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Implausibility of radical life extension in 
humans in the twenty-first century

S. Jay Olshansky    1  , Bradley J. Willcox2, Lloyd Demetrius3 & 
Hiram Beltrán-Sánchez4

Over the course of the twentieth century, human life expectancy at birth 
rose in high-income nations by approximately 30 years, largely driven by 
advances in public health and medicine. Mortality reduction was observed 
initially at an early age and continued into middle and older ages. However, 
it was unclear whether this phenomenon and the resulting accelerated rise 
in life expectancy would continue into the twenty-first century. Here using 
demographic survivorship metrics from national vital statistics in the eight 
countries with the longest-lived populations (Australia, France, Italy,  
Japan, South Korea, Spain, Sweden and Switzerland) and in Hong Kong and 
the United States from 1990 to 2019, we explored recent trends in death  
rates and life expectancy. We found that, since 1990, improvements 
overall in life expectancy have decelerated. Our analysis also revealed that 
resistance to improvements in life expectancy increased while lifespan 
inequality declined and mortality compression occurred. Our analysis 
suggests that survival to age 100 years is unlikely to exceed 15% for females 
and 5% for males, altogether suggesting that, unless the processes of 
biological aging can be markedly slowed, radical human life extension is 
implausible in this century.

Before the middle of the nineteenth century, life expectancy at birth 
for humans languished at low levels by today’s standards—between 
20 years and 50 years1. Improvements in survival were slow, punctu-
ated often by episodic pandemics, plagues and contagions. Advances 
in public health and medicine in the early twentieth century spawned a 
longevity revolution characterized initially by large and rapid increases 
in life expectancy at birth (e(0)). e(0) increased at an accelerated rate, 
from an average of 1 year every one or two centuries for the previous 
2,000 years to 3 years of life added per decade during the twentieth 
century (referred to a ‘radical life extension’). The variable pace of 
improvement in e(0) was influenced by geographic location, economic 
development and temporal factors2. This historic event began with 
reductions in early age mortality and continued later in the twentieth 
century with mortality improvements at middle and older ages3.

Given the profound influence of this longevity revolution on 
human society, one of the central questions in science, aging and 

public health today is: how much longer are humans capable of living? 
This is not a new question. Estimates of the highest theoretical life 
expectancy limits for national populations under optimal conditions 
is an exercise that dates back to the early twentieth century (for details, 
see Supplementary Note 1).

Accurately predicting future life expectancy trends holds impor-
tant implications for societal, health and economic policies. In the 
United States, longstanding policy discussions have been held to 
address the potential consequences of how modulating biologi-
cal aging could affect population demographics and related social 
institutions4–6. Accelerated population aging is already upon us; the 
absolute number of people reaching older ages continues to grow 
rapidly7; and the practical implications of such an intervention con-
tinue to deepen.

In 1990, it was hypothesized that humanity was approaching 
an upper limit to life expectancy (the limited lifespan hypothesis) in 
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extension occurred again at any time in this century, and how plausible 
is this scenario? (5) Has the distribution of death in the longest-lived 
populations (measured by lifespan inequality) compressed in the 
last three decades or has it been expanding and shifting uniformly to 
later ages?

Results
Has radical life extension occurred at any time since 1990?
Observed annual age-specific and sex-specific death rates and period 
life expectancy at birth from 1990 to 2019 (the latter year was chosen 
to eliminate the effects of coronavirus disease 2019 (COVID-19)) in the 
eight countries with the longest-lived populations (that is, Australia, 
France, Italy, Japan, South Korea, Spain, Sweden and Switzerland) and 
in Hong Kong and the United States were chosen for this analysis (dis-
played here are annual changes in e(0)). Data were derived from the 
Human Mortality Database16.

Using these data, we found that the only populations to experi-
ence the required 0.3-year annual improvement or 3.0-year decen-
nial improvement in life expectancy that operationally defines 
radical life extension (see Supplementary Note 2) were South Korea 
and Hong Kong17. In Hong Kong, this was largely due to economic 
prosperity and tobacco control but, even then, only from 1990 to 
2000 (Fig. 1). In every population, including Hong Kong, the most 
recent decade of change in life expectancy is slower than it was in the 
last decade of the twentieth century. In every population but Hong 
Kong and South Korea, the annual rise in e(0) has decelerated to below  
0.2 years annually.

