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Abstract: Human mortality data show stabilization in mortality rates at very late ages. But human mortality data are 

difficult to interpret because they are affected by changing medical practices and other historically variable causes of 

death. However, in the 1990s, data from a variety of labs showed that the mortality rates of medflies, fruit flies, wasps, 

yeasts, and nematodes also stabilize at very late ages. These reproducible “mortality-rate plateaus” forced biologists to 

develop theories for their existence. There are two main theories of this kind. “Lifelong heterogeneity” theories suppose 

that highly robust subcohorts are more abundant at later ages because less robust subcohorts have mostly died off. On this 

type of theory, aging does not stop; aging continues inexorably in all individuals. In contrast, in evolutionary theories for 

mortality-rate plateaus, based on the eventual plateaus in Hamilton’s Forces of Natural Selection at late ages, aging does 

indeed stop. A variety of experiments have cast doubt on lifelong heterogeneity theories as explanations of mortality-rate 

plateaus. A few experiments have corroborated the Hamiltonian theory. This has the important corollary that it appears to 

be possible for aging to stop, at sufficiently late ages, at least among some populations. The implications of this result for 

aging research are profound. Most importantly, it suggests the possibility that the physiology of adults undergoing aging 

may be substantially different from the physiology of life after aging. 
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INTRODUCTION 

 Since 1825, aging has been interpreted in terms of 
equations for age-specific mortality of the type originally 
proposed by Benjamin Gompertz:  

x( ) = Ae x
 (1) 

where x is age, (x) is age-specific mortality rate, and the 
positive-valued parameters A and  are background 
mortality and aging rate, respectively. In equation (1) A
and  are estimated from observed data, normally without 
any a priori foundation [e.g. 1]. With increasing 
chronological age, equation (1) predicts an exponential 
increase in mortality rates, which Gompertz [2] described 
physiologically as “the average exhaustion of man’s power 
to avoid death gained in equal proportion in equal intervals 
of age.” The pattern of accelerating adult mortality 
predicted by equation (1) is generally known as aging, or 
more specifically “demographic aging.” While aging has 
been studied demographically for almost two centuries, its 
underlying mechanistic causes and its ultimate source have 
been topics for persistent debate among scientists [vid. 3]. 

 One of the few points on which there was general 
agreement among scientists until the early 1990’s was the 
assumption that mortality rates should continue 
accelerating until all members of a cohort die off [e.g. 4, 
5]. While equations such as equation (1) were produced by 
actuarially fitting human data, they intuitively suggest that 
aging is an inevitable and accelerating process of 
deterioration. Thus, it was generally supposed that aging 
constituted an unremitting process of deterioration, a 
biological analog of the Second Law of Thermodynamics.  
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 Yet since 1992, this “limited life span paradigm,” as it has 
been called [e.g. 6], has come under increasing attack from 
demographic studies in which large cohorts have been 
followed up until very late ages [see also 7, 8, 9]. These 
studies suggest that at very late ages equation (1) fails to 
predict true mortality rates, a limitation that Gompertz himself 
included in his presentation of the theory. This article 
addresses general implications of these recent studies for aging 
research. Most importantly, the question is posed whether 
aging can be said to stop at very late ages, both 

demographically and physiologically. 

DOES AGING SLOW OR STOP IN AGGREGATE 
DEMOGRAPHY? 

Human Mortality Rates Decelerate at Very Late Ages 

 For decades, demographers analyzing European 
demographic data noted that late-age mortality rates did not 
conform to Gompertzian aging patterns of progressively 
accelerating mortality rates [e.g. 10, 11]. That is, in humans, 
age-specific mortality rates stopped increasing exponentially at 
late ages (e.g. Fig. 1). These observations were commonly 
dismissed because reasonable hypotheses could be made to 
explain away the human demographic data, such as differential 
treatment of the very old with the advent of nursing homes and 
modern medicine [e.g. 12]. Another complication with human 
data is that older people sometimes lie about their age, a 
practice that demographers sometimes call “age misstatement” 
[13]. Historically variable causes of death, such as war and 
pandemics, further complicate human cohort data. Thus the 
mortality rate deceleration observed in human data would need 
to be replicated in experimental systems to receive its due 
attention. 
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Fig. (1). Mortality for the Swedish population based on 2005-

2006 census data. Human Mortality Database. University of 

California, Berkeley (USA), and Max Planck Institute for Demo-

graphic Research (Germany). Available at www.mortality.org or 

www.humanmortality.de (data downloaded on 22 January 2008). 

Mortality Rates in Other Organisms also Decelerate or 
Plateau at Late Ages  

 In the early 1990s, demographers and aging researchers 
were surprised with the result that mortality rates in two 
dipteran species, medflies (Ceratitis) and fruit flies 
(Drosophila), plateaued at late ages [7, 6, see Fig. (2) and 
Fig. (3)]. Initially there was considerable doubt concerning 
these findings, in particular because of possible density 
effects, since densities were not kept constant in some of 
these experiments [14, 15]. Although density may have 
been a factor in the original observations [6, 7, 16], 
changes in density were explicitly ruled out as the sole 
explanation for decelerating mortality in both Ceratitis
[17] and Drosophila [18].  

Fig. (2). Late age mortality rates appear to plateau in this graph of 

the age-specific mortality in a population of inbred Drosophila

(after Fig. (2) from Curtsinger et al., 1992).  

