towards the observational association. One could also expect 266 

differences between children and adults given the distinct patterns by which they engage in 267 

physical activity. For example, while physical activity in adults consists of commuting, 268 

occupational and structured leisure-time activities, children primarily engage in spontaneous, 269 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 19, 2021. ; https://doi.org/10.1101/2021.06.16.448665doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.16.448665
http://creativecommons.org/licenses/by/4.0/


play-oriented activities. Higher BMI leads to higher perceived exertion during physical activity 270 

(Groslambert and Mahon, 2006), which could reduce the natural inclination of children to engage 271 

in play-oriented activities, whereas adults exert more conscious control over their daily activities. 272 

The strengths of the present studies include the use of genome-wide summary results for 273 

objectively measured physical activity and sedentary time, which avoided misreporting bias 274 

evident for self-reported measures, as well as the use of newly developed Mendelian 275 

randomization method that utilizes full genome-wide summary results to improve statistical power, 276 

correct for sample overlap, and assess horizontal pleiotropy, successfully applied in recent 277 

Mendelian randomization studies (Jager et al., 2020, Mitchell et al., 2020). The limitations are that 278 

we cannot exclude other sources of bias in the measurement of physical activity and sedentary 279 

time that could influence the observed causal estimates, including the observer effect and the 280 

limited 7-day period of the measurement, which may not be representative of long-term activity 281 

habits. Furthermore, even if we used the largest available data on objectively measured physical 282 

activity, the statistical power was limited, as very few genome-wide significant loci have thus far 283 

been identified. 284 

 285 

Conclusion  286 

The present Mendelian randomization analyses indicate a bidirectional causal relationship 287 

between higher sedentary time and higher BMI. Thus, increasing sedentary time is likely to be 288 

beneficial for weight management, but reducing obesity may also lead to additional health benefits 289 

by reducing sedentary time. Our analyses also suggest that there is a causal association between 290 

higher levels of physical activity and lower BMI, supporting the view that lifelong preventive 291 

programs for increasing physical activity and decreasing sedentary time are beneficial for weight 292 

management. 293 
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Additional file 1. Mendelian randomization using the CAUSE, IVW, Egger, weighted median, and weighted 435 
mode methods 436 

 437 

Mendelian randomization using the CAUSE method 438 

The CAUSE method performs Mendelian randomization analyses following six different steps, as described in 439 
the CAUSE online tutorial [1] and the original publication [2]. The steps are the following: 440 

1. Installing the followiing versions of these three packages were used: CAUSE v1.0.0, mixsqp v.0.1-97 and 441 
ashr v.2.2-32. 442 

2. Filtering data by including variants with imputation quality score INFO > 0.7 and minimum allele frequency 443 
(MAF) > 0.01.  444 

3. Excluding variants from the Major Histocompatibility Complex (MHC) present in chromosome 6 between the 445 
base pairs 26M and 34M in build 37. 446 

4. Merging the exposure and outcome GWAS summary statistic level data. Gwas_merge function from CAUSE 447 
package was used to identify the variants present in exposure and outcome summary statistics data and to align 448 
exposure and the outcome effect sizes to the same allele 449 

5. Calculating nuisance parameters to correct for sample overlap between exposure and outcome GWAS. 450 
6. Using HapMap3 reference panel to select SNPs with LD r2 < 0.1.  451 
7. Setting the priors for the three model parameters – causal effect, shared effect and q – and calculating their 452 

posterior probabilities. For the causal effect and the shared effect, their priors are set automatically to 0, while 453 
for q the software allows the user to set the thresholds for the priors. In this case, q priors are set to qalpha = 1 454 
and qbeta = 2. 455 

8. Calculating two models to fit the posterior probabilities: the sharing model, where the causal effect is set to 0, 456 
and the causal model, where the posterior probability for the causal effect is calculated. 457 