The average increase in e(0) from 1990 to 2019 in Hong Kong and 
the eight countries with the longest-lived populations was 6.5 years. 
The United States is one of only a handful of countries documented 
to have experienced a lower life expectancy at birth at the end of 
any decade relative to the beginning of the same decade. This phe-
nomenon also occurred in the early and middle part of the twentieth 
century but was historically caused only by extreme events (for exam-
ple, the Spanish Flu and war-related deaths). In the United States, it 
was uniquely caused by a combination of increases in mortality at 

long-lived populations, as early gains from improved public health 
and medical care had largely been accomplished, leaving biologi-
cal aging as the primary risk factor for disease and death; the rate of 
improvement in life expectancy was projected to decelerate in the 
twenty-first century; and e(0) for national populations would not likely 
exceed approximately 85 years (88 for females and 82 for males) unless 
an intervention in biological aging was discovered, tested for safety 
and efficacy and broadly distributed8. These conclusions were later 
supported by observed mortality dynamics in the United States, France 
and Japan from 1990 to 20009.

Claims were subsequently made that this limited lifespan view did 
not take into account ongoing advances in medicine and biology, that 
radical life extension (operationally defined here as a 0.3-year annual 
increase in period life expectancy at birth based on historical improve-
ments in e(0) in long-lived populations in the twentieth century) had 
already begun10 or that it would soon occur due to the discovery and 
deployment of life-extending medical technologies and/or result from 
ongoing population-based improvements in behavioral risk factors11. 
It was further predicted that most newborns today will live to ages 
100-plus years12 and that ‘… there is simply no convincing evidence 
(demographic, biological or otherwise) of a lower bound on death 
rates other than zero’13.

Three decades have now passed since the limited lifespan hypoth-
esis was proposed. However, the debate continues between the limited 
lifespan and the radical lifespan extension hypotheses. In the present 
study, we used standard demographic survivorship metrics14,15 from 
the eight countries with the longest-lived populations and from the 
Special Administrative Region (SAR) of Hong Kong and the United 
States, from approximately 1990 to 2019, to address which hypothesis 
about human longevity is supported by these data. We then used this 
analysis to predict whether radical life extension is likely to occur again 
in this century. We used twentieth century increases in e(0) as a historical 
frame of reference.

In this analysis, we addressed the following questions. (1) Has 
radical life extension occurred at any time in the world’s longest-lived 
populations and in the United States from 1990 to 2019? (2) Is it plausi-
ble that most newborns today will live to age 100 years? (3) What is the 
rate of change in future mortality rates required to raise life expectancy 
at birth by 1 year? (4) What must human survival look like if radical life 
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Fig. 1 | Average annual change in life expectancy at birth (in years), by decade, 
in nine populations with the highest life expectancy and the United States: 
1990s, 2000s and 2010s. Source: Human Mortality Database (2019 complete life 
tables by sex). Threshold annual improvement in life expectancy at birth of 0.3% 
is required to demonstrate that radical life extension has been or is occurring. 
The rate of improvement in life expectancy at birth has decelerated in every 
population except Hong Kong. The dashed line indicates the average annual 
change in e(0) associated with ‘radical life extension’.
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Fig. 2 | Observed percent survival to age 100 (males and females) in the 
eight countries with the longest-lived populations and in Hong Kong and 
the United States (1990–2019). Each line represents the proportion of each 
population in an annual life table who would survive to age 100 from 1990 to 2019.
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middle ages18 during the period 2010–2019 and then exacerbated by  
COVID-19 in 2020.

Predicting survival to age 100
Percentage survival to age 100 was derived from the l(x) (survivor-
ship) columns of complete life tables for all nine countries and  
Hong Kong using period life tables in 2019 published by the Human 
Mortality Database.

In these populations, we found that the average probability of cur-
rent birth cohorts surviving to age 100 is 5.1% for females and 1.8% for 
males (Fig. 2). The highest population-specific probability of surviving 
to 100 occurred in Hong Kong where 12.8% of females and 4.4% of males 
are expected to reach age 100 in their lifetime based on life tables from 
2019. Across these eight countries with the longest-lived populations 
and in Hong Kong and the United States, we found no population that 
comes close to 50% survival to age 100 (Fig. 2).