 Since the initial observations of mortality rate plateaus 
were published, mortality rate deceleration and mortality 
rate plateaus have been found experimentally in a variety 

of organisms, suggesting that late-age mortality deceleration 
occurs generally among aging organisms [16, 19, 20, 21, 
reviewed in 8, 22, 23]. In some cases, late-life mortality rates 
clearly fall [e.g. 7, see Fig. (2)]. These findings seem to 
suggest that old individuals age more slowly, stop aging, and 
sometimes experience “negative aging.” The period of adult 
life in which mortality rates stop increasing exponentially has 
been called “late life” [reviewed in 24].  

 It is worth noting that observed cohort mortality levels 
during the late-life period vary widely. The late-life age-
specific mortality rates of some animals, humans being one 
example, are sometimes very high relative to the baseline 
mortality rate, A in equation (1). In other species, such as the 
medfly, the late-life mortality rate is not as high relative to A
[7]. In such species, it is conceivable that many adult 
organisms achieve late life in laboratory cohorts.  

Fig. (3). Late age mortality rates appear to plateau in this graph of the 

log of mortality rate as a function of age in the Mediterranean fruit 

fly, Ceratitis capitata (after Fig. (1) from Carey et al., 1992).  

DOES DEMOGRAPHIC AGING SLOW OR STOP FOR 
INDIVIDUALS?

Lifelong Heterogeneity Theories Assume that Aging does 

not Stop 

 Since its discovery, the late-life period of decelerating 
mortality rates has been explained by two main kinds of 
theory: lifelong demographic heterogeneity theory and 
evolutionary theory based on the force of natural selection. 
Only these two major theories are discussed in this article. 
Several minor theories have also been proposed to explain late 
life; these are reviewed by Olshansky and Carnes [25].  
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 The first theories offered to explain late-life mortality 
decelerations were demographic lifelong heterogeneity 
theories in which cohorts are modeled as collections of 
subsidiary groups, each with its own characteristic 
Gompertzian function of accelerating mortality rates [26, 
27]. In lifelong heterogeneity theories, individuals that are 
less robust throughout life are expected to die off at earlier 
ages, compared to individuals that are more robust 
throughout life. Therefore, it is supposed that at very late 
chronological ages, individuals with life-long superiority in 
robustness will be present in larger numbers than more 
frail individuals. It is hypothesized that the survival of the 
most robust individuals then translates into a slowing in 
demographic mortality rates at late ages when the less 
robust individuals are no longer around to affect mortality 
rates, as shown schematically in Fig. (4). 

Fig. (4). Suppose individuals have exponentially increasing 

(Gompertz) rates of mortality but vary due to genetics or the 

environment. This figure shows that mortality plateaus may 

appear as a consequence of this heterogeneity. 

 The idea of demographic heterogeneity predates the 
definitive discovery of late-life mortality-rate plateaus. 
Beard [26] derived mathematical models for mortality that 
assumed heterogeneity in Gompertzian mortality patterns. 
His mortality models included variables that hypothesized 
sustained individual differences in “vitality” [28]. He later 
suggested that these supposed differences in vitality could 
be the underlying cause of the slowing in late-age mortality 
rates observed in some human demographic data [29]. 

 Lifelong heterogeneity theories of late life can be 
readily characterized in terms of equation (1). Two groups 
with the same value for , the parameter which defines 
acceleration in mortality with respect to age, but with 
differing values for A, the initial mortality rate, will 
experience different rates of age-specific mortality rates 
throughout life. Alternatively, a group might have a 
different value for , which makes its pattern of mortality-
rate acceleration distinctive [30]. Note that this distinction 
among groups is based on the implicit premise that groups 
have predetermined lifelong mortality patterns. 
Heterogeneity in  models are substantially more difficult 
to analyze than heterogeneity in A models [31].  

 In lifelong heterogeneity theories, late-life plateaus are 
aggregate demographic effects. In these theories, all 
individuals in a population are assumed to undergo 

exponential aging until death. In these models there is an 
unending acceleration in the process of organismal 
deterioration, and thus aging does not stop until an organism 
dies. In a sense, these models supply the most “conservative” 
interpretation of the finding of aggregate demographic 
plateauing of mortality rates in late life. 

Experimental Evaluation of Lifelong Heterogeneity 
Theories  

 Given the use of the term “heterogeneity” in the name of 
this theory, it might be supposed that lifelong heterogeneity is 
a necessary corollary of the mere fact of genetic and 
environmental variance for adult life-history characters [e.g. 
32]. There is a considerable amount of literature showing that 
survival probabilities vary within populations [reviewed in 1, 
5, 33, 34]. This abundant variation for life-history characters 
might be interpreted as showing that the heterogeneity model 
is well-founded. 

 But sporadic or intermittent heterogeneity that affects 
some, but not all, adult age classes is different from the 
lifelong heterogeneity required by these models. In lifelong 
heterogeneity theory, differences between individuals are 
assumed to arise early in life and remain fixed throughout the 
life span. Lifelong heterogeneity theories of late life 
specifically require strong positive correlations between 
survival probabilities among adult ages; there is evidence that 
this particular assumption is not true [reviewed in 5, 35]. 

 Lifelong heterogeneity theory is based on an underlying 
robustness character that is unspecified. Attempts to associate 
particular measurable characters with such robustness have 
been unsuccessful [e.g. 9, 36]. However, such experiments can 
always be criticized on the grounds that they have not 
identified the ‘true’ robustness character that determines 
lifelong heterogeneity. With such an invisible and unmeasured 
variable, it becomes possible for proponents of lifelong 
heterogeneity theories to invent new post hoc variants of their 
theory if faced with experimental refutation. Naturally, this 
opportunity to create such post hoc variants will be considered 
by many scientists to be a clear weakness of lifelong 
heterogeneity theory. We will, nonetheless, review some of the 
experimental evidence that has been brought to bear on the 
question of the validity of the lifelong heterogeneity 
hypothesis, in order to give the reader some detail concerning 
its empirical standing. 

