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Mendelian randomization: 
An Introduction



Adams et al. (2006) Overweight, Obesity and Mortality in a Large Prospective Cohort of Persons 50 to 71 Years Old. N Engl J Med 255:763-778



The “Obesity Paradox”

Romero-Corral A et al. (2006) Association of bodyweight with total mortality 
and with cardiovascular events in coronary artery disease: a systematic 
review of cohort studies. The Lancet 368:666-678.

Carnethon M et al. (2012) Association of Weight Status With Mortality in Adults With 
Incident Diabetes. JAMA 308:581-590. 



BMI and Bloodstream Infection (BSI)/Sepsis 
Mortality

Wang S et al. (2017) The role of increased body mass index in outcomes of sepsis: a systematic review and meta-
analysis. BMC Anesthesiol 17: 118.



Areas of Concern (BMI/BSI as an example)
• Selection Bias: If obesity is associated with BSI risk, non-obese 

patients may have other characteristics that cause their BSI that in 
turn are more strongly associated with mortality

• Reverse Causation: if measured BMI is affected by BSI

• Confounding: if factors such as chronic diseases and smoking habits 
that affect both BMI and BSI mortality are not adequately adjusted



Paulsen J et al. (2017) Association of obesity and lifestyle with the risk and mortality of bloodstream infection in a general population: a 15-
year follow-up of 64 027 individuals in the HUNT Study. Int J Epidemiol 46:1573-1581



Mendelian randomization
• Mimic randomized trial using genetic data as instruments for 

exposures

• Leverages information on genetic variants that segregate randomly at 
conception

• If an association between the instrument and outcome is detected, a 
causal relationship for this association is strengthened 



Dimou NL and Tsilidis KK. (2018) A primer in Mendelian Randomization Methodology with a Focus on Utilizing 
Published Summary Association Data. Methods Mol Biol. 2018;1793: 211-230



MR Assumptions
• The genetic instrument (G) is associated with the exposure (X)

• The genetic instrument is not associated with any confounder (U) of 
the exposure-outcome association

• The genetic instrument is conditionally independent of the outcome 
(Y) given the exposure and confounders



Davies et al. (2018) Reading Mendelian randomization studies: a guide, glossary, and checklist for clinicians. BMJ 362:k601 



CRP and Heart Disease

C Reactive Protein Coronary Heart Disease Genetics Collaboration (CCGC) BMJ 2011;342:bmj.d548



BMI and CHD|Stroke|Type 2 Diabetes

Dale CE et al. (2017) Causal Associations of Adiposity and Body 
Fat Distribution with Coronary Heart Disease, Stroke Subtypes 
and Type 2 Diabetes: A Mendelian Randomization Analysis. 
Circulation, 135:2373-2388.



One-sample vs. two-sample designs

One-sample
• Genotype(s), risk factor and 

outcome all measured in the 
same set of study subjects

• Individual level data must be 
available

Two-sample
• Genotype(s) and risk factor 

measured in one set of study 
subjects and genotype(s) and 
outcome measured in a separate 
set of study subjects

• Can use summary statistics or 
individual level data



Assumption/Issue One-sample Two-sample

Instrument variable related to risk 
factor

Weak instrument biases towards 
the confounded regression result

Weak instrument biases towards 
the null

Confounders Can (and should) check this for 
measured confounders

Not often possible when using 
summary statistics

Pleiotropy Multiple methods to explore this 
issue (including MR-Egger)

Multiple methods to explore this 
issue (including MR-Egger) and may 
be more powerful with large 
consortium datasets since methods 
tend to be statistically inefficient

Subgroup analyses Possible if large sample sizes and 
data on relevant risk factors are 
available

Only possible if individual level data 
are available

Bias from adjustments made in 
GWAS

N/A as all adjustments made in the 
same set of subjects

Summary data may or may not 
have been adjusted

One-sample vs. two-sample designs

Adapted from: Lawlor DA (2016) Commentary: Two-sample Mendelian randomization: opportunities and challenges. Int J Epi 45: 908-915. 



