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Abstract

While average human life expectancy has increased dramatically in the last century, the maximum life span has only modestly increased.
These observations prompted the notion that human life span might have reached its maximal natural limit of ~115 years. To evaluate this
hypothesis, we conducted a systematic analysis of all-cause human mortality throughout the 20th century. Our analyses revealed that, once
cause of death is accounted for, there is a proportional increase in both median age of death and maximum life span. To examine whether
pathway targeted aging interventions affected both median and maximum life span, we analyzed hundreds of interventions performed in
multiple organisms (yeast, worms, flies, and rodents). Three criteria: median, maximum, and last survivor life spans were all significantly
extended, and to a similar extent. Altogether, these findings suggest that targeting the biological/genetic causes of aging can allow breaking the

currently observed ceiling of human maximal life span.
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Questions surrounding maximum human life span and whether
its upper limit is fixed or flexible have been topics of continuous
debate (1-3). Are we restricted by the natural genetic makeup of our
species, which limits us to a maximum potential life span of about
120 years? In search of an answer to this longstanding question, we
look at life span variabilities seen across other animal species. For
example, a laboratory mouse does not typically exceed the age of 3
years, while a tortoise may live upwards of 190 years. But, is it pos-
sible to challenge these genetic constraints?

In recent decades, medical advancements have resulted in dra-
matic increases in life expectancy (4). However, while this is trans-
lated into a substantial increase in average human life span (the
average age of death), only a moderate increase in maximum life
span [defined here as the age of the oldest 10% of the population
(5)] and maximal life span (the maximum reported age of death)
has been observed. For instance, the maximal age at death reported
among the Swedish population increased only 7% between 1860
and 1990 [from 101 to 108 years, respectively (6)]. Similarly, Dong
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et al. (7) report that, in France between the years 1900 and 2014,
there was an 82% increase in average life expectancy; climbing from
the age of 45 in 1900 to the age of 82 in 2014. However, the age
of the world’s oldest person has not changed since the 1990s, despite
the dramatic growth in human life span during this time.

The compelling discrepancy between average and maximum life
span imply that an upper limit to human life span may have been
reached. Interestingly, Dong et al. (7), calculated the probability of
exceeding the current maximum age at death and concluded that it
was highly unlikely. Based on these findings, they determined that
the maximal age barrier for humans is ~115 years (7).

Could the moderate increases in maximum life span mean that
we have reached a plateau, or have approached the ceiling? Is it
possible that we have already reached the upper possible limits of
human life span? It seems that simple analysis of average life expect-
ancy data might support this hypothesis (7). For a more thorough
evaluation, we conducted a systematic analysis of the causes of
human mortality throughout the 20th century and, once cause of
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death was controlled, discovered that there is a proportional increase
in median age of death as well as maximum life span.

To date, most medical advancements have focused primar-
ily on symptomatic medicine (e.g. insulin injections) or on pri-
mary and secondary preventative measures (e.g. immunizations).
While such approaches have helped considerably in extending
human life span, they do not prevent or delay the inevitable
onset of aging or age-related diseases. However, it is possible that
applying pathway-directed interventions, or those directly tar-
geting the aging process, could further increase maximal human
life span. Targeted aging interventions are established in various
animal models. Yet, it is not clear if these increase maximum
life span to a substantial equal degree as that of the median and
whether they also contribute to further extend the age of death
of the oldest individuals in the cohort. Here, we tested hundreds
of interventions reported to increase longevity in multiple organ-
isms and explore their effect on the above-mentioned parameters
and whether these parameters are comparable in a consistent
manner.

To this end, we examined the results of numerous genetic, phar-
macological, and nutritional targeted interventions performed in mul-
tiple organisms (yeast, worms, flies, and rodents). These interventions
consistently affected the treated populations, impacting mean and
maximum life spans, as well as the longest-lived individuals. These life
span targeted interventions have not yet been implemented in humans.
However, data extrapolated from the abovementioned studies predicts
a continual rise in the maximal life span of humans, potentially by as
much as 30%.

Materials and Methods

Resources

Causes of death.