 It is possible to assemble synthetic cohorts of 
Caenorhabditis elegans from genotypes with very different 
mortality patterns and produce a slowing in late-life mortality 
[e.g. 16]. Brooks et al. [16] found that mortality rates in an 
isogenic population of the nematode C. elegans showed a less 
distinct plateau than a genetically heterogeneous population. 
However, the isogenic line studied by Brooks et al. [16] was 
grown at a higher temperature and higher food concentration 
than the heterogeneous line, complicating the interpretation of 
the mortality patterns in these experiments [37]. Unlike the C. 
elegans data, experiments with highly inbred lines of D. 
melanogaster have shown that distinct mortality plateaus 
persist in the absence of genetic variation [6, 19, 38]. Thus, 
genetic variation is not required for plateaus.  

 If genetic heterogeneity is not required for the occurrence 
of mortality-rate plateaus, then the heterogeneity required by 
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lifelong heterogeneity theories must come from the 
environment. That is, it must be possible to generate 
sufficient heterogeneity entirely from environmental 
effects. Khazaeli et al. [39] reduced pre-adult 
environmental heterogeneity among individuals from 
highly inbred Drosophila cohorts by manipulating egg 
laying, larvae collection, pupae selection and adult fly 
selection. The reduction of environmental variation had no 
significant effect on the presence of plateaus, leading the 
authors to conclude that pre-adult environmental 
heterogeneity does not make a substantial contribution to 
mortality deceleration in late life.  

 In principle, environmental heterogeneity may affect 
either of the two parameters of equation (1), A or  [40, 41, 
42]. Large-scale changes in the environment, like dietary 
restriction or the addition of urea to adult food, have been 
shown to change survival by altering the A parameter of 
the Gompertz equation; they typically have no consistent 
effect on  [43, 44]. However, numerical analysis of such 
environmental effects on A shows that they are unlikely to 
generate enough environmental heterogeneity to explain 
mortality plateaus [31]. A Gompertz model with hetero-
geneity in the age-dependent parameter was chosen by 
Mueller et al. [31] to give the best possible fit to an 
extensive collection of Drosophila data. The best-fitting 
lifelong heterogeneity model predicted higher survival at 
late ages than observed (Fig. 5). There were significantly 
less very old individuals in experimental cohorts than 
predicted by the best fitting heterogeneity in  Gompertz 
model. 

 Another test of heterogeneity theory uses the age-
specific pattern of variance in mortality rates. Models with 
lifelong heterogeneity predict a unimodal peak in the 
variance of the log of mortality rates vs. age [41]. 

However, variance estimates obtained from Drosophila
laboratory cohorts do not show such peaks [31]. Drapeau et al.
[9] found no differences in late-life mortality between cohorts 
of flies that had markedly different levels of early robustness, 
although Steinsaltz [45] has argued that a re-analysis of the 
Drapeau et al. [9] data provides modest support for the 
heterogeneity theory. However, in his re-analysis, Steinsaltz 
[45] censored early-mortality data, whereas Drapeau et al. [9] 
used all observations.  

 Rauser et al. [46, 47] found that declining age-specific 
fecundity in D. melanogaster also undergoes a pronounced 
deceleration at late ages. These late-life fecundity plateaus are 
not readily explained by lifelong heterogeneity theories [48]. It 
is possible that flies that are capable of surviving into late life 
have low, stable fecundities compared to flies that die before 
reaching late life. This possibility is based on the assumption 
of trade-offs between reproduction and mortality. But such 
trade-offs do not always occur, nor do they always have the 
same form when they do occur [cf. 49, 50, 51]. Opportunely, 
for D. melanogaster, it is possible to measure the propensity to 
reproduce on a daily basis, allowing a more direct test of 
lifelong heterogeneity theory for the fecundity character. 
Rauser et al. [48] performed such an experiment and found 
strong evidence against the explanation of late-life fecundity 
plateaus using any type of lifelong heterogeneity. 

EVOLUTIONARY BIOLOGY ALLOWS THAT AGING 
MAY STOP DEMOGRAPHICALLY  

Evolutionary Theories of Aging and Biological 
“Immortality” 

 By the middle of the twentieth century, evolutionary 
theories of aging were proposed based on the idea that natural 
selection should operate less effectively late in life [5, 52, 53]. 

Fig. (5). The probability of surviving beyond a certain age in a long-lived (O) population and a short-lived (B) population and both sexes.

The solid circles are the observed probabilities in each group while the solid lines are the values predicted by the heterogeneity-in-a model. 

Since the model predictions are based on simulated, finite numbers of deaths, they do not always produce smooth curves especially at the 

advanced ages (after Fig. (7) from Mueller et al., 2003). 
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The decline in the force of natural selection arises because, 
even in the absence of aging, probabilities of survival, and 
therefore also of future reproduction, will decline with age 
due to accidental deaths in nature. In evolutionary theories, 
the physiological features of aging and equations such as 
equation (1) are consequences of the progressive loss of 
adaptation with age [5, 54, 55]. Haldane [52] used this idea 
to explain why Huntington’s disease, which has a late 
onset, is common relative to genetic diseases with earlier 

onsets, despite its lethality.  

