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Studies in Genetic Epidemiology

• Linkage analysis using families takes unbiased look at whole genome, 
but is underpowered for the size of genetic effects we expect to see 
for many complex genetic traits.

• Candidate-gene association studies have greater power to identify 
smaller genetic effects, but rely on a priori knowledge about disease 
etiology.

• Genome-wide association studies combine the genomic coverage of 
linkage analysis with the power of association studies to have much 
better chance of finding complex trait susceptibility variants.

• Other advantages: agnostic search, large sample sizes, improved 
quality of genotyping, rigorous p-value thresholds, replication



Prediction hasn’t achieved (yet) full 
potential

11.5%8.2%
OR 2.3

Weedon et al, PLOS, 2007
Lango et al, Diabetes 2008
Mahajan et al, Nat Gen 2018

1.2%1.8%
OR 4.2

AUC = 60%

18 variants only

AUC = 78%

BMI, age and variants

BMI & age only

AUC = 80%

Even with 40 genetic variants prediction is poor

Individual effects are modest

Only ~5-10% of genetic predisposition found

In latest GWAS, 243 genetic variants, 
explained 18% of T2D risk



Missing Heritability?



Reasons for missing heritability

➢ “Common disease, common variant” is incorrect – 
study rarer variants

➢ Calculation of heritability effects is wrong?

➢ Not enough common variants of small effect detected

➢ Structural or other genomic variants more important

➢ Difficult to analyse gene-gene/gene-environment 
interactions and in general high-dimensional and 
systems biology data (i.e., combination of genomic, 
transcriptomic, proteomic, metabolomic data)
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Ways forward…

➢ Further genetic discovery (denser genotyping)
➢ Better characterization of validated genes
➢ Gene-Environment & Gene-Gene interaction
➢ Use genes for causal inference (Mendelian 

randomization)
➢ Whole genome sequencing
➢ Systems biology approaches
➢ Development of clinically useful risk prediction models
➢ Other translation 



Learning Objectives

• What is the concept and aim of MR?

• Describe the assumptions of this methodology

• How are MR effects estimated?

• Appreciate the strengths, promises and limitations of MR. 



Outline

➢ Mendelian Randomization
• Conceptual Overview
• Assumptions
• Design of MR studies
• Effect estimation
• Methods to assess pleiotropy
• Examples
• Limitations and Current Advances



Correlation between countries' annual per capita milk consumption and the number of Nobel 

laureates per 10 million population.

Linthwaite S , and Fuller G N Pract Neurol 2013;13:63



Correlation between countries’ gross domestic product per capita and the number of all 

Nobel laureates per 10 million population (23 countries).

Li J Pract Neurol 2014;14:e1



Graphic representation of Mendelian randomization



Definition of Mendelian randomization (MR)

➢ “The use of genetic data on human participants in 

an observational setting to evaluate the potential 

causal nature of a modifiable risk factor”

➢ Recent examples of causal effects
➢ Blood pressure, obesity, LDL-C, IL-6 and CVD

➢ Recent examples of lack of causal effects
➢ CRP, HDL-C and CVD

Burgess S, et al. J Compar Effect Res 2013;2:209-212



➢ Certain genetic polymorphisms produce phenotypes 
which mimic (reflect, serve as proxies for) the effect 
of environmental exposures

➢ Allelic variants mimicking environmental exposures 
(genetic instruments, instrumental variables (IV))

• IL6 gene for serum IL-6
• Vitamin D metabolizing genes for serum 25(OH)D
• ALDH2 gene for alcohol intake
• Lactase persistence gene for dairy product intake
• HFE mutations for high serum iron

➢ Because of random assortment of alleles, MR reduces 
bias due to confounding 

➢ MR also largely avoids reverse causation bias

Attributes of Mendelian randomization



➢ “Mendelian randomization” refers to the random 
assortment of genes transferred from parent to 
offspring at the time of gamete formation.

 
➢ “Mendelian randomization approach” is an 

application of the instrumental variable approach for 
causal inference.

Mendel’s law



A directed acyclic graph depicting how the HFE gene can be used as a proxy 

(instrumental variable) for serum ferritin in a Mendelian randomization study 

of cancer.

Schatzkin A et al. Cancer Prev Res 2009;2:104-113



➢ Genetic profile (Mendelian randomization)

➢ Random allocation in trials

➢ Regulation changes (tax)

➢ Physician preference

➢ Lottery to serve in the army

Example of instrumental variables (IVs)



MR is analogous to a RCT

➢ MR is a natural experiment in observational data



Assumptions of MR

1. The genetic marker is associated with the 

exposure (relevance).

2. The genetic marker is independent of factors that 

confound the exposure-outcome association 

(exchangeability).

3. The genetic marker is independent of the outcome 

given the exposure and all confounders (exclusion 

restriction).