9. Comparing the two models, sharing and causal, against the null and against each other with expected log 458 
pointwise posterior density (ELPD) method to identify which model is the most fitting for the data.  459 

Mendelian randomization using the IVW, Egger, weighted median, and weighted mode methods 460 

We used the following parameters to interpret the findings:  461 

1. Since the version of TwoSampleMR used in the analysis v0.5.4 removes duplicates by excluding the second 462 
instance when introducing data locally, only the variant that presented the same alleles as in the outcome data 463 
and with the lowest p-value were kept. In none of the combinations of traits, variants in the MHC were found. 464 

2. To clump variants, the function ld_clump_local from the package ieugwasr v0.1.5 465 
(https://github.com/MRCIEU/ieugwasr) was used using the updated European 1000 Genomes reference panel 466 
available in https://github.com/mrcieu/gwasglue. 467 

3. Only variants with MAF > 0.01 and INFO > 0.7 were included in the analysis. 468 
4. Only variants that passed the Steiger filtering using the function steiger_filtering from the package 469 

TwoSampleMR were used. 470 
5. The NOME and InSIDE assumptions were checked calculating the mean F-statistic and the variation of the I2 471 

statistic, respectively. The later can be calculated with the Isq function from TwoSampleMR package. 472 
6. The causal estimates were considered heterogeneous if the P value for Cochran’s Q test was <0.05 and I2 was 473 

>0.25. Both estimates were calculated using the meta package. 474 
7. An Egger’s intercept P value <0.05 was considered as evidence of horizontal pleiotropy.  475 
8. To assess whether MR-Egger regression should be applied instead of the standard IVW model, we used the 476 

Rucker framework test.  477 
9. To detect individual pleiotropic variants, we used RadialMR’s iiterative Cochran’s Q method following a P 478 

value threshold <0.05. RadialMR presents two functions: ivw_radial or egger_radial, depending on the 479 
Cochran’s Q, either IVW’s Q or Egger’s Q’, used. The function used was chosen depending on Rucker 480 
framework test’s result. If Rucker framework presented contradictory results, an iterative version of the Rucker 481 
framework (i.e. rucker_jackknife from TwoSampleMR package) was used to assess whether IVW was still 482 
chosen as the main model. 483 

To visualize the effects of heterogeneity and horizontal pleiotropy on the results, we generated leave-one-out 484 
forest plots and funnel plots. After removing outlier variants detected with RadialMR, we re-run the Mendelian 485 
randomization methods and sensitivity tests (eTable 3 and 4) and re-generated the plots (eFigure 1), to make 486 
sure that the variants introducing horizontal pleiotropy had been removed. Since the meanThe chances of weak 487 
instrument was low given an F-statistics ranged between 28,6 to 61,79 (F statistic > 10) indicate that results are 488 
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based on valid instrumental variables, meaning that weak instrument bias may not be an issue. Furthermore, we 489 
tested whether the amount of pleiotropy was independent of instrument strength by calculating a variation of the 490 
I2 (Bowden et al., 2019) that was above 0..90 in all cases. Below we describe and interpret the findings for each 491 
combination of traits. 492 

Vigorous physical activity → BMI 493 

All MR methods except Egger showed negative causal effects, from which only IVW is significant (P<0.05) 494 
(eTable 3). No outlier extraction was performed since Q’s test was not significant (P=0.80) and low I2 (0.0%) 495 
showed no evidence of heterogeneity. Egger’s intercept was not significant (P=0.30) and Rucker test indicated 496 
that IVW model is more fitting for the data (eTable 3). Consistent with the sensitivity tests, leave-one-out forest 497 
plot (eFigure 1, panel a) showed that the IVW causal effect did not strongly change after the removal of any of 498 
the five independent variants used to calculate the causal effects. Funnel plot (eFigure 1, panel a) showed no signs 499 
of asymmetry, which is consistent with Egger’s intercept result. Thus, these findings indicate that the causal effects 500 
are not biased and they reflect weak evidence of causality between an increase of vigorous physical activity and 501 
a decrease of BMI. While IVW negative causal effect is significantly different from 0, the evidence for causality 502 
is considered weak due to 1) IVW’s p-value is still close to nominal threshold (P=0.04), 2) the other methods with 503 
negative causal effects are not significantly different from 0 (P>0.05) and 3) Egger’s regression presents a positive 504 
causal effect. These weak results are most probably due to the low number of variants used (eTable 3). 505 

