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Chronological age might be the most common health predictor, but are measures of aging 

built on molecular changes better predictors of health than chronological age alone? 

Epigenetics refers to the biological mechanisms which control gene transcription and 

cellular state without changing the underlying genetic code. Epigenetic aging biomarkers 

allow researchers to interrogate the aging process from a biological – as opposed to 

chronological - perspective and understand aging related health risks using epigenetic 

features such as DNA methylation. Epigenetic aging biomarkers are associated with a range 

of health outcomes including cancer, obesity, cardiovascular disease, and lung function.1, 2 

One of the primary goals of research involving all aging biomarkers is to translate 

chronological age-related risks (which are unmodifiable) into biological aging-related risks 

that are grounded in biological processes which may be modifiable or even reversible. In 

this manuscript,3 the authors seek to translate the unmodifiable risks of chronological age 

for incident atrial fibrillation (AF) into modifiable risks using DNA methylation age, i.e. 

biological age as estimated by DNA methylation loci, which may be reversible under certain 

interventions,4 giving it significant clinical and public health benefits.

AF is the most common cardiac arrhythmia and the prevalence of AF is expected to rise 

to 12.1 million individuals in the United States 2030.5 AF is a risk factor for a variety 

of adverse health outcomes including stroke, myocardial infarction, heart failure, venous 

thromboembolism, and even dementia.6 One of the strongest and most consistent risk factors 

for incident AF is advancing age.7 While this knowledge is certainly useful in predicting the 

burden of AF in aging populations, it is limiting as chronological age is not a modifiable 

risk factor. Time stops for no one, as the saying goes, but modifiable biomarkers that capture 

the age-related risks of AF may better capture who is at most risk, environmental drivers 

of risks, and what interventions may alter biological aging-related AF risks. Telomere 

length, which measures biological age through the length of chromosomal “caps”, has been 

evaluated for associations with AF, but no associations have been found in the general 

population.8 Thus, the biological mechanisms underlying AF-chronological age associations 

have remained a mystery.
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Roberts et al3 utilize four DNA methylation-based aging biomarkers to provide a 

(potentially) reversible, biological process-related basis for the known association between 

chronological age and incident AF. Though AF has often not shown associations with 

telomere length, DNA methylation-derived accelerated aging measures frequently have 

associations with health endpoints that are independent of telomere length.9, 10

The authors take a robust approach utilizing a meta-analysis of three population-based 

studies, combined with a nested confounder adjustment strategy. Evidence for causality 

is evaluated using Mendelian Randomization, and the authors evaluate several known AF 

risk factors for evidence of mediating the observed associations. A DNA methylation-based 

biomarker for plasma PAI-1 was also evaluated for associations with incident AF. It is 

worth noting at this point that GrimAge 11 differs slightly in its estimation from the 

other epigenetic age biomarkers (or clocks as they are commonly known due to their 

strong correlation with age across the lifespan). While the Horvath,12 Hannum,13 and 

PhenoAge14 epigenetic age biomarkers only require measures of DNA methylation for 

their estimation, GrimAge also requires the chronological age and sex of the sample. This 

is because GrimAge is specifically designed to estimate mortality risk, hence it’s often 

greater associations with mortality in as compared to the other biomarkers. Despite slight 

differences in its estimation, GrimAge is still measured in units of years, and has properties 

similar to the epigenetic age biomarkers which often warrant it being analyzed alongside the 

Horvath, Hannum, and PhenoAge biomarkers.

While aging biomarkers were associated with incident AF, chronological age remained 

a significant, and sometimes stronger predictor of incident AF according to the authors. 

