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Abstract

Empirical research on human mortality and extreme longevity suggests that the risk of
death among the oldest-old ceases to increase and levels off at age 110. The universality of
this finding remains in dispute because of two main reasons: i) high uncertainty around sta-
tistical estimates generated from scarce data, and ii) the lack of country-specific compari-
sons. In this article, we estimate age patterns of mortality above age 105 using data from
the International Database on Longevity, an exceptionally large and recently updated data-
base comprising more than 13,000 validated records of long-lived individuals from eight
populations. We show that, in all of them, similar mortality trajectories arise, suggesting that
the risk of dying levels off after age 105. As more high-quality data become available, there
is more evidence in support of a levelling-off of the risk of dying as a regularity of longevous
populations.

Introduction

Several regularities are associated with human mortality. It is broadly accepted, for instance,
that the risk of death starts growing exponentially with age at early adulthood [1]. However, at
the frontier of human longevity, we are challenged by the limits of demographic knowledge.
The trajectory of the risk of dying at extreme old ages is one of the demographic patterns that
is most often questioned in evolutionary theories of aging [2—6] mathematical models [7-9]
and empirical studies [10-14]. The identification of regularities in mortality patterns among
the oldest-old has profound implications for societies and health sciences [15], and it can radi-
cally reshape evolutionary thinking [16]. In this article, we examine an unprecedentedly large
and reliable dataset of the longest-lived individuals to evaluate whether a universal pattern of
human longevity emerges at extreme old ages, thereby, providing new insights into and a bet-
ter understanding of the biological mechanisms of human aging.

Previous empirical research on extreme longevity has led to opposing standpoints. Some
scholars have suggested that there is a mortality plateau after age 110, estimating a constant
risk of death of 0.70 after that age, which corresponds to an annual probability of dying of
about 0.5 [10, 11]. Those results, however, have been questioned, based on: i) high uncertainty
around the estimates, given the small number of observations (usually not exceeding 1,000
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records), and ii) on the aggregation of populations, thereby masking regional and country
specificity [12, 14]. Recently, a sample of 3,836 Italian semi-supercentenarians (individuals
aged 105 years or older) has been used to show that the risk of dying reaches or closely
approaches a plateau after age 105 [17]. This is an important result because it demonstrates a
mortality plateau for a single country. Skepticism about the finding still prevails, however;
mainly based on the statistical model chosen to evaluate the trajectory of the risk of dying [18-
20].

As people live longer, and more individuals reach exceptionally advanced ages, larger data-
sets on the oldest-old become available. Key among them is the International Database on
Longevity (IDL), which is the result of an unprecedented collaboration between statistical
offices from different countries, demographers, gerontologists and experts on longevity [21].
The database, which was first launched in 2010, provided detailed information on 672 exhaus-
tively validated cases of supercentenarians (individuals aged 110 or older) from a number of
countries [22]. In 2020, the IDL was updated and it now provides additional high-quality data
on individuals who survived to age 105, increasing the sample size to more than 13,000 records
[23].

In this article, we examine data from eight populations included in the IDL that report vali-
dated records of all individuals aged 105 and above: France, Germany, Belgium, the United
States, Denmark, Quebec, Austria and Norway. Apart from Quebec, all of them are nationally
representative. For the United States, we start the analysis at age 110 because available data
before that age is not country-representative [23]. We use a fully non-parametric framework
to estimate the age trajectories of the risk of dying (see Materials and Methods for details).
Although comparisons are more meaningful among countries with larger populations, the
estimation of the risk of dying (i.e. mortality hazard) is still possible in the eight populations
studied. Differences in population sizes are reflected in the size of the confidence intervals of
the estimated hazards.

