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Abstract

Usually, population aging is measured to inform fiscal and
social planning because it is considered to indicate the bur-
den that an elderly population presents to the economic, so-
cial security, and health systems of a society. Measures of
population aging are expected to indicate shifts in the distri-
bution of individuals’ attributes (e.g., chronological age,
health) within a population that are relevant to assessing the
burden. We claim that chronological age - even though it is
the attribute most broadly used — may frequently not be the
best measure to satisfy this purpose. A distribution of chron-
ological age per se does not present a burden. Rather, bur-
dens arise from the characteristics that supposedly or actu-
allyaccompany chronological ages. We posit thatin addition
to chronological age, meaningful measures of population
aging should reflect, for instance, the distribution of eco-
nomic productivity, health, functional capacities, or biologi-

cal age, as these attributes may more directly assess the bur-
den on the socioeconomic and health systems. Here, we il-
lustrate some limitations of measures of population aging
based on each kind of measure, including chronological age,
and review alternative measures that may better inform fis-
cal, social, and health planning. © 2018 S. Karger AG, Basel

Chronological-Age Measures of Population Aging

A person’s chronological age is the time since birth,
normally measured as the exact number of years or the
completed number of years. Demographic measures of
population aging using chronological age fall into 2 cat-
egories: those, like median age or the old-age dependency
ratio (OADR), that are based on a current age structure
(the number of people of each age at a given point in time)
and others, like life expectancy at birth, or remaining life
expectancy (RLE) at any specified age, that are based on
a period life table (age-specific death rates in a given time
interval) [1].
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Measures Based on Current Chronological-Age

Structure

Some measures using the current age structure are
based on the proportion of the population below a given
chronological age or above a threshold considered “old,”
or ratios of these measures. For example, the OADR and
the potential support ratio frequently use the chronolog-
ical age of 65 years (or other ages such as 60 or 70 years)
as the age above which a person is defined as “old.” In
those measures, chronological age is commonly inter-
preted as an indicator of being active in the workforce,
healthy, and a contributor economically - versus being
dependent, frail, or a recipient of economic transfers.
Such measures can be useful when chronological age is
relevant; as, for instance, when a fixed, universal legal re-
tirement age ignores people’s functional, cognitive, or
health capacity. In such cases, the chronological age dis-
tribution determines the retired share of the population.
Some chronological-age measures determine the onset of
old age by the relative position (e.g., among the top 15%)
in the age distribution (i.e., relative age) instead of a cutoff

age [2].

Measures Based on Period Life Tables

Many chronological-age measures are based on a pe-
riod life table [3]. A life table calculates the number of
individuals, per thousand born, who would survive to
each chronological age if all individuals experienced the
death rates experienced at each chronological age during
some well-defined period, like a year or decade. Measures
derived from a life table include life expectancy at birth,
adult life expectancy (e.g., at chronological ages 30 or 50
years), chronological age through which only 5% of the
birth cohort survive, and the chronological age at which
only 5% of those who enter adulthood survive [4].

Measures based on RLE calculate how many years the
average person of a given chronological age has left to live
according to the life table [5]. Countries with high life ex-
pectancies (e.g., over 80 years) would have a smaller frac-
tion of people with RLE below 10 [5] or 15 [6] years than
the fraction of people with chronological age above 60 or
65 years. Thus, a long-lived population would be “young”
(by the criterion of the proportion of the population with
RLE below 15 years) even though it is chronologically
older (by the criterion of the proportion >65 years). One
weakness of this approach is that many of those with a
RLE of 15 years could still be working and healthy.

An intuitively appealing summary of how long the av-
erage person in a population can expect to live according
to alife table is the population average RLE, defined as the
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weighted average of age-specific RLE, where the weights
are the proportions of the population at each age [7, 8].

