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Abstract

Purpose of Review Biological age is the concept of using biophysiological measures to more accurately determine an individ-
ual’s age-related risk of adverse outcomes. Grading of the degree of frailty and measuring biomarkers are distinct methods of
measuring biological age. This review compares these strategies for estimating biological age for clinical purposes.

Recent Findings The degree of frailty predicts susceptibility to adverse outcomes independently of chronological age. The utility
of'this approach has been demonstrated across a range of clinical contexts. Biomarkers from various levels of the biological aging
process are improving in accuracy, with the potential to identify aberrant aging trajectories before the onset of clinically manifest

frailty.

Summary Grading of frailty is a demonstrably, clinically, and research-relevant proxy estimate of biological age. Emerging
biomarkers can supplement this approach by identifying accelerated aging before it is clinically apparent. Some biomarkers may
even offer a means by which interventions to reduce the rate of aging can be developed.

Keywords Comprehensive geriatric assessment - Frailty index

Introduction

Sociopolitical modernization, breakthroughs that have im-
proved early-age health, and lowered disease-specific mortal-
ity have yielded an aging global population, even in low- and
middle-income countries [1, 2]. Inasmuch as the “problems of
old age come as a package,” the growing population of older
adults means more people with multiple, interacting social and
medical problems [3]. Even so, contemporary disease-centric
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approaches often spurn those older patients whose many other
health issues exclude them from clinical trials, but not from
being referred for treatment [4—6]. How to understand the role
that aging plays in the diseases of aging, including cancer, has
only recently gained acceptance [5].

Aging is the time-dependent functional decline of an or-
ganism at all levels, from nanoscopic to the whole person; it
results in vulnerability to perturbation and increased risk of
death [7]. This complex process lies at the intersection of
genetics, biology, and the environment; it exhibits marked
disparity between species and individuals [7]. Reflecting this
complexity, chronological age fails to account for the hetero-
geneity with which individuals age; in consequence, concepts
of “biological age” have emerged from the need to better
account for this variability and are a major focus in
geroscience research [8]. The advantages of measuring bio-
logical age over chronological age range from combating age-
ism and individualizing care to the generation of fluid and
modifiable interfaces with the aging process. Biological age
is a more complex construct, as it must account for the vari-
able effects of time on individuals.

Determination and grading of frailty are core components
of geriatric assessment and offer a means to quantify the risks
associated with advanced biological age [9]. Progress in
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understanding the aging process at all levels, novel means of
measuring these changes efficiently, and application of mod-
ern biostatistical methods to interpret these changes at a pop-
ulation level each have culminated in a landscape where in-
creasingly accurate biomarkers of aging can be formulated
[10]. Here we briefly review the development, utility, limita-
tions, and future applications of these approaches.

Comprehensive Geriatric Assessment

Comprehensive geriatric assessment (CGA) is the systematic,
multidimensional process of determining the medical, psycho-
logical, functional, and social needs of an older adult. Even so,
“assessment” is something of a misnomer, and an unfortunate
one, inasmuch as it connotes simple administrative classifica-
tion. Instead, the idea was rooted in moving beyond diagnosis,
so that CGA includes comprehensive, patient-centered man-
agement. It has two related goals: tailoring an individualized
plan and estimating prognosis [11]. CGA is the principal tool
of geriatric medicine, with established benefits spanning nu-
merous health-care settings including oncogeriatrics [12, 13].
To harness the established benefits of CGA in being more
likely to be alive and at home 1| year after hospitalization
[14-16] and in predicting beneficial and adverse treatment
responses [17, 18] requires multidisciplinary expertise and
time. Frailty quantification is a core component of CGA, be-
cause it contextualizes care for complex patients, can respond
to change, and possesses powerful prognostic value [19]. For
these reasons, frailty holds value beyond the confines of CGA.