Our analyses represent three major contributions. First, the uncertainty around the esti-
mates of the risk of dying is substantially reduced, by virtue of the large amount of high-quality
data included in the analysis. Second, the exceptionally large dataset enables us to assess, for
the first time, country-specific trajectories in the risk of dying above age 105. Third, our esti-
mates are purely data driven; no model structure is imposed on the age patterns of mortality.
These are three compelling features of our study that were neither achieved in previous studies
of supercentenarians [12, 14], nor applied to datasets where the scarcity of data was overcome
by aggregating populations [10, 11]. According to the hypothesis that there is a mortality pla-
teau at extreme ages [10, 17], a leveling-off in the risk of dying is expected to arise as a regular-
ity in all the populations analyzed.

Results

Fig 1A shows the ages at last observation for all individuals included in the analysis. A rapid
decrease in the number of individuals over age is observed: from 6,018 observations between
ages 105-106 to 326 individuals above age 110, up to the longest documented lifespan-
achieved by Jeanne Calment-who died at the age of 122 years and 164 days [24]. This pattern
suggests an exponential decline in the number of survivors, which might thus call for an
underlying constant risk of dying (i.e. mortality plateau). However, much heterogeneity is hid-
den in the main histogram of Fig 1 A, because the number of observations is not evenly shared
by countries and sexes. Females, for example, account for 90% of the data.

The insets of Fig 1B provide details on the distribution of observations by country. France
accounts for the largest share in the IDL, with 9,853 observations (8,990 females and 863
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Fig 1. Histograms of individuals who reached age 105 reported in the International Database on Longevity, disaggregated by sex and observational scheme. (A)
Histogram depicting the distribution of ages at last observation for all countries combined. (B) Close up to the distribution of ages at last observation by country and
region. Red bars represent females and blue bars represent males. When the exact age at death is known, we regard an individual as fully observed and it is represented
by solidly colored bars. Conversely, partially observed individuals are those whose exact date of death is unknown (e.g., right-censored or interval-censored) and they
are depicted with lighter-colored bars. Birth cohorts of individuals included in the analysis are indicated below each country name.

https://doi.org/10.1371/journal.pone.0253940.g001

males) from birth cohorts 1870-1912. Germany and Belgium show 970 and 859 observations,
respectively, which represent about one-tenth of the population size in France. The United
States also exhibits a large population size (504 individuals above age 110); however, all of its
records are only partially observed, given that the exact dates of birth are not reported for
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Fig 2. Risk of dying between ages 105 and 113 with 95% empirical confidence intervals for females. The estimation of the risks of dying and empirical confidence
intervals was performed using a fully non-parametric approach and by considering the observations schemes in each country. The risk of dying is expressed in age
intervals of six months. Population size is indicated at the top-left corner of each panel. The darker the shade of the dot plot, the greater the number of survivors at every
specific age (i.e. subjects exposed to the risk of dying). For example, at age 105, there were 8,990 French females exposed to the risk of dying. At age 113, only 18 survived.

https://doi.org/10.1371/journal.pone.0253940.9002

confidentiality reasons [23]. We performed non-parametric imputation of birthdates to pro-
duce mortality estimates for the United States (see Materials and Methods). Finally, Denmark,
Quebec, Austria and Norway each account for 200-400 observations. Despite the fact that the
populations analyzed are all of different sizes, the distributions of individuals by age are similar
across countries (Fig 1B). This indicates that a rapid decrease in the number of individuals

over age, shown in Fig 1A, is a regularity of longevous populations.

Fig 2 displays the risk of dying from ages 105 to 113 and 95% empirical confidence intervals

(CI) for females. The risk of dying is expressed in age intervals of six months. In France, the
risk of dying is 0.64 (95% CI 0.62-0.67) at age 105, and slowly increases toward values of about
0.8 at age 110. The large number of documented cases narrows confidence intervals between
ages 105 and 110. The low uncertainty around the country-specific estimations of the risk of

dying around these ages was never achieved in any previous study of extreme longevity [10,

11, 17].