VanderWeele TJ, et al. Epidemiology 2014;25:427-435

G X Y

U

Treatment
 assignment

Taken 
treatment

Y

U

Analogy to an RCT



Assumption 1: Relevance

➢ Genetic variants should be strongly associated 
with the exposure

➢ How to select genetic variants as instrumental 
variables:

➢ F-statistic>10
➢ Genome-wide significance: p-value<5 x 10-8

➢ Weak instruments can induce bias

G X Y

U



Weak instrument bias

➢ The IV strength is measured by the F statistic from 

the X on G regression.

➢ If F<10, then weak instrument.

G X Y

U



Assumption 2: Exchangeability

➢ Because genotypes are assigned randomly from 

parents to offspring at meiosis, the genotype 

distribution should be independent of 

environmental confounders.

➢ Assumption: random mating

➢ Population stratification (genetic confounding) can 

violate this assumption

G X Y

U



Assumption 3: Exclusion restriction

➢ There is no other arrow from G to Y than via X

➢ Reasons for violation:
➢ Pleiotropy (horizontal)  

➢ G*E interaction

➢ G*G interaction

➢ Linkage disequilibrium

➢ Population stratification

➢ Other

G X Y

U
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Example of pleiotropy: blood lipids



Horizontal vs. vertical pleiotropy



Assumption 3: Exclusion restriction

➢ There is no other arrow from G to Y than via X

➢ Reasons for violation:
➢ Pleiotropy (horizontal)  

➢ G*E interaction

➢ G*G interaction

➢ Linkage disequilibrium

➢ Population stratification

➢ Other

G X Y

U



Evaluating the MR assumptions: 
no way to prove that IV2-3 definitively hold

1. The genetic marker is associated with the exposure.
➢ It can be easily evaluated in a dataset

2. The genetic marker is independent of factors that 
confound the exposure-outcome association.

➢ Test whether G is associated with measured U factors

3. The genetic marker is independent of the outcome 
given the exposure and all confounders.

➢ Adjust for X in the G-Y association, but beware of 
collider bias (need to adjust also for U) 

G X Y

U



Power and sample size in MR studies

University of Ioannina

University
Logo

Burgess S. Int J Epidemiol 2014:922-929

http://www.uoi.gr/oldsite/main.html
http://www.uoi.gr/oldsite/main.html


Designs of MR studies

➢ In the traditional MR setting (one-sample MR), 

data on G, X and Y are available for all 

participants.

➢ Sub-sample MR methods

➢ Two-sample MR methods

Zheng J, et al. Curr Epidemiol Rep 2017;4:330-345

(G)



Instrumental variable (IV) estimators

in one-sample MR

➢ “Wald” or “ratio” method (can accommodate one IV)

Palmer TM, et al. Am J Epidemiol 2011;173:1392-1403



Instrumental variable (IV) estimators

in one-sample MR

➢ “Wald” or “ratio” method (can accommodate one IV)



Instrumental variable (IV) estimators

in one-sample MR

➢ Two-stage least squares method (can accommodate 

multiple IVs)
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Exposure available
 from a subset of 
participants(G)



Designs of MR studies

➢ In the traditional MR setting (one-sample MR), 
data on G, X and Y are available for all 
participants.

➢ Sub-sample MR methods
➢ Two-sample MR methods (could use summary 

literature data)

Zheng J, et al. Curr Epidemiol Rep 2017;4:330-345



Sub-sample and 2-sample MR methods

➢ Exposure data available for a subset (or an 
independent set) of participants

➢ >90% of the maximum power can be achieved by 

obtaining exposure data on only 20% of the sample
➢ Power for MR is most efficiently increased by 

increasing the sample size of the outcome-gene 
association

Pierce BL, et al. Am J Epidemiol 2013;178:1177-1184

G X Y

U



Instrumental variable (IV) estimators

in two-sample MR

➢ “Wald” or “ratio” method (can accommodate one IV)

➢ Assumption: homogeneous effects in the two 

cohorts



Instrumental variable (IV) estimators

in two-sample MR

➢ Inverse variance weighting of individual IV effects (can 
accommodate multiple IVs)

➢ Assumption: The genetic variants are independent 
and thus the ratio estimates are independent



➢ The IVW estimate θIVW is a weighted average of 
slope estimates θ1, ..., θn

➢ Equivalent to fitting a weighted regression model
➢ The regression coefficient θreg is an estimate of 

the causal effect θ:

➢ Note that there is no intercept which is a 
consequence of the IV assumptions (e.g. no 
pleiotropy)

Instrumental variable (IV) estimators
in two-sample MR



Example: Circulating vitamin D 

concentrations (25(OH)D) and cancer risk

➢ Ample biological evidence for an anti-cancer role of 
25(OH)D
➢ Vitamin D metabolites control cellular growth and differentiation.
➢ Administration of vitamin D analogues inhibits progression of 

several cancers in animal models and cell lines.