 In evolutionary theories of aging, age-related 
deterioration of function is the result of a decline in the 
force of natural selection. Therefore, for any interval of 
ages over which there is no possibility of change in 
reproduction, and therefore in the force of natural 
selection, there should also be no clear evolutionary 
tendency to produce changes in mortality. In other words, 
whenever the force of natural selection is not declining, 
there should be no continued deterioration with age. This is 
the case during development when natural selection acts at 
full force – natural selection is completely effective at 
eliminating mutations that destroy individuals before they 
have developed to adult reproductive ages. This does not 
preclude fluctuations in mortality rates during the 
developmental period, but it does imply the absence of a 
strong, persistent, and predictable deterioration in survival 

rates of the type seen in biological aging. 

 Some organisms experience natural selection at full 
force their entire lives and are therefore expected to not age 
biologically. Examples of this evolutionary pattern come 
from fissile species. Fissile here does not mean merely 
asexually reproducing or budding. It is now well known 
that budding yeast exhibit aging, as does the asexual 
protozoan Tokophyra. When asexual reproduction is 
sufficiently asymmetrical, there may be a pseudo ‘adult’ 
producing ‘juvenile’ offspring. When this occurs in a way 
that can give rise to differential evolution of such adults 
and juveniles, then aging can evolve. The cases in which 
aging cannot evolve, according to the theory, are those 
with strict symmetry between the products of fission. In 
these cases, if aging were to occur, it would extinguish all 
the descendant lineages, wiping out any such aging 
species, because senescent deterioration would then 
accumulate from cell division to cell division. This 
outcome would be opposed by natural selection acting with 
full force, which would halt such aging among surviving 

species.  

 As expected by theory, organisms with strictly 
symmetrical fission do not apparently exhibit aging. Bell 
[56] and Martínez [57] have shown that increasing death 
rates do not arise in fissile aquatic invertebrates. These 
examples show that aging is conditional on the life cycle 
and that the existence and nonexistence of aging conforms 
to the expectations of evolutionary theory [5, 54, 55, 58]. 
Most importantly, these examples suggest that aging is not 
a result of an inevitable, merely accidental, accumulation 
of damage to cells common to all organisms; aging is 
instead an evolutionarily derived condition, dependent 
entirely on the pattern of the force of natural selection. In 
this sense, evolution can readily achieve biological 

“immortality,” meaning an absence of the accelerating 
mortality rates that are customarily defined as aging.  

Evolutionary Theory for Late Life Mortality and 
Fecundity Plateaus 

 In 1966 Hamilton derived the result that the force of 
natural selection acting on mortality is given by s(x)/T, where x
is chronological age and T is a measure of generation length. 
The function s at age x is given by  

s x( ) = e ryl y( )m y( )
y=x+1

 (2) 

where r is the Malthusian parameter, or the growth rate of the 
population, associated with the specified l(y) survivorship and 
m(y) fecundity functions. The dummy variable y is used to sum 
up the net expected reproduction over all ages after age x. The 
s(x) function represents the fitness impact of an individual’s 
future reproduction, after age x. Before the first age of 
reproduction s is always equal to one, once reproduction has 
ended s is equal to zero, and during the reproductive period 
s(x) progressively falls. A detailed review of how Hamilton’s 
forces of natural selection shape survival and fecundity 
patterns is given by Rose et al. [59]. 

 The s(x) function has been used since Hamilton [54] to 
explain and to manipulate the evolution of aging [e.g. 55, 60]. 
In addition, equation (2) has been used as a crude explanation 
of equation (1) [5]; exponentially increasing mortality rates 
during aging are easily generated from first principles using 
Hamilton’s force of natural selection [vid. 61]. However, this 
same analysis also shows that the period of exponentially 
increasing mortality rates comes to an end. 

 In equation (2), s is equal to zero for all ages after 
reproduction has ceased. This plateau in the force of natural 
selection on zero implies that natural selection will no longer 
discriminate among genetic effects that act at very late ages 
because these genetic effects have had no impact on fitness 
during the evolutionary history of a population. While 
mutations and genetic drift increase the frequency of 
deleterious genes with more or less the same magnitude at all 
ages, the force of natural selection declines with age and 
stabilizes at a low level in late life. Therefore, even in 
organisms that reproduce at all ages, the force of natural 
selection is eventually overwhelmed by drift in late life (Fig. 
6), a result obtained in explicit numerical simulations by 
Mueller and Rose [61]. Other analytical solutions of this kind 
have been supplied by Charlesworth [62]. However, using 
formal analysis Wachter [63] has suggested that the plateaus 
found in the numerical simulations of Mueller and Rose [61] 
are only transient states under their assumed mutation model. 
Thus there is some theoretical work that remains to be done in 
order to place the Hamiltonian explanation of late life on a 
firm foundation. 

 Since there is no selection for post-reproductive longevity 
in organisms that do not contribute to the fitness of their 
offspring or relatives [5, 53, 54], mortality levels may be 
expected to reach 100% when natural selection plateaus on 
zero. An important elaboration of evolutionary theory has 
recently been contributed by Lee [64], who strikingly 
combines Hamilton’s theory for the Forces of Natural 
Selection with Hamilton’s inclusive fitness formulation of kin 
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selection. However, we will not be discussing this work 
further in this article, beyond pointing out that it is highly 
relevant for the evolution of aging in species like humans, 
in which parental care can continue for a decade or more. It 
is indeed possible that late-life plateaus will be at the zero-
survival levels in some species [cf. 40]. However, when 
there are enough alleles that have age independent 
beneficial effects it is also possible to have positive-valued 
average survival and fecundity values during late life [vid. 
62]. In such cases, any age-independent genetic benefits 
will be favored by natural selection acting at early ages and 
will have positive pleiotropic benefits at all later ages; an 
idea that has been called “protagonistic pleiotropy” [65, 
66]. 