PLOS ONE | https://doi.org/10.1371/journal.pone.0253940  July 14, 2021

4/9


https://doi.org/10.1371/journal.pone.0253940.g002
https://doi.org/10.1371/journal.pone.0253940

PLOS ONE

Regularities in human mortality after age 105

A similar pattern to that found in France is replicated for the other female populations: the
risk of death ranges between 0.6 and 0.7 at age 105 and goes up slightly, approaching values of
around 0.8. These regularities are more evident in Germany and Belgium, where the number
of observations is considerably large. In the United States, the risk of dying also oscillates
between 0.6 and 0.8 after 110. Estimates for Denmark, Quebec, Austria and Norway also fluc-
tuate between 0.6 and 0.8 from ages 105-110. However, confidence intervals in these popula-
tions are wider, because the number of observations is much smaller than in the other
countries (e.g., France or Germany).

For males, the estimation of the risk of dying was only possible in France. As shown in S1
Table in S1 File, mortality patterns between 105 and 110 in French males are somewhat similar
to the ones found in female populations. Male survivors older than 105 years in the other pop-
ulations are too few (less than 100) to produce reliable estimations. Similarly, in any popula-
tion (females and males), the number of individuals aged 113 and above are too few to
produce reliable estimates. The lack of observations hinders the assessment of the age pattern
of mortality past this age [25].

Finally, we performed two sensitivity analysis to test the robustness of our results. First, we
reduced the age interval from six to three months (see S1 Fig in S1 File). The trajectories of the
risk of dying are very much alike in both cases. This indicates that our results do not depend
on the size of the age interval. Second, we calculated the risk of dying for the total population
(i.e. adding up data for males and females, see S2 Fig in S1 File). The trajectory of the risk of
dying for the total population is almost identical to the one depicted by females, which account
for most of the observed cases. This analysis entails that the results shown in Fig 2 clearly
depict the trajectories of the risk of dying above age 105 for all the populations analyzed here.
Our results are also coherent with the age-pattern of risk of dying occurring prior age 105 (see
S3 Figin S1 File).

Discussion

While it is true that population size and observation schemes play an important role in reduc-
ing the uncertainty around mortality estimates [10], our findings provide evidence of regulari-
ties in the age pattern of mortality after age 105: none of the populations analyzed in this study
indicate a rapid increase in the mortality hazard after age 105.

Our results are in stark contrast to previous studies that argue that the levelling-off in the
risk of death among the oldest-old is only observed when less accurate data are analyzed, and
that more recent and reliable data depict a steady increase in the mortality risk [12, 14].
Indeed, data from recent cohorts (e.g. after 1910) are not included in the analysis for most of
the countries because they are not yet available through the IDL [21]. We foresee that the
inclusion of such data would have increased considerably the number of records, thereby,
reducing the uncertainty in the estimates of the risk of dying in populations were confidence
intervals are large.

A wide range of theoretical models from various mathematical perspectives (e.g., Markov
chains, Weiner processes, frailty models, directionality theory and other stochastic matrix
models) have been proposed to describe the mechanisms behind mortality plateaus that were
previously found in several species [2-9, 20, 26]. A common factor among these models is
their support for the asymptotic convergence of the risk of dying toward a constant at the
extreme end (i.e. mortality plateau). The asymptotic convergence implies that the observed
risk of dying might never be completely flat, but it might be that minuscule increases indicate
proximity to the asymptotic mortality plateau [7, 8, 26-28]. The results of the present study are
in line with the asymptotic behavior suggested by theoretical models, which contributes to
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bridging the demographic knowledge gap and help to enhance our understanding about mor-
tality plateaus in human populations.