Reduction in mortality required to raise e(0) by 1 year
The reduction in total mortality required to yield identical 1-year 
increases in e(0) is based on data from the Human Mortality Database 
for the populations evaluated here. The percentage reductions were 
derived by reducing total mortality at all ages, in each country, from 
as far back as 1750 (when the data existed) to 2019 until e(0) increased 
by 1 year.

In Hong Kong and all nine countries evaluated here, we found that 
the percentage reduction in total mortality required to raise e(0) by 
1 year has actually increased relative to 1990 (Fig. 3).

As an illustration of the conditions present in most long-lived pop-
ulations, we used period life tables for Japan in 2019 to calculate how 
much total mortality would have to decline, by gender, to experience 
a 1-year increase in e(0). If e(0) for females reaches 88 years in countries 
with long-lived populations, the magnitude of the reduction in death 
rates would be stark. Mortality from all causes at all ages required to 
raise life expectancy to 89 years for females would be 20.3%. For males, 
a rise from 82 years to 83 years would require a reduction in total mor-
tality at every age of 9.5%.

The demographic rationale and the analytic derivation of lifes-
pan metrics were derived from complete life tables published by the 
Human Mortality Database from 1950 to 2019. They include the log of 
e(0)—calculated as a function of life table entropy (H*) and lifespan ine-
quality (Φ*) in accordance with equation (1), as shown in the Methods 

section. We estimated life table entropy using standard demographic 
techniques14,15,19,20.

The metrics that measure life table entropy (the dynamics of lifes-
pan) are illustrated for the populations evaluated here from 1950 to 
2019 in Figs. 4 and 5a,b.

First, our analysis showed that the log of life expectancy at birth 
(log e(0)) increased continuously from 1950 through 2019 in all popu-
lations assessed (Fig. 4). This occurred at the same time period that 
life expectancy at birth decelerated in all countries with long-lived 
populations and maximum lifespan stagnated21.

Second, we found that the metric of life table entropy (H*) increased 
steadily from 1990 to 2019 (Fig. 5a). This likely occurred for a variety 
of reasons that are expected in humans: better health conditions, 
improved risk factors, medical technology, etc. However, H* increased, 
converged and stabilized at a common higher level in all long-lived 
populations, demonstrating that the force of life table entropy as a limit-
ing force on rising life expectancy is greater today than it was in 1990.
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Fig. 3 | Percentage reduction in death rates from all causes at all ages required 
to raise period life expectancy at birth by 1 year, males and females  
(1750–present). The panel on the left illustrates how much death rates from 

all causes at all ages are required to decline for females to add 1 year to life 
expectancy at birth; the panel on the right shows the same results for males. The 
black vertical lines are indicators of beginning of a century.
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Fig. 4 | Annual change in the log of life expectancy at birth in ten populations 
from 1950 to 2019. Shown is the log of life expectancy at birth in the eight 
countries with the longest-lived populations and in Hong Kong and the United 
States (1950–2019).
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Third, we evaluated lifespan inequality (also known as lifespan 
variation, Φ*)20. When Φ* declines, this represents empirical evi-
dence that the mortality/survival distribution is compressing and the 
rise in life expectancy may be decelerating; when Φ* increases, this 
represents empirical evidence that the mortality/survival distribu-
tion is extending to later ages and the rise in life expectancy may be 
accelerating. As shown here (Fig. 5b), for the 69-year period from 
1950 to 2019, Φ* declined uniformly and consistently in all long-lived 
populations, at the same time life expectancy was rising. This fact 
demonstrates that age at death has, in fact, been compressing into 
a shorter window of time at the outer reaches of human survival. It is 
theoretically possible for future mortality distributions to shift toward 
later ages, but the evidence is not supportive. Life expectancy has not 
increased since 1990 at a rate that defines radical life extension, nor 
is it likely to do so unless breakthroughs occur in retarding the rate of  
human aging.

Survival dynamics required for radical life 
extension
We generated a hypothetical survival distribution assuming radical 
life extension occurs again and e(0) rises to 110 years, using data from 

the Human Mortality Database for a population of Japanese females 
observed in 2019.

If e(0) were to hypothetically reach 110 years, death rates at all ages 
from all causes of death combined—up to age 150 years (for example, 
decades beyond the observed survival distribution for humans)—would 
need to be 88% lower than the observed death rate at age 109 in Japan 
in 2019. This level of mortality would require the complete cure or 
elimination of most major causes of death that exist today.

