
Session 10:
Rare variant association studies



Identifying genetic variation associated with disease

Manolio et al, Nature 2009



> Usually less than 1% (depending on who you ask)

> Traditional single variant association analysis have low statistical power and/or 
are not valid 
– MAF=0.5% in 1,000 cases and 1,000 controls implies 20 minor alleles total

– Low cell counts lead to invalid statistical tests/low power

> Because the genome has many more rare variants than common variants, more 
stringent significance levels might be required, further reducing power

Introduction – Rare variants



N=10,545 genomes, 150 million variants             N=40,722 genomes, 384 million variants

Most of the human genetic variation is rare

Telenti, PNAS 2016 Taliun, Nature 2021



Poll: Why study rare variants?



PCSK9 and LDL cholesterol

Why do we care about rare variants when they only affect a small 
proportion of the population?

Cohen, Nat Genet 2005

Plasma LDL-C levels in African American individuals without 
(left) and with (right) a nonsense mutation in PCSK9.



PCSK9 mutations and coronary heart disease

Cohen, NEJM 2005



A PCSK9 antibody decreases LDL (8-week trial)

Roth, NEJM 2012



Study design for rare variant analysis

Advantage Disadvantage

High-depth WGS can identify nearly all variants in the 
genome with high confidence

very expensive

Low-depth WGS cost-effective and useful approach for 
association mapping

has limited accuracy for rare-variant identification and 
genotype calling; 
compared to deep sequencing, is subject to power loss if the 
same number of subjects is sequenced

Whole-exome sequencing can identify all exonic variants; is less 
expensive than WGS

is limited to the exome

GWAS chip and imputation inexpensive has lower accuracy for imputed rare variants;
will miss any variants unique to your sample

Exome chip (custom array) much cheaper than exome sequencing provides limited coverage for very rare variants and for non-
European populations; 
is limited to target regions

Lee, AJHG 2014



> If you were to design a study to identify rare (allele frequency <1%) variants associated 
with ovarian cancer, what approach would you take and why?

– High-depth whole genome sequencing
– Low-depth whole genome sequencing
– Whole exome sequencing
– GWAS chip and imputation
– Exome chip (custom array)

Breakout room discussion



>Many different rare variant tests are available, but most fall into 
one of two major categories

– Some are based on aggregating variants (“burden” tests) 
>CMC (Li and Leal, 2008)
>WSS (Madsen and Browning, 2009)
>Variable Threshold approach (Price, 2010)

– Some are based on studying the distribution of variants
>C-alpha (Neale, 2011)
>SKAT (Wu, 2011)

Analyses of rare variants



> Collapse many variants into a single risk score 
– Combine minor allele counts into one variable

> Collapsing approach
– Gene, pathways, functional annotations, etc
– Much more straight-forward for coding regions 

>Weighing
– Variant type (predicted function)
– Variant frequency 

Burden tests



The Cohort Allelic Sums Test - CAST

Main Idea: Combine rare variants according to some (arbitrary) feature (gene, 
genetic region, functional category) and assess the new variable

Step 1: Create an indicator variable X for individual j:

𝑋! = #1 𝑖𝑓 𝑟𝑎𝑟𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑡𝑠 𝑎𝑟𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑡
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Step 2:  𝑦 = 𝛼 + 𝛽𝑋 (logistic/linear regression)

Morgenthaler, Mutat Res 2007



Variant Collapsing – 2 approaches

i)

Subject V1 V2 V3 V4 X

1 1 0 0 0 1

2 0 1 0 0 1

3 0 0 0 0 0

4 0 0 0 0 0
5 0 0 0 0 0

6 0 0 0 0 0

7 0 0 1 1 1

8 0 0 0 1 1

ii)

Subject V1 V2 V3 V4 X

1 1 0 0 0 1

2 0 1 0 0 1

3 0 0 0 0 0

4 0 0 0 0 0
5 0 0 0 0 0

6 0 0 0 0 0

7 0 0 1 1 2

8 0 0 0 1 1



> Main idea: Variants are grouped according to function (e.g., gene), and 
each individual is scored by a weighted sum of the variant counts.