Another question that arises from our results is whether the levelling-off is immutable or
flexible. This has key implications for human longevity prospects, because forecasts that pro-
pose that life expectancy might increase to more than 100 years hinge on reductions in the risk
of death for centenarians and semi-supercentenarians [29]. In the light of our findings, we
foresee two contrasting scenarios. In the first of these, if the levelling-off shown in our findings
is immutable over time, the risk of death cannot be reduced after age 105. Thus, there might be
a limit to life expectancy that will be approached as more individuals survive to advanced ages.
In the second scenario, if the onset age of the levelling-off is shifted toward ages beyond 105
(e.g. 115), old-age deaths can be postponed toward even older ages and life expectancy can
continue to increase. This scenario is plausible as it has been shown that gains in life expec-
tancy in the last two centuries were achieved by shifting deaths from early to late ages [30, 31].
However, it remains to be seen whether medical advances and the biological plasticity of aging
will continue their interplay, thus continuing to advance the frontier of human longevity.

Materials and methods
Mortality data

Exact dates of birth and death of all individuals who attained age 105 were obtained from the
International Database on Longevity (IDL), which collects information from twelve European
countries, Canada (Quebec only), Japan and the United States (see ref. [25] for detailed
description of the database). The IDL is an open access database and it can be retrieved from
https://www.supercentenarians.org/. The data used in this study were retrieved on December
1%, 2020.

When the date of death is not available, the IDL provides information on the last date an
individual was confirmed to be alive. In the case of the United States, the exact dates are
unknown: for each individual, only the years of birth and death together with the age (in days)
are given.

Several sample frames are observed in the IDL, depending on the country [10, 22, 23]. The
information is censored if we only know that the individual survived to a certain age (right-
censored) or died between two ages (interval-censored, as in the United States). An observa-
tion is truncated if the individual was selected into the sample only because they survived to
age 105 (left-truncated), or because they died before reaching a particular age (right-
truncated).

Estimation of the risk of dying

Let X be a random variable that denotes the length of life after age 105. Given the exact dates
on which individuals were last observed (dead or alive), we were able to partition the data set
into J age intervals of length 8. By taking into account the observation frames described above,
we computed the number of events sE, and the exposures sN, (number of subjects exposed to
the risk of dying) within each age interval [x,x+08) for x€I:={105,105+6,. . .,105+]-6}. Then we
computed sM, = sE,/sN,, i.e. the corresponding central death rate within each interval. By tak-
ing a small 8, sM, provides a quasi-continuous estimate of the risk of dying pu(x).

Estimation of confidence intervals

Because of the small number of observations at the highest ages, standard methods that rely on
the central limit theorem to compute confidence intervals are not valid. Hence, we assessed
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uncertainty surrounding our estimates by computing 95% empirical confidence intervals from
data simulation. First, assuming the risk of death is constant within each age interval, for each
population we transformed the estimated death rates into probabilities 5q, = 1-exp[—Zicri<x
0-5M;]. Then, we simulated # individuals who die according to the corresponding sq,. The val-
ues of n match the number of records in the IDL for each country or region. We replicated this
exercise 10,000 times, obtaining, for each population, 10,000 sets of death probabilities over
age. Finally, we back transformed these sets of probabilities into death rates, and calculated the
corresponding confidence intervals.

Random imputation of dates of birth in the United States

To use the same framework for the estimation of a quasi-continuous risk of dying in the
United States, we carried out a random imputation of dates of birth. For all individuals, we
first established lower and upper bounds of birth depending on the corresponding year of
birth, year of death, and exact age at death (in days). For example:

o An individual born in 1900 and dying in 2010 at the exact age 109 years and 200 days could
have been born on June 15, 1900 at the earliest, supposing they died on January 1, 2010 at
that exact age. The latest date of birth is December 31, 1900, supposing they died on August
19, 2010 with 109 years and 200 days. This individual could not have died later, otherwise
they would have turned out 110, since the year of birth is 1900.

o Besides, an individual born in 1900 and dying in 2010 at the exact age 110 years and 20 days
could have been born on January 1, 1900 at the earliest, supposing they died on January 21,
2010 at that exact age. The latest date of birth is December 11, 1900 supposing they died on
December 31, 2010 with exactly 110 years and 20 days.