Moderate physical activity → BMI 506 

All MR methods except Egger showed negative effects directions, with only IVW’s being significant (eTable 3). 507 
No outlier extraction was performed since Q’s test was not significant (P=0.30) and I2 was below 25% (18.9%). 508 
Egger’s intercept was not significantly different from 0 (P=0.16) indicating that no pleiotropic variants were found 509 
among the four independent variants used to calculate the causal effects. Rucker tests indicated that IVW was a 510 
better fit for the model than Egger, in line with Egger’s intercept results (eTable 3). The leave-one-out forest 511 
sensitivity plot (eFigure 1, panel c) showed that no variant presented heterogenic causal effect since the IVW 512 
causal effect did not strongly diverge after removing any of the variants. The funnel sensitivity plot (eFigure 1, 513 
panel c) showed no asymmetry. All in all, the findings indicate that the causal effects are not biased, but that they 514 
suggest causality between increased moderate physical activity and decreased BMI. The reason behind this is that 515 
1) IVW’s negative causal effect present a p-value close to the nominal threshold (P=0.02), 2) the other methods 516 
present negative causal effect that are not significantly different form 0 (P>0.05) and 3) Egger’s regression 517 
presents a positive causal effect, though it is not significantly different from 0 (eTable 3). 518 

Sedentary time → BMI 519 

Nine independent variants were used as instruments, and two were removed after outlier extraction as indicated 520 
by RadialMR. All methods were not significant, and all reported a positive causal effect (P>0.05), except weighted 521 
mode (eTable 3). After outlier extraction, Cochran’s Q test was non-significant (P=0.15), but the I2 was 36.4%, 522 
indicating slight heterogeneity. Egger’s intercept was not significant (P=0.43) and Rucker test indicated that IVW 523 
method is a better fit for the data than Egger, implying that pleiotropic variants were not present (eTable 3). In 524 
accordance, the forest plot and funnel plot (eFigure 1, panel e) showed that the results are not strongly affected 525 
by horizontal pleiotropy. The forest plot indicated that the heterogeneity comes from variants with both, positive 526 
and negative causal effects, since the IVW causal effect becomes either more strongly negative or positive when 527 
the variants are removed one at a time. The funnel plot (eFigure 1, panel e) showed that the causal estimates are 528 
evenly distributed, implying no asymmetry and, hence no pleiotropy .The lack of strong variants with low standard 529 
errors is probably the reason behind heterogeneity of the data. To conclude, the findings indicate a non-significant 530 
positive causal effect between sedentary time and BMI.  531 

BMI → Vigorous physical activity 532 

All MR methods except Egger presented negative causal estimates. The causal estimate from the IVW method 533 
reached statistical significance (P<0.01) (eTable 4). Non-significant P value from Cochran’s Q’ s test (p = 0.27) 534 
and low I2 of 9.6% indicated no heterogeneity. Egger intercept’s was significant (P=0.0017) and IVW’s Q and 535 
Egger’s Q were significantly different (Q-Q’ = 9.83, p= 0.0017), indicating that horizontal pleiotropy may still 536 
affect the causal estimates. Rucker framework selected IVW more fitting for the data than Egger (eTable 4). Forest 537 
and funnel plots (eFigure 1, panel b) indicated that some variants, both with positive and negative effects, may be 538 
introducing heterogeneity. The forest plot showed slight deviations from the mean causal effect when extreme 539 
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variants were extracted one at a time. In the funnel plot, symmetry was disrupted by variants with positive causal 540 
effects and small standard errors. Considering both plots, we infer that heterogeneity and horizontal pleiotropy 541 
were introduced by specific variants with small standard errors. Leave-one-out plots indicated that two variants 542 
(rs13021737 and rs6567160) introduced horizontal pleiotropy, showing positive causal effects and having the 543 
smallest standard errors of all variants. To conclude, we found residual pleiotropy that RadialMR could not 544 
properly address and deem that the association between BMI and vigorous physical activity is unlikely to be 545 
causal. 546 