In 1900, 1950, and 2014 were extracted from Centers for Disease
Control and Prevention (http://www.cdc.gov/nchs/data/hus/husls.
pdf#019; https://www.cdc.gov/nchs/data/dvs/lead1900_98.pdf,
2016) with their original disease categories. These diseases were later
categorized as age-related, infectious disease or other as can be seen
in Supplementary Table 1.

Human demographics data.

Of countries with reported data in the database of years 2010, 1950,
or 1900 were all drawn from the Human Mortality Database (http://
www.mortality.org, 2016).

Genetic interventions data.

Of studies showing increased life span and their respective % change
in maximum and median (or mean—as a combined category) were
drawn as reported from GenAge (http://genomics.senescence.
info/genes/, 2016), in Mus musculus; C. elegance; S. cerevisia; and
Drosophila melanogaster.

Pharmacologic interventions data.

Of studies showing increased life span were drawn from the Life
Database  (http://lifespandb.sageweb.org/,
2016) in Mus musculus; C. elegance; and Rattus norvegicus.

span  Observations

Dietary restriction data.

Of studies showing increased life span were drawn from Swindell,
2012 meta-analysis in Mus musculus; and Rattus norvegicus in
numerous studies and strains.

Statistics

Normality and distribution measures.

Included coefficients of variation—cv; Kolmogorov—Smirnov test;
Q-Q plots; and the F-test for equality of variance between two
compared distributions.

Differences between median (or mean) and maximum life span.
Was performed using the student z-test, as can be applied given the
typical normality distribution of these interventions (see Figure 2C;
Supplementary Figures 2D-F and Figures 3A and C).

Results

Human Mortality Throughout the 20th Century

The dramatic increases in mean life span from 1900 till today, com-
pared to the moderate increase in maximum life span, e.g. (7), have
prompted our investigation into potential sources for this discrep-
ancy. In order for such a comparison to be valid, it is crucial to verify
that the proportions of deaths attributed to age-related diseases is
comparable between these periods of analysis. Therefore, we exam-
ined the causes of human mortality during this time period. To this
end, the top 10 causes of death for humans during the years 1900,
1950, and 2014 were evaluated and deaths were classified as relat-
ing to: (a) age, (b) infection, or (c) other (Figure 1A; Supplementary
Table 1). Upon examination, the predominant cause of death in 1900
appears to be infection, with pneumonia, influenza, tuberculosis, and
gastrointestinal infections being the most common. By contrast, in
1950 and 2014 deaths were most frequently age-related, sharing two
primary contributing factors (i.e. heart diseases and cancers). The
improvements in life span are likely due to the implementation of
antibiotics and its widespread use following World War II, as well
as extensive immunization programs. In 1900, the majority of the
population were not dying from old age, indicating that the mean
life expectancy was likely dramatically skewed and representative of
a widely varying age at death.

In order to gain further insight into the distribution of deaths in
1900 France, we plotted the mortality distribution and compared
it to France’s 2014 mortality tables (obtained from the “Human
Mortality Database,” (8)). As seen in Figures 1B and Supplementary
Figure 1a, the 1900 distribution is indeed greatly skewed to the
left, and widely variable, as indicated by a high coefficient of vari-
ation (cv = 67.61%) in comparison to the 2014 distribution (cv =
18.09%). Yet, both deviate from a normal distribution (p < 10,
Kolmogorov-Smirnov test; Supplementary Figures 2A and B), and
exhibit unequal variance (p < 1072%, F-test). The highly variable mor-
tality distribution biases both the average and median dramatically,
most particularly in 1900 before the prevalent use of antibiotics.
A major contributor to the skewed distribution is the rate of early
childhood mortality, which was significantly reduced during the last
century ((9), and Supplementary Table 1). In order to obtain a less
biased life span measurement, we calculated the median life span for
the portion of the population that survived past the age of 3 years,
thus excluding early childhood mortality (Figure 1C, Supplementary
Figure 1B). Once early childhood mortality is excluded, the increase
in median life span becomes more comparable to the increase in
maximum life span. Specifically, between the years 1900 and 2014,
maximum life span increased by 17 years and median life span (for
> 3 years of age) increased by 23 years (a difference of 6 years, as
opposed to a 37-year difference between the standard averages).