Given these individual lower and upper bounds, we randomly imputed an exact date of
birth to each US record. We then calculated the corresponding exact date of death given the
exact age at death, which is known. We repeated the birthdate imputation m = 1,000 times,
and in each step, we computed k = 10,000 sets of death probabilities over age, as for the other
populations. We then aggregated the sets of all the imputation steps, obtaining mxk sets of
death probabilities over age. We finally estimated the risk of dying over age from these mxk
sets and corresponding empirical confidence intervals, as described above. These confidence
intervals measure the uncertainty of the point estimates, also assessing the additional uncer-
tainty due to the data imputation.

Replicability of the results

We carried out all our analyses using the open-source statistical software R [32]. The R code
and data to replicate all the results and figures presented here are available in the public reposi-
tory https://github.com/jssalvrz/Mortality105.

Supporting information
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(DOCX)

Acknowledgments

We thank Annette Baudisch and Jim Oeppen for their valuable comments on the manuscript.
We thank Ilya Kashnitsky for suggestions on data visualization. We thank Olga Grigoriev,

PLOS ONE | https://doi.org/10.1371/journal.pone.0253940  July 14, 2021 7/9


https://github.com/jssalvrz/Mortality105
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253940.s001
https://doi.org/10.1371/journal.pone.0253940

PLOS ONE

Regularities in human mortality after age 105

Ainhoa Alustiza Galarza and Dmtri Jdanov for providing details about the IDL data. Jesus-
Adrian Alvarez thanks James W. Vaupel for encouragement to do demographic research.

Author Contributions

Conceptualization: Jesus-Adrian Alvarez, Francisco Villavicencio, Carlo Giovanni Camarda.
Formal analysis: Jestus-Adrian Alvarez, Francisco Villavicencio, Cosmo Strozza.
Investigation: Jesus-Adrian Alvarez, Francisco Villavicencio, Carlo Giovanni Camarda.
Methodology: Jests-Adrian Alvarez, Francisco Villavicencio, Carlo Giovanni Camarda.

Software: Jesus-Adrian Alvarez, Francisco Villavicencio, Cosmo Strozza, Carlo Giovanni
Camarda.

Validation: Jesus-Adrian Alvarez, Francisco Villavicencio.
Visualization: Jesus-Adrian Alvarez.
Writing - original draft: Jesus-Adrian Alvarez, Francisco Villavicencio.

Writing - review & editing: Francisco Villavicencio, Cosmo Strozza, Carlo Giovanni
Camarda.

References

1. Gompertz B., 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 Society of
London. 115,513-583 (1825).

2.  Wachter K. W., Evolutionary demographic models for mortality plateaus. Proceedings of the National
Academy of Sciences. 96, 10544—10547 (1999). https://doi.org/10.1073/pnas.96.18.10544 PMID:
10468645

3. Demetrius L., Mortality plateaus and directionality theory. Proceedings of the Royal Society B: Biologi-
cal Sciences. 268, 2029-2037 (2001). https://doi.org/10.1098/rspb.2001.1739 PMID: 11571050

4. PletcherS., Curtsinger J., Mortality plateaus and the evolution of senescence: Why are old-age mortal-
ity rates so low? Evolution; International Journal of Organic Evolution. 52, 454—464 (1998). https://doi.
org/10.1111/1.1558-5646.1998.tb01645.x PMID: 28568338

5. Charlesworth B., Partridge L., Ageing: Levelling of the grim reaper. Current Biology. 7, R440-R442
(1997). https://doi.org/10.1016/s0960-9822(06)00213-2 PMID: 9210361

6. MuellerL. D., Rose M. R., Evolutionary theory predicts late-life mortality plateaus. Proceedings of the
National Academy of Sciences. 93, 15249-15253 (1996). https://doi.org/10.1073/pnas.93.26.15249
PMID: 8986796

7. Horvitz C. C., Tuljapurkar S., Stage dynamics, period survival, and mortality plateaus. The American
Naturalist. 172, 203-215 (2008). https://doi.org/10.1086/589453 PMID: 18616387

8. WeitzJ. S., Fraser H. B., Explaining mortality rate plateaus. Proceedings of the National Academy of
Sciences. 98, 1538315386 (2001). https://doi.org/10.1073/pnas.261228098 PMID: 11752476

Missov T. I., Vaupel J. W., Mortality implications of mortality plateaus. SIAM Review. 57, 61-70 (2015).