Our analyses demonstrate that a second wave of radical life exten-
sion, yielding a life expectancy at birth of 110 years at any time in the 
future, requires survival to age 100 by about 70% of females (Fig. 6, A). 
Survival to the age of 122.45 years—the maximum lifespan observed 
for humans as determined by the documented survival of Jeanne 
Calment, who died in 1997 (ref. 22)—would need to be achieved by 
over 24% of females to observe a life expectancy at birth of 110 years  
(Fig. 6, B). Radical life extension would also require about 6% of females 
to survive to ages 150-plus—28 years beyond the observed documented 
longest-lived human in history (Fig. 6, C).

Composite lowest age-specific and sex-specific 
death rates (2019)
A composite complete mortality schedule for humans (and related 
period life tables from ages 0–109 years for males and females) was 
compiled using the lowest age-specific and sex-specific mortality 
observed among all countries in the world based on period life tables 
published by the Human Mortality Database for 2019.

The life expectancy at birth associated with these composite mor-
tality schedules as of 2019 is 88.68 years for females and 83.17 years 
for males. Higher potential life expectancies of 91.6 years for females 
and 86.1 years for males were estimated by Canudas-Romo et al.23 for 
the year 2039.

We found that the composite highest life expectancy mortality 
schedules in 2019 yield 13.9% survival to age 100 for females and 4.5% 
for males.

If death rates were zero from birth through age 50, the composite 
highest life expectancy at birth would be 89.7 for females and 84.7 for 
males. That is, reducing death rates to zero for the first 50 years of 
life adds 1.0 years to the composite most favorable life expectancy of 
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Fig. 5 | Life table entropy and lifespan inequality in all ten populations with 
the longest-lived populations (1950–2019). a, Annual changes in life table 
entropy for all 10 populations from 1950 to 2019. b, Annual changes in lifespan 
inequality for the same populations and time periods.

0

1,000

2,000

3,000

4,000

5,000

6,000

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 10
1

10
5

10
9

11
3

11
7

12
1

12
5

12
9

13
3

13
7

14
1

14
5

14
9

Distribution of death with radical life extension
and for Japanese females (2019)

Japanese females (2019)

Age (years)

N
um

be
r o

f d
ea

th
s 

in
 a

 li
fe

 ta
bl

e 
co

ho
rt

Radical life
extension

A

B
Age of Jeanne
Calment:
122.45 years

C

Fig. 6 | Required survival dynamics to ages 100, 122 and 150 for Japanese 
females and with radical life extension. Evidence for radical life extension 
requires a mortality distribution that is dramatically different from observed 
mortality distributions observed among the longest-lived human populations 
(denoted by A). A mortality distribution for a population experiencing radical 
life extension today requires just over one-fourth of the birth cohort surviving 
beyond the age of the maximum lifespan for the species (denoted by B). 
Approximately 6–7% of the birth cohort would need to survive to age 150 to 
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females and 1.5 years to the composite most favorable life expectancy 
of males.

This composite set of death rates is nearly identical to a ‘best 
practice’ life expectancy used to justify forecasts of much higher life 
expectancies than those observed today24. Breaking through to death 
rates below those shown here at ages 0–65 to levels sufficient to have a 
meaningful influence on life expectancy at birth is viewed as implausi-
ble given observed trends in death rates at these ages in the past three 
decades in the longest-lived populations in the world.

Death rates beyond age 65 years can still plausibly go lower than 
the composite lowest death rates shown here25, but the magnitude 
of such declines would have to accelerate across time to generate 
an increase of 3 years per decade to reach the formal definition of 
radical life extension. This accelerated mortality improvement at older 
ages has not happened in the last three decades. Although a formally 
defined mortality floor cannot as yet be operationalized at older ages, 
there is evidence to suggest that such a floor does indeed exist, and 
it is not likely too far from the best practice composite death rates 
published here and by multiple other research teams that explore 
death rates and life expectancy for humans under optimal conditions  
(Supplementary Note 1).

Discussion
More than three decades have passed since predictions were made 
about the upper limits to human longevity. Evidence presented here 
based on observed mortality trends in the worldʼs eight longest-lived 
populations and in Hong Kong and the United States, and metrics of 
life table entropy, indicate that it has become progressively more dif-
ficult to increase life expectancy. The life table indicators are not only 
still operational; they are, in fact, a stronger limiting factor to rising 
e(0) today than they were in the late twentieth century. Although some 
countries have approached or reached the ‘limits’ to life expectancy that 
we hypothesized decades ago8, we found that, even in these countries, 
the rate of improvement in life expectancy has decelerated.

