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Abstract

We extract data on physiological aging by computing a frailty index for 201 countries over

the period 1990–2019. Using panel estimation techniques, we show that the macro frailty

index replicates basic regularities previously observed in related studies of aging at the indi-

vidual level. We then use the frailty index to highlight trends of global physiological aging

and its relationship to economic growth. Holding population age structure fixed, the global

frailty index has on average increased by about 2 percent over the last 30 years. The aver-

age person has therefore aged by what corresponds to about one life-year of physiological

aging. This overall trend is relatively similar across different geographical regions. We also

document a negative relationship between physiological aging of the workforce and eco-

nomic growth. According to our preferred specification, a one percent increase in the frailty

index of the workforce is associated with a 1.5 percent decline of GDP per capita. This

means that average annual growth of labor productivity would have been 0.1 percentage

points higher without physiological aging in the period 1990-2019.

Introduction

As fertility declines and progressively more people reach an advanced age in life, the average

world citizen grows older. The median age of the world population has risen persistently since

the 1970s, and this process is expected to continue throughout the 21st century. Between 1990

and 2020, the median age has risen from 24 to 31 years and is projected to rise to 42 years in

2100, according to the United Nations medium fertility forecast [1]. In 2100, there will be as

many people above the age of 40 as below; in the richest parts of the planet this is already the

case today. Naturally, these trajectories entail changes in the demographic structure of the

world population, but they also suggest physiological changes in the “average person” alive at a

given point in time.

In order to assess the physiological aging of the world, we use the so-called frailty index fol-

lowing the seminal work of Mitnitski, Rockwood and coauthors [2–8]. As humans age, they

develop an increasing number of disorders, referred to as deficits. Some of these deficits may

be viewed as relatively mild nuisances while others are more serious in nature. Nevertheless,

the notion is that when the number of deficits rises the body becomes more frail. For an indi-

vidual, the index simply records the fraction of a set of health conditions that he or she has. As
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the index rises towards one the individual is viewed as increasingly frail, and in this sense

physiologically older. The index itself contains information on conditions for which disease

prevalence generally rises with age; communicable diseases, for example, are thus not admissi-

ble. The quality of the frailty index has been demonstrated by its predictive power for death at

the individual level and for mortality at the group level, as well as for other adverse health out-

comes such as the risk of institutionalization in nursing homes and becoming a disability

insurance recipient [8–10]. Another reason for the popularity of the frailty index is that it can

be easily compared across samples, datasets, and populations [11].

An important regularity that has emerged in the literature is that the frailty index for a rep-

resentative individual grows from one birthday to the next at an approximately constant rate

of 2 to 4 percent from the age 20 onwards [2, 3, 6, 12, 13]. Another regularity is that women, at

given age, display more health deficits than men [4, 6, 14–16] and that men develop new health

deficits faster than women [2, 3, 12, 17]. For men and women, it has been shown that there

exists a strong association between the frailty index and the mortality rate, which is linear in

logs such that mortality can be conceptualized as a power-law function of the frailty index [3].

The estimated gender specific parameters support the morbidity-mortality paradox, i.e. that

women, on average and at given age, are more frail but face a lower risk of death [2–4, 6, 15,

18].

While, until recently, computations of the frailty index were applied exclusively to individu-

als, it has now been suggested to extend the methodology and compute the index for countries,

continents, and at the world level [19, 20]. Such a frailty index can be constructed with data

from the Global Burden of Disease (GBD) study [21], which provides for more than 200 coun-

tries prevalence rates for 369 diseases collected at five year intervals from 1990 until the pres-

ent. Using the GBD 2017 data, the study by O’Donovan et al. [20] provided some basic

statistics of the frailty index (including its positive association with age) for the year 2017 and

focused on the validation of the index by estimating its predictive power for mortality and by

comparing its composition with a battery of frailty indices computed at the individual level in

previous studies. Although comorbidities were found to be over-represented in the GDB frai-

lity index (compared to measures of function and activity), the study observed that in simple

statistics (such as gender and age-group specific frailty scores) the frailty index of countries is

consistent with frailty indices computed at the individual level.

Here, we report results using an updated version of the GBD data from 2019. We expand

the literature in various directions. The use of a panel data set allowed us to control for coun-

try-, period-, and age-fixed effects. With country fixed effects we controlled for endowments

and initial values and with period fixed effects we controlled for time trends. This way, panel

regressions are conducive to achieving unbiased estimates (in contrast to cross-country regres-

sions as in [20]). Moreover, the interpretation of results changes. For example, controlling for

country fixed effect we obtained the association between age and frailty or between frailty and

mortality within countries. We also computed the evolution of the frailty index for age-groups

with a special focus on the working age. This allowed us to compute the frailty index of an

average worker and the physiological aging of the workforce.

Controlling for country- time-, and age-fixed effects, we validate the constructed frailty

index of nations against a number of regularities of the index that were previously found at the

level of individuals. We then proceed by documenting global changes in physiological aging.

Specifically, we report how life cycle health deficits evolve from 1990 to 2019 for the average

person and for the workforce at the global level as well as for selected groups of countries.

Finally, we report evidence for a negative relationship between physiological aging of the

workforce and changes in income (as measured by GDP per worker), whereby we disentangle

the effects of physiological aging (health deficits) from those of chronological aging (work
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experience) on productivity. Unlike the “correlates of growth” literature (e.g. [22]), we are not

concerned with predicting growth in general or studying a list of good predictors of growth

but with identifying the role of physiological and chronological aging for growth. Our

approach follows previous studies on population aging and income growth (e.g. [23, 24]).

Data and methods

Introduction

For individuals, a frailty index is calculated as the proportion of the total potential deficits

d = 1, . . ., N that an individual has. That is, the frailty index of individual i from country c is:

dic ¼
1

N

XN

d¼1

1ic dð Þ; ð1Þ

where 1ic(d) is an indicator function that takes on the value 1 if individual i suffers from

deficit d.

In order to operationalize the frailty index, one needs to choose a set of deficits to include.

