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Part 1: Cryptic relatedness matters a lot in genetic
association studies … or: how I learned to love Linear

Mixed-effects Models
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Association studies are hard
▶ Millions of tests
▶ Polygenicity (many causal variants)
▶ Incorrect assumptions: independence / additivity
▶ Confounders

Ancestry

Genetics

Test Locus All other loci
Environment

Trait
?
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PCA vs LMM in association

Principal Components Analysis (PCA)
and Linear Mixed-effects Model (LMM):

PCA ∶ y = 1𝛼 + x𝑖𝛽 + U𝑑𝛾𝑑 + 𝜖,
LMM ∶ y = 1𝛼 + x𝑖𝛽 + s + 𝜖.

U𝑑 are top 𝑑 eigenvectors of kinship matrix Φ.
s ∼ Normal (0, 𝜎2

𝐺Φ).

▶ PCA is faster but low-dimensional
▶ LMM is slower but can model families Moreno-Estrada et al. (2013)
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PCA < LMM in association: simulated admixture
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Yao and Ochoa (2023) doi:10.7554/eLife.79238
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PCA < LMM in association: simulated family structure
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PCA < LMM in association: 1000 Genomes
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Numerous distant relatives in real datasets
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Numerous distant relatives in real datasets explain PCA < LMM
Human Origins
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Part 2: Kinship bias carries over to heritability, but not
association!
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Standard kinship estimator is severely biased
Popkin ROM est.
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▶ ROM: Ratio of Means
▶ Upweighs common variants
▶ Behaves well statistically

▶ MOR: Mean of Ratios
▶ Upweighs rare variants
▶ Introduces additional bias

Hou and Ochoa (2023) doi:10.1093/genetics/iyad030
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Kinship bias does not affect genetic associations
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Kinship bias does not affect genetic associations
Linear algebra proof!

Transforming true to biased kinship
matrices:

Φ ∶ Unbiased kinship matrix,
Φ′ ∶ Biased kinship matrix,

Φ′ = 1
1 − �̄�

CΦC,

C = I − 1
𝑛

11⊺ ∶ Centering matrix.

Association test is a regression with
correlated residuals:

y = 1𝛼 + x𝑖𝛽𝑖 + s + 𝜖,
s ∼ Normal (0, 2𝜎2

𝐺Φ) ,
𝜖 ∼ Normal (0, 𝜎2

𝐸I) .

Kinship bias compensated by intercept!

s′ = Cs ∼ Normal (0, 2𝜎2′
𝐺 Φ′) ,

𝜎2′
𝐺 = (1 − �̄�)𝜎2

𝐺,
s′ = s − 1 ̄𝑠,
𝛼′ = 𝛼 + ̄𝑠

Hou and Ochoa (2023) doi:10.1093/genetics/iyad030
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Kinship bias affects heritability estimation
Model:

y = 1𝛼 + s + 𝜖,
s + 𝜖 ∼ Normal (0, 2𝜎2

𝐺Φ + 𝜎2
𝐸I) .

Heritability definition:

ℎ2 =
𝜎2

𝐺
𝜎2

𝐺 + 𝜎2
𝐸

.

Variance is estimated with bias:

𝜎2′
𝐺 = (1 − �̄�)𝜎2

𝐺.

Heritability is estimated with bias that
depends on mean kinship �̄� and the true
heritability ℎ2:

ℎ2′ =
𝜎2′

𝐺
𝜎2′

𝐺 + 𝜎2′
𝐸

= ℎ2 1 − �̄�
1 − �̄�ℎ2 .
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Kinship bias affects heritability estimation

ℎ2′ = ℎ2 1 − �̄�
1 − �̄�ℎ2
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Simulated admixture (high mean kinship)
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Simulated family structure (reduced mean kinship)
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San Antonio Family Study: Type 2 Diabetes (low mean kinship)
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Nephrotic Syndrome: multiethnic cohort (high mean kinship)

19 / 22



Unbiased kinship estimates: new models, opportunities

New ”popkin”
kinship estimator

Biased ”standard”
kinship estimator
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New kinship/GRM estimator
Kinship model for neutral genotypes 𝑥𝑖𝑗 ∈ {0, 1, 2}:

E[𝑥𝑖𝑗] = 2𝑝𝑖, Cov(𝑥𝑖𝑗, 𝑥𝑖𝑘) = 4𝑝𝑖 (1 − 𝑝𝑖) 𝜑𝑗𝑘.

Standard estimator is biased:

̂𝑝𝑖 = 1
2𝑛

𝑛
∑
𝑗=1

𝑥𝑖𝑗, �̂�std
𝑗𝑘 = 1

𝑚

𝑚
∑
𝑖=1

(𝑥𝑖𝑗 − 2 ̂𝑝𝑖) (𝑥𝑖𝑘 − 2 ̂𝑝𝑖)
4 ̂𝑝𝑖 (1 − ̂𝑝𝑖)

≈
𝜑𝑗𝑘 − �̄�𝑗 − �̄�𝑘 + �̄�

1 − �̄�
.

popkin: first unbiased kinship estimator! R package

𝐴𝑗𝑘 = 1
𝑚

𝑚
∑
𝑖=1

(𝑥𝑖𝑗 − 1)(𝑥𝑖𝑘 − 1) − 1, �̂�new
𝑗𝑘 = 1 −

𝐴𝑗𝑘
̂𝐴min

a.s.
−−−−→
𝑚→∞

𝜑𝑗𝑘.

Ochoa and Storey (2021) doi:10.1371/journal.pgen.1009241
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