Fig. (6). Mutations and genetic drift increase the frequency of 

deleterious genes with more or less the same magnitude at all 

ages (black arrows pushing upwards on the mortality curve). 

Meanwhile, natural selection opposes these deleterious mutations 

(gray arrows pushing downwards on the mortality curve), keeping 

mortality rates low. The strength of natural selection decreases 

with the age of genetic effect, which weakens the force of natural 

selection. At very advanced ages, after the last age of 

reproduction in a population’s evolutionary history, natural 

selection stabilizes at a low level. This leads to an end in the 

deterioration of the balance between selection and other 

evolutionary forces, and thus a plateau in mortality. 

 In evolutionary theories of late life based on the force 
of natural selection, aging can stop for individuals, when 
aging is defined in terms of age-specific components of 
fitness, as in Rose [5]. Thus evolutionary theory suggests 
that aging does indeed stop at the level of life-history 
characters. In some species, the cessation of aging can 
occur at fairly early ages, as shown in medflies by the 
results of Carey et al. [7].  

Experimental Evaluation of Evolutionary Theories of 
Late Life 

 Predictions of the evolutionary theories of late life have 
been substantially corroborated in several studies. Mueller 
and Rose [61], using models of pleiotropy and mutation 

accumulation, based on the force of natural selection, 
predicted that late-life mortality plateaus should evolve 
according to the last age of reproduction in the evolutionary 
history of D. melanogaster populations. Rose et al. [67] tested 
this prediction in three independent experiments using 30 large 
cohorts of D. melanogaster that featured either a 55-day or an 
18-day contrast in last ages of reproduction. They found a 
statistically significant difference in the day at which late life 
starts in these populations, when sample cohorts were handled 
simultaneously and in parallel (Fig. 7). This difference is 
qualitatively in accord with the predictions of evolutionary 
theories of late life.  

Fig. (7). Two-day mortality rates for 10 cohorts sampled from B and 

O populations. Short-lived B populations are shown as gray lines and 

long-lived O populations are shown as black lines. Occasional regions 

are missing because mortality rates of zero cannot be properly 

interpreted on a logarithmic scale (after Fig. (5), from Rose et al.

2002).  

 The kind of predictions derived by Mueller and Rose [61] 
concerning the evolution of late-life mortality rate plateaus can 
similarly be developed for late-life fecundity. In particular, 
evolutionary theory suggests that fecundity should plateau 
sometime after the last age of survival in a population’s 
evolutionary history. In two independent experiments, Rauser 
et al. [47] found late-life fecundity plateaus in several 
populations of D. melanogaster. More notably, they found 
statistically significant differences in the days at which late-
life fecundity plateaued in populations with different last ages 
of reproduction in their recent evolutionary history. These 
results showed that late-life fecundity plateaus evolve 
according to the evolutionary theory for late life based on the 
force of natural selection.  
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 Other laboratories have also performed experiments 
testing evolutionary theories for late life. For example, 
Reynolds et al. [68] used chromosomes extracted from 
isofemale lines of D. melanogaster to test the width of  
allelic effects on age-specificity. Their goal was to 
determine whether or not such allelic effects were too age-
specific for Charlesworth’s [62] explanation for the 
evolution of late-life plateaus with non-zero values of life-
history characters. They found enough width of age-
specificity to support Charlesworth’s hypothesis, an 
encouraging result for the evolutionary approach.  

 Overall, a variety of experiments have cast doubt on 
lifelong heterogeneity theories while several experiments 
have corroborated the evolutionary theories of late life. An 
important implication of these results is that late life is not 
a mere sampling effect arising in subsidiary cohorts all of 
which undergo unremitting aging. Instead, late life is an 
evolutionarily distinct phase of life history, evolving 
according to strictures very different from those that mold 
both early life and aging. It appears possible for aging to 
stop, at sufficiently late ages, at least among some 
populations. Thus, there are three phases of life: 
development, aging, and late life. We now should be 
concerned not only with why and how aging happens, but 
also with why and how aging stops at late ages.  

DOES AGING STOP PHYSIOLOGICALLY?  

 Almost everything that is currently known about late 
life concerns fitness characters such as age-specific 
mortality and age-specific fecundity. Fitness characters of 
individual organisms plateau at very late ages, so in some 
sense physiological aging must stop at the same old ages. 
But what happens to the constituent physiological 
mechanisms of such “plateaued” individuals remains an 
unanswered question. The functional physiological 
parameters that can be studied for changes in late-life must 
be those that are demonstrably related to adult survival, 
fecundity, or virility, since some physiological characters 
may have no effect on life-history characters. Currently, 
we have no intuitive understanding of the underlying 
machinery of late-life physiology. It is important to note, 
however, that our lack of understanding of late-life 
physiology is not due to some limitation on or 
impossibility of studying this phase of adult life. Using 
well-defined model systems, we could, in principle, follow 
age-specific physiology into the late-life period for an 
experimental cohort. We could then compare age-specific 
physiology during late life to age-specific physiology 
during aging. It seems that our lack of understanding of 
late-life physiology is largely due to the fact that late life is 
observable in laboratory populations of model organisms 
only when the starting population sizes are very large. 
Most studies of age-specific physiology do not extend into 
the late-life period because the sample sizes that can be 
obtained from cohorts of experimental populations are 
usually not large enough. 