The literature has outlined 5 criteria for inclusion [11]: (i) The deficit needs to be associated

with health status. (ii) A deficit’s prevalence must generally increase with age, although some

clearly age-related adverse conditions can decrease in prevalence at very advanced ages due to

survivor effects. (iii) The chosen deficits must not saturate too early. For example, as humans

age, it becomes harder to focus on close objects (presbyopia); by around age 55 the disease is

nearly universal and thus less than ideal to include. (iv) The deficits that make up a frailty

index must cover a range of systems. If the index becomes too narrowly focused, say on cogni-

tive deficits, it potentially no longer captures overall aging but simply cognitive aging. (v) If a

single frailty index is to be used serially on the same people, the items that make up the index

need to be the same from one iteration to the next. No specific deficit is required to enter into

the index, since results appear to be unaffected as long as a sufficient number of deficits—30

to 40—are included [11].

Physiological aging at the country level

The average frailty index in country c, dc, is computed as:

dc ¼
1

Pc

XPc

i

dic;

where Pc is the size of the population in country c. In light of Eq (1) a simple rearrangement of

the sum allows us to write the average frailty index as:

dc ¼
1

N

XN

d¼1

Pdc

Pc
;

where Pdc is the number of people in country c that suffer from deficit d. Accordingly, in order

to work out the aggregate frailty index we simply computed the average of N prevalence rates,

Pdc/Pc, in each country. The frailty index for an age group a in country c is computed as

dac ¼
1

N

XN

d¼1

Pdac

Pac
;

where Pdac/Pac is the prevalence rate of d within age group a in country c. Frailty indices for

men and women were constructed analogously. Accordingly, period life-cycle deficits are
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defined as the unweighted average of frailty indices across age groups from 20 to 94, while the

frailty index for the average hypothetical person in the population (ages 20–94) is the weighted

average of the frailty indices across age groups, where the weights are the relative size of the

different age groups. The distinction between unweighted and weighted frailty index allows us

to consider and compare “aging of the average worker or person” (an individual characteristic)

and “aging of the workforce” (a population characteristic).

Data

Our data on prevalence rates was obtained from the newest Global Burden of Disease Study in

2019 (GBD 2019) [21] for the period 1990 to 2019. The prevalence rates are available for men

and women separately, as well as for five year age-groups. When computing the frailty index,

we focused on the population above 20. In order to provide a relevant validation check of our

data, we created average frailty indices for both men and women separately, albeit we resorted

to the overall average in the analysis of economic growth. Naturally, in order to construct defi-

cit indices, we only included conditions that abide by the criteria listed above. We used the

same conditions as in [20], except for the risk factors (e.g., “Low physical activity”), because, as

far as we can see, these are not available as prevalence rates in GBD 2019. This left us with 32

conditions entering into the frailty index for which there exists data on prevalence at the global

level (listed in Appendix A in S1 Appendix).

First, we studied the frailty index across four dimensions: country, year, gender, and age.

Here we also exploited age-specific mortality rates (by gender) as one validation check of our

country frailty index. While GBD 2019 also provides mortality data, we use the Human Mor-

tality Database (HMD) to obtain age-specific mortality rates for a selected group of countries

and years [25]. We opted for this strategy as some of the prevalence data are possibly mechani-

cally linked to the GBD mortality data; see [21]. Summary statistics are provided in Table A.1

(Appendix B) in S1 Appendix.

Second, we investigated the development of the frailty index at the country-year level,

which then collapses the gender and age dimensions and its relation to income growth. Our

macro income data are from Penn World Tables [26]. We used Real GDP at constant 2017

national prices (in 2017US$) divided by the number of people in the working ages 20 to 64 as

our measure of income per worker. We started at age 20 to align with the construction of the

frailty index. The number of people by five-year age groups were obtained from [1]. The

remaining variables were obtained from the World Development Indicators [27]. Summary

statistics are provided in Table A.2 (Appendix B) in S1 Appendix.

Validation strategies and estimation

In this and the next subsection we report results for regressions using the frailty index of

nations in types of regressions that we previously conducted using the frailty index of individu-

als. By comparing the sign and size of the estimated coefficients with the previous studies we

aim to establish validity of the frailty index of nations. We first regressed the log frailty index

on a linear age variable:

ln dg
act ¼ mgage

g
ct þ yc þ yt þ εg

act; ð2Þ

where ln dg
act is log deficits in age group a (20–24, ‥, 90–94) in country c at period t (year 1990,

1995, ‥, 2019). We control for country and period fixed effects as indicated by θc and θt,
respectively. The variable agegct is linear in age and the estimated coefficient μg quantifies the

approximate growth rate of deficits (in age) for gender g. Since we used five-year age groups,

dividing μg by 5 provides the approximate growth rate of deficits by age at annuals levels. The
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error term is εg
act. We estimated μg for each gender (female, male) in separate samples, which is

why the variables are indexed with superscript g.

In the second validation check, we estimated the association between frailty and mortality

using the following log-log relationship:

ln mg
act ¼ bg ln dg

act þ lc þ lt þ la þ �
g
act; ð3Þ

where ln mg
act is the age-specific log mortality rate. We control for the fixed effects as given by

the λs for country- (c), period (t), and age- (a) fixed effects. We use the term “age fixed effects”

as shorthand for age-group fixed effects where the age-groups are constructed over five years

(as 20–24, 25–29,. . ., 90–94). It is worthwhile noticing that we estimated βg even conditional

on age fixed effects, λa. This allows us to asses the impact of frailty on mortality for given age,

i.e. controlling for age, thereby distinguishing between the role played by physiological age

(deficits) and chronological age in affecting mortality. The remaining variables are defined as

above and we estimated βg for each gender.

After the validation checks, we studied physiological aging over time. In particular, to

examine the development of the frailty index over time, we fitted a simple regression equation,

regressing log deficits on a full set of period fixed effects (ϕt) and an error term ξactg:

ln dactg ¼ �t þ xactg ; ð4Þ

including both genders in the same regression (for brevity). We omitted 1990 as the compari-

son period, and so the estimated ϕ’s provided the percent increase in period “life-cycle” deficits

from 1990 to the period in question, where the life-cycle is defined from age groups included

in the regression. We considered all ages 20–24 to 90–94, working ages 20–24 to 60–64, and

the two specific age groups 50–54 and 60–64, respectively. Comparisons of the results were

used to assess the development of physiological aging holding the age composition constant

(i.e. constant down to the five-year age group level). We refer to these results as “aging of the

average person” (i.e. the average worker if we consider ages 20–64).