BMI → Moderate physical activity 547 

The IVW method showed a negative causal effect, whereas Egger, weighted median and weighted mode showed 548 
a positive causal effect (eTable 4). Only the causal effect from Egger was significant (P=0.04). Non-significant P 549 
from Cochran’s Q test (P=0.91) and I2 of 0% indicated no presence of heterogeneity. Egger intercept’s was 550 
significant (P=0.002) and IVW’s Q and Egger’s Q were significantly different (Q-Q’ = 9.60, p= 1.95x10-5), 551 
indicating that horizontal pleiotropy may still affect the causal estimates. Rucker framework chose IVW as the 552 
most fitting method for the data. Forest and funnel plots (eFigure 1, panel d) indicated heterogeneity. The leave-553 
one-out forest plots indicated deviation from the mean causal effect when variants with positive causal effects 554 
were excluded, and the funnel plots showed that asymmetry was introduced by variants with positive causal effects 555 
and small standard errors. These findings were in agreement with the findings from Rucker framework and 556 
Egger’s intercept test results. To conclude, we found evidence of horizontal pleiotropy that RadialMR could not 557 
properly remove, and where pleiotropy was introduced by variants with positive causal estimates. The presence 558 
of horizontal pleiotropy may explain the negative direction of the causal estimate in the IVW method, whereas 559 
other methods showed positive causal estimates (eTable 4). We deem that the association between BMI and 560 
moderate physical activity is unlikely to be causal. 561 

BMI → sedentary time 562 

The IVW and weighted median methods showed positive causal effects, while Egger and weighted mode 563 
presented negative causal effects (eTable 4), with only IVW being significant (P= 0.02). The Cochran’s Q’ s test 564 
(P=0.4) and I2 of 2.2% indicated no presence of heterogeneity. Egger intercept test (P=0.20) and the non-565 
significant difference between IVW’s Q and Egger’s Q (Q-Q’ = 1.62, p= 0.20) indicated no presence of horizontal 566 
pleiotropy and that the IVW method was a better fit for the data than Egger (eTable 4). Forest and funnel sensitivity 567 
plots (eFigure 1, panel f) indicated that there was no heterogeneity, except for one variant (rs6567160) with a 568 
negative effect. In the forest plot, upper and lower extreme variants induced deviations from the mean causal 569 
effect when extracted one at a time. To conclude, sensitivity tests indicate no horizontal pleiotropy and forest and 570 
funnel plots indicate the presence of heterogeneity for one variant, while RadialMR could not detect any outliers. 571 
Taken together, even though Rucker framework selected IVW as better fit for the data than Egger, the forest and 572 
funnel plots indicated heterogeneity, implying that there was residual horizontal pleiotropy. Therefore, we deem 573 
that there is no causal relationship between BMI and sedentary time, despite the significant P value in the IVW 574 
method.  575 

 576 

Conversion of the causal estimates to absolute units 577 

To interpret the causal estimates from CAUSE, we applied the weighted median method on the independent 578 
instrumental variants selected by the CAUSE method and performed outlier extraction and sensitivity tests, 579 
following the steps described below. The results are reported in eTable 5. 580 