To assess changes in life span among populations with closer
mortality distributions, we also examined the differences between
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Figure 1. Human mortality distributions and causes of death throughout the
20th-21st Century. (A) frequencies of the top 10 causes of death in 1900, 1950,
and 2014, data from the Centers for Disease Control and Prevention. The dis-
eases categorized as infections were Pneumonia, influenza, tuberculosis, gas-
trointestinal infections, and diphtheria. The diseases categorized as age-related
were Heart disease, Stroke, Cancer, Senility, Alzhemier’s diseases, Diabetes,
and General Arteriosclerosis. (B, D) Calculated deaths per 100,000 individuals
in France in 1900 and 2014 (B) and 1950 and 2014 (D) extracted from the Human
Mortality Database. (C, E) Average; median; median > age of 3; and the maxi-
mum 90th percentiles (> age of 3) of the 1900 to 2014 (C) and 1950 to 2014 (E)
mortality distributions.

1950 and 2014 (Figure 1D, Supplementary Figure 1C). Consistent
with our prediction, the 1950 distribution appears to be more
homogeneous compared to 1900 (cv = 34.35%). Yet, as shown in
Supplementary Figure 2C, it also deviates from a fully symmetric
normal distribution (Kolmogorov—-Smirnov test reveals p < 10-%%¢),
and still exhibits unequal variance with the 2014 distribution. In
these more comparable populations, the maximum life span increase
of 10 years was largely comparable to the median (>age of 3) increase
of 12 years (Figure 1E, Supplementary Figure 1D). The equivalent
increases between 1900, 1950, and 2014, across multiple countries,
reiterated the result from the France data (see Figure 2A, left panel).
Though maximum life span did experience almost comparable
gains during this lengthy time period (an increase of 10 years in
France over ~60 years, or roughly 10% across countries), the gains
are modest. Thus, the question whether we may be reaching the
natural genetic limits of maximal human life span is still valid. To
approach this question, we need to consider the fact that medical
advancements that took place following the introduction of antibi-
otics have been primarily focused on symptomatic treatments (e.g.
cardiac valve replacements, insulin injections, etc.). Although symp-
tomatic medicine considerably extends lives, it does not prevent or
delay the onset of disease. In fact, we argue that, in order for the
increases in maximum life span to continue progressing, we should
target the mechanisms underlying aging rather than the subsequent
treatment of diseases and their symptoms (see also (10) and (11)).
Over the last 35 years, extensive molecular aging research
has been conducted in multiple species, with remarkable success.
Genetic, nutritional, and pharmacological interventions have all
been deployed to target pathways involved in the basic biology of
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Figure 2. Life span distribution increases across species. (A) The mean %
increases in average life span and maximum life span in (from left to right):
human 1900 and 2010 maximum 90% percentile verses standard average life
span increase in all countries with data from 1900 in the Human Mortality
Database (10 countries). The % increase was calculated as (2010-1900)/average
of 1900; Human 1950 and 2010 maximum 90% percentile verses median > age
3 life span increase in all countries with data from 1950 in the Human Mortality
Database (23 countries). The % increase was calculated as (2010-1950)/median
> age 3 of 1950; Data are represented as mean of countries data + SEM. (B)
Across species showing increased life span in the GenAge database using the
GenAge categories of average or median (combined) and maximum life span
change as reported in the dataset based on original studies N = 127 genetic
interventions; in C. elegance N = 57 interventions; in Drosophila melanogaster
N = 35 interventions; in Mus musculus N = 19 interventions; and S. cerevisiae
N =16 interventions. Data are represented as mean of studies data + SEM. (C)
Mortality distribution histograms of nutritional, genetic, and pharmacological
interventions: in mice undergoing 20% calorie restriction, (15); in Sirt6
transgenic male mice (16); and male mice supplemented with 0.1% metformin
(17). (D) The corresponding % change in life span in different aging percentiles
and last survivor individual mice in CR mice; Sirt6 TG mice; and metformin
supplemented mice.

aging, with the goal of extending life span. In fact, these targeted-
interventions extended life span by as much as 30% in organisms
ranging from yeast cells, nematodes, flies, and mammals [for review
see (12,13)]. Yet, to date, none of the interventions we investigated
have been implemented in humans. Only recently preparations for
an aging targeted clinical trial in humans have been made [see e.g.
metformin TAME initiative; (14)]. Despite its potential to increase
median human life span, it is unclear whether these interventions
will have similar effects on maximum life span. Specifically, will
these interventions also affect those who make it to extreme old age?