The measures based on RLE are informative when
functional status strongly relates to RLE, that is, if coun-
tries with lower mortality and higher remaining life ex-
pectancy have lower disease prevalence and better func-
tion by chronological age. However, in some countries,
healthy life expectancy (HALE, see below) is diverging
from life expectancy, with a greater number of life years
spent in poor health [9], whereas in other countries life
years spent in good health increase disproportionately
[10]. None of the measures based only on chronological
age or the life table reflects disease burden or level of
physical, cognitive, or economic functioning at given
ages.

Economic Measures of Population Aging

A measure of population aging that depends on labor
force participation is the economic dependency ratio
(EDR), defined as the ratio of the number of economi-
cally inactive individuals to those employed. The EDR is
often used by fiscal planners, governments, and social se-
curity administrators as well as labor market officials and
employment agencies. It is commonly applied to estimate
the fiscal viability of pension plans and indicate national
productivity. Dependency is equated with not being en-
gaged in paid work, even though some individuals may
not be working for pay but are able to support themselves
by other means. The EDR excludes household work
(which may be necessary throughout a career of paid
work for those who cannot afford to hire help) and vol-
untary work (which is common in some socioeconomic
groups after official retirement) [11]. Further, this ratio is
driven not only by the chronological age structure of a
population and age-based retirement laws but also by the
proportion of women, older individuals, and migrants
engaged in paid work as well as the economic situation of
the population. If people continue to retire at ages of pre-
vious generations, while living longer, the EDR will in-
crease. However, for instance, in Europe over recent de-
cades, increasing numbers of women joined the labor
market and thus decreased the EDR despite an increasing
mean chronological age of the population. Turkey, which
has a chronologically younger population than the Neth-
erlands, has a higher EDR due to low labor force partici-
pation rates among Turkish women [12].

Another labor-related measure of population aging
considers life expectancy and work conjointly. This mea-
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sure is based on the ratio of the number of working years
to the number of years spent in full retirement [13]. Based
on official US death rates for 1935, Olshansky et al. [13]
calculated that the proportion of life after age 20 years in
1935 spent working, assuming a full retirement occurred
at age 65 years, was 0.7802. Consequently, they defined
“old” age in years after 1935 as the age at full retirement
that would keep constant this proportion of adult life
spent working. According to US death rates in 2009, a full
retirement age of 69.1 years would have maintained con-
stant this ratio of working years to retired years.

Similarly, RLE, introduced above, could be relevant
economically if the age of eligibility for pensions or if the
duration of work depended on RLE rather than on chron-
ological age. In a hybrid demographic-economic measure
called the real elderly dependency ratio (REDR), defined
as the number of men and women with RLE <15 years,
divided by the total number of men and women em-
ployed, the denominator is not the number of individuals
in some age group, but the number, regardless of age, ac-
tually employed. In the United States, from 1950 to 2010,
the REDR fell from approximately 22 to 17%, while the
OADR rose from approximately 13 to 20%. In striking
contrast, in Japan, where both female employment and
immigration rates are relatively low, the REDR rose from
15% in 1990 to 23% in 2007, and the OADR increased
from 17 to 32% [14]. A limitation of the REDR is that
some people with RLE <15 years may still be working.

Rather than focusing only on earnings through paid
work, other economic measures of population aging have
also considered the difference between earnings and con-
sumption at each chronological age over the life cycle.
The “National Transfer Accounts” (NTA) network mea-
sured the chronological age-specific schedules of earn-
ings and consumption for countries around the world
and summarized them by 2 measures, the fiscal support
ratio, which approximates the ratio of total taxes to public
transfer inflows, and the support ratio, which approxi-
mates the ratio of earnings to consumption. Govern-
ments are primarily interested in the fiscal support ratio,
while private individuals are primarily interested in the
support ratio. NTA finds large variation among countries
in these ratios and in the underlying drivers, such as the
chronological age when one becomes a net recipient of
transfers [15]. Because public transfers go mainly to the
elderly, especially in rich countries, while private trans-
fers mostly go to children, “the age structure that favors
public finances is much younger than the age structure
that favors the combined finances of public and private
sectors.”

How to Measure Population Aging?

