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Causal inference



Causal inference
• Correlation ≠ causality

Confounding

Reverse causality

Bias 



Real-world evidence

准实验研究



Outline 

• MR的基本概念和假设

• 单样本和两样本MR估计方法

• MR设计的扩展

• 违背MR基本假设的情况及处理

• MR研究的局限性

• 如何开展MR研究



MR的基本概念和假设



From RCT to MR



RCT & MR

根据孟德尔遗传定律，严格来讲，
只有Family-based MR等同于RCT，
而population-based会由于人群

分层、群体婚配结构等原因可能
引入新的混杂



RCT & MR



MR from an IV perspective

1. Relevance: Z is 
associated with the 
exposure (X).

2. Exchangeability: Z is 
independent of the 
unmeasured confounder 
(C).

3. Exclusion restriction: Z 
cannot have any direct 
effect on the outcome (Y).



IV assumptions



The 4th IV assumption: Point estimation

• 为了得到因果作用的点估计，事实上还需要第四个IV假设：
1. homogeneity of the effect of the exposure on the outcome：

• either (a) the effect of the exposure on the outcome is the same for everyone, regardless

of the starting value of X or any other individual characteristics, or (b) the effect of the

exposure on the outcome does not depend on the value of the instrument. 

• ACE

2. monotonicity in the association between the genetic variants and the 
exposure 
• LATE



单样本和两样本MR估计方法



两种MR类型

• One-sample MR: individual-level data
• G, X, Y来自同一样本的数据

• 通常有个体水平数据

• two-sample MR: summary data
• G-X和G-Y来自不同样本

• 通常只有GWAS摘要统计量



Wald ratio estimator

• 适用于只有一个IV时



TSLS/2SLS

• 两阶段最小二乘法
• 第一阶段：X~Z回归

• 第二阶段：Y~X第一阶段回归预测值回归

• 多个IV：
1. 全部加到回归项中
2. 计算多基因风险评分PRS，把PRS作为IV



TSLS

• 矩阵表达：IV数与exposure数相同——即比值法（恰好识别）



TSLS

• 过度识别



其他单样本MR估计方法

• 极大似然法：LIML

• Bayes估计

• 广义矩估计：GMM

• g-估计：SMM



单样本IV方法



单样本IV方法



Two-sample methods

• 数据：G-X和G-Y的effect size及
其估计标准误SE 

• 估计：Inverse-variance 
weighting (IVW) 

两种理解方法：
• 将使用每个SNP作为IV用比值法估计得到的因果效应估计量
用其方差倒数加权
• G-Y关联估计量对G-X关联估计量作回归，权重是G-Y关联估

计量方差的倒数



IVW估计

no sample overlap
no measurement error

independent IV



Comparison 



Trend 



Binary outcome

• Individual-level data:
• 2SPS: two-stage predictor substitution

• 2SRI: two-stage residual inclusion

• Summary data:
• Logistic regression: 𝛽𝑌𝑍 = log𝑂𝑅

• Odds ratio

GLM (generalized 
linear model): LM + 
link function



Binary outcome

2SPS

2SRI



MR设计的扩展



Recall 

Individual-
level data

Summary 
data



Extension 



Reciprocal MR: reverse causality



Two-step MR: mediation effect



Extension 



违背MR基本假设的情况及处理



Recall the assumptions

1. Relevance: Z is 
associated with the 
exposure (X).

2. Exchangeability: Z is 
independent of the 
unmeasured confounder 
(C).

3. Exclusion restriction: Z 
cannot have any direct 
effect on the outcome (Y).



I. Relevance: weak instrument

• 单个SNP的遗传力很小

• Weak IV：在one-sample MR中常常高估X-Y的effect，在two-sample 
MR中常常低估X-Y的effect

• 使用更多SNP作为IV，或者使用PRS：polygenic MR

• 评价IV强度：first-stage F statistic (F >10)