➢ Epidemiological studies have been inconclusive.

➢ Vitamin D supplementation trials currently provide no firm 
evidence for increase or decrease of cancer occurrence.



Proposed mechanism

Giovannucci E. Cancer Causes Control 2005;16:83-95



Serum 25(OH)D Cancer

Confounders
(age, ethnicity, 

adiposity, 
physical activity, 
season of blood 

draw, etc.)

VitD metabolizing 
genotypes

Causal diagram: Vitamin D and cancer



25(OH)D and prostate cancer risk

University of Ioannina

University
Logo

May 22, 2025
Page 43

Gilbert R, et al. Cancer Causes Control 2011;22:319-340

http://www.uoi.gr/oldsite/main.html
http://www.uoi.gr/oldsite/main.html


25(OH)D and breast cancer risk

University of Ioannina

University
Logo

May 22, 2025
Page 44

Wang D, et al. Tumor Biol 2013;34:3509-3517

http://www.uoi.gr/oldsite/main.html
http://www.uoi.gr/oldsite/main.html


25(OH)D and colorectal cancer risk

Lee JE, et al. Cancer Prev Res 2011;4:735-743



Vitamin D supplements and cancer risk

University of Ioannina

University
Logo

May 22, 2025
Page 46Bjelakovic G, et al. Cochrane Database Syst Rev 2014

http://www.uoi.gr/oldsite/main.html
http://www.uoi.gr/oldsite/main.html


MR study of 25(OH)D and risk of 7 cancers



Genetic variants associated with vitamin D 

concentrations

University of Ioannina

University
Logo

May 22, 2025
Page 48

Theodoratou E, et al. Plos One 2012

rs12785878

rs2282679

rs10741657

rs6013897

http://www.uoi.gr/oldsite/main.html
http://www.uoi.gr/oldsite/main.html


Schematic of IV analysis

University
Logo

May 22, 2025
Page 49

Burgess S, et al. Genet Epidemiol 2013;37:658-665

Burgess S, et al. Genet Epidemiol 2013;37:658-665

http://www.uoi.gr/oldsite/main.html


Results

Dimitrakopoulou V & Tsilidis KK, et al. BMJ 2017



Discussion

➢ A multi-SNP score for 25(OH)D was not associated 

with risk of seven cancers.

➢ IV assumptions don’t seem violated, although we 

cannot prove their validity.

➢ Limitations due to use of summary data
➢ Cannot perform stratified analyses

➢ Assumed linear associations

➢ Cannot more fully assess IV assumptions

➢ Other limitations
➢ Small fraction of 25(OH)D variation explained by the three used SNPs?

➢ Potential pleiotropy of used SNPs?



Methods to assess MR assumptions

➢ Horizontal pleiotropy is the most problematic 

assumption
➢ Function of genetic variants is often unknown, 

particularly if these have been identified in GWAS

➢ We do have methods available to deal with 

pleiotropy



Methods to assess pleiotropy 

➢ In one-sample MR, very few methods available to 
detect (Sargan test) and correct for pleiotropy

➢ In two-sample MR, can detect pleiotropy with:
➢ Cochran’s Q test
➢ I2 statistic
➢ Diagnostic plots (e.g. forest, funnel plots)
➢ MR-Egger intercept test

➢ In two-sample MR, can correct for pleiotropy with:
➢ MR-Egger slope
➢ Weighted median
➢ MR PRESSO
➢ Several more…

Glymour MM, et al. Am J Epidemiol 2012;175:332-9.
Bowden J, et al. Int J Epidemiol 2015;44:512-25. 
Bowden J, et al. Genet Epidemiol 2016;40:304-14.
Greco et al. Stat Med 2017
  



Methods to detect pleiotropy 

I2: 42% (p=0.086)

Example:
Forest plot of 
MR estimates 

Au Yeung SL et al. Vascular Endothelial Growth Factor and Ischemic Heart Disease Risk: A Mendelian Randomization 
Study. J Am Heart Assoc; 2017;6:e005619



MR-Egger regression

➢ MR-Egger relaxes the assumption 

that the average pleiotropic effect is 

zero (to allow for directional 

pleiotropy)

➢ This is achieved by introducing an 

intercept θ0 in the regression model:

➢ The intercept should be zero if all 

variants are valid IVs

➢ θ is the MR-Egger causal effect

Bowden J, et al. Int J Epidemiol 2015:512-25



MR-Egger regression: examples

➢ Left: funnel appears symmetric, i.e. balanced pleiotropy 

appears valid, and IVW suitable

➢ Right: funnel is asymmetric, i.e. directional pleiotropy 

probable, and IVW not suitable

Bowden J, et al. Int J Epidemiol 2015:512-25



Median based estimation

➢ Suppose that the majority of variants, i.e. >50%, 
are valid IVs

➢ In a large sample size, the variant-specific ratio 
estimates based on the valid instruments will all 
estimate the true causal effect