Economic measures of population aging aim to indi-
cate whether social security and pension funds are sus-
tainable given longer lives but, like chronological-age
measures of population aging, these economic indicators
do not consider the differences in health and functional
status between people of the same chronological age, the
same RLE, or the same employment status.

Physical-Health Measures of Population Aging

Measures of physical health based on a person’s num-
ber of medical diagnoses can be useful indicators of pop-
ulation aging. Such indicators tend to be correlated with
increasing chronological age, yet the relations are far
from linear. The prevalence of some diseases is strongly
associated with RLE and only slightly or not at all with
chronological age [16]. It seems very helpful to have
health indicators that differentiate between countries
with comparable chronological age structures in order to
estimate the financial implications of their populations’
health.

An important physical-health measure of population
aging is the HALE, which is used widely by the World
Health Organization (WHO), the UN, and other interna-
tional agencies, such as the Institute for Health Metrics
Evaluation. It is defined as the average equivalent number
of years of full health that a person could expect to live if
he or she were to pass through life subject to the age-spe-
cific death rates and ill-health rates observed in a given
period and country. The WHO has developed methods
for calculating the HALE that combine standard life table
information on mortality with age- and sex-specific prev-
alence data for health states using Sullivan’s method [17,
18]. Disease prevalence, incidence, and remission data
from the Global Burden of Disease (GBD) project have
been used to estimate severity-adjusted prevalence by age
and sex for all countries [19]. As data about medical di-
agnoses are often based on self-report, there are likely un-
measured differences in expectations and norms for
health which limit the validity of such measures.

Increases in life expectancy and reductions in morbid-
ity have inspired many discussions on whether exten-
sions to life expectancy have been matched with similar
increases in healthy life spans and HALE, or whether
morbidity has expanded [20]. The GBD project provided
global data on age-specific health from 1990 to 2015. Its
analysis comparing the development of HALE and of life
expectancy found that, globally, HALE increased less rap-
idly than life expectancy from 1990 to 2015 [9]. People
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lived longer on average, but they also lived more years
with chronic illnesses. There were, however, large differ-
ences in HALE trends between countries. Moreover, liv-
ing with chronic illnesses does not necessarily compro-
mise functional capacity.

Functional Measures of Population Aging

The behavioral and medical sciences use indicators of
individuals’ functional capacities and their distribution
in a population that are linked with both labor-related
productivity and disease. Most of these characteristics
are associated with, but not equivalent to, chronological
age.

Cognitive Functioning

Cognition refers to the mental functions involved in
attention, thinking, understanding, learning, remember-
ing, solving problems, and making decisions [21]. Cogni-
tion involves mechanics (or fluid intelligence) and prag-
matics (or crystallized intelligence) [22]. The pragmatics
are the knowledge, skills, and experiences measured by
tests of general world knowledge or vocabulary. During
adulthood, the pragmatics stay stable, declining only very
late in life. In contrast, the mechanics are strongly linked
with the biology of the brain, such as the number of neu-
rons, their connectivity, and the brain metabolism that
helps to transport information through the brain, and are
measured, for instance, by tests of reaction time or of log-
ical reasoning. The mechanics decline with increasing
chronological age starting in the mid-twenties.

The pragmatics and the mechanics have been reported
[23] as improving over recent decades at all ages in mul-
tiple countries [24]. Given historical improvements in
mean levels and possibly the shape of the cognitive aging
trajectory [24], it seemed useful to calculate a dependency
ratio based on a “cognitive age.” One study defined peo-
ple as cognitively “older” if they remembered fewer than
half of the words in a test to recall 10 words [25]. The 10-
word list was harmonized for different languages and cul-
tures and administered to representative people from
countries accommodating the majority of the world’s
population. Some chronologically older countries dis-
played better memory among people aged >50 years than
some countries with chronologically younger popula-
tions. Because cohort replacement is slow, countries
whose older adults have higher cognitive levels today are
likely to continue to have higher cognitive levels for sev-
eral decades [26]. A similar measure termed “cognitively

4 Gerontology
DOI: 10.1159/000494025

intact life expectancy” adjusts life expectancy for the
prevalence of cognitive impairment [27].