Aging Interventions Increase Median and Maximum
Life span Across Species

To evaluate the efficacy of targeted approaches at extending all
life span parameters, we examined the effect of various longevity
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interventions in multiple species. To this end, we first assessed whether
these targeted interventions have a homogeneous contribution over
the entire distribution. To do so, we examined the raw mortality
distributions from dietary restriction (DR) studies performed using
murine models. Dietary restriction is one of the most studied natural
interventions. Once on a DR diet, mice were identified as having
better metabolic measurements and increased life spans compared
to ad libitum fed controls (15). Unlike the skewed human mortality
distributions discussed earlier, the distribution of DR and control
animal mortalities follow a normal bell curve shape (Supplementary
Figure 2D; Figure 2C, top panel; cv = 18.04%; also, portraying equal
variance with the controls distribution, p > .05, F-test). This may
indicate that, while sporadic mortality still affects the human popu-
lation, laboratory mice are a protected population that reaches old
age almost in its entirety. Thus, differences in mean/median life span
are less biased in this species and, as a result, fluctuations in mean/
median and maximum life span can be reliably compared.

Indeed, an analysis of the increments across aging percentiles
indicate that the longest-lived group exhibited a roughly compa-
rable increase in life span (with an overall increase of 36% in the
maximum oldest 90th percentiles and 31% in median, Figure 2D,
top panel). Additionally, these results portray an analogously sub-
stantial increase, even in the longest lived, last surviving individual
mouse. Almost identical patterns of results were observed in a plot
of the mortality distribution for a long-lived genetic intervention
overexpressing Sirz6 in mice ((16); Figures 2C and D middle panel;
Supplementary Figure 2E). Moreover, these results were replicated
with a pharmacological intervention applying the commonly used
human diabetic drug metformin [(17); Figures 2C and D, bottom
panel; Supplementary Figure 2F]. Finally, a genetic intervention over-
expressing the stress resistance gene HCM1, comparably extends life
span even among organisms evolutionarily distant from humans,
such as S. cerevisiae [(18); Supplementary Figures 3A-C].

In order to verify that the effects we observed are consistent in
multiple studies and interventions, we systematically compared these
mean and maximum life span increases with published results from
other similar interventions. To obtain relevant data, we first accessed
a large database of aging interventions and their manipulated genes
(19). Data was extracted from all interventions noted to have a
positive effect on life span in various species. The analyses revealed
comparable increases in mean and maximum life spans (Figure 2B,
Supplementary Tables 2-5). The cumulative increase across species
were 32.07% in mean/median life span and 30.14% in maximum
life span (p > .05, student #-test). Interestingly, the 30% increase in
life span observed in animal studies applying genetic interventions,
is three times larger than the life span increases that occurred in
humans over the last 60 years.

Apart from genetic manipulations, DR is one of the most studied
interventions with robust life span and health span extending capa-
bilities across species (20,21). Therefore, data was extracted from a
large meta-analysis that includes over 150 DR studies performed in a
variety of rodent strains (22). Analysis included data from all studies
showing any increase in life span (Supplementary Tables 6-7). Once
again, there was a comparable increase in median and maximum life
span (90th percentile) in rats and mice (p > .05, #-test and p > .05,
t-test, respectively) (see Figure 3 for percent changes in life span).
Importantly, comparable increases were also evident between the
oldest surviving individuals in each of the cohorts.