 In 2000, Drapeau et al. [9] began an investigation of 
late-life physiology in D. melanogaster in which they 
specifically focused on physiological characters that have 
been shown to be mechanistically bound up with aging. 
Their results suggest that starvation resistance, defined as 

hours to death in moist conditions without food, plateau at late 
ages but that desiccation resistance, defined as hours to death 
in dry conditions without food, does not plateau. On the other 
hand, Nghiem et al. [69] found that desiccation resistance does 
seem to stop declining at very late ages, in ostensible 
contradiction to the findings of Drapeau et al. [9]. But the 
study of Nghiem et al. was not conducted in terms of a 
differentiation between aging and late-life phases of 
adulthood.  

 At this point, a discussion of how the start of the late-life 
period can be identified might be helpful. The age at which 
late life starts is sometimes called the “break-day,” because it 
breaks adult life into the two periods of aging and late life. 
Estimating the break-day requires that experimenters collect 
mortality data on the population under study until very late 
ages. The recorded mortality data can then be fitted to a two-
stage Gompertz equation using maximum likelihood 
techniques [67], as follows: d is set as the breakday or the age 
at which mortality rates become constant with age. Then, at 
ages x less than d, age-specific mortality rates are modeled by 
the continuous time Gompertz equation and set equal to Ae

x
,

where A is the age-independent rate of mortality and  is the 
age-dependent rate of mortality. For ages greater than d,
mortality rates are assumed to equal a constant value A2. A2 is 
independent of age but differs from A. This two-stage 
Gompertz equation does not force a plateau onto the observed 
data, but allows for estimating the breakday if there is a 
plateau in the mortality data.  

 Thus, when functional physiological parameters are 
measured at different ages for sample organisms in a cohort, 
these parameters can be plotted against age with the estimated 

Fig. (8). Possible outcomes of late life physiology studies. 

Functional physiological parameters that are measured at different 

ages for sample organisms in a cohort can be plotted against age 

with the estimated mortality breakday (d) superimposed on the plot. 

If late life physiology is different from the physiology of aging, we 

should see a change in patterns of physiology between the two 

periods of adult life. In this figure the particular phenotype 

deteriorates during the aging period as may be expected from the 

pattern of increasing mortality rates during this period. In late life, 

the phenotype may stabilize, much like mortality and fecundity 

stabilize at late ages. The phenotype in late life could also continue 

to deteriorate, in which case it is conceivable that some other 

phenotype might improve during late life.  



10    Current Aging Science, 2009, Vol. 2, No. 1 Shahrestani et al.

breakday superimposed on the plot, as illustrated in Fig. 
(8). If late life physiology is different from the physiology 
of aging, as is conceivable given the existence of late life, 
we should see a change in patterns of physiology between 
the two periods of adult life. In other words, if changes of 
mean value or second-order changes in the rate of change 
occur in a particular physiological parameter that is 
causally related to aging, such changes should occur near 
the breakday. For example, a particular phenotype might 
deteriorate with age during the aging period and then 
plateau in late life. Alternatively, the character might 
continue to get worse with age even during the late-life 
period, perhaps deteriorating at a more rapid rate during 
late life. If this is the case, another physiological character 
might possibly improve with age during late life and the 
effects of the two characters changing in opposite 
directions could balance.  

 At this point we can distinguish three broad alternative 
hypotheses for the physiology of late life. (i) The continued 
deterioration in all functional characters, which would 
suggest that there is something wrong about the 
evolutionary theory of late life discussed here. Our view is 
that the preliminary data already available suggests that 
this is not the universal pattern among such functional 
characters, but these data are too thin to this point to 
inspire much confidence. (ii) Convergence on a state of 
physiological “quiescence,” in which functional characters 
generally stabilize, much as mortality and fecundity 
characters do. So far, there is the barest suggestion that this 
may in fact be the case. (iii) A complex scenario, like that 
discussed in the preceding paragraph, in which 
physiological characters vary with respect to their 
continued deterioration, stabilization, or even partial 
recovery. Deciding among these hypotheses poses a 
distinctly interesting challenge. 

 In this article we have set up the theoretical and 
experimental background for future work on the 
physiology of late life by presenting what has been 
theoretically derived and experimentally tested thus far. It 
is now clear that members of some species do indeed stop 
aging at very late ages, and there is an adequate 
evolutionary explanation for why this occurs. This 
previously unexpected situation poses exciting new 
problems for biological research. The cessation of aging 
can have significant implications for governments too, in 
terms of health and social costs, and also for actuaries who 
need to project future changes in life expectancy. The 
twentieth century has seen dramatic declines in human 
mortality rates at all ages, and there are now far more 
individuals living to very late ages than ever before 
[reviewed in 70]. In our fast-growing society it is 
conceivable that more and more people will live to 
experience a cessation in aging in their last years. 
Therefore, understanding late life is becoming greatly 
important to us all. 

REFERENCES 

[1] Finch CE. Longevity, Senescence, and the Genome. University 
of Chicago Press, Chicago (1990). 

[2] 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. Philos. Trans. Royal Society 

London 115: 513-585 (1825).  
[3] Rose MR. End of the Line. Q Rev Biol 82: 395-400 (2007). 

[4] Comfort A. The Biology of Senescence. 3rd Ed. Elsevier, New York 
(1979). 

[5] Rose MR. Evolutionary Biology of Aging. Oxford University Press, 
New York pp. 170-171 (1991). 

[6] Curtsinger JW, Fukui HH, Townsend DR and Vaupel JW. 
Demography of genotypes: failure of the limited life span paradigm 

in Drosophila melanogaster. Science 258: 461-463 (1992). 
[7] Carey JR, Liedo P, Orozco D and Vaupel JW. Slowing of mortality 

rates at older ages in large medfly cohorts. Science 258: 457-461 
(1992). 