1. We selected independent variants associated with each exposure identified with the CAUSE method. 581 
2. We performed outlier extraction using RadialMR to control for uncorrelated pleiotropy.  582 
3. We obtained weighted median’s causal estimates, to correct for correlated pleiotropy.  583 
4. We approximated the causal estimates between outcome and exposure in absolute units. As the genome-584 

wide summary results were reported in standard deviation units, we multiplied the causal estimates by the 585 
standard deviation of the corresponding non-transformed trait to derive the estimates in original trait units. 586 
The equations used in these calculations are described for each combination of traits in eTable 5.   587 

 588 

Additional file 1 references: 589 
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1. Jean Morrison (2020). CAUSE software tutorial. Retrieved from https://jean997.github.io/cause/ldl_cad.html 590 
2. Morrison J, Knoblauch N, Marcus JH, Stephens M, He X. Mendelian randomization accounting for correlated 591 

and uncorrelated pleiotropic effects using genome-wide summary statistics. Nat Genet. 2020;52(7):740-7. 592 
Epub 2020/05/27. doi: 10.1038/s41588-020-0631-4. PubMed PMID: 32451458; PubMed Central PMCID: 593 
PMCPMC7343608. 594 
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Figure S1. Leave-one-out forest and funnel sensitivity plots after outlier extraction 615 

 616 

 617 
 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 
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Table S1. expected log pointwise posterior density (ELPD) results for each combination of traits using the CAUSE method 626 

 627 

 628 

 629 

  630 

Model 1 Model 2 Delta_ELPD SE_delta_ELPD z Delta_ELPD SE_delta_ELPD z

Null Sharing -17.47 4.24 -4.12 -251.88 21.54 -11.69

Null Causal -18.98 4.68 -4.05 -252.22 21.65 -11.65

Sharing Causal -1.51 0.45 -3.36 -0.35 0.90 -0.38

Null Sharing -8.50 2.86 -2.97 -119.39 15.15 -7.88

Null Causal -9.83 3.39 -2.90 -119.77 15.34 -7.81

Sharing Causal -1.34 0.53 -2.52 -0.38 0.77 -0.49

Null Sharing -6.51 2.57 -2.53 -137.84 157.46 -8.75

Null Causal -7.67 3.14 -2.44 -138.89 15.88 -8.75

Sharing Causal -1.16 0.57 -2.05 -1.06 0.33 -3.22

BMI, Body mass index; SE, standard error; NA, not applicable; CI, 95% confidence interval.

Table S1: CAUSE expected log pointwise posterior density (ELPD) results for each combination of traits

Vigorous physical activity → BMI BMI → Vigorous physical activity

Moderate physical activity → BMI BMI → Moderate physical activity

Sedentary time → BMI BMI → Sedentary time
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Table S2. CAUSE posterior probabilities and q values for the causal effect and the shared effect 631 

 632 

 633 

 634 

 635 

  636 

Model Causal Effect (CI) Shared Effect (CI) q (CI)

Sharing vs causal 

model p-value

Sharing NA -0.18 (-0.25, -0.12) 0.85 (0.57, 0.98)

Causal -0.16 (-0.24, -0.08) 0 (-0.31, 0.31) 0.19 (0.00, 0.86)

Sharing NA -0.2 (-0.33, -0.11) 0.75 (0.35, 0.96)

Causal -0.18 (-0.3, -0.05) -0.01 (-0.44, 0.39) 0.2 (0.01, 0.86)

Sharing NA 0.13 (0.06, 0.23) 0.69 (0.25, 0.95)

Causal 0.11 (0.02, 0.20) 0 (-0.32, 0.32) 0.19 (0, 0.86)

Sharing NA -0.16 (-0.19, -0.14) 0.9 (0.77, 0.98)

Causal -0.15 (-0.2, -0.08) 0.01 (-0.18, 0.21) 0.21 (0.01, 0.83)

Sharing NA -0.14 (-0.19, -0.11) 0.77 (0.55, 0.95)

Causal -0.11 (-0.19, -0.03) 0 (-0.28, 0.2) 0.23 (0.01, 0.84)

Sharing NA 0.14 (0.12, 0.17) 0.9 (0.73, 0.98)

Causal 0.13 (0.08, 0.17) 0 (-0.23, 0.26) 0.18 (0.00, 0.85)

BMI, Body mass index; NA, not applicable; CI, 95% confidence interval. 