Since we were also interested in studying possible implications of physiological aging for

economic growth at the country level, the next step of our analysis collapsed the deficit data to

the country-period level, using data for both genders. We then calculated the weighted average

of deficits from all age groups in working age (20–24,.., 60–64), where the weights were deter-

mined by the age composition. If more people are growing older in a country, the index

assigns more weight to the older age groups and older age groups always have more deficits.

We refer to these results as “aging of the workforce”.

Finally, we explored the relationship between the frailty index and income (GDP per

worker) by estimating the following fixed-effect panel model:

ln yct ¼ gln dct þ X0ctGþ sc þ st þ zct; ð5Þ

where ln yct is log GDP per working-age population, ln dct is the logged frailty index calculated

for the average worker, and X0ct contains controls for the age composition and income conver-

gence effects. We estimate γ by fixed-effect panel estimation for the years 1990, 2000, 2010,

and 2019, which allow us to control for country and year fixed effects. We obtain similar con-

clusions when estimating γ based on long differences from 1990 to 2019.
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Results

Period life-cycle deficit

We begin with a graphical analysis where we plot the coefficients from regressing log deficits

on a full set of age dummies, using all our available data, but estimated separately for each gen-

der. The pattern in the estimated coefficients is shown in Fig 1. It provides visual evidence of

the period life-cycle evolution of health deficits. We see the well-known regularities that

growth in deficits is faster for men than women and that the intercept is larger for women,

which together imply convergence of deficits over the life cycle of men and women.

Table 1 shows results of estimating Eq (2) separately for men and women. Panel A (B)

reports estimates for females (males). In the first column, we consider the full sample, which

includes 201 countries. For women, deficits grow by 13.4 percent from one five-year age group

to the next, that is at an annual growth rate of around 13.4/5 = 2.7 percent. The corresponding

number for men is 14.1/5 = 2.8 percent, and so consistent with the evidence in Fig 1 the growth

rate in deficits is higher for men than women. Therefore, the behavior of our macro frailty

index is squaring well findings for individual aging at the country level [4, 12, 28, 29]. Moving

from left to right in the table, the countries included in sample change. Columns 2–4 focus on

geographical areas (continents), whereas the final three column consider OECD countries,

high-income (high and upper-middle) countries, and low-income (low and lower-middle)

countries as currently defined by the World Bank [27]. The key result is that the growth rate of

deficits across the life course is remarkably stable: it varies between 2.6 to 2.9 percent per year

of age in all parts of the world.

Fig 1. Average period life cycle deficits of women and men, 1990–2019. Notes: This figure plots the estimates from

regressing log deficits on a full set of age-group dummies (omitting the regression constant) by gender, using data for

all countries in the world and all periods (1990, 1995, ‥ 2019), which corresponds to the average of log deficits for each

age across countries and period. The small red vertical lines indicate 95 percent confidence bands.

https://doi.org/10.1371/journal.pone.0268276.g001
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The frailty index and mortality

Results from estimating Eq (3) are reported in Table 2, again separately for men and women.

The first column shows the unconditional relationship, which is also illustrated as a scatterplot

in Fig 2. The regression implies a power law association between mortality and the frailty

index, m/ dβ with β = 3.1 for women and 2.8 for men. The power law is a natural consequence

when mortality increases at a constant rate with age (according to the Gompertz law, [30]) and

the frailty index increases at constant rate, as in model ((2)).

Mortality is on average lower but increases more steeply in the frailty index for women.

Together with the observation that frailty is on average higher for women, we observe the mor-

bidity-mortality paradox, which applies until the two regression lines intersect in Fig 2 (at a

mortality rate of about 0.14). The log-log association allows us to interpret the coefficients as

elasticities. When the frailty index increases by one percent, the mortality rate of women

increases on average by 3.1 percent and that of men by 2.8 percent. The estimated coefficient

sizes are unaffected by controlling for country and period fixed effects (Columns 2 and 4). In

the final column, we show that the estimated positive relationship is robust to controlling for

age fixed effect, although the magnitude reduces substantially. The estimated coefficient for

deficits provides the deficit-mortality elasticity at given age (within countries). It allows us to

assess the independent contribution of the frailty index to mortality when age is controlled for.

This exercise is important since both mortality and frailty depend positively on age. The point

estimate for ln deficits of women (men) in column (4) is about half (35 percent) of that in col-

umn (3). It suggests that about half (35 percent) of the frailty-mortality nexus is explained

when controlling for age.

Table 1. Estimated growth rate of deficits.

Panel A: Female Sample

(1) (2) (3) (4) (5) (6) (7) (8)

Age 0.134��� 0.133��� 0.137��� 0.136��� 0.131��� 0.136��� 0.136��� 0.132���

(0.000) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

Constant -3.484��� -3.411��� -3.514��� -3.491��� -3.496��� -3.451��� -3.474��� -3.499���

(0.004) (0.007) (0.007) (0.007) (0.007) (0.008) (0.005) (0.005)

Observations 21,105 4,305 6,405 4,095 5,565 3,150 12,600 8,295

R2 0.981 0.988 0.982 0.979 0.976 0.991 0.984 0.976

Sample World Europe Asia Americas Africa OECD Rich Poor

Panel B: Male Sample

(1) (2) (3) (4) (5) (6) (7) (8)

Age 0.141��� 0.144��� 0.144��� 0.145��� 0.132��� 0.146��� 0.144��� 0.136���

(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.000) (0.001)

Constant -3.581��� -3.544��� -3.619��� -3.616��� -3.540��� -3.578��� -3.588��� -3.571���

(0.004) (0.005) (0.005) (0.007) (0.008) (0.009) (0.004) (0.007)

Observations 21,105 4,305 6,405 4,095 5,565 3,150 12,600 8,295

R2 0.979 0.981 0.981 0.979 0.980 0.983 0.981 0.978

Sample World Europe Asia Americas Africa OECD Rich Poor

Notes: This table reports the results from estimating μg in Eq 2, where the dependent variable is age specific log deficits and the explanatory variable is a linear age

variable taking a separate value for each age group (ages 20–24 to 90–94). All regressions include country and period fixed effects. The countries included in the sample

are indicated at the bottom: World is all countries (Column 1); Europe is European countries (Column 2), etc. Standard errors, clustered at the country level, are

reported in parenthesis.