Frailty

Similar to aging, frailty is the result of multilevel deterioration
across interacting physiologic systems, resulting in dimin-
ished homeostatic reserve, and vulnerability to perturbation
[19]. Bettering chronological age, frailty estimates variability
in risk for a given person compared to others of the same age,
making it a proxy of biological age [19].

Two main models of frailty exist. Each offers information
about risk compared to others of the same age. Phenotypic
frailty, comprising three or more cardinal features of weight
loss, self-reported exhaustion, weak grip, slow gait, and low
physical activity, independently predicts adverse outcomes
and death in persons over the age of 65 [20]. This establishes
frailty as a recognizable clinical entity, but without accounting
for other factors that increase risk of adverse outcomes, such
as dementia [19]. Approximating biological age obliges a
graded, rather than binary, method of measuring frailty; for
the frailty phenotype, six grades are possible (i.e., no to all five
features being present). More commonly, however, two dis-
tinctions are made in addition to being frail: “robust” (no
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features) and “pre-frail” (one or two features). The deficit ac-
cumulation model of frailty reflects that at any age, as a person
accumulates health deficits, they become more likely to expe-
rience a range of adverse outcomes, including death [21].
Interestingly, these health deficits can be signs, symptoms,
laboratory markers, disease states, or functional impairments,
so long as they are associated with health, increase with age,
are not ubiquitous, and cover a range of physiologic systems
[22]. The ratio of deficits present to deficits assessed is a frailty
index (FI), ranging anywhere from 0 (no deficits present) to, in
theory, 1 (all deficits present), allowing frailty to be graded
[21]. For a given frailty scale, there is a limit to the number of
deficits that an individual can accumulate, approximately 0.7,
above which, a person generally cannot survive [23].

While deficits can be signs, symptoms, or diagnoses and
extracted from CGAs with reproducible estimates of mortality
risk [24], it is also possible to approximate frailty using labo-
ratory tests (such as serum albumin) and common clinical
measures (such as pulse pressure) [25]. This implies the plau-
sibility of estimating biological age from combinations of bi-
ological markers, with obvious implications as new bio-
markers for biological age become available. Including more
variables in a given frailty scale, across numerous domains of
deficits that interact to varying degrees, improves the predic-
tive ability of a frailty scale [21]. Note that the degree to which
each deficit influences the system as a whole varies. The def-
icits most strongly associated with death occur with deficits in
high order functions such as incontinence, dementia, and im-
mobility, validating their emphasis in CGA [23, 26].

More recently, frailty has been validated to predict disease-
specific risks, such as cardiovascular morbidity and mortality
in patients with known or high risk of coronary artery disease,
interestingly predicting as well as or even surpassing standard
risk calculators such as the Framingham risk score [27]. This
approach has been further validated in adding prognostic val-
ue in the assessment of older patients with cancer, helping to
stratify treatment approaches beyond measuring performance
status alone [28]. The frailty index behaves in an orderly
enough fashion to be applied in preclinical models, as animals
similarly accumulate deficits during the life course, catalyzing
research in better understanding and modifying the biological
aging process [29-31¢]. The frailty index has comparative
predictive value to “death clocks” derived from machine
learning algorithms in mice [32].

A frailty index is useful for studying populations of older
patients and where EMR data allow, can be incorporated into
routine care to predict adverse outcomes upon admission to
hospital and predict recovery course following acute health
changes [33, 34]. Further, a questionnaire based on the CGA
completed by care partners correlates well with CGA-derived
FI [35].

Even so, in clinical care, numbers often translate quickest
when out into words. The Clinical Frailty Scale (CFS) was
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developed to summarize the results of CGA and validated to
correlate well ( r = 0.8 ) with the frailty index and other as-
sessment tools [36]. This clinical tool quantifies the baseline
frailty state—by convention in acute care, 2 weeks prior to the
current assessment—providing predictive information and fa-
cilitating communication about the degree of frailty between
health-care providers [37]. Pragmatically, the CFS focuses on
the cumulative impact of health deficits such as cognitive
impairment, comorbidity, mobility (including exercise), and
disability [36]. The scale chiefly has been validated in patients
over the age of 65, who have age-related and not single-
system disabilities, and requires combination with clinical
judgment to be used effectively. The importance of judicious-
ness has been heightened with recent attempts to use this tool
for allocation of scarce health-care resources, as with the co-
ronavirus disease 2019 pandemic [38].