[8] Vaupel JW, Carey JR, Christensen K, Johnson TE, Yashin AI, Holm 
NV, Iachine IA, et al. Biodemographic trajectories of longevity. 

Science 280: 855-860 (1998). 
[9] Drapeau MD, Gass EK, Simison MD, Mueller LD and Rose MR. 

Testing the heterogeneity theory of latelife mortality plateaus by 
using cohorts of Drosophila melanogaster. Exp Gerontol 35: 71-84 

(2000). 
[10] Greenwood M and Irwin JO. Biostatistics of senility. Hum Biol 11: 1-

23 (1939). 
[11] Gavrilov LA and Gavrilova NS. The Biology of Life Span: A 

Quantitative Approach. Harwood, New York (1991). 
[12] Maynard SJ, Barker DJP, Finch CE, Kardia SLR, Eaton SB, 

Kirkwood TBL, et al. The evolution of non-infectious and 
degenerative disease. In: Stearns SC (Eds.) Evolution in Health and 

Disease, pp. 267-272. Oxford University Press, Oxford (1999). 
[13] Myers GC and Manton KG. Accuracy of death certification. 

Proceedings of the Social Statistics Section. American Statistical 
Association pp. 321-330 (1983). 

[14] Nusbaum TJ, Graves JL, Mueller LD and Rose MR. Fruit fly aging 
and mortality. Science 260: 1567 (1993). 

[15] Graves JL Jr. and Mueller LD. Population density effects on 
longevity. Genetica 91: 99-109 (1993). 

[16] Brooks A, Lithgow GJ and Johnson TE. Mortality rates in a 
genetically heterogeneous population of Caenorhabditis elegans.

Science 2263: 668-671 (1994). 
[17] Carey JR, Liedo P and Vaupel JW. Mortality dynamics of density in 

the Mediterranean fruit fly. Exp Gerontol 30: 605-629 (1995). 
[18] Khazaeli AA, Xiu L and Curtsinger JW. Effect of density on age-

specific mortality in Drosophila: a density supplementation 
experiment. Genetica 98: 21-31 (1996). 

[19] Fukui HH, Xiu L and Curtsinger JW. Slowing of agespecific 
mortality rates in Drosophila melanogaster. Exp Gerontol 28: 585-

599 (1993). 
[20] Tatar M, Carey JR and Vaupel JW. Long-term cost of reproduction 

with and without accelerated senescence in Callosobruchus 
maculates: analysis of age-specific mortality. Evolution 47: 1302-

1312 (1993). 
[21] Kannisto V, Lauristen J, Vaupel JW. Reproduction in mortality at 

advanced ages: several decades of evidence from 27 countries. Popul 
Dev Rev 20: 973-810 (1994). 

[22] Charlesworth B and Partridge L. Ageing: leveling of the grim reaper. 
Curr Biol 7: R440-R442 (1997). 

[23] Carey JR. Longevity: The Biology and Demography of Life Span. 
Princeton University Press, Princeton, NJ (2003). 

[24] Rauser CL, Mueller LD, Rose MR. The evolution of late life. Ageing 
Res Rev 5: 14-32 (2006). 

[25] Olshansky SJ and Carnes BA. Ever since Gompertz. Demography 34: 
1-15 (1997). 

[26]  Beard RE. Note on some mathematical mortality models. In: 
Wolstenholme GEW, O’Connor M. (Eds.), The Lifespan of Animals. 

Ciba Foundation. Colloquium on Ageing, Little, Brown, Boston, pp. 
302-311 (1959). 

[27] Vaupel JW, Manton K and Stallard E. The impact of heterogeneity in 
individual frailty on the dynamics of mortality. Demography 16: 439-

454 (1979). 
[28] Beard RE. Some observations on stochastic processes with particular 

reference to mortality studies. Int. Congress Actuaries 3: 463-477 
(1964). 

[29] Beard RE. Some aspects of theories of mortality, cause of death 
analysis, forecasting and stochastic processes. In: Brass W. (Ed.), 

Biological Aspects of Demography. Taylor and Francis, London, pp. 
57-69 (1971). 



Does Aging Stop? Current Aging Science, 2009, Vol. 2, No. 1    11

[30] Pletcher SD and Curtsinger JW. The influence of 

environmentally induced heterogeneity on age-specific genetic 
variance for mortality rates. Genet Res 75: 321-329 (2000). 

[31] Mueller LD, Drapeau MD, Adams CS, Hammerle CW, Doyal 
KM, Jazayeri AJ, et al. Statistical tests of demographic 

heterogeneity theories. Exp Gerontol 38: 373-386 (2003). 
[32] Carnes BA and Olshansky SJ. Heterogeneity and its 

biodemographic implications for longevity and mortality. Exp 
Gerontol 36: 416-430 (2001). 

[33] Roff DA. The Evolution of Life Histories: Theory and Analysis: 
Chapman and Hall, New York (1992). 

[34] Stearns SC. The Evolution of Life Histories. Oxford University 
Press, Oxford (1992). 

[35] Rose MR and Finch CE. The Janiformgenetics of aging. 
Genetica 91: 3-10 (1993). 

[36] Khazaeli AA, Xiu L and Curtsinger JW. Stress experiments as a 
means of investigating age-specific mortality in Drosophila 

melanogaster. Exp Gerontol 30: 177-184 (1995). 
[37] Vaupel JW, Johnson TE and Lithgow GJ. Rates of mortality in 

populations of Caenorhabditis elegans. Science 266: 826 (1994). 
[38] Fukui HH, Ackhart L and Curtsinger JW. Deceleration of age-

specific mortality rates in chromosomal homozygotes and 
heterozygotes of Drosoophila melanogaster. Exp Gerontol 31: 

517-531 (1996). 
[39] Khazaeli AA, Pletcher SD and Curtsinger JW. The fractionation 

experiment: reducing heterogeneity to investigate age-specific 
mortality in Drosophila. Mech Ageing Dev 105: 301-317 (1998). 