At ages 65 and older, the observed average rate of improvement 
in old-age mortality in the longest-lived populations evaluated here 
was 30.2% from 1990 to 2019. The impact of this level of mortality 
improvement, if experienced again over the next three decades, would 
yield only a 2.5-year increase in e(0). This is a fraction of the 3-year per 
decade (for example, 8.7-year increase from 1990 to 2019) gain in life 
expectancy predicted by those claiming that radical life extension was 
forthcoming or already here10. That is, old-age mortality has not been 
declining since 1990 at a pace that is even close to the rate of improve-
ment required to achieve radical life extension in this century.

It is worth noting that radical life extension as defined here may 
occur in this century in some of today’s low-income or middle-income 
nations. This would be a product of experiencing the first longevity 
revolution in which death rates at younger and middle ages can still 
be reduced dramatically.

The importance of a mortality floor (referred to as a soft limit that 
can be breached by medicine and public health advances) shown here 
should be considered carefully by insurance companies and actuarial 
firms tasked with forecasting mortality improvement factors. These 
impact current carriers of life insurance and also the valuation of cur-
rent and future insurance applicants’ policies26. If mortality improve-
ment assumptions generated by organizations involved in survival 
forecasts yield age-specific and sex-specific death rates below the 
thresholds shown in Supplementary Table 1, justification for breaking 
through the current mortality floor should be required.

Moreover, as shown in Fig. 5a,b and equation (1), the logarithm of 
life expectancy can be decomposed into the sum of two terms where 
the first, life table entropy, is the dominant component in mortal-
ity improvements and the rise in life expectancy. When forecasting 
assumptions about life expectancy are based on a linear increase from 
past trends, then, by definition, the rate of improvement in death rates 

must accelerate, and metrics of life table entropy must improve accord-
ingly. Our empirical measures of the rate of change in life expectancy 
and life table entropy in the current analysis demonstrate that this is 
not the case.

This means that extrapolating the metric of life expectancy from 
the past into the future is likely to yield overestimates of e(0) and sur-
vival, because this method of forecasting ignores the fundamental 
relation between life expectancy and the demographic metrics of 
life table entropy and lifespan inequality described here. This is why 
forecasts of longevity should be based on anticipated changes in death 
rates rather than linear projections of the metric of life expectancy.

There are limitations to this study, in particular related to the 
future. First, there can be no dispute that life expectancy improvements 
have decelerated since 1990. Our analysis clearly demonstrates that 
this finding runs counter to predictions that it was going to accelerate. 
Where uncertainty remains is how much more survival time can be 
manufactured with the disease model that now prevails (shown here 
to have a declining influence on life expectancy) and the far greater 
uncertainty associated with future improvements in survival that may 
result from the deployment of gerotherapeutics or other advances in 
medicine that cannot be conceived of today. Because radical lifespan 
extension brought forth by yet-to-be-developed medical advances can-
not be empirically evaluated over short timeframes, a limitation here 
(and within the field of aging in general) is that it is difficult to justify 
any numerical estimate of their future influence on life expectancy.

Although limits to human life expectancy were discussed 
previously27, it is important to note that these limits do leave room for 
such advances in medicine (treating disease or targeting the under-
lying causes of aging28,29 and improved behavioral risk factors) that 
could further improve mortality at older ages (that is, these limits 
are not brick walls10 for longevity). Importantly, these limits should 
not be interpreted from an evolutionary perspective to mean that 
there is no longevity value in achieving grandparenthood30,31, that 
the post-reproductive period should necessarily be short32 or that 
the occurrence of chronic conditions of aging are driven by a force of 
selection to just beyond the upper edge of the reproductive window, in 
accordance with the antagonistic pleiotropy, mutation accumulation 
and disposable soma hypotheses33–35.

A naturally occurring life expectancy of a human population in the 
absence of any form of medical intervention throughout the course 
of life is unknown, but it would be expected to be far below the life 
expectancies observed in high-income nations today. As such, recent 
increases in e(0) are likely to be a result of the addition of what has been 
referred to as manufactured time—survival time brought forth by 
medical and public health interventions9.