https://doi.org/10.1371/journal.pone.0268276.t001
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Physiological aging over time

Having demonstrated the validity of the frailty index based on data from all countries in the

world, we next report results on global trends in physiological aging from 1990 to 2019. For

this, we regressed log deficits on period dummies (or fixed effects) and omitted the initial

period, year 1990. These estimates reveal the change in physiological aging in percent, com-

pared to the base year. Results are depicted in Fig 3. In Panel A, we include all five-year age

group (20–24 to 90–94), and so the estimates reveal the change in period life-cycle deficits; that

is, the number of deficits a hypothetical person would suffer if she was subjected to the prevail-

ing age-group-specific deficits throughout her life. From 1990 to 2019, we find an average

increase of about 2 percent when including all countries in the world, which is driven mostly

by countries in the Americas and Asia, while physiological aging in Europe has not changed.

Thus, the average person became physiologically older by 2 percent, compared to 1990. In Fig

A.1 in S1 Appendix, we report the deficits by the level of income, according the World Bank’s

[27] definition, as above, and by OECD membership. While rich and poor countries developed

similarly with an increase of health deficits by about 2 percent, the average citizen of OECD

countries did not age, in physiological terms, between 1990 and 2019.

Panel B reveals similar patterns when only considering the working ages from 20–24 to 60–

64. Deficits of workers increased by about 1.2 percent from 1990 to 2019. In Panels C and D,

we show the changes in the deficits for the age-groups 50–54 and 60–64, respectively. Again,

Table 2. Estimated frailty-mortality relationship.

Panel A: Female Sample

(1) (2) (3) (4)

Deficits 3.067��� 3.067��� 3.065��� 1.551���

(0.044) (0.046) (0.046) (0.475)

Constant 2.762��� 2.763��� 2.759��� -0.801

(0.076) (0.109) (0.109) (1.117)

Observations 3,105 3,105 3,105 3,105

R2 0.929 0.961 0.968 0.986

Country FE NO YES YES YES

Period FE NO NO YES YES

Age FE NO NO NO YES

Panel B: Male Sample

(1) (2) (3) (4)

Deficits 2.823��� 2.817��� 2.816��� 0.999��

(0.046) (0.049) (0.049) (0.455)

Constant 2.310��� 2.296��� 2.292��� -2.056�

(0.089) (0.118) (0.118) (1.088)

Observations 3,105 3,105 3,105 3,105

R2 0.931 0.955 0.962 0.986

Country FE NO YES YES YES

Period FE NO NO YES YES

Age FE NO NO NO YES

Notes: This table reports the results from estimating βs in Model 3, where the dependent variable is the age-specific logged mortality rates and the explanatory variable is

age specific logged deficits. The sample is a selected group of countries where mortality rates are available in the Human Mortality Database. Standard errors, clustered

at the country level, are reported in parenthesis.

https://doi.org/10.1371/journal.pone.0268276.t002
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the patterns are similar, but with even more heterogeneity across continents and income

groups. In particular, elderly persons of working age (60–64) in the OECD countries became

more healthy and physiologically younger by almost 2 percent, compared to 1990 (Fig A.3 in

S1 Appendix, panel D).

Physiological aging of the work force and economic growth

We next present the implications of our frailty index for physiological aging around the world

over the last quarter of a century. We focus on the evolution of the average frailty index for the

economically active part of the population, i.e. the population between the age of 20 and 64.

The age groups 20–24 to 60–64 approximate the working age population. The frailty index of

the workforce is a weighted average of deficits for the ages 20–24 to 60–64, where the weights

are the population shares of the different age groups. Therefore, the workforce ages along two

dimensions: First, within age group, the average worker ages, as documented in the previous

subsection. Second, across age-groups, the share of elderly workers increases.

Fig 4 plots on the left-hand side the change in physiological aging of the workforce of the

world by regions. We observe the largest increase in physiological aging for countries in the

Americas. We also observe that the (mild) physiological aging of the average worker in African

countries has been neutralized by a compositional shift towards a greater share of younger

workers in the workforce. The panel on the right-hand side of Fig 4 shows results for the

income split of countries. We observe that health deficits of the workforce increased across all

income categories of countries and at most in the rich countries where it was about 9 percent

higher in 2019 than in 1990.

Fig 2. Frailty and mortality of women and men. Notes: This figure plots mortality-deficits observations (both logged)

by gender for selected group of countries where age-specific mortality rates are available at the Human Mortality

Database. The fitted lines are simple OLS regression lines.

https://doi.org/10.1371/journal.pone.0268276.g002
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Table 3 reports the results of estimating γ in Eq 5. In the first column, we report the associa-

tion between the frailty index and GDP per working-age population without any controls

besides country and period fixed effects, which are controlled for in all specifications. We find

a positive, but statistically insignificant estimate. In the second column, we include controls

for convergence by including initial GDP per worker (measured in 1990) interacted with

period fixed effects. It is important to control for this variation since the initial level of deficits

is correlated with the subsequent change in deficits (due to the compensating law of deficits)

and the initial level of GDP per worker, which is correlated with subsequent per worker GDP

growth due to convergence effects [31]. Now, the correlation becomes statistically significant

but it remains positive. As already documented extensively, deficits are strongly positively cor-

related with age and thus column 3 includes controls for the age structure of the population.

We consider this as our benchmark specification. The relationship between frailty index and

growth now becomes negative and statistically significant. The estimated elasticity implies that

an increase in deficits of one percent is associated with a decrease of GDP per working-age

population by 1.5 percent. However, results from regression work such as this are sensitive to

data quality for GDP (e.g. [32]). As a robustness check, we report results when Africa is

excluded from the sample. Then, the productivity effect of physiological aging becomes larger

and more precisely estimated, as shown in column 4 of Table 3.

