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Data-driven approaches
How do we measure biological aging?
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Epigenetic “clocks” estimate biological aging 
from DNA methylation

Horvath 2013 Genom Biol
Horvath & Raj 2018 Nat Rev Genet



Gen 1

1st gen Epigenetic “clocks” predict age from DNA methylation

Biological age is the age at which 
your biology would appear 
normal in a reference population 

Figure – Benayoun et al. 2015 Nat Rev Mol Biol

Horvath’s Multi-tissue clock
Hannum’s Clock
Skin & Blood Clock
Many others



Gen 2

2nd gen Epigenetic “clocks” predict survival from DNA methylation

Biological age is the age at which 
your risk of death would appear 
normal in a reference population 

PhenoAge
GrimAge



Gen 1

Limitations: Survival Bias

Arias et al. 2022 National Vital Statistics Report  70(19) 

DNAm correlates of aging-related 
deterioration are not distinguished from 
DNAm correlates of resilience



Figure - Skoog 2016 Nat Rev Neurol

DNAm correlates of aging not distinguished 
from DNAm correlates of exposure history

Limitations: Cohort Effects

Gen 2*

Gen 1



Limitations: Uncertain Timing
DNAm differences be established at any 
time following embryogenesis

Because most deaths are to older people, 
clocks are tuned to identify DNAm
differences that have accumulated over 
many decades of adult life. 

Gen 2

Gen 1



Gen 3

3rd gen Epigenetic “clocks” predict pace of aging from DNA methylation

Pace of Aging is the extent of 
biological change occurring in a 
single year in a reference population

Belsky et al. 2015 PNAS
Belsky et al. 2020 eLife
Belsky et al. 2022 eLife

DunedinPoAm
DunedinPACE

Pace of Aging clocks are 
“Speedometers”

They estimate rate of decline 
in system integrity

Co-Inventors: 
TE Moffitt, A Caspi, R Poulton, DL Corcoran, K Sugden

https://www.pnas.org/content/112/30/E4104
https://elifesciences.org/articles/54870
https://elifesciences.org/articles/73420


A DNAm biomarker of Pace of Aging: DunedinPoAm

Belsky et al. 2020 eLife

DunedinPoAm is available from HRS 
with the v1 Epigenetic Clock dataset

https://elifesciences.org/articles/54870
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression

α + #$!×&'("!
#$%

!

DunedinPACE

DunedinPACE is developed from a 
expanded Pace of Aging phenotype

• Biomarkers measured at 
4 timepoints

• over 20 years of follow-up

Details in Elliot et al. 2021 Nat Aging

AG032282 (Moffitt)

https://elifesciences.org/articles/73420
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression

α + #$!×&'("!
#$%

!

DunedinPACE

• Young Adulthood-Midlife 
follow-up avoids survival bias

• Same-age sample avoids 
cohort effects

• Repeated-measures longitudinal 
phenotyping identifies timing 

https://elifesciences.org/articles/73420
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression

α + #$!×&'("!
#$%

!

DunedinPACE Sugden et al. 2020 Cell Patterns

DunedinPACE is developed from CpG sites 
with (relatively) high measurement 
reliability in blood DNA

https://elifesciences.org/articles/73420
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression

α + #$!×&'("!
#$%

!

DunedinPACE
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High Technical Reliability (“Repeatability “)

DunedinPACE has excellent test-retest 
reliability within array and good reliability 
across arrays

Belsky et al. 2022 eLife

https://elifesciences.org/articles/73420
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression

α + #$!×&'("!
#$%

!

DunedinPACE

Interpretation:

• DunedinPACE is a RATE measure 
• NOT an age 
• Values = years of biological aging per 

12mo calendar time
• Expected value = 1 in midlife adults

Belsky et al. 2022 eLife
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Moderate 
correlation w/  
chronological 
age (r~0.2-0.4)

https://elifesciences.org/articles/73420
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A DNAm biomarker of Pace of Aging: DunedinPACE

Dunedin Birth Cohort Follow-up

Blood DNAm at age 45

Elastic-net 
Regression
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DunedinPACE

Code freely available on GitHub

Available in many US & International Cohorts

• Child Health Study (PSU)
• Texas Twin Study (UT)
• HRS
• Framingham Heart Study
• MESA
• FACHS
• ADNI 
• HANDLS 

• Understanding Society (UK)
• ALSPAC (UK)
• TILDA (Ireland)
• CLHNS (Philippines)
• Taiwan Biobank
• Northern Finland Birth Cohort 1966
• MoBA (Norway)

Coming soon: 
• Add Health
• Dutch Hunger Winter Families Study
• St. Jude’s Lifetime Cohort 
• DNHS
• G-SOEP (Germany)

https://elifesciences.org/articles/73420
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Code to implement DunedinPACE in Illumina 450k or EPIC array data at 
https://github.com/danbelsky/DunedinPACE

Code to compute DunedinPACE from Illumina 
450k and EPIC Array data is available on 
GitHub

https://github.com/danbelsky/DunedinPACE






Load data and execute scoring 

Your data here

PACEProjector(betas=MyBetas, ProportionofProbesRequired=0.8)

Which can be simplified to 
PACEProjector(MyBetas, .8) 

There are two arguments needed for the package:



Example data from 
GSE55763

(now included with the 
DunedinPACE package)

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55763


Can set to any value. We recommend a minimum of 0.8. 



What’s under the hood? 

If you want the scoring coefficients, these are included in the sysdata.rda file

List of CpG sites 



How should I prepare my data?

Noob (preprocessNoob in mini)
Functional Normalization (funnorm in minif) 
Quantile normalization (preprocessQuantile in minfi)
BMIQ
ENMIX  
Etc. 

OK

DunedinPACE is designed to be run on already processed/normalized data. 

The internal normalization is designed to ensure that values are comparable 
to the distribution in the original Dunedin Study training data 





Measuring Pace of Aging: Theory

Aging is characterized by a gradual and progressive decline in 
system integrity 

The rate of aging can be inferred from the rate of decline in 
integrity across multiple organ systems 

This decline should be observable already by young adulthood

Belsky et al. 2015 PNAS

https://www.pnas.org/content/112/30/E4104
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Measure 18 organ-system-
integrity indicators at 3 
time points 

Model change over time: 
Do young, healthy bodies 
show signs of aging? 

Build composite of slopes of 
change across 18 indicators: 
“The Pace of Aging”

1 2 3

Belsky et al. 2015 PNAS

Measuring Pace of Aging: Implementation

https://www.pnas.org/content/112/30/E4104