Cognitive functioning is also measured by using struc-
tural and functional neuroimaging techniques [28],
which are distinct. Studies use either or sometimes both
[29]. Applying machine learning analysis to neuroimag-
ing data from a healthy lifespan sample (n = 2,001, 18-90
years) yielded coefticients that were successfully validated
in a second sample of older adults using indicators of
functional aging, such as walking speed, grip strength, or
cognitive mechanics [30]. The difference between a per-
son’s machine learning-derived brain age and the per-
son’s chronological age was a robust predictor of mortal-
ity even after controlling statistically for education, social
class, APOEe4, and age-associated illnesses. This differ-
ence had a higher sensitivity and specificity than meth-
ylation age and telomere length, two prominent biomark-
ers of aging (see below).

Behavioral assessments of cognitive aging can provide
a basis for new measures of population aging comparable
over time and across regions. Hence, cognitive age may
be a useful complement to chronological age in indices of
dependency. Unfortunately, the present costs in time and
money of these measures of brain age limit their scalabil-
ity, and the lack of past measurements limits their his-
torical comparative use.

Sensory Functioning

Sensory functioning, including hearing and vision, af-
fects social and economic participation, independence,
and productivity. It has also been found to be closely as-
sociated with cognitive performance [31].

Visual acuity declines with increasing chronological
age. Refractive errors, cataracts, macular degeneration,
and blindness are more prevalent at older chronological
ages. Twelve percent of the 60- to 64-year-old women
and 34% of the 80- to 84-year-old women worldwide are
visually impaired or blind [32]. Later-born cohorts
around the world have a lower prevalence of poor eye-
sight following improved living conditions. Some health
trends, such as increases in diabetes, worsen eyesight
[33].

Hearing (i.e., auditory acuity) can be measured with
high reliability and validity. Hearing tends to decline with
increasing chronological age. People who are hearing im-
paired or deaf may be excluded, or self-exclude, from
work and social arenas of interaction, and deafness is
more common at older chronological ages [34]. The often
affordable corrections of hearing, however, have im-
proved and may compensate for some hearing losses.
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Functional Capacity

A person’s functional capacity is usually assessed by
measures such as vital (lung) capacity, gait speed, stand-
ing balance, grip strength, the chair stand test, and reflex
speeds [35]. Balance, strength, and movement restric-
tions, which can be measured by performance tests, are
central for mobility and independent living [36]. These
functional capacities decline with increasing chronolog-
ical age but not necessarily in line with diagnoses of dis-
eases and with great differences among individuals of
the same chronological age. They complement other
measures of population aging and provide a basis for a
widely used measure of disability-free life expectancy
[37].

Longitudinal surveys show that individuals of lower
socioeconomic status lose functioning and experience an
onset of disability earlier in life than people of higher so-
cioeconomic status [38]. Functional abilities have im-
proved in successive cohorts, at least in some countries
[39].

In social science and epidemiological surveys, func-
tional limitations are frequently measured by self-report-
ed difficulties with walking, climbing stairs, lifting, and
other aspects of mobility, whereas disability is generally
indicated by self-reported difficulties performing essen-
tial activities of daily living, such as eating and dressing,
and instrumental activities of daily living, which require
higher cognitive functions, such as grocery shopping and
using transportation. Though these measures of func-
tional capacity are easily scalable from individuals to a
population, their validity is limited because they rely on
self-report (see below). Individuals’ social and demo-
graphic characteristics may affect the thresholds at which
they acknowledge difficulty in performing activities [40].
Objective measures of physical function obtained by an
interviewer — such as grip strength, lung function, and
gait speed - avoid such biases [41].