In the Appendix we report additional robustness checks. First, we applied a long difference

approach which includes only the earliest and latest periods (1990 and 2019). The point esti-

mates of the aging coefficient (ln Deficits) are larger in absolute value but they do not

Fig 3. Physiological aging around the world. Notes: This figure plots the estimates from regressing logged deficits on

period dummies (i.e., 1990, 1995, 2000, 2005, 2010, 2015, 2019), where 1990 is the omitted comparison period for all

samples, along with their 95% confidence bands. Panel A includes all ages from 20–24 to 90–94. Panel B includes all

working ages from 20–24 to 60–64. Panel C includes the age 50–54. Panel D includes the age 60–64.

https://doi.org/10.1371/journal.pone.0268276.g003
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Fig 4. Physiological aging of the workforce. Notes: This figure plots the estimates from regressing logged deficits of

the average worker on period dummies (i.e., 1990, 1995, 2000, 2005, 2010, 2015, 2019), where 1990 is the omitted

period of comparison for all samples, along with their 95% confidence bands. Left: sample split by continent. Right:

sample split by level of economic development.

https://doi.org/10.1371/journal.pone.0268276.g004
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significantly differ from the benchmark estimates, see columns (3) and (4), Appendix

Table A.3. Second, we control for cross-country differences in physical capital, life expectancy,

population size, and years of schooling. The initial values of these confounding variables in

1990 were interacted with full set of period fixed effects. We follow this approach (instead of

controlling for the variables directly) in order to minimize the issue of including “bad con-

trols” in the regression because these variables can be seen as outcome variables themselves

(see [33]). The estimates of the aging coefficient were found to differ insignificantly from that

of our benchmark regression, corroborating the robustness of our main results, see Table A.4

in S1 Appendix.

Discussion

We constructed a frailty index for countries based on disease prevalence rates and showed that

the aggregate (or macro-) index preserves key regularities that have previously been observed

at the micro level in samples of individuals. In keeping with the results from previous studies

at the micro level [2, 3, 6, 12], the growth rate of the frailty index is very stable. For all subdivi-

sion of the world’s countries, it increases at a constant rate between 2.6 to 2.9 percent per addi-

tional year of age at all ages. The differentiated evolution of deficits over the life course for the

two genders observed at the individual level [2, 3, 12, 17] was observable at the macro level as

well: the growth rate of deficits was found to be faster for men than women, but the intercept

was found to be larger for women. These two stylized facts confirm jointly the compensation

effect of morbidity, in analogy to the Strehler-Mildvan correlation of mortality [2, 12, 34].

Combining the frailty index with mortality data from the Human Mortality Database, we

found frailty and mortality to be linearly associated in logs, again replicating at the macro level

previous findings at the micro level [3]. The power law suggests that a one percent increase in

the frailty index is associated with an increase of the mortality rate by about 3 percent for

Table 3. Physiological aging and economic growth.

(1) (2) (3) (4)

ln Deficits 0.99 1.79��� -1.53�� -2.20���

(0.61) (0.66) (0.73) (0.75)

pop. share 25–34 2.39�� 1.57

(1.15) (1.16)

pop. share 35–44 1.05 0.55

(0.77) (0.86)

pop. share 45–54 3.79��� 3.32���

(1.13) (1.22)

pop. share 55–64 7.36��� 7.66���

(1.31) (1.31)

Observations 672 672 672 472

Country FE Yes Yes Yes Yes

Period FE Yes Yes Yes Yes

Initial GDP/worker x Period FE No Yes Yes Yes

Excl. Africa No No No Yes

Notes: This table reports the results from estimating γ in Model 5, where the dependent variable is GDP per worker, using panel-model estimation for the periods (or

years) 1990, 2000, 2010, and 2019. All regressions include country and period fixed effects. “pop. share 20–24” is the omitted reference group for the age-share controls.

Standard errors, clustered at the country level, are reported in parenthesis.

https://doi.org/10.1371/journal.pone.0268276.t003
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women and 2.8 percent for men. These changes are also in terms of magnitude similar to pre-

vious findings at the micro level [3]. Since mortality has been found to be on average, for given

age, higher for women, the results corroborated, at the macro level, the morbidity–mortality

paradox [2–4, 6, 15, 18].

A distinctive feature of our analysis is the use of panel data estimation techniques. Control-

ling subsequently for country- and period-fixed-effects we were thus able to establish the

robustness of the power law between frailty and mortality, which holds (with insignificant

change in the estimated parameters) across countries, within countries, and within countries

for different periods of time. Significantly, we introduced age fixed effects into the mortality

regressions. While this procedure, naturally, reduced the estimated coefficient of log deficits

substantially, it also strengthens the case in favor of an independent effect of health deficits on

mortality. The results suggest that, for given age, mortality of women (men) increases by 1.5

percent (1.0 percent) when health deficits increase by 1 percent.

We then explored long-run trends of physiological aging in a period life-cycle way, holding

the age composition constant. Period life-cycle deficits thus measure the deficits of a hypothet-

ical cohort subjected to the age-specific deficits prevailing at a given period of time. We found

that, in the average country, the frailty index increased by 2 percent since 1990. This corre-

sponds with a little less than one life-year of physiological aging since our data suggests deficits

increase by about 2.5 percent per year.

The trends in period life-cycle deficits have implications for the physiological aging of the

workforce, which takes into account not only trends in individual aging but also trends in the

age composition of the workforce. Here, we found that health deficits of the workforce of the

world increased by about 6.5 percent (or circa 2 life-years of physiological aging) from 1990 to

2019. In the Americas, the increase is more than 10 percent because of fast physiological aging

at both margins: faster aging of the average worker and a greater share of elderly workers in

the workforce. In Africa, in contrast, faster aging at the individual level is compensated by a

compositional shift toward younger workers in the workforce. The same observation can be

alternatively stated in more negative terms. Deteriorating health at the individual level pre-

vents that the African countries benefit from the demographic dividend in the same way as

countries that underwent the demographic transition earlier [35].

In order to correctly interpret the results, it is useful to remember that during the period

of investigation 1990–2019, the workforce aged by 7 years in chronologically terms (see Intro-

duction) while it aged by two years in physiological terms. We thus find evidence of healthy

aging [36].