To conclude our analysis, differences in median and maximum
life span resulting from pharmacological interventions were com-
pared as well. It is worth noting that such interventions are almost
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Figure 3. Effects of nutritional dietary restriction on median and maximum
life span.The mean % increases in median life span and maximum life span
of all studies showing increased life span in dietary restriction as published
in the meta-analysis of (22) in Rattus norvegicus (left panel) compared to
the *maximum 90% percentile (21 studies), 75% percentile (1 study) or
average of last 10% survivors (5 studies); and in studies comparing to the
last individual survivors in the cohort (23 studies; second panel); and in Mus
musculus (right panels) compared to the *maximum 90% percentile (12
studies), average of last 10% survivors (15 studies), or last 20% survivors
(3 studies); and in studies comparing to the last individual survivors in the
cohort (79 studies; last panel). The % increase was calculated as (dietary
restriction — control)/average of control. Data are represented as mean of
studies data + SEM.

certainly the most applicable to humans in the near future. For this
reason, we extracted all pharmacological interventions that appeared
in the Life span Observation Database (23), that had annotations for
such interventions in various species. In published pharmacological
intervention studies, maximum life span increased by 22.4% and
mean life span by 19.1% (p > .05, #-test; see Table1). Overall, nutri-
tional, genetic, and pharmacological interventions affect median and
maximum life span in a comparable manner.

Discussion

In the last century, we have experienced a dramatic increase in human
life span. However, this increase was mainly attributed to changes in
median life expectancy, with minimal gains in maximum life span.
This suggests that humanity might have reached its maximum life
span potential due to inherent constraints of our species (e.g. 7). In
order to explore the possibility of breaking the ceiling of human life
span, we systematically analyzed human mortality data and results
from numerous aging experiments applied across multiple species.
Our investigation revealed the following: (1) only 30% of the fre-
quent deaths in 1900 were age-related, but consistently accounted
for 80% following 1950; (2) between 1900 and 2010, the increase
in median life span (72%) was fourfold higher than the increase
in maximum life span (18%); (3) yet, between 1950 and 2010 the
increase in median life span (13%) was approximately comparable
to the increase in maximum life span (8%); (4) in yeast, nematode,
flies, mice, and rats introduction of genetic, nutritional, or pharma-
cological interventions increased median, maximum, and last survi-
vor life span comparably; (5) in the last 60 years, the gain in human
life span was only ~10%, but was ~30% in model organisms after
applying the abovementioned targeted interventions. These findings
strongly suggest that employing similar interventions in humans has
the potential to significantly extend median and maximum life span.

The significant differences in median and maximum life span
gains observed from 1900 to today, and their relative absence from
1950 to today, suggests that these differences probably do not stem
from constraints on the maximal human life span. Rather, a simpler
explanation is to implicate the shift in cause of death after mod-
ern medical advancements, which have enabled the majority of the
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population to reach old-age. To date, the modern medical approach
toward aging has two distinct characteristics: (a) it focuses on symp-
tomatic medicine in reaction to a medical condition, and (b) it is
typically initiated following the onset of symptoms (i.e. it is reactive
rather than proactive). Yet, targeted interventions, whether genetic,
nutritional, or pharmacological, directly treat the mechanisms
underlying the aging process. Given the improved health parameters
associated with such interventions (24-27), it is likely that they affect
health span in addition to life span. Moreover, the finding that such
interventions do not predominantly affect only a specific portion of
the distribution, or merely those who die early and are less resilient,
imply that the entire distribution may actually become “younger.”
Animal studies, therefore, offer an optimistic assessment for the
future of the human species. Yet, the optimal age at initiation and
duration of such interventions remain open questions. Many aging
theories, such as the antagonism pleotropic (28) and the hyper-
function (29) theories, suggest that pathways that are important for
youthful development are continuously active later in life, resulting
in aging. In particular, anabolic pathways, such as mTOR and IGF1,
would play a crucial role in the translation of nutrients to growth at
an early age, but their high activity during adulthood results in age-
related pathologies. Thus, such interventions should most likely be
initiated after reaching adulthood to avoid harm during early devel-
opment. Interestingly, the effect of DR was stronger when started in