3.80E-04

5.80E-03

2.00E-02

0.35

0.31

6.30E-04

BMI → Sedentary time

Table S2: CAUSE posterior probabilities and q values for the causal effect and the shared effect

Vigorous physical activity → BMI

BMI → Vigorous physical activity

Moderate physical activity → BMI 

BMI → Moderate physical activity

Sedentary time → BMI
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Table S3. Mendelian randomization results using the IVW, Egger, weighted median and weighted mode methods of vigorous, moderate physical activity and sedentary 637 
time on BMI 638 
 639 

640 

MR method SNP beta SE p-value SNP beta SE p-value SNP beta SE p-value

Egger 5 1.33 2.21 0.59 3 0.12 0.45 0.84 8 0.46 0.64 0.50

Weighted median 5 -0.18 0.10 0.08 3 -0.18 0.12 0.13 8 0.02 0.09 0.82

IVW 5 -0.17 0.08 0.04 3 -0.24 0.12 0.05 8 0.04 0.11 0.72

Weighted mode 5 -0.19 0.12 0.19 3 -0.14 0.15 0.43 8 -0.05 0.18 0.78

Sensitivity test

Q (p-value)

I2 (CI)

Q-Q' (p-value)

Egger intercept (p-value)

Rucker Test

MR method SNP beta SE p-value SNP beta SE p-value SNP beta SE p-value

Egger NA NA NA NA NA NA NA NA 5 0.49 0.36 0.26

Weighted median NA NA NA NA NA NA NA NA 5 0.10 0.10 0.29

IVW NA NA NA NA NA NA NA NA 5 0.11 0.08 0.16

Weighted mode NA NA NA NA NA NA NA NA 5 0.08 0.14 0.59

Sensitivity test

Q (p-value)

I2 (CI)

Q-Q' (p-value)

Egger intercept (p-value)

Rucker Test NA NA IVW

BMI, Body mass index (BMI); MR, Mendelian randomization; SNP, single nucleotide polymorphism; SE, standard error; NA, not applicable; IVW, inverse variance weighted;  CI, 95% 

confidence interval. NA: not applicable. Note: No outlier extraction was performed for moderate physical activity → BMI and vigorous physical activity → BMI directions, since Q test and I2 

did not indicate heterogeneity.

NA NA NA NA -1.00E-02 0.24

0.24

NA NA NA NA 15 (0·0%; 82·3%)

NA NA NA NA 1.41

After outlier extraction

Vigorous physical activity → BMI Moderate physical activity → BMI Sedentary time → BMI

0.32

Estimate p-value/CI Estimate p-value/CI Estimate p-value/CI

NA NA NA NA 4.7

(36,8%; 85,4%)0.00%

IVW IVW IVW

0.75

0.46 0.5 1.75 0.19 1.96 0.16

-0.04 0.29 -0.01 0.19 -0.01

Estimate p-value/CI Estimate

(0,0%; 83,4%) 69.70%(0,0%; 49,5%) 44.30%

Table S3. Mendelian randomization results using the IVW, Egger, weighted median and weighted mode methods of moderate, vigorous physical activity and sedentary time on BMI 

Before outlier extraction

Vigorous physical activity → BMI Moderate physical activity → BMI Sedentary time → BMI

p-value/CI

1.65 0.8 3.6 0.17 23.08 1.70E-03

Estimate p-value/CI
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Table S4. Mendelian randomization results using the IVW, Egger, weighted median and weighted mode methods of BMI on moderate PA, vigorous PA, or sedentary time 641 