II. Exchangeability

• Population-based MR ≠ RCT

• instrument–outcome 
confounding:
• Population stratification

• Dynastic effects

• Assortative mating

• Transmission ratio distortion 
(TRD): 亲本的2个等位基因遗传给后代的概率不同

• meiotic drive 减数分裂驱动

• gametic competition 配子竞争

• embryo lethality 胚胎致死

Dynastic effects 世代效应



III. Exclusion restriction: invalid IV

• Pleiotropy & 
linkage 
disequilibrium 



处理多效性的方法

• 多效性的类别：
• 水平多效性（horizontal pleiotropy）、垂直多效性（vertical pleiotropy）

• 平衡多效性（balanced pleiotropy）、有向多效性（directional pleiotropy）

• 无关多效性（uncorrelated pleiotropy）、相关多效性（correlated 
pleiotropy）

• 两个基本思路：

1. 识别多效性IV（outlier）并将其排除

2. 建模多效性的影响，校正因果估计值



检验/识别多效性

• 过度识别检验：检验各个
IV得到的因果估计量的异
质性

• 2SLS: Sargan’s test

• IVW: Cochran’s Q test; 𝐼2 
statistics

• scatter plots

IV都有效：对所有Z都有α=0

有效IV应落在一条

以真实因果效应为
斜率的直线上



处理多效性
• One-sample

• Lasso-type: sisVIVE, post-adaptive lasso
• hard thresholding with voting (TSHT)
• Confidence Interval Method (CIIV)
• constrained IV, MR-GxE

• Two-sample
• MR-Egger 
• Median-based
• Mode-based 
• Robust regression, penalization
• Bayesian MR, BWMR, JAM-MR
• CAUSE
• MR-PRESSO, MR-link, MRmix, MRAID



Recall: IVW

• 第二种理解方法



From IVW to MR-Egger

• MR-Egger：
IVW在回归时假定截距为0，
MR-Egger则可以有截距项
(average directional 
pleiortopy)

• 需要额外假设InSIDE条
件：G-X-Y的路径（βγ）
与G通过多效性直接影
响Y的路径（α）相互独
立 [the instrument 
strength independent of 
direct effect]





Median and mode estimator

• Median：假定超过一半的IV是有效的（过半多数）

• Mode：假定所有得到相同估计值的组中，包含IV个数最多的那一
组是有效的（简单多数）

• 加权版本



Regularization methods

• Recall IVW: 
• 最小化平方误差 MSE

• MR-Egger: 

• Pleiotropy: add penalized term
• L1-penalty

• Bayesian:
• Penalty term → shrinkage prior (e.g. horseshoe, spike-slab, etc.)



Sensitivity analysis

• Heterogeneity test
• Cochran’s Q test; 𝐼2 statistics

• Pleiotropy test
• MR-Egger截距项：test directional 

pleiotropy

• MR-PRESSO test

• 留一法 leave-one-out

• Funnel plot: 对称性



Summary data methods for independent 
IV

这里几种方法都隐
含了IV独立性的假
定，对于cis-MR等
使用很多处于LD状
态下、不独立的IV，

需要使用其他方法
（如penalized 
regression，PCA等）
处理



Other MR methods



MR methods for summary data



Software 

• 代码演示
• AER

• MendelianRandomization

• TwoSampleMR



MR研究的局限性



Limitations 

• IV selection: strength, pleiotropy, linkage

• Interpretation: 非遗传因素决定的暴露变化对结局的影响 Gene–
environment equivalence 

• Non-linear: model misspecification

• Beavis effect: winner’s curse

• Population stratification & Selection bias

• Time-varying exposure: 发育代偿机制

• Gene-gene interaction & Gene-environment interaction

• Reverse causality

• Collider bias



Winner’s curse



Population stratification

1/6

1/8

6/12
7/12

3/10 4/10



Gene-gene interaction 

• Linkage disequilibrium

• Epistasis: non-addictive effect



Gene-environment interaction



Time-varying exposure
canalization: the robustness of phenotypes to 

perturbation



Reverse causality

• Bidirectional / reciprocal MR

• MR Steiger directionality test:
• In MR it is assumed that the instruments influence the exposure first and then 

the outcome through the exposure.

• IV解释exposure的能力应该比解释outcome的能力更强



Collider bias

Go back 50 years; in Western world, 
female college students were smarter 
than male ones on average. Why? 



三角证据 triangulation



如何开展MR研究



As readers



How to conduct MR 
analysis



Database resources



STROBE-MR



STROBE-MR



STROBE-MR



STROBE-MR



报告规范



More analysis



案例分析



Thanks for listening!
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