Early descriptions of frailty acknowledged its importance
in assessing variation in risk as a given age but assumed it to
be a constant [39]. More recent research has validated frailty
as a core clinical concept in assessing older adults and while
representing the underlying rate of age-related accumulation
of deficits, implies that this typically progressive state is dy-
namic and potentially modifiable [23]. Interventions that can
modify frailty and by proxy the rate of biological aging in-
clude interventions grounded in the CGA [40] or with exercise
[41], nutrition [42], and possibly pharmacologic or reverse
pharmacologic interventions [43e, 44]. This is likely to inform
future research on frailty treatment and prevention and thereby
impact on biological aging. The scope of needed inquiry for
understanding biological aging is immense. For example, giv-
en that antecedents of biological aging can begin as early as
conception [45], there is potential for biomarkers to detect
aberrant aging trajectories before the onset of any clinically
measurable deficit. Whether to describe that variability in risk
inherent in potentially variable aging trajectories as frailty is
thus far unexplored. In due course, an empirical approach,
rather than a semantic one, in how and what to measure as a
deficit is likely to yield the greater understanding.

Biomarkers of Aging

The American Federation for Aging Research proposed that a
biomarker of aging should predict the rate of aging, monitor
basic processes that underlie the aging process, be repeatedly
testable without harming the test subject, and work in both
humans and laboratory animals. This is an ongoing challenge
that no single biomarker has yet met [10]. Nonetheless, land-
mark papers have outlined key biological hallmarks (or pil-
lars) of aging, characterized by their manifestation during nor-
mal aging, and the ability to be experimentally aggravated or
ameliorated with resultant impacts on aging trajectory [5, 7].
These important features of aging have served as a spring

board for many candidate biomarkers for biological age. As
aging is complex, aging biomarkers can theoretically be de-
rived from any level of the organism at which measurable age-
related changes occur. It may be most beneficial to propose a
battery of biomarkers, rather than just a single one [46].

Telomeres and Aging

Telomeres are the protective caps found at the ends of geno-
mic DNA. They comprise repeated DNA sequences and
unique proteins that together create the telomere-binding com-
plex. In this way, highly regulated telomerase activity can
selectively maintain telomere length [47]. Telomere biology
propels interest in aging biomarkers for several reasons. First,
inherited defects in telomerase function are associated with
age-associated human disease, most notably idiopathic pul-
monary fibrosis, many cancers, diabetes, cardiovascular dis-
case, and dementias [48]. Second, telomere length shortens
with chronological age and predicts the onset of cellular se-
nescence [47]. This age-related state of cell growth arrest re-
markably is present across the life course [49, 50]. Finally,
telomere length, as well as telomerase activity, is heritable in
both humans and mice, suggesting that it could account for
some of the genetic variation seen in the aging process
[50-52].

Mean leukocyte telomere length (LTL) is one means of
approximating overall telomere maintenance and correlates
with circulating immune cell senescence [53]. In association
analysis of a large cohort of persons in the general population,
peripheral LTL was associated with higher mortality [53].
Interestingly, in the largest available epidemiological study
of telomere length to date, telomere length shortened until
the age of 75, after which age became positively associated
with telomere length, and females in general had longer telo-
mere lengths than males [54]. However, not all longitudinal
studies have been able to reproduce the association with mor-
tality [55]. Thus, a recent meta-analysis incorporating a vari-
ety of studies on telomere length associations with mortality
was conducted and confirmed the association between telo-
mere length and all-cause mortality, albeit with large inter-
study heterogeneity, and ongoing difficulties in improving
the precision of telomere length measuring techniques [56].
Notably, they similarly found that the magnitude of associa-
tion became weaker for the oldest patients [56]. While the
relationship between all-cause mortality and telomere length
has been described, there has been less success in associating
telomere length and frailty, possibly as a result of ethnic dif-
ferences in telomere attrition and deficit accumulation, frailty-
associated apoptosis of cells with shorter telomeres, and phys-
iologic deficits occurring only after a critical point of telomere
shortening is reached [57-61].
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Epigenetics and the Epigenetic Clock