Biomarkers as Potential Future Measures of
Population Aging

Leonardo da Vinci (1452-1519) wrote that trees form
a ring annually and that the conditions of growth affect
the thickness and density of the ring. The number of an-
nual growth rings of an individual tree measures the tree’s
chronological age in years. Tree rings may have been the
earliest known biomarker. In humans, height, weight,
body mass index, muscular strength, skin wrinkles or fa-
cial features, and hair color are familiar phenotypic traits

How to Measure Population Aging?

that are correlated, but imperfectly, with chronological
age, RLE, and prospects of health or disease [42].

Biomedical scientists have been seeking markers that
predict morbidity and mortality more accurately than
chronological age [43], assuming some biological param-
eters will measure aging more accurately than chrono-
logical age. In the last 2 decades, many biomarkers of ag-
ing [44] have been proposed, with limited success.

Xia et al. [45] followed 2 earlier major reviews of mo-
lecular biomarkers of aging [44, 46] in organizing bio-
markers according to the so-called molecular pathways
underlying aging: DNA and chromosomes (including
telomeres, DNA repair, and epigenetic modification),
RNA and the transcriptome (transcriptome profiles, cir-
culating microRNAs, and long noncoding RNAs), me-
tabolism (nutrient sensing, protein metabolism, and lipid
metabolism), oxidative stress and mitochondria, cell se-
nescence, inflammation, and intercellular communica-
tion. These categories cross many levels of biological or-
ganization, from the molecular (e.g., miR-34a) to the phe-
notypic (e.g., senescence-associated secretory phenotype,
as an example of inflammation and intercellular commu-
nication). Other reviews of biomarkers of aging focus on
parts of this broad spectrum, such as the epigenome [47],
metabolism [48], or the interaction between chromatin
and metabolism in regulating tissue stem cells during ag-
ing [49].

In recent years, 3 groups of biomarkers have received
considerable research attention: telomere length, algo-
rithms applied to genome-wide DNA methylation data,
and algorithms combining information on multiple clin-
ical biomarkers. For example, the Klemera-Doubal meth-
od (KDM) biological age [50] and age-related homeostat-
ic dysregulation [51] have been proposed as cross-sec-
tional estimates of biological age. Differences in biological
age (based on 10 biomarkers) were found to predict all-
cause, cardiovascular disease, and cancer mortality
among African-Americans [52]. The “pace of aging” is a
longitudinal estimate of biological aging based on chang-
es across repeated measurements of multiple biological
measures, such as lipoprotein, cholesterol, triglycerides,
indicators of cardiorespiratory fitness, or white blood cell
count [53].

The evidence on telomere length and aging is highly
equivocal. Variation in measurement procedures and cell
types used may explain large differences in results [54].
The evidence on epigenetic age is not much easier to in-
terpret. Different numbers of CpG sites are used to assess
methylation-based epigenetic age (i.e., 353 CpG, 99 CpG,
and 71 CpG). A CpG site is a region of DNA in which a

Gerontology 5
DOI: 10.1159/000494025



cytosine nucleotide is followed by a guanine nucleotide in
the linear sequence of bases. The 71-CpG sites measure is
at least moderately related with aggregate biomarker
measures and functional outcomes, such as cognitive per-
formance or grip strength [55]. Unfortunately, the 353-
CpG and 99-CpG clocks used chronological age as a vali-
dation criterion rather than mortality or morbidity [56],
which renders them unsuitable as more precise indicators
of functional capacity than chronological age.

One longitudinal study of biomarkers found that al-
though epigenetic clocks correlated with one another and
so did biomarker algorithms, correlations between the
epigenetic clocks and biomarker algorithms were low, as
were correlations of both sets of measures with telomere
length. None of the measures of biological aging was
strongly associated with health-related characteristics,
such as balance, grip strength, motor coordination, phys-
ical limitations, cognitive decline, self-rated health, or fa-
cial aging [57]. Mitochondrial functioning and morphol-
ogy have also been explored as biomarkers of individual
aging [58]. Mitochondrial health indicators are still in
their infancy and demand too much effort to be scaled up
to populations, but this limitation may vanish soon [59].