The notion of a limit to life expectancy present today represents 
something akin to a glass mortality floor or a second soft limit to longev-
ity that has become increasingly less sensitive to modifications through 
the treatment of diseases but that should be amenable to modification 
through changes in the rate of biological aging. The evidence presented 
here indicates that humans are approaching a second soft limit—using 
the very criteria set forth by those who have argued for the last three 
decades that either there is no limit to human longevity or, if there is 
one, it was not then in sight (Supplementary Note 3).

Forecasts about radical life extension in humans thought to be 
occurring now or projected to do so in the near term have already influ-
enced the operations and financial structure of multiple industries36. 
Results presented here indicate that there is no evidence to support 
the suggestion that most newborns today will live to age 100 because 
this would first require accelerated reductions in death rates at older 
ages (the exact opposite of the deceleration that has occurred in the 
last three decades). Furthermore, even if the 30.2% improvements in 
mortality in the 65-and-older population observed to have occurred 
in high-income nations from 1990 to 2019 occurred again, only a small 
fractional increase in survival to age 100 would ensue. Changes in 
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existing institutions that rely on lifespan estimation, such as retire-
ment planning37 and life insurance pricing constructed with a 100-year 
lifespan assumption as its foundation, are likely to be overestimating 
survival by a wide margin for most people38.

It would be optimistic if 15% of females and 5% of males in any 
human birth cohort could live to age 100 in most countries in this 
century (even if any of the recently estimated composite best practice 
death rates are achieved under optimal conditions)—a limit that could 
theoretically be breached but only if gerotherapeutics are developed 
that slow biological aging. Even then, survival to age 100 for most 
people is not a certainty.

At a practical level, it is not feasible to test whether any current or 
future gerotherapeutic could extend human lifespan to over 100 years 
because of the time required to empirically verify life-extending prop-
erties of this magnitude. In fact, the efforts of the National Institute on 
Aging Interventions Testing Program (ITP) demonstrated that potential 
therapies have limited efficacy in safely extending mouse lifespan. Of 
50 compounds so far tested, only 12 have increased lifespan (in either 
sex), none by more than 15% (ref. 39).

Increases in life expectancy at birth in countries with long-lived 
populations should not be confused with anticipated increases in the 
absolute number of people reaching older ages in this century40. The 
rising prevalence of older cohorts will accelerate across the globe in this 
century as a byproduct of larger birth cohorts born during the twenti-
eth century41 moving up the age structure and as a result of improve-
ments in survival at extreme old age due to medical advances. Large 
increases in the centenarian population across the globe, for example, 
can reliably be predicted to start in 2042, as this will mark the 100-year 
anniversary of the beginning of the post–World War II baby boom.

It is suggested here that humanity’s battle for a long life has largely 
been accomplished. This is not a pessimistic view of a longevity game 
over or that further mortality improvements at all ages (especially at 
older ages) are no longer possible or that healthspan can no longer be 
improved through risk factor modification or reductions in survival 
inequalities. Rather, it is a celebration of more than a century of public 
health and medicine successfully allowing humanity to gain the upper 
hand on the causes of death that have, thus far, limited human lifespan.

The evidence presented here indicates that the era of rapid 
increases in human life expectancy due to the first longevity revolu-
tion has ended (Supplementary Note 4). Given rapid advances now 
occurring in geroscience42, there is reason to be optimistic that a second 
longevity revolution is approaching in the form of modern efforts to 
slow biological aging, offering humanity a second chance at altering 
the course of human survival. However, until it becomes possible to 
modulate the biological rate of aging43 and fundamentally alter the 
primary factors that drive human health and longevity44, radical life 
extension in already long-lived national populations remains implau-
sible in this century.

Methods
Demographic survivorship metrics
The link between improvements in age-specific death rates and life 
expectancy at birth (e(0)) is based on the following fundamental char-
acterization, namely:

log e(0) = H∗ −Φ
∗ (1)

where H* denotes life table entropy, and Φ* is the lifespan inequality.
The analytic expression for these concepts was first developed 

more than a half century ago15; the lifespan inequality was later applied 
in an influential study of human longevity by gender45, followed more 
recently by a comprehensive review of these various metrics14.

The central parameters in the study of the age–survivorship func-
tion l(x) are as follows: the mean lifespan, the life table entropy and the 
lifespan inequality.