 642 

 643 

 644 

MR method SNP beta SE p-value SNP beta SE p-value SNP beta SE p-value

Egger 64 0.09 0.08 0.22 65 0.17 0.08 0.04 65 -0.10 0.09 0.28

Weighted median 64 -0.04 0.03 0.21 65 0.004 0.04 0.92 65 0.03 0.04 0.44

IVW 64 -0.08 0.03 0.005 65 -0.05 0.03 0.09 65 0.07 0.03 0.02

Weighted mode 64 -0.01 0.07 0.86 65 0.02 0.05 0.72 65 -0.05 0.10 0.59

Sensitivity test

Q (p-value)

I2 (CI)

Q-Q' (p-value)

Egger intercept (p-value)

Rucker test

MR method SNP beta SE p-value SNP beta SE p-value SNP beta SE p-value

Egger 57 0.13 0.07 0.06 55 0.16 0.07 0.04 57 -0.02 0.08 0.76

Weighted median 57 -0.04 0.03 0.27 55 2.95E-03 0.04 0.93 57 0.03 0.04 0.48

IVW 57 -0.07 0.02 0.01 55 -0.06 0.03 0.03 57 0.07 0.03 0.01

Weighted mode 57 -0.01 0.06 0.83 55 0.02 0.06 0.68 57 -0.06 0.08 0.46

Sensitivity test

Q (p-value)

I2 (CI)

Q-Q' (p-value)

Egger intercept

Rucker test IVW IVW IVW

BMI, Body mass index; MR, Mendelian randomization; SNP, single nucleotide polymorphism; SE, standard error; NA, not applicable; IVW, inverse variance weighted; CI, 95% confidence 

interval. 

-5.70E-03 1.75E-03 -6.44E-03 9.15E-05 2.60E-03 2.00E-01

2.00E-01

9.50% 0·00% - 35·10% 0.00% (0·0%; 8·9%) 0.50% 0·0%; 31·50%

9.79 1.75E-03 9.6 1.94E-03 1.62

0.46

Estimate p-value/CI Estimate p-value/CI Estimate p-value/CI

61.88 0.27 40.51 0.91 56.29

Egger Egger Egger

After outlier extraction

BMI  → Vigorous physical activity BMI → Moderate physical activity BMI → Sedentary time 

2.00E-02

8.36 3.80E-03 10.86 9.81E-04 6.59 1.00E-02

-4.99E-03 9.90E-01 -6.40E-03 9.81E-04 4.96E-03

10·80%; 51·70%

92.4 9.30E-03 83.73 0.05 97.5 4.40E-03

31.80% 6·9%; 50·00% 23.60% (0·00%; 44·20%) 34.40%

p-value/CI

Table S4. Mendelian randomization results using the IVW, Egger, weighted median and weighted mode methods of BMI on moderate PA, vigorous PA, or sedentary time

Before outlier extraction

BMI  → Vigorous physical activity BMI → Moderate physical activity BMI → Sedentary time 

Estimate p-value/CI Estimate p-value/CI Estimate
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Table S5. Approximation of the causal estimates in absolute units 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

Converted causal estimates

Analysis N SNPs Beta SE P Equation SDexposure SDoutcome

Vigorous physical activity → BMI 1036 -0·09 SD 0·006 SD 9.28E-57 (Beta*SDoutcome)/SDexposure 

/(0,01*24 hours)

NA 4·807 kg/m2 -0·48 kg/m2 per hour of moderate 

physical activity per day

Moderate physical activity → BMI 914 -0·05 SD 0·005 SD 1.21E-20 (Beta*SDoutcome)/SDexposure 

/(0,01*24 hours)

3.76% 4·807 kg/m2 -0·27 kg/m2 per hour of moderate 

physical activity per day

Sedentary time → BMI 1036 0·06 SD 0·005 SD 6.33E-30 (Beta*SDoutcome)/SDexposure 

/(0,01*24 hours)

7.38% 4·807 kg/m2 0,14 kg/m
2
 per hour of sedentary 

time per day 

BMI → Sedentary time 11849 0·16 SD 0·009 SD 2.87E-68 (Beta*SDoutcome)/SDexposure 

*(0·01*24 hours)