➢ So the median of the ratio estimates can be used 
as an estimate of θ

➢ The median estimate will be less influenced by 
outlying variants than the IVW estimate (which is a 
weighted mean of the variant-specific ratio 
estimates)

➢ No assumption necessary for invalid variants

Bowden J, et al. Gen Epidemiol 2016;40:304-14



Example: infinite sample data

➢ Artificial example: 7 valid IVs, 6 invalid

➢ With infinite data, only the IVW estimate is biased

Bowden J, et al. Gen Epidemiol 2016;40:304-14



Comparison of robust MR methods

Method % invalid 
IVs

Violation of 
2nd assumpt 
allowed

Violation of 
3rd assumpt 
allowed

Strengths Weaknesses

IVW 0% No No -Efficient -Sensitive to 
invalid IVs
-Sensitive to 
outliers

MR-Egger 100% No Yes -Consistent with 
invalid IVs

-InSIDE 
assumption
-Less efficient
-Sensitive to 
outliers

Weighted 
median

50% Yes Yes -Consistent when 
<50% of weight 
contributed by 
invalid IVs
-Robust to outliers

-Less efficient 
than IVW (more 
efficient than 
MR-Egger)



Mendelian randomization pleiotropy residual 
sum and outlier (MR-PRESSO)

Verbanck M, et al. Nat Gen 2018

• MR-PRESSO test aims to evaluate horizontal 
pleiotropy in multi-instrument summary-level 
MR.

MR-PRESSO has three components: 

1. Detection of horizontal pleiotropy (the 
MR-PRESSO global test)

2. Correction for horizontal pleiotropy via 
outlier removal (the MR-PRESSO local test 
for outliers)

3. Testing of significant differences in the
causal estimates before and after correction 
for outliers (the MR-PRESSO distortion test)



Example: Circulating vitamin D concentrations 

(25(OH)D) and colorectal cancer risk

➢ 4 IVs; approx. 11,500 case-control pairs

➢ ORIVWfixed: 0.92 (0.76 – 1.10)

➢ ORMR-Egger: 0.70 (0.49 – 1.02); Pintercept: 0.25

➢ ORweighted median: 0.89 (0.73 – 1.08)

Dimitrakopoulou V & Tsilidis KK, et al. BMJ 2017



Example: Coffee consumption and breast 

cancer risk

➢ 33 IVs; approx. 120,000 case-control pairs

➢ ORIVWfixed: 0.91 (0.86 – 0.95); Phet:10-13

➢ ORIVWrandom: 0.91 (0.80 – 1.02)

➢ ORMR-Egger: 1.00 (0.80 – 1.25); Pintercept: 0.30

➢ ORweighted median: 0.97 (0.89 – 1.05)

➢ ORweighted mode: 1.00 (0.93 – 1.07)

Ellingjord-Dale M, et al. Plos One 2021



Example: Magnesium concentrations and 

breast cancer risk

➢ 6 IVs; approx. 120,000 case-control pairs

➢ ORIVWfixed: 1.17 (1.10 – 1.25); Phet:0.40

➢ ORIVWrandom: 1.17 (1.10 – 1.25)

➢ ORMR-Egger: 1.24 (1.01 – 1.53); Pintercept: 0.57

➢ ORweighted median: 1.20 (1.10 – 1.31)

➢ ORweighted mode: 1.21 (1.12 – 1.39)

Papadimitriou N, et al. Int J Cancer 2021



Summary of methods to assess 

pleiotropy
➢ We have discussed various methods that can be 

used to assess the robustness of a MR analysis
➢ The aim is not to recommend a single authoritative 

method for all analyses
➢ Rather, examining the results from different 

methods that make different assumptions (i.e. 
IVW, MR-Egger, weighted median, etc.) provides 
a sensitivity analysis that either adds to or 
questions the robustness of a finding from a MR 
investigation

➢ Causal inferences are more plausible when there 
are consistent findings across methods making 
different assumptions



Limitations and promise of MR studies
➢ Sometimes…

➢ Lack of suitable polymorphisms for studying modifiable 
exposures

➢ Failure to establish reliable associations between 
genotype-exposure and genotype-disease due to limited 
sample sizes

➢ Confounding due to linkage disequilibrium and population 
stratification

➢ Pleiotropy and multi-functionality of genes

➢ Need large sample sizes (because gene variants typically yield only 
small changes in exposure variable)

➢ Need replication!

➢ But, great potential of MR to assist causal inference in the future 
given large samples from genetic consortia, new efficient study 
design methods and new methods for testing MR assumptions 
(e.g., MR Egger, weighted median, MR PRESSO, etc.) 
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