10. Gampe J., Human mortality beyond age 110, in Supercentenarians H. Maier, Gampe J., Jeune B.,
Robine J.-M., Vaupel J. W., Eds. (Springer, 2010), pp. 219-230.

11.  Rootzén H., Zholud D., Human life is unlimited—but short. Extremes. 20, 713-728 (2017).

12. GavrilovaN. S., Gavrilov L. A., Are we approaching a biological limit to human longevity? The Journals
of Gerontology: Series A, 1061-1067 (2019).

13. Horiuchi S., Interspecies differences in the life span distribution: humans versus invertebrates. Popula-
tion and Development Review. 29, 127-151 (2003).

14. Gavrilov L. A., Gavrilova N. S., New trend in old-age mortality: Gompertzialization of mortality trajectory.
Gerontology. 65, 451-457 (2019). https://doi.org/10.1159/000500141 PMID: 31295741

15. Couzin J., How much can human life span be extended? Science. 309, 83—-83 (2005). https://doi.org/
10.1126/science.309.5731.83 PMID: 15994529

PLOS ONE | https://doi.org/10.1371/journal.pone.0253940  July 14, 2021 8/9


https://doi.org/10.1073/pnas.96.18.10544
http://www.ncbi.nlm.nih.gov/pubmed/10468645
https://doi.org/10.1098/rspb.2001.1739
http://www.ncbi.nlm.nih.gov/pubmed/11571050
https://doi.org/10.1111/j.1558-5646.1998.tb01645.x
https://doi.org/10.1111/j.1558-5646.1998.tb01645.x
http://www.ncbi.nlm.nih.gov/pubmed/28568338
https://doi.org/10.1016/s0960-9822%2806%2900213-2
http://www.ncbi.nlm.nih.gov/pubmed/9210361
https://doi.org/10.1073/pnas.93.26.15249
http://www.ncbi.nlm.nih.gov/pubmed/8986796
https://doi.org/10.1086/589453
http://www.ncbi.nlm.nih.gov/pubmed/18616387
https://doi.org/10.1073/pnas.261228098
http://www.ncbi.nlm.nih.gov/pubmed/11752476
https://doi.org/10.1159/000500141
http://www.ncbi.nlm.nih.gov/pubmed/31295741
https://doi.org/10.1126/science.309.5731.83
https://doi.org/10.1126/science.309.5731.83
http://www.ncbi.nlm.nih.gov/pubmed/15994529
https://doi.org/10.1371/journal.pone.0253940

PLOS ONE

Regularities in human mortality after age 105

16.

17.

18.

19.

20.

21.
22,
23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

Wachter K. W, Steinsaltz D., Evans S. N., Evolutionary shaping of demographic schedules. Proceed-
ings of the National Academy of Sciences. 111, 10846—10853 (2014). https://doi.org/10.1073/pnas.
1400841111 PMID: 25024186

Barbi E., Lagona F., Marsili M., Vaupel J. W., Wachter K. W., The plateau of human mortality: Demogra-
phy of longevity pioneers. Science. 360, 1459-1461 (2018). https://doi.org/10.1126/science.aat3119
PMID: 29954979

Beltran-Sanchez H., Austad S. N., Finch C. E., Comment on “The plateau of human mortality: Demog-
raphy of longevity pioneers.” Science. 361, eaav1200 (2018). https://doi.org/10.1126/science.aav1200
PMID: 30262471