Selecting genetic variants for an instrument

• Single or multiple variants

• Current recommendation is to select variant(s) that are significantly 
associated with the exposure at the genome-wide level

• Want a strong genetic instrument to avoid weak instrument bias
• A single variant or variants with modest effects in small samples are likely to 

have low power and can suffer from bias

• If selecting multiple variants these should not be in LD and assumes 
negligible gene-gene interaction among variants



Instrument strength
• Measured using the F statistic in the regression of the IV on the 

exposure
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R2: proportion of the variance of the exposure explained by IV
N: sample size
K: number of genetic variants

General Rule: F < 10 is an indication of a weak instrument



Pleiotropy
• Assumption that the IV is not 

associated with Y independently 
from X
• Presence of pleiotropy can bias the 

causal estimate
• Sensitivity analyses such as MR-

Egger can be used to test whether or 
not the pleiotropy assumption has 
been violated

Davies et al. (2018) Reading Mendelian randomization studies: a guide, glossary, and checklist for clinicians. BMJ 362:k601 



Testing MR: Wald Ratio
• Simple ratio of the effects of the 

instrument variable on the 
outcome over the instrument 
variable on the exposure 
• Can be implemented in both one 

and two sample designs
• One sample can use either a single 

variant or a GRS
• Two sample design that uses 

multiple variants requires a 
method for combining Wald Ratios

!β𝐼𝑉 =
!β𝑍𝑌
!β𝑍𝑋



Testing MR: 2 stage least squares (2SLS)
• Single continuous instrument 

(GRS)
• Only for one sample method
• Assumes a linear relationship 

between exposure and outcome

• Regress X on G
• Calculate genetically predicted 

values of X
• Regress Y on genetically 

predicted values of X
• Fix the standard errors (e.g. 

sandwich estimator)



Testing MR: Inverse variant weighted
• One or two sample designs
• Tends to give more reliable 

results in the presence of 
heterogeneity and when using 
large number of instruments

• Fixed (assumes no heterogeneity 
across SNP) or random effects 
meta-analysis
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For each variant calculate the Wald ratio:

Combine into an overall estimate using a 
formula from meta-analysis literature:



Testing MR: Weighted Median
• Calculate the Wald ratio for each instrument
• Select the median value according to the weighted method

• Valid estimate when more than half of the genetic variants satisfy the IV 
assumptions
• No single IV contributes more than 50% of the weight

Bowden et al. (2016) Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epi, 40: 304-314.



Testing MR: MR-Egger
• Provide a valid causal estimate in the presence of some violations of the 

MR assumptions (mainly pleiotropy)
• MR consisting of a single study with multiple IVs is analogous to a meta-

analysis
• Bias resulting from pleiotropy is analogous to small study bias in meta-

analysis
• Small studies with less precise estimates tend to report larger estimates than big 

studies with more precise estimates
• Regress the standard normal 

deviate (odds ratio divided 
by its se) on the estimate’s 
precision (inverse of the se)
• Without bias, intercept = 0, 

and in the presence of bias 
the intercept is a measure of 
asymmetry

Egger et al. (1997) Bias in meta-analysis detected by a simple, graphical test. BMJ 315:629 - 634



Bowden et al. (2015) Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression. Int J Epi, 44: 512-525



Databases and software

Davies et al. (2018) Reading Mendelian randomization studies: a guide, glossary, and checklist for clinicians. BMJ 362:k601 



Assess the causal association between BMI and risk of and mortality
from BSI by overcoming the limitations of previous observational
studies by conducting an MR study in a general population of
approximately 56,000 participants in Norway with 23 years of follow-up



Study Population

• The Trondelag Health Study (HUNT) is a series 
of cross-sectional surveys carried out in Nord-
Trondelag County, Norway
• 130,000 inhabitants who are representative of 

the general Norwegian population in terms of 
morbidity, mortality, sources of income and age 
distribution
• Based on HUNT2 survey conducted in 1995-

1997 with 65,236 participants, 55,908 of whom 
had complete data for the analysis