For Europe, the healthy aging effects are even stronger. We found that the physiological age

of the European population did not change from 1990 to 2019 while the median (chronologi-

cal) age increased from 34.6 to 42.5 during the observation period [1]. Our macro results may

still appear low compared to trends observed at the micro level suggesting that individuals

from 14 European countries displayed 1.4–1.5 percent fewer health deficits per later year of

birth [37]. When we reduced the sample to the 14 European countries considered in [37], we

found that period life-cycle deficits decreased by about 2 percent since 1990. The direction of

the trend thus goes in the same direction, albeit it seems to operate at a slower pace at the

macro level. One reason for the different speed of trends could be the different composition of

the frailty index. Whereas the macro frailty index consists solely of diseases, the micro index

consists of diseases as well as functional limitations. It should also be noted that our study

focussed on period effects and not cohort effects as in [37].

It is has been frequently argued that population aging is a key factor in shaping the current

and future development of societies, often through its first order impact on labor markets [38].

Macroeconomic studies based on estimated impacts of chronological aging on productivity
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and labor force participation usually arrive at grim projections for economic growth due to

population aging. For example, Maestas et al. predict that annual GDP growth will slow by 1.2

percentage points this decade and 0.6 percentage points next decade due to population aging

[39], see also [40, 41]. Here, we contributed to the aging–growth debate by estimating the asso-

ciation between the frailty index and labor productivity of the workforce.

We found a positive link between chronological age of the workforce (measured by the

share of workers between 55 and 64) and labor productivity, and a negative link between phys-

iological age (frailty) and labor productivity. These findings shed new light on the age–produc-

tivity nexus by disentangling chronological age and physiological age (health). In economics,

individual productivity is typically estimated via the Mincer-wage equation [42], i.e. it is postu-

lated that log-wages increase linearly with chronological age and decline linearly with chrono-

logical age squared. The wage measures productivity and the age terms are interpreted as

experience at work [42, 43]. With rising age, the squared term eventually becomes dominating

and causes productivity to decline. While it is plausible that the linear, positive effect of age

captures increasing productivity through experience, it is hard to understand why productivity

should decline because of “too much experience”. The decline of productivity with advancing

chronological age is more convincingly rationalized as a proxy of something else that causes

productivity to decline as workers grow older, namely declining health [44, 45]. Here, we

showed that this is indeed the case. Controlling for health deficits, the greatest positive contri-

bution to labor productivity comes from the chronologically oldest, i.e. the most experienced

workers.

Our findings suggest that physiological aging exerted a mildly negative impact on economic

growth during the period of observation. Controlling for age, health deficits of the average

worker increased by about 2 percent from 1990 to 2019 and combining this result with our

baseline growth-estimate from column (3) in Table 3 indicates that physiological aging is asso-

ciated with a reduction in GDP per working-age population of 2 × 1.5 = 3 percent. Since the

average economy in the world grew by about 40 percent from 1990 to 2019, i.e. by about 1.14

percent per year, this means that average annual growth would have been 0.1 percentage

points higher without physiological aging. This productivity effect appears to be rather mild in

light of recent macroeconomic studies on the effect of population aging on economic growth.

Most importantly, all regression results highlight that physiological aging and not chronologi-

cal aging is a drag on growth. Being chronologically old means being more experienced and

thus a greater share of elderly workers is conducive to productivity growth when health is con-

trolled for in the regressions.

Supporting information

S1 Appendix.

(PDF)

Acknowledgments

We thank David de la Croix, Jesus Crespo Cuaresma, Sebastian Vollmer, David Weil, and two

anonymous reviewers for useful comments. Holger Strulik conducted part of his research for

this paper as a fellow at the M.S. Merian—R. Tagore International Centre of Advanced Studies

“Metamorphoses of the Political: Comparative Perspectives on the Long Twentieth Century”

(ICAS:MP). All views expressed here are solely that of the authors.

PLOS ONE Physiological aging around the World

PLOS ONE | https://doi.org/10.1371/journal.pone.0268276 June 8, 2022 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268276.s001
https://doi.org/10.1371/journal.pone.0268276


Author Contributions

Conceptualization: Carl-Johan Dalgaard, Casper Worm Hansen, Holger Strulik.

Data curation: Casper Worm Hansen.

Formal analysis: Casper Worm Hansen, Holger Strulik.

Methodology: Carl-Johan Dalgaard, Casper Worm Hansen, Holger Strulik.

Supervision: Holger Strulik.

Writing – original draft: Carl-Johan Dalgaard, Casper Worm Hansen, Holger Strulik.

References
1. United Nations (2019). Annual Population Indicators. https://population.un.org/wpp/Download/

Standard/Interpolated/

2. Mitnitski A.B., Mogilner A.J., MacKnight C., and Rockwood K. (2002a). The accumulation of deficits

with age and possible invariants of aging. Scientific World 2, 1816–1822. https://doi.org/10.1100/tsw.

2002.861

3. Mitnitski A.B. and Mogilner A.J. and MacKnight C. and Rockwood K. (2002b). The mortality rate as a

function of accumulated deficits in a frailty index. Mechanisms of Ageing and Development 123, 1457–

1460. https://doi.org/10.1016/S0047-6374(02)00082-9

4. Mitnitski A., Song X., Skoog I., Broe G. A., Cox J. L., Grunfeld E., et al. (2005). Relative fitness and

frailty of elderly men and women in developed countries and their relationship with mortality. Journal of

the American Geriatrics Society 53(12), 2184–2189. https://doi.org/10.1111/j.1532-5415.2005.00506.x

PMID: 16398907

5. Mitnitski A.B, Song X., and Rockwood K. (2013). Assessing biological aging: the origin of deficit accu-

mulation. Biogerontology 14(6), 709–717. https://doi.org/10.1007/s10522-013-9446-3 PMID:

23860844

6. Mitnitski A., and Rockwood K. (2016). The rate of aging: the rate of deficit accumulation does not

change over the adult life span. Biogerontology, 17(1), 199–204. https://doi.org/10.1007/s10522-015-

9583-y PMID: 25972341

7. Rockwood K. and Mitnitski A. (2006). Limits to deficit accumulation in elderly people. Mechanisms of

ageing and development, 127(5), 494–496. https://doi.org/10.1016/j.mad.2006.01.002 PMID:

16487992

8. Rockwood K. and Mitnitski A.B., 2007. Frailty in relation to the accumulation of deficits. Journals of Ger-

ontology Series A: Biological and Medical Sciences 62, 722–727. https://doi.org/10.1093/gerona/62.7.