Newman S. J., Plane inclinations: A critique of hypothesis and model choice in Barbi et al. PLOS Biol-
ogy. 16, 3000048 (2018). https://doi.org/10.1371/journal.pbio.3000048 PMID: 30571678

Wachter K. W., Hypothetical errors and plateaus: A response to Newman. PLOS Biology. 16,
3000076 (2018). https://doi.org/10.1371/journal.pbio.3000076 PMID: 30571682

International Database on Longevity, (available at https://www.supercentenarians.org/).
Maier H., Gampe J., Jeune B., Robine J.-M., Vaupel J. W., Eds., Supercentenarians (Springer, 2010).
Maier H., Jeune B., Vaupel J. W., Eds., Exceptional Lifespans ( Springer, 2020).

Robine J.-M., Allard M., Herrmann F. R., Jeune B., The real facts supporting Jeanne Calment as the
oldest ever human. The Journals of Gerontology: Series A. 74, S13-S20 (2019).

Villavicencio F., Aburto J. M., Does the risk of death continue to rise among supercentenarians?, in
Exceptional Lifespans, Maier H., Jeune B., Vaupel J. W., Eds. ( Springer, 2021), pp. 37-48.

Vaupel J. W., Yashin A. |., Heterogeneity’s ruses: Some surprising effects of selection on population
dynamics. The American Statistician. 39, 176-185 (1985). PMID: 12267300

Steinsaltz D. R., Wachter K. W., Understanding mortality rate deceleration and heterogeneity. Mathe-
matical Population Studies. 13, 19-37 (2006).

Finkelstein M., Esaulova V., Asymptotic behavior of a general class of mixture failure rates. Advances
in Applied Probability. 38, 244-262 (2006).

Vaupel J. W., Villavicencio F. & Bergeron-Boucher M.-P. (2021). Demographic perspectives on the rise
of longevity. Proceedings of the National Academy of Sciences of USA 118(9): e2019536118. https://
doi.org/10.1073/pnas.2019536118 PMID: 33571137

Vaupel J. W., Biodemography of human ageing. Nature. 464, 536-542 (2010). https://doi.org/10.1038/
nature08984 PMID: 20336136

ZuoW., Jiang S., Guo Z., Feldman M. W., Tuljapurkar S., Advancing front of old-age human survival.
Proceedings of the National Academy of Sciences. 115, 11209—11214 (2018). https://doi.org/10.1073/
pnas.1812337115 PMID: 30327342

R Core Team (2020). R: A Language and Environment for Statistical Computing. R Foundation for Sta-
tistical Computing, Vienna, Austria. URL: https://www.R-project.org/

PLOS ONE | https://doi.org/10.1371/journal.pone.0253940  July 14, 2021 9/9


https://doi.org/10.1073/pnas.1400841111
https://doi.org/10.1073/pnas.1400841111
http://www.ncbi.nlm.nih.gov/pubmed/25024186
https://doi.org/10.1126/science.aat3119
http://www.ncbi.nlm.nih.gov/pubmed/29954979
https://doi.org/10.1126/science.aav1200
http://www.ncbi.nlm.nih.gov/pubmed/30262471
https://doi.org/10.1371/journal.pbio.3000048
http://www.ncbi.nlm.nih.gov/pubmed/30571678
https://doi.org/10.1371/journal.pbio.3000076
http://www.ncbi.nlm.nih.gov/pubmed/30571682
https://www.supercentenarians.org/
http://www.ncbi.nlm.nih.gov/pubmed/12267300
https://doi.org/10.1073/pnas.2019536118
https://doi.org/10.1073/pnas.2019536118
http://www.ncbi.nlm.nih.gov/pubmed/33571137
https://doi.org/10.1038/nature08984
https://doi.org/10.1038/nature08984
http://www.ncbi.nlm.nih.gov/pubmed/20336136
https://doi.org/10.1073/pnas.1812337115
https://doi.org/10.1073/pnas.1812337115
http://www.ncbi.nlm.nih.gov/pubmed/30327342
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0253940