Epigenetics is the study of DNA modifications that do not
alter the DNA sequence [62¢]. The most well described as a
biomarker of biological age is DNA methylation.
Chronological age has significant effects on DNA methylation
levels in the human genome [62¢]. Corresponding with ad-
vances in DNA methylation measurements and biostatistical
methods, two models showed strong correlation between
methylation profiles and chronological age and were named
“epigenetic clocks” [63, 64].

The mechanism by which epigenetic clocks estimate chro-
nological age can be obscure; this is not wholly unexpected,
given their derivation from computer learning algorithms
sorting through patterns of hundreds of methylation targets
[62¢]. Theories include alterations in development and age-
related epigenetic maintenance systems and DNA methylation
as aresponse to oxidative or other age-related damage to DNA
[62¢, 65]. Excitingly, recent work suggests that epigenetic
markers represent not just a biomarker but targets for
reprogramming as a means of treating aging [66+¢]. Even so,
the claim that the epigenetic clock is presently the most pre-
dictive and well-validated biomarker of biological age is dis-
puted [67¢].

DNA methylation is both genetically and environmentally
driven. Offspring of supercentenarians (105-109 years old)
demonstrate patterns of DNA methylation consistent with
lower epigenetic age than do age-matched controls [68].
Similarly, twin studies have estimated that epigenetic age ac-
celeration produce heritability estimates of around 40%; inter-
estingly, the overlap of methylation patterns diminishes both
with age and between twins who either spend less of their
lifetime together or whose health trajectories diverge [69].
Likewise, social and behavioral factors associated with lon-
gevity (e.g., high fish intake, moderate alcohol consumption,
high education) directly correlate with epigenetic age [70e,
71e].

Although the first epigenetic clock could reliably estimate
chronological age and chronological-age independent mortal-
ity risk, it was not associated with common disease risk factors
[72]. A later (2018) 2-step model was used to create a novel
DNA methylation informed biomarker. It was grounded in a
composite of clinical markers of biological age and yielded
enhanced predictions of mortality and age-related disease;
even so, it was less predictive than the clinical markers used
to create the model [73]. Subsequently, by differentiating the
effects of chronological and phenotypic age using clinical
chemistry biomarkers, this same group was able to approxi-
mate phenotypic age acceleration and found this “phenotypic
age” to exceed chronological age in association with all-cause
and cause-specific mortality [74]. A major advantage of this
method is the ability to identify individuals at risk who are
apparently healthy, and at younger ages, before the onset of
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clinically measurable age-related deficits [74]. This marker
will require further validation in longitudinal studies [74].
The relationship between epigenetic clocks and the frailty in-
dex is unfolding, but many studies show greater discrimina-
tive ability in relation to mortality of the latter [67, 75-77].

“Omics”-Based Biomarkers

Transcriptomics is the study of the transcriptional output of an
organism’s genome. The transcriptome encompasses the full
range of RNA and mRNA expressed at a given time, is highly
dynamic, and is responsive to environmental changes [78]. A
2015 large-scale meta-analysis of age-related gene expression
profiles offered a transcriptomic-based age predictor [79].
Functional clusters of genes, identified as up- or downregulat-
ed with aging, with concomitant assessment of epigenetic
markers correlated with other hallmarks of aging [7].
Although transcriptomic age correlated well with epigenetic
age, it was less well correlated to chronological age. Notably,
the combination of these transcriptional and epigenetic
markers led to synergism, so that the combination
outperformed either marker alone [79].