722

9. Blodgett J.M., Theou O., Howlett S.E., Wu F.C., and Rockwood K. (2016). A frailty index based on labo-

ratory deficits in community-dwelling men predicted their risk of adverse health outcomes. Age and Age-

ing 45(4), 463–468. https://doi.org/10.1093/ageing/afw054 PMID: 27076524

10. Hosseini, R., Kopecky, K. A., and Zhao, K. (2019). The Evolution of Health over the Life Cycle. Discus-

sion Paper.

11. Searle S.D., Mitnitski A.B., Gahbauer E.A., Gill T.M., and Rockwood K. (2008). A standard procedure

for creating a frailty index. BMC Geriatrics 8(1), 24. https://doi.org/10.1186/1471-2318-8-24 PMID:

18826625

12. Abeliansky A. and Strulik H. (2018). How we fall apart: Similarities of human aging in 10 European coun-

tries, Demography 55(1), 341–359. https://doi.org/10.1007/s13524-017-0641-8 PMID: 29357098

13. Abeliansky A., Erel D., and Strulik H. (2020). Aging in the USA: similarities and disparities across time

and space. Scientific Reports 10(1), 14309. https://doi.org/10.1038/s41598-020-71269-3 PMID:

32868867

14. Gordon E. H., Peel N. M., Samanta M., Theou O., Howlett S. E., and Hubbard R. E. (2017). Sex differ-

ences in frailty: a systematic review and meta-analysis. Experimental Gerontology 89, 30–40. https://

doi.org/10.1016/j.exger.2016.12.021 PMID: 28043934

15. Romero-Ortuno R., and Kenny R.A. (2012). The frailty index in Europeans: association with age and

mortality. Age and Ageing 41(5), 684–689. https://doi.org/10.1093/ageing/afs051 PMID: 22522775

16. Yang Y., Lee L.C. (2010). Dynamics and heterogeneity in the process of human frailty and aging: evi-

dence from the US older adult population. Journals of Gerontology Series B: Psychological Sciences

and Social Sciences 65(2), 246–255. https://doi.org/10.1093/geronb/gbp102

PLOS ONE Physiological aging around the World

PLOS ONE | https://doi.org/10.1371/journal.pone.0268276 June 8, 2022 15 / 17

https://population.un.org/wpp/Download/Standard/Interpolated/
https://population.un.org/wpp/Download/Standard/Interpolated/
https://doi.org/10.1100/tsw.2002.861
https://doi.org/10.1100/tsw.2002.861
https://doi.org/10.1016/S0047-6374(02)00082-9
https://doi.org/10.1111/j.1532-5415.2005.00506.x
http://www.ncbi.nlm.nih.gov/pubmed/16398907
https://doi.org/10.1007/s10522-013-9446-3
http://www.ncbi.nlm.nih.gov/pubmed/23860844
https://doi.org/10.1007/s10522-015-9583-y
https://doi.org/10.1007/s10522-015-9583-y
http://www.ncbi.nlm.nih.gov/pubmed/25972341
https://doi.org/10.1016/j.mad.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16487992
https://doi.org/10.1093/gerona/62.7.722
https://doi.org/10.1093/gerona/62.7.722
https://doi.org/10.1093/ageing/afw054
http://www.ncbi.nlm.nih.gov/pubmed/27076524
https://doi.org/10.1186/1471-2318-8-24
http://www.ncbi.nlm.nih.gov/pubmed/18826625
https://doi.org/10.1007/s13524-017-0641-8
http://www.ncbi.nlm.nih.gov/pubmed/29357098
https://doi.org/10.1038/s41598-020-71269-3
http://www.ncbi.nlm.nih.gov/pubmed/32868867
https://doi.org/10.1016/j.exger.2016.12.021
https://doi.org/10.1016/j.exger.2016.12.021
http://www.ncbi.nlm.nih.gov/pubmed/28043934
https://doi.org/10.1093/ageing/afs051
http://www.ncbi.nlm.nih.gov/pubmed/22522775
https://doi.org/10.1093/geronb/gbp102
https://doi.org/10.1371/journal.pone.0268276


17. Lachmann R., Stelmach-Mardas M., Bergmann M. M., Bernigau W., Weber D., Pischon T., et al.

(2019). The accumulation of deficits approach to describe frailty. PloS one, 14(10), e0223449. https://

doi.org/10.1371/journal.pone.0223449 PMID: 31613904

18. Gu D., Dupre M. E., Sautter J., Zhu H., Liu Y., and Yi Z. (2009). Frailty and mortality among Chinese at

advanced ages. Journals of Gerontology: Series B 64(2), 279–289. https://doi.org/10.1093/geronb/

gbn009 PMID: 19196691

19. Dalgaard, C. J., Hansen, C. W., and Strulik, H. (2018). Physiological Aging around the World and Eco-

nomic Growth. CAGE Discussion Paper No. 375.

20. O’Donovan M., Sezgin D., Kabir Z., Liew A., and O’Caoimh R. (2020). Assessing Global Frailty Scores:

Development of a Global Burden of Disease-Frailty Index (GBD-FI). International Journal of Environ-

mental Research and Public Health 17(16), 5695. https://doi.org/10.3390/ijerph17165695

21. Vos T., Lim S. S., Abbafati C., Abbas K. M., Abbasi M., Abbasifard M., et al. (2020). Global burden of

369 diseases and injuries in 204 countries and territories, 1990–2019: a systematic analysis for the

Global Burden of Disease Study 2019. The Lancet, 396(10258), 1204–1222. https://doi.org/10.1016/

S0140-6736(20)30925-9

22. Sala-i-Martin X., Doppelhofer G., and Miller R. I. (2004). Determinants of long-term growth: A Bayesian

averaging of classical estimates (BACE) approach. American Economic Review 94(4) 813–835.

https://doi.org/10.1257/0002828042002570

23. Acemoglu D., and Restrepo P. (2017). Secular stagnation? The effect of aging on economic growth in

the age of automation. American Economic Review, 107(5), 174–79. https://doi.org/10.1257/aer.

p20171101

24. Eggertsson G. B., Lancastre M., and Summers L. H. (2019). Aging, output per capita, and secular stag-

nation. American Economic Review: Insights 1(3), 325–42.

25. Human Mortality Database. University of California, Berkeley (USA), and Max Planck Institute for

Demographic Research (Germany). Available at https://www.mortality.org or https://www.

humanmortality.de (data downloaded on [October, 2020]).

