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Abstract 

Multi-omic analyses are expensive and often capture a mere fraction of what is measurable. 

Imputation panels exist for genetic data but not for other omics types, such as DNA methylation 

(DNAm).   

This project has 3 key aims: 1) using a variety of AI/ML approaches, determine which DNAm 

sites can be imputed across arrays, tissues and ancestries; 2) determine if these sites are 

enriched for functional characteristics (e.g., genomic location) or disease and lifestyle 

associations; 3) build a front-end imputation server to facilitate dataset augmentation for the 

global research community.  

To do this, we will analyse data from what is currently the world’s largest published blood-

based DNAm dataset (Generation Scotland, npepole=19,000, nCpGs=800,000) with an ongoing 

recruitment wave representing the world’s largest saliva-based DNAm dataset (current 

npeople=10,000, nCpGs=270,000 – the newest array). We will also use our extensive network of 

inter/national collaborators to test our pipelines.   

This project will have an impact for the global research community by saving cohorts £millions 

from generating new data that will also lead to downstream discoveries in biomedical science. 

 

Introduction 

Genetic variation in the human genome, specifically single nucleotide polymorphisms (SNPs), 

underpins phenotypic variation in complex traits. SNPs that lie close to each other tend to be 

correlated. Therefore, while it is now common to profile ~1 million SNPs via inexpensive array 

technology, their correlation structure, in tandem with reference panels for the entire human 

genome, mean that upwards of 30 million SNPs can be imputed. Publicly-available web tools 

[1] implement this, even for older array data where only a few hundred thousand SNPs were 

directly measured.      

Currently, there is no analogue for other commonly assessed omics layers, such as the 

methylome. DNA methylation is a dynamic, chemical (epigenetic) modification to DNA that 

is tissue- and cell-type-specific. It can be thought of as acting like a dimmer switch, turning 

genes up/down. This results in protein production and downstream health outcomes. 



Methylation patterns are influenced by genetic and environmental factors. Regarding the latter, 

we have developed predictive signatures that accurately characterise smoking and drinking 

behaviours, predict chronological age and augment clinical predictors of future disease risk [2-

9].  

There is an extremely strong correlation structure (including long-range patterns) across the 

methylome. Presently, over 850,000 methylation marks (termed CpG sites) can be profiled on 

the market-leading array. Older versions of the array, which have been generated on tens of 

thousands of individuals from dozens of studies, characterise as few as 27,000 CpGs. Nearly 

all of these sites are contained on the larger arrays. However, no imputation panels exist to 

retrofit existing datasets. The latest market offering from the array-provider contains ~145,000 

sites that overlap with previous arrays in addition to new content for ~125,000 sites thought to 

be functionally relevant to gene regulation. These arrays are up to 6-fold more expensive to run 

than SNP-arrays. 

 

Research Challenge 

There are 5 key challenges for this project: 

1. Can DNAm content be accurately imputed? 

2. What methods work best for this imputation both in terms of performance and 

scalability? 

3. Do these methods extend across tissues, specifically blood and saliva-based DNAm? 

4. Do the imputed DNAm estimates recapitulate findings between the observed values 

and health/disease outcomes? 

5. Can we build an efficient, user-friendly and GDPR-compliant front-end server to enable 

users to safely and robustly impute DNAm data? 

 

Data & Methodology 

Data 

The project will utilise what is currently the world’s largest blood-based DNA methylation 

resource, Generation Scotland. DNAm has been assessed at ~800,000 CpG sites in over 19,000 

individuals [2]. These volunteers also have extensive health questionnaire data recorded at the 



time of blood draw (2006 to 2011 when volunteers were aged 18 to 99 years). Furthermore, the 

volunteers provided consent for the integration of electronic health records, both before and 

after the blood draw, including GP and hospital codes. Recently, a new wave of recruitment 

began in Generation Scotland (2022 – present with volunteers aged 12 to 99 years) [10]. This 

time, online questionnaires were supplemented with a postal ‘at-home’ spit kit from which 

salivary DNA has been extracted and profiled for genotype and DNAm (~270,000 CpG sites 

in 10,000 individuals). 

CpG Imputation   

Multiple approaches will be taken to maximise the accuracy and scalability of the CpG 

imputation process. We have shown that in ultra-high dimension contexts that feature pre-

selection improves predictive accuracy [11]. Here, this could include filtering to CpGs: on the 

same chromosome as the target CpG; with high variance; or to subsets known to track common 

influences on the blood methylome, such as age, sex, smoking, white cell proportions. We will 

split the cohort into training and test sets before benchmarking the predictions via penalised 

linear regression. Non-linear and more computationally expensive approaches can also be 

explored.  

Correlation coefficient will be used to assess predictive performance. We will also compare 

the performance of the imputed versus observed CpGs in association analyses with health 

outcomes e.g., how well do our imputed CpGs recapitulate associations with complex traits. 

To account for possible batch effects between train and test sets, we will also standardise data 

via rank inverse Normal transformation (within sets) as well as running the analyses on the 

original scale data. Given that methylation is dynamic, tissue specific and also under the 

influence of genetic variation, we will test the imputation accuracy in diverse datasets based 

on ancestry, age, tissue etc. 

Finally, we will develop an online server and user-friendly front-end where researchers can 

securely upload their DNAm datasets for the imputation of new CpG content.       

 

RRI/Ethical considerations 

All data have been generated under existing ethics approvals. There will be GDPR/data security 

considerations when developing the online server for new users to upload their datasets. 



 

Expected outcome and impact 

This is a high impact project. SNP imputation panels are used by all studies that generate 

genetic data. As mentioned above, no analogue currently exists for DNAm. This project would 

therefore have an impact for the global research community by saving cohorts £millions from 

generating new data that would lead to discoveries in biomedical science. 
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