4·807 kg/m2 7.38% 3·54 min of sedentary time per kg/m2 

per day

Table S5. Approximation of the causal estimates in absolute units

Original causal estimates (weighted Conversion of causal estimates

Original units of the traits:

Moderate physical activity: Probability of moderate physical activity in a 30s-epoch frame (Doherty, Smith-Byrne et al. 2018)

Sedentary time: Probability of sedentary time in a 30s-epoch frame (Doherty, Smith-Byrne et al. 2018)

BMI: kg/m
2
 (Pulit, Stoneman et al. 2019)

Note: For vigorous physical activity, SD exposure could not be found, thus we use the same as for moderate physical activity, i.e. 3·76%

SNP, single nucleotide polymorphism; BMI, SE, standard error; SD, standard deviation; Body mass index (BMI).
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Additional file 2. Analysis plan for causality between physical activity, sedentary behaviour, and obesity: A 654 
Mendelian randomization study 655 
 656 
Date: initiated in March 2020 657 
 658 
Motivation: Obesity is a global epidemic increasing morbidity and mortality worldwide. Physical inactivity and 659 
increased sedentary time are associated with excess weight gain as shown from observational studies. However, 660 
observational studies suffer from residual confounding and reverse causality. Mendelian randomization helps to 661 
overcome confounding and reverse causality by instrumenting the exposure trait using genetic variants. Here, we aim 662 
to assess the causality between physical activity, sedentary behaviour and body mass index in adults by bidirectional 663 
Mendelian randomization analyses. 664 
 665 
Inclusion criteria for genome wide summary level data: 666 
 Largest published genome-wide association study summary statistics  667 
 European ancestry  668 
 Objectively measured continuous traits 669 

 670 

Exposures:  671 
 Vigorous physical activity  672 
 Moderate physical activity 673 
 Sedentary time 674 
 Body mass index 675 

 676 
Outcomes:  677 
 Vigorous physical activity 678 
 Moderate physical activity 679 
 Sedentary time 680 
 Body mass index 681 

 682 
Directions of association for outcome and exposure: 683 
 Vigorous physical activity → body mass index  684 
 Moderate physical activity → body mass index 685 
 Sedentary time → body mass index 686 

 687 
 Body mass index → vigorous physical activity  688 
 Body mass index → moderate physical activity  689 
 Body mass index → sedentary time 690 

 691 
Mendelian randomization methods:  692 
 The Causal Analysis Using Summary Effect estimates (CAUSE) method 693 
 Inverse variance weighted (IVW) 694 
 Mendelian randomization-Egger (MR-Egger) 695 
 Weighted median 696 
 Weighted mode 697 

 698 
Sensitivity tests and plots to account for heterogeneity and horizontal pleiotropy in the IVW, MR-Egger, weighted 699 
median and weighted mode analyses:    700 
 Steiger filtering 701 
 Automated outlier removal with RadialMR 702 
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 Rucker framework 703 
 Cochran’s Q method 704 
 Leave-one-out forest plots 705 
 Funnel plots 706 

 707 
Note: The Mendelian randomization analyses, sensitivity tests, and sensitivity plots for IVW, MR-Egger, weighted 708 
median and weighted mode methods were repeated after outlier removal. 709 
 710 
Post-hoc analysis:  711 
When less than three genetic variants associated with the exposure trait were available for the IVW, MR-Egger, 712 
weighted median, and weighted mode methods using genome-wide significant threshold (P < 5x10-8) , we used a p-713 
value threshold of P < 5x10-7 to identify a sufficient number of genetic instruments to produce stable estimates and 714 
plots.  715 
 716 
R packages used:  717 
CAUSE1 718 
TwoSampleMR2 719 
RadialMR3 720 
Meta R4 721 
 722 
Additional file 2 references: 723 
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