26. Feenstra R.C., Inklaar R. and Timmer M.P. (2015). The next generation of the Penn World Table. Amer-

ican Economic Review, 105(10), 3150–3182. Available at https://www.rug.nl/ggdc/productivity/pwt/

(data downloaded on [September, 2021]). https://doi.org/10.1257/aer.20130954

27. World Bank, World Development Indicators. Available at https://databank.worldbank.org/source/world-

development-indicators. downloaded on [January, 2021]

28. Harttgen K., Kowal P., Strulik H., Chatterji S., Vollmer S. (2013). Patterns of frailty in older adults: com-

paring results from higher and lower income countries using the Survey of Health, Ageing and Retire-

ment in Europe (SHARE) and the Study on Global AGEing and Adult Health (SAGE). PLOS One 8(10),

e75847. https://doi.org/10.1371/journal.pone.0075847 PMID: 24204581

29. Theou O., Brothers T. D., Rockwood M. R., Haardt D., Mitnitski A., and Rockwood K. (2013). Exploring

the relationship between national economic indicators and relative fitness and frailty in middle-aged and

older Europeans. Age and Ageing 42(5), 614–619. https://doi.org/10.1093/ageing/aft010 PMID:

23443511

30. Gompertz B. (1825). On the nature of the function expressive of the law of human mortality, and on a

new mode of determining the value of life contingencies. Philosophical Transactions of the Royal Soci-

ety of London 115, 513–583. https://doi.org/10.1098/rstl.1825.0026

31. Barro Robert J., and Xavier Sala-i-Martin (1992). Convergence. Journal of Political Economy 100.2

(1992), 223–251.

32. Johnson S., Larson W., Papageorgiou C., and Subramanian A. (2013). Is newer better? Penn World

Table revisions and their impact on growth estimates. Journal of Monetary Economics 60(2), 255–274.

https://doi.org/10.1016/j.jmoneco.2012.10.022

33. Angrist, J. D., and Pischke, J. S. (2008). Mostly Harmless Econometrics. Princeton University Press.

34. Strehler B.L., Mildvan A. S. (1960). General theory of mortality and aging. Science 132(3418), 14–21.

https://doi.org/10.1126/science.132.3418.14 PMID: 13835176

35. Bloom, D., Canning, D., and Sevilla, J. (2003). The demographic dividend: A new perspective on the

economic consequences of population change. Rand Corporation.

36. WHO (2015) World Report on Ageing and Health. World Health Organization, Geneva.

37. Abeliansky A. and Strulik H. (2019). Long-run improvements in human health: Steady but unequal.

Journal of the Economics of Ageing 14, 100189. https://doi.org/10.1016/j.jeoa.2019.01.003

38. Gordon, R.J. (2016). The rise and fall of American growth: The US standard of living since the civil war.

Princeton University Press.

PLOS ONE Physiological aging around the World

PLOS ONE | https://doi.org/10.1371/journal.pone.0268276 June 8, 2022 16 / 17

https://doi.org/10.1371/journal.pone.0223449
https://doi.org/10.1371/journal.pone.0223449
http://www.ncbi.nlm.nih.gov/pubmed/31613904
https://doi.org/10.1093/geronb/gbn009
https://doi.org/10.1093/geronb/gbn009
http://www.ncbi.nlm.nih.gov/pubmed/19196691
https://doi.org/10.3390/ijerph17165695
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1257/0002828042002570
https://doi.org/10.1257/aer.p20171101
https://doi.org/10.1257/aer.p20171101
https://www.mortality.org
https://www.humanmortality.de
https://www.humanmortality.de
https://www.rug.nl/ggdc/productivity/pwt/
https://doi.org/10.1257/aer.20130954
https://databank.worldbank.org/source/world-development-indicators
https://databank.worldbank.org/source/world-development-indicators
https://doi.org/10.1371/journal.pone.0075847
http://www.ncbi.nlm.nih.gov/pubmed/24204581
https://doi.org/10.1093/ageing/aft010
http://www.ncbi.nlm.nih.gov/pubmed/23443511
https://doi.org/10.1098/rstl.1825.0026
https://doi.org/10.1016/j.jmoneco.2012.10.022
https://doi.org/10.1126/science.132.3418.14
http://www.ncbi.nlm.nih.gov/pubmed/13835176
https://doi.org/10.1016/j.jeoa.2019.01.003
https://doi.org/10.1371/journal.pone.0268276


39. Maestas, N., Mullen, K. J., and Powell, D. (2016). The effect of population aging on economic growth,

the labor force and productivity (No. w22452). National Bureau of Economic Research.

40. Aksoy Y., Basso H. S., Smith R. P., and Grasl T. (2019). Demographic structure and macroeconomic

trends. American Economic Journal: Macroeconomics 11(1), 193–222.

41. Cooley T., and Henriksen E. (2018). The demographic deficit. Journal of Monetary Economics 93,

45–62. https://doi.org/10.1016/j.jmoneco.2017.11.005

42. Mincer J. (1974). Schooling, Experience and Earnings. New York: Columbia University Press.

43. Card D. (1999). The causal effect of education on earnings. In: Handbook of Labor Economics ( Vol.

3, pp. 1801–1863). Elsevier. https://doi.org/10.1016/S1573-4463(99)03011-4

44. Skirbekk V. (2004). Age and individual productivity: A literature survey, Vienna Yearbook of Population

Research, 133–153. https://doi.org/10.1553/populationyearbook2004s133

45. Strulik H., and Werner K. (2016). 50 is the new 30—long-run trends of schooling and retirement

explained by human aging. Journal of Economic Growth 21(2), 165–187. https://doi.org/10.1007/

s10887-015-9124-1

PLOS ONE Physiological aging around the World

PLOS ONE | https://doi.org/10.1371/journal.pone.0268276 June 8, 2022 17 / 17

https://doi.org/10.1016/j.jmoneco.2017.11.005
https://doi.org/10.1016/S1573-4463(99)03011-4
https://doi.org/10.1553/populationyearbook2004s133
https://doi.org/10.1007/s10887-015-9124-1
https://doi.org/10.1007/s10887-015-9124-1
https://doi.org/10.1371/journal.pone.0268276