young adults compared to an old-onset (30). However, Miller et al.
(31) showed that the effect of rapamycin, an mTOR inhibitor, had
similar results whether started at 270 or 600 days, both are after
adulthood in mice (Table 1). It is clear, that a suitable age for begin-
ning such interventions has yet to be determined. Hence, though ani-
mal studies offer great potential for applying such interventions in
humans, substantial research is still required in order to evaluate the
timing, dosage, efficacy, and safety of these treatments in humans.
Regarding the length of the intervention, Fontana and his col-
leagues (41), investigated the dynamics of C. elegance nematodes
life span in response to multiple laboratory interventions and
reported a temporal scaling of mortality. This suggests that if such
treatments are applied before the onset of mortality, even a tran-
sient intervention may cause a shift in the entire life span distribu-
tion. Importantly, a natural example of calorie restriction exists
in human old Okinawans (aged over 65) which consumed ~11%
less calories in their natural diets for almost half their adult lives
(before western diets became more prevalent). This natural calorie
restriction resulted in reports of fewer health pathologies in old
Okinawans, and longer life spans compared to other Japanese or
Americans. More importantly, this CR like diet in humans extends
both average and maximum life spans with greater differences in
maximum life span (42,43). While, the ~30% increase observed
in numerous interventions are likely a representation of the more

Table 1. Effects of Pharmacological Interventions on Mean and Maximum Life Span

Pharmacological Average Life Maximum Life
Species Intervention Condition Quantity Span Increase Span Increase Ref.
Mus musculus Rapamycin Females starting 600 days 2.24 mg/kg/day 13% 14% (32)
Mus musculus Rapamycin Males starting 600 days 2.24 mg/kg/day 9% 9% (32)
Mus musculus Rapamycin Females starting 9 months ~ 2.24 mg/kg/day 18% 13% (31)
Mus musculus Rapamycin Males starting 9 months 2.24 mg/kg/day 10% 16% (31)
Mus musculus Phenformin Starting 3.5 months 5 mg/mouse 5 doses/week 21% 28% (33)
Rattus norvegicus ~ Phenformin Starting 3.5 months 5 mg/rat/day 0% 10% (33)
Rattus norvegicus ~ Buformin Starting 3.5 months 5 mg/rat/day 7% (NS) 12% (33)
Mus musculus Metformin Female HER-2/neu mice 100 mg/kg 5 doses/week 8% 13% (34)
Mus musculus Metformin Starting 3 months 100 mg/kg 14% 3% (35)
Rattus norvegicus ~ Marine collagen Male + female 2.25% 10% 11% (36)
peptides
Rattus norvegicus ~ Marine collagen Male + female 4.50% 8% 10% (36)
peptides
Rattus norvegicus ~ Marine collagen Male + female 9% 11% 11% (36)
peptides
C.elegans Fibril-binding N2 worms 50 ApM 43% 58% (37)
flavonoid ThT
C.elegans N-acetyl-cysteine N2 worms 10 mM 10% (NS) 3% (NS) (38)
C.elegans Paraquat (Hormesis) N2 worms 0.1 mM 58% 48% (38)
C.elegans Glaucarubinone N2 worms 100 nM 9% 9% (39)
C.elegans Ethosuximide N2 worms 2mg/ml 13% 24% (40)
C.elegans Ethosuximide N2 worms 4mg/ml 17% 22% (40)
C.elegans Trimethadione N2 worms 4mg/ml 47% 57% (40)
C.elegans Trimethadione N2, starting from L4 24% 29% (40)
C.elegans 3,3-diethyl-2- N2 worms 2mg/ml 31% 49% (40)
pyrrolidinone
Across species Average Average
19.1% 22.4%
Mus musculus 13% 14%
Rattus norvegicus 7.2% 10.8%
C. elegans 30% 37%

Note: Pharmacological interventions that increased life span as appearing in the Life span Observation Database and which also had reference to maximum

life span data. The % increase was calculated as (dietary restriction — control)/ median of control or if available extracted as published from the original paper.
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robust interventions in animals with larger effect sizes; additional
interventions with lower effect sizes may potentially be discov-
ered with larger sample size experiments in humans. It is impor-
tant to note that targeted interventions in animals have unveiled
multiple pathways, and some have distinct and separate contribu-
tions. Hence, applying multiple interventions on parallel routes
could potentially have an additive effect on life span (44,45).
Taken together, in addition to the persistence of advancements in
medicine, this evidence suggests that application of aging-focused
interventions will result in a continued increase in the median,
maximum, and maximal life span in humans. Furthermore, it
seems reasonable to posit that, in the foreseeable future, humans
will likely breakout from the 115-year life span maximum.

Supplementary Material

Supplementary data is available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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