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Post GWAS Era – Miniscule Effect Sizes 



The Hunt for Missing Heritability – Two Directions

• Set of rare variants (collapsing or kernel-based methods) (2008-)

• Polygenic risk scores (PRS:  testing the classic theory of polygenic 
inheritance) (2009-)
• Classic — major gene + polygenic component via mixed effect modeling

• Contemporary — combined mean effects
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Rationale

• “Thousands of very small individual effects that collectively account 
for a substantial proportion of variation in risk.”

• Summarize variation across “nominally associated loci” (p value may 
be as large as 0.5 – very weak signals) into quantitative scores.
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Workflow

• Discovery (base) sample 
• Find SNPs that are “associated” with a trait.

• Filtering step to reduce the number of SNPs: thresholding, LD clumping, MAF, 
genotyping rate.

• Target sample 
• For each individual, sum of number of “score alleles” weighted by the log 

odds ratio estimated from the discovery sample
• Testing for a significant difference between the mean PRS of the cases and 

that of the controls.
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Two Directions: PRS vs. Rare Variants

Counts obtained using ChatGPT 



Three (Typical) Sets of Data

• Reference samples: ancestry-matched or diverse (e.g. 1000 Genomes)
• LD matrix 

• Discovery (base) samples (UK Biobank)
• GWAS summary statistics 
• Sometimes also use to estimate the effect size (especially if same “ancestries”)

• Target samples
• Individual-level data
• May be split into training and testing if evaluating and comparing among 

methods
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Categories of PRS Methods (1)

• Clumping and Thresholding (C+T)
• Filters SNPs by significance (p-value thresholding) and LD pruning 

(PRSice, PLINK)

• Penalized Regression (Regularization-Based)
• Applies penalties to avoid overfitting and select informative SNPs 

(Lassosum, SBLUP)

• Bayesian Methods
• Use prior distributions and shrinkage based on LD structure 

(LDpred/LDpred2, PRS-CS/PRS-CSx)



Categories of PRS Methods (2) 

• Multi-Population / Transfer Learning Models
• Account for cross-ancestry correlation or limited training data in non-

European populations (JointPRS, PRS-PGx-TL)

• Machine Learning–Based Approaches
• Utilize data-driven techniques for non-linear or interaction modeling 

(XGBoost-PRS, Elastic Net PRS)

• Deep Learning / AI-Augmented Approaches
• Model complex non-linear genotype-phenotype relationships; some 

explore image/genomic feature fusion (DeepPRS, EIR)



Future Outlook

• Emerging Themes and Opportunities

• Longitudinal PRS
• PRS integration with EHR and biomarkers
• Rare variant PRS (coalescence)

• Challenges

• Portability across ancestries
• Clinical translation (thresholds, interpretability)
• Ethical concerns: discrimination, insurance, and data privacy



Summary and Discussion

• PRS methods are maturing—clear shift toward inclusivity, 
interpretability, and clinical relevance.

• Innovations like mixed-effect models, cross-population and 
family-based methods, pharmacogenomics-specific modeling, 
machine/deep learning and AI models push boundaries.

• Broad future outlook for translational research:
• How can PRS be made equitable across populations?
• What’s needed for broader PRS clinical utility?
• How about the role of regulatory or clinical guidelines?
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