For biomarkers to be useful measures of population
aging, it is desirable to demonstrate whether the differ-
ence of biomarker age minus chronological age predicts
health or future survival. Moreover, biomarkers should
also be validated against functional measures, including
health and cognitive performance, as has been shown for
the brain age measures described above. To date, a major
limitation of biomarkers as measures of population aging
is that few are available on a population level or across
historical time.

Subjective Measures of Population Aging

Subjective measures of age have been found to have
meaning over and above objective indicators, such as
chronological age, physical health, and cognitive perfor-
mance [60]. Subjective age is assessed by asking partici-
pants how old they feel using chronological age as a mea-
surement unit [61]. Subjective health is assessed by asking
participants: “Overall, how do you rate your health?”,
usually using 3- to 10-point Likert scales ranging from
“bad” to “excellent” to record responses.

Most studies suggest that people feel younger than
their chronological age. This divergence was stronger at
older ages: 25% of those in their 30s, 54% in their 40s, and
69% in their 50s reported a youthful age [62]. The differ-
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ence varies across countries [63, 64]. For instance, Amer-
icans feel relatively more youthful than Germans [61].

Subjective age is relevant because people who feel
younger than their chronological age generally have high-
er subjective well-being and positive emotions [61].
Higher well-being and positive emotions are associated
with higher levels of cognitive mechanics in later life [65].
Older individuals who perceive themselves as younger
than their chronological age display a larger amount of
grey matter in the brain and a younger brain age [66]. De-
pending on their subjective age, 2 persons of the same
cognitive age may make less or more use of their cognitive
performance potential. Also, under conditions of stress,
higher well-being is an important resource [67].

Subjective health, another widely available self-report-
ed measure, predicts mortality after accounting for objec-
tive health. People seem to be able to sense changes in
their physical health that are not (yet) captured by extant
objective health measures [68].

Combining objective and subjective indicators of
health with, or instead of, chronological age might yield
a more valid assessment of population aging. For exam-
ple, happy life expectancy assesses how many years of life
one can expect to live in a happy state, not counting un-
happy life years [69]. A study of increases in US life ex-
pectancy between the 1970s and the 2000s suggested that
most of the increases in life expectancy were happy life
years [70]. An important limitation of subjective mea-
sures is that response scales can be difficult to compare
across respondents, genders, cohorts, and regions be-
cause subjective measures of age and health are culturally
influenced and typically refer to a person’s local reference
group rather than a global distribution. Nevertheless,
such measures tap into a different part of the population
variance than objective measures and may be useful for
relative comparisons between countries [71]. The diseas-
es now contributing most to the disease burden in aging
nations tend to be based on subjective appraisals (such as
depression or back and neck pain) [19], suggesting that
more attention could be given to subjective measures of

aging.

Conclusion

We reviewed measures of population aging that may
reflect the economic, social security, and health burdens
linked with changes in the distributions of individual at-
tributes in a population and may help inform fiscal, so-
cial, and public health planning. Measures that focus on
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chronological age alone do not always adequately reflect
economic, functional, and health characteristics. Such
characteristics vary widely among people who have the
same chronological age depending on cohort, country or
region, and subpopulation. This variability limits the va-
lidity of chronological age as a proxy of such characteris-
tics. Likewise, measures of population aging based on la-
bor force participation need not represent the distribu-
tion of health or functional ability. Recently developed
indicators based on biological aging for the most part are
not yet available on a population level and, therefore, have
limited applicability. Among measures of health and
functional ability, the number of diagnoses and the ac-
tivities of daily living scale are widely available. Both are,
however, self-reported measures. Objectively measured
indicators of functioning that are comparable over time,
region, and subpopulation include physical performance
measures, such as grip strength or walking speed, and are
increasingly available. Cognitive performance also re-
mains a viable and scalable candidate measure.

Apart from our quest for adequate measures to assess
population aging, several single-number indices of popu-
lation aging have been proposed to assess how effectively
countries respond to challenges of chronological popula-
tion aging. Examples include the Active Aging Index, the
Global Age-Watch Index, and recently the Aging Society
Index [72, 73].
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