Outcome
• Linked to all prospectively recorded blood cultures at the two 

community hospitals in the catchment area (Levanger and Namsos
Hospitals) as well as St. Olav’s Hospital in Trondheim (tertiary referral 
center)
• Data on blood cultures were available from January 1, 1995 through 

the end of 2017
• Date of death and emigration out of Nord-Trondelag County were 

obtained from the Norwegian population registry
• BSI was defined as a positive blood culture of pathogenic bacteria
• BSI mortality was defined as death within 30 days of BSI diagnosis



Genetic Instrument
• Based on a BMI meta-analysis of ~700,000 individuals (Yengo L et al. [2018] Meta-analysis of 

genome-wide association studies for height and body mass index in ~700 000 individuals of European ancestry. Hum. Mol. Genet., 27, 3641–3649.)

• 939 of 941 SNPs identified as associated with BMI (p<5x10-8, two 
SNPs did not pass imputation quality control)
• Genetic risk score (GRS) was calculated for BMI using the --score 

command in PLINK (version 1.9) and weighted based on the effect 
estimates from the meta-analysis

• GRS (939 variants) explained 4.2% of the variation in BMI in the 
population (F-statistic = 2,461)



Analysis Methods
• Fractional polynomial model (suggestion of a nonlinear relationship 

between BMI and BSI)
• 2-stage least squares (with sandwich estimator) for analyses assuming 

a linear relationship between exposure and outcome
• Sensitivity analyses

• MR Egger (random effects)
• INW
• Weighted median
• 2-sample (using Yengo et al. for SNP-exposure associations)











S5 Table. Mendelian randomization sensitivity analyses of linear association between body mass index and 
bloodstream infection mortality in the general population

HR/OR Lower Upper P-value Intercept Lower Upper P-value

One-sample

MR-Egger, random effects 1.18 1.04 1.33 0.011 1.00 0.99 1.00 0.476

IVW, random effects 1.13 1.05 1.23 0.002 - - - -

Median estimator, weighted 1.13 0.99 1.30 0.081 - - - -

Two-sample

MR-Egger, random effects 1.98 0.95 4.18 0.070 1.00 0.99 1.01 0.877

IVW, random effects 1.89 1.33 2.67 <0.001

Median estimator, weighted 2.09 1.10 3.97 0.025
HR, hazard ratio; IVW, inverse-variance weighted; OR, odds ratio. Assuming a linear relationship between body mass index and bloodstream infection mortality in the
general population using the same 939 single nucleotide polymorphisms (SNP) as used to create the genetic risk score. Two-sample analyses use SNP-exposure associations
from Yengo et al [ref 2 in Supplementary text], and SNP-outcome associations from HUNT. The I2 of the SNP-exposure associations were 54% in the one-sample MR-Egger
regression, and 92% in the two-sample MR-Egger regression. Effect estimates reported as HR for one unit increase of body mass index in one-sample analyses and as OR for
one standard deviation increase of body mass index in two-sample analyses.











Davies et al. (2018) Reading Mendelian randomization studies: a guide, glossary, and checklist for clinicians. BMJ 362:k601 



Limitations
• Exposure randomization may not be truly random
• Unmeasured or residual confounding (population stratification, 

parental genotype associated with outcome)
• Weak instrument bias resulting from measurement error for the 

exposure of interest
• Adaptation to the exposure
• Inconsistent results and selective publication

Mukamal KJ et al. (2020) Genetic Instrument variable analysis: time to call Mendelian randomization what it is. The 
example of alcohol and cardiovascular disease. Eur J of Epidemiol 35:93-97.



http://app.mrbase.org/

Hemani G et al. (2018) The MR-Base platform supports systematic causal inference across 
the human phenome. eLife 7:e34408.



BMI and Lung Cancer

Bhaskaran et al. (2014) Body-mass index and risk of 22 specific cancers: a population-based 
cohort study of 5.24 million UK adults. Lancet 384:755-765

Duan et al. (2015) Body mass index and risk of lung cancer: Systematic review and dose-response meta-
analysis. Sci Rep 5:16938