Proteomics offers a comprehensive, quantitative descrip-
tion of the sum of protein expression in an organism and
demonstrates influence by perturbation [80]. An array of pro-
teins are differentially expressed as humans advance from
neonates to adults [81]. A twin-based cohort study identified
four replicating proteins that were independently associated
with chronological age [82. These proteins, particularly
CHRDLI, correlated directly with higher birth weight and
inversely with cardiovascular risk. This field offers promise
in developing predictors of biological age.

Metabonomics studies the metabolic responses of living
systems to manipulation [83]. Building on the success of
metabonomics in predicting common age-related disorders, a
metabolic age score using 59 urinary metabolites was tested in
predicting biological age in two large, cross-sectional popula-
tion-based samples [84]. While proving the concept that
meaningful metabolic information can estimate age, its deri-
vation from cross-sectional data means it cannot yet estimate
the metabonomic changes of aging at the individual level [84].

Combining Biomarkers

Approximation of biological age using data from a single level
of an organism may be inherently limited due to the essence of
aging as a complex process occurring at all levels of an organ-
ism. Theoretically, embracing this complexity by utilizing
biomarkers from multiple levels of an organism would im-
prove the accuracy of such a measurement. The MARK-
AGE study will attempt to address question, using a study
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population of 3200 subjects and incorporating a broad range
of aging biomarkers ranging from physiologic parameters
such as heart rate and blood pressure at rest to DNA
methylation—based markers [85].

Interestingly, the MARK-AGE project has been developed
independently of—or felt it best to steer clear of—frailty.
Notably, however, a frailty index can combine items across
levels, to result in improved performance in predicting adverse
outcomes [25, 86, 87].

Conclusions

Chronological age is rigid and fails to account for the variable
effects of time on individuals. The construct of “biological
age” aims to give a more ordered relation between an individ-
ual’s current health state and their proximity to death. This in
turn can enable a novel approach to individualizing care and
potentially yield ways in which aging might be modified. The
manifold manifestations of aging, from subcellular to organ-
ismal, have motivated diverse approaches to its measurement.

A quantitative approach to frailty yields a proxy measure of
biological age that can be formulated from deficit accumula-
tion indices and geriatric assessment. The great advantage of
this approach is that it offers information that is immediately
relevant to guiding treatment strategies and estimating prog-
nosis. Biomarkers derived from the mechanistic underpin-
nings of aging hold out the promise of measuring processes
of aging before clinically recognizable deficits ensue. So do-
ing, they can complement the information about individuals’
health that is required for appropriate care planning and that
can readily be summarized in a frailty index. These clinically
derived frailty indices can outperform measures of biological
age in predicting proximity to death without incorporating
chronological age into their measurement [67, 75-77].
Furthermore, the cost of routinely performing sophisticated
biomarker-based measures of biological age is prohibitive.

Complementarity of biomarkers and frailty indices can be
demonstrated through both measures used simultaneously or
by being combined [76¢]. Further, frailty indices can use bio-
markers as deficits, even when normal ranges have not been
established for that purpose [88]. In ways like this, the siloed
approach to biological biomarkers can be overcome, and per-
haps enhanced, through their combination with frailty mea-
sures that are likely already to be in the clinical record or that
can feasibly be derived from it.

Already, classically “healthy” behaviors correspond with
deceleration of the biological biomarkers of aging [70, 71].
Preclinical animal models of biological aging using frailty or
other biomarkers have created experimental interfaces
through which the aging trajectory can be modified [66,
89¢]. This notably includes the exciting possibility of treating
the biomarker of DNA methylation so as to arrive at younger

phenotypes [66]. Promising interventions have the potential to
slow aging and delay or mitigate the onset of disabling, chron-
ic diseases associated with age, including cancer and neuro-
degeneration [90]. Even so, it remains that any marker of age,
regardless of accuracy, must be seen in the context of each
person’s psychosocial environment.
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