The mean lifespan is given by

e(0) = ∫ l(x)dx

The life expectancy e(0) can be expressed in terms of the ‘Entropy’ func-
tion H*, and an indicator of the distribution of ages at death (lifespan 
inequality) Φ*, with the following relationship:

H∗ = −∫( l(x)e(0)
) log ( l(x)e(0)

)dx; Φ
∗ = −∫( l(x)e(0)

) log l(x)dx

Empirical studies20,46 of these life table metrics, as illustrated in 
Figs. 4 and 5a,b, are consistent with the following expected changes 
in the life table parameters during a time when a population’s health 
status is improving.

	(i)	 Life expectancy at birth, e(0), should increase.
	(ii)	 Life table entropy, H*, a positive correlate of the mean lifespan 

under ideal conditions, should increase.
	(iii)	 Lifespan inequality, Φ*, should decrease.

These three principles, and the fundamental linkages among the 
three metrics expressed in equation (1), indicate that radical changes 
in lifespan, as defined here, are contingent upon the rates at which the 
life table entropy and lifespan inequality change over time. We invoke 
these principles to empirically evaluate the plausibility of radical lifes-
pan extension in long-lived populations.

Observed annual age-specific and sex-specific death rates and 
period life expectancy at birth from 1950/1990 to 2019 (the latter year 
was chosen to eliminate the effects of COVID-19) were used in this study. 
Data were derived from the Human Mortality Database that include the 
longest-lived populations in the world. The longest-lived populations 
chosen for this analysis were Australia, France, Hong Kong, Italy, Japan, 
South Korea, Spain, Sweden and Switzerland. If radical life extension 
has been occurring since 1990, it would most likely be observable 
in these populations. The United States was included because some 
scientists made specific predictions about radical life extension in 
this country.

Period life tables are preferred as the frame of reference because 
contemporary cohort life tables are accompanied by assumptions 
about future death rates (especially at older ages), and it is these very 
assumptions that are the subject of inquiry in this analysis.

Definition of radical life extension
The dramatic increase in life expectancy in humans occurred mostly 
during the twentieth century. In the populations evaluated here 
using data from the Human Mortality Database, the annual rate of 
increase in e(0) for males and females combined from 1900 to 2000 
was about 0.33. Of note, there was considerable variation in the 
timing with which these improvements in life expectancy occurred 
across these populations in the twentieth century (for example, the 
Japanese, Hong Kong and South Korean populations concentrated 
their large increases in life expectancy only in the last quarter of the 
twentieth century). Thus, a 0.3-year annual rate of improvement in 
e(0) is considered a conservative operational definition of radical  
life extension.

Survival distribution with e(0) of 110 years
A hypothetical survival distribution assuming radical life extension 
occurs again and e(0) rises to 110 years was estimated using the follow-
ing data and assumptions. (1) Data were drawn from a population of 
Japanese females observed in 2019 from the Human Mortality Data-
base—intended to be representative of any long-lived population. (2) 
Period life expectancy at birth was assumed to rise to 110 years at an 
unspecified date in the future (which, in this case, was a 22.54-year 
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increase from female life expectancy at birth observed in Japan in 2019). 
(3) Death rates at ages 110–150 years were assumed to remain constant 
at the level observed at age 109 in 2019 but then reduced proportionally 
in accordance with (4). (4) Death rates were reduced equally at all ages 
(including from ages 109–150) until e(0) reached 110. The estimated life 
table with radical life extension was closed at age 150.

Composite mortality schedule
A composite complete mortality schedule for humans (and related 
period life tables from ages 0–109 for males and females) was compiled 
using the lowest age-specific and sex-specific mortality observed 
among all populations in the world based on period life tables pub-
lished by the Human Mortality Database for 2019. More recent years, 
although available in many cases, were not used as a way to avoid the 
negative influence of COVID-19 on the composite lowest mortality 
schedules.

Statistics and reproducibility
The results of the analyses presented here may be replicated using 
the data from the cited sources and the formulas presented above. 
The national vital statistics data for the nine countries and Hong Kong 
represent entire resident populations; data were not excluded from 
the analyses. The researchers were not blinded to the datasets during 
analysis. The population sizes for the populations evaluated ranged 
from a low of 7.3 million for Hong Kong to a high of 339 million for the 
United States.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data required to replicate the findings presented here include the 
Human Mortality Database (https://mortality.org/). All data supporting 
the findings of the study are available from the corresponding author 
upon reasonable request.
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