However, the magnitude of the association between incident AF and chronological age was 

attenuated in models that also contained an epigenetic aging biomarker indicating that some 

of the association between chronological age and AF is captured by these biomarkers of 

biological aging. This highlights an important point to consider when evaluating any aging 

biomarker, which is that while the biomarkers capture biological processes that are altered 

as we age, no individual biomarker can capture the totality of the biological aging process 

which will be heterogeneous between individuals as well as within the cells and tissues of 

a single individual. Chronological age, on the other hand, is a proxy for many age-related 

biological changes. Thus, when examining any biological aging biomarker we should expect 

that associations between chronological age will persist unless age acceleration as captured 

by the aging biomarker(s) reflects most of the age-related risks of the outcome of interest. 

The authors stop short of including all aging biomarkers in a single model which could 

have provided additional information on whether the set of biomarkers further attenuated the 

chronological age associations.

Although chronological age may more completely capture age-related incident AF risks than 

any individual aging biomarker, the aging biomarkers do have the advantage of pointing 

towards more specific aging-related changes that can be explored further in future studies. 

All age acceleration measures, except for the one based on the Horvath DNA methylation 

age, were associated with incident AF after adjustment for chronological age, sex, race, 

smoking, and technical factors. After further adjustment for 7 traditional AF risk factors 

accelerated aging as determined by GrimAge and PhenoAge remained associated. PhenoAge 
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is a weighted sum of 513 DNA methylation loci, each of which was selected based on 

associations with age or selected aging-related phenotypes.14 Thus, it may be possible 

to further examine the components of PhenoAge to better understand the drivers of its 

associations with incident AF. The authors did perform a mediation analysis for some 

clinical parameters, but these had limited overlap with the PhenoAge components leaving 

open the possibility of unexplored mediators.

The authors also evaluated evidence for causal associations with incidence AF among 

the biomarkers examined. The authors took the approach of evaluating the loci which 

compose each biomarker individually, as opposed to evaluating the biomarkers themselves 

– possibly due to a lack of well powered genome-wide associations studies for all the 

biomarkers. As the individual components certainly capture less of the aging-related 

signal than the biomarker as a whole, this may have contributed to the lack of evidence 

for any causal association. Of course, another explanation is simply that there is not 

a causal relationship between the biomarkers examined and incident AF risk, which 

is not wholly unexpected given the current understanding of DNA methylation-based 

aging biomarkers. Epigenetic aging biomarkers may be consequences of biological age 

as opposed to causal factors inducing these changes. Indeed, in an experiment where 

a human chromosome 21 was inserted into a mouse cell, the chromosome was seen to 

accumulate changes in DNA methylation much more rapidly than when in a human cell, in 

line with the shortened lifespan of mice as compared to humans.15 Additionally, Mendelian 

Randomization specifically evaluates causality from the lens of germline genetic variation. 

Only a small proportion of variation in the epigenetic biomarkers (< 5%) was captured 

by germline genetic variation and any causal relationships that would have been driven 

by environmental exposures (either in early life or adulthood) would not be captured by 

Mendelian Randomization analyses. In general, given the potential for DNA methylation 

biomarkers to be more consequence rather than cause of aging and the known relationship 

between environmental exposures and DNA methylation age,2 all causal analyses for these 

biomarkers should be carefully constructed and cautiously evaluated.

Overall, this manuscript highlights the potential contribution of biological age to estimating 

risks of incident AF (Figure 1). Although, chronological age remained a strong predictor in 

the models, epigenetic age was independently associated with incident AF. With emerging 

technologies for the consumer & clinical assessment of molecular profiles, it is likely that in 

the future epigenetic features will be utilized to better understand health status. Combined 

with the possibility for interventions that alter the biological aging process as measured 

using epigenetics, understanding changes in health risks as reflected by biological age may 

have important public and personalized health implications. This manuscript helps to lay 

the foundation for that understanding as it applies to incident AF, though more work on 

mediating pathways and causality is needed.
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Figure 1. 
While chronological age progresses at an immutable rate (blue line), biological aging (red 

line) – measured by epigenetic age in this manuscript – is modifiable by various exposures 

and life experiences. Thus, establishing a relationship between epigenetic age and atrial 

fibrillation risk gives a unique insight into modifiable ageing associated atrial fibrillation 

risks.
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