> Use permutation to test for an excess of variants in affected individuals.

> Variants of all frequencies can be included, but variants are weighted 
according to their frequency in unaffected individuals.

6𝑤" = 1/ 𝑞"(1 − 𝑞")

The Weighted Sum Statistic (WSS) – often called “Madsen-
Browning”

Madsen and Browning, PLoS Genetics, 2009 

qi is the estimated MAF in controls



> Burden tests assume that all 
variants in a set are causal and 
associated with a trait in the same 
direction. If this is not true, power is 
lost.

> Solution: Tests that utilize the 
distribution of rare variants

Disadvantages of burden tests
APOB variant counts in individuals with 

high/low triglyceride levels.

Neale, PLoS Genetics 2011



> In contrast to the C-alpha test, SKAT is regression-based and thereby 
allows for adjustment of covariates. 

> Uses a variance-component score test in a mixed-model framework to 
assess regression coefficients for rare variants.

𝑙𝑜𝑔𝑖𝑡 𝑃 𝑦" = 1 = 𝛼# +𝛼$𝑋" + 𝛽$𝐺"

SKAT: sequence kernel association test

yi: case-control status; α0: intercept; α = [α1,…, αm]' is the vector of regression coefficients for the m
covariates; Xi: fixed effects of covariates; β = [β1,…,βp]' is the vector of regression coefficients for the p
observed gene variants in the region; Gi: (Gi1, Gi2, …, Gip) genotypes for the p variants within the region 

H0: β = 0 or β1= β2 = … = βp = 0
Wu, AJHG 2011



> Picks the best combination of SKAT and a burden test, and then corrects 
for the flexibility afforded by this choice. 

> Specifically, if the SKAT statistic is Q1, and the squared score for a burden 
test is Q2, SKAT-O considers tests of the form

(1-ρ) × Q1 + ρ × Q2, where ρ is between 0 and 1

> ρ is selected to maximize the power of the test for each variant set
> When ρ = 1, SKAT-O is a burden test
> When ρ = 0, SKAT-O is a SKAT test
> When 0 < ρ < 1, SKAT-O is a linear combination of a burden and SKAT test

Combined test: SKAT-O

Lee, AJHG 2012



Lee, AJHG 2014



>Rvtests
• http://zhanxw.github.io/rvtests/

> SKAT
• https://cran.r-project.org/web/packages/SKAT/index.html

> SAIGE-GENE
• https://github.com/weizhouUMICH/SAIGE

Rare variant analyses software

http://zhanxw.github.io/rvtests/
https://cran.r-project.org/web/packages/SKAT/index.html
https://github.com/weizhouUMICH/SAIGE


> Which variants do we include?
1. All variants

• Most variants likely have no effect on our outcome
2. Only those we think are deleterious

• How do we determine/predict deleteriousness?
• What if we get rid of some variants that have effects on our outcome?

> How should we group variants?
– Rare variants are often grouped by their functional unit such as by gene. This makes variant 

grouping straight-forward in exome studies
– For whole-genome analysis, alternative approaches such as sliding window or additional 

functional annotations (conserved regions, regulatory regions etc.) can be used.

Issues in rare variant analysis (i)



> Which association test to use?

– If there are multiple variants with risk-increasing effects, burden tests are most 
powerful

– If there is a mixture of risk increasing and risk decreasing variants and/or most 
variants do not have an effect, variance-component methods are most powerful

– If no prior information is available, we can conduct both burden and variance 
component tests. We could also conduct combined tests like SKAT-O. We still to 
consider multiple testing.

Issues in rare variant analysis (ii)



> In general, rare variants are more difficult to impute

> Adjusting for population stratification and cryptic relatedness may be 
more critical and more complicated for rare variant analyses

>Rare variants tend to be more recent mutational events and tend to be 
more geographically localized than common variants

Issues in rare variant analysis (iii)