[40] Pletcher SD and Curtsinger JW. Mortality plateaus and the 
evolution of senescence: why are old-age mortality rates so low? 

Evolution 52: 454-464 (1998). 
[41] Service PM. Heterogeneity in individual mortality risk and its 

importance for evolutionary studies of senescence. Am Nat 156: 
1-13 (2000). 

[42] Service PM. Demographic heterogeneity explains age-specific 
patterns of genetic variance in mortality rates. Exp Gerontol 39: 

25-30 (2004). 
[43] Joshi A, Shiotsugu J and Mueller LD. Phenotypic enhancement 

of longevity by environmental urea in Drosophila melanogaster.
Exp Gerontol 31: 533-544 (1996). 

[44] Nusbaum TJ, Mueller LD and Rose MR. Evolutionary patterns 
among measures of aging. Exp Gerontol 31: 507-516 (1996). 

[45]  Steinsaltz D. Re-evaluating a test of the heterogeneity 
explanation for mortality plateaus. Exp Gerontol 40: 101-113 

(2005). 
[46] Rauser CL, Mueller LD and Rose MR. Aging, fertility, and 

immortality. Exp Gerontol 38: 27-33 (2003). 
[47] Rauser CL, Tierney JJ, Gunion SM, Covarrubias GM, Mueller 

LD and Rose MR. Evolution of late-life fecundity in Drosophila 
melanogaster. J Evol Biol 19: 289-301 (2006). 

[48] Rauser CL, Abdel-Aal Y, Sheih JA, Suen CW, Mueller LD and 
Rose MR. Lifelong heterogeneity in fecundity is insufficient to 

explain late-life fecundity plateaus in Drosophila melanogaster.
Exp Gerontol 40: 660-670 (2005). 

[49] Rose MR, Chippindale AK and Nusbaum TJ. Laboratory 
evolution: the experimental wonderland and the Cheshire Cat 

syndrome. Rose MR and Lauder GV, Eds. Adaptation. Academic 
Press, New York pp. 221-241 (1996).  

[50] Partridge L and Fowler K. Direct and correlated responses to 

selection on age at reproduction in Drosophila melanogaster.
Evolution 46: 76-91 (1992). 

[51] Leroi AM, Chippendale AK, Rose MR. Long-term laboratory 
evolution of a genetic life-history trade-off in Drosophila 

melanogaster. I. The role of genotype-by-environment interaction. 
Evolution 48: 1244-1257 (1994). 

[52] Haldane JBS. New Paths in Genetics. Allen & Unwin, London 
(1941). 

[53] Medawar PB. An Unsolved Problem of Biology. Lewis, London 
(1952). 

[54] Hamilton WD. The moulding of senescence by natural selection. J 
Theor Biol 12: 12-45 (1966). 

[55] Charlesworth B. Evolution in Age-Structured Populations. 
Cambridge University Press, London (1980). 

[56] Bell G. Evolutionary and nonevolutionary theories of senescence. Am 
Nat 124: 600-603 (1984). 

[57] Martínez DE. Mortality patterns suggest lack of senescence in hydra. 
Exp Gerontol 33: 217-225 (1998). 

[58] Charlesworth B. Evolution in Age-Structured Populations. 2nd Ed. 
Cambridge University Press, London (1994). 

[59] Rose MR, Rauser CL, Benford G, Matos M and Muller LD. 
Hamilton’s forces of natural selection after forty years. Evolution 61: 

1265-1276 (2007). 
[60] Rose MR, Passananti HB and Matos M., Eds. Methuselah Flies: A 

Case Study in the Evolution of Aging. World Scientific, Singapore 
(2004). 

[61] Mueller LD and Rose MR. Evolutionary theory predicts late-life 
mortality plateaus. Proc Natl Acad Sci USA 93: 15249-15253 (1996). 

[62] Charlesworth B. Patterns of age-specific means and genetic variances 
of mortality rates predicted by the mutation accumulation theory of 

ageing. J Theor Biol 210: 47-65 (2001). 
[63] Wachter KW. Evolutionary demographic models for mortality 

plateaus. Proc Natl Acad Sci USA 96: 10544-10547 (1999). 
[64] Lee RD. Rethinking the evolutionary theory of aging: transfers, not 

births, shape senescence in social species. Proc Natl Acad Sci USA 
100: 9637-9642 (2003). 

[65] Sonneborn JS. The myth and reality of reversal of aging by Hormesis. 
Ann NY Acad Sci 1057: 165-176 (2005). 

[66] DeGray A. Protagonistic pleiotropy: Why cancer may be the only 
pathogenic effect of accumulating nuclear mutations and 

epimutations in aging. Mech Ageing Dev 128: 456-459 (2007).  
[67] Rose MR, Drapeau MD, Yazdi PG, Shah KH, Moise DB, Thakar RR, 

et al. Evolution of late-life mortality in Drosophila melanogaster.
Evolution 56: 1982-1991 (2002). 

[68] Reynolds RM, Temiyasathit S, Reedy MM, Ruedi EA, Drnevich JM, 
Leips J, et al. Age specificity of inbreeding load in Drosophila 

melanogaster and implications for the evolution of late-life mortality 
plateaus. Genetics 177: 587-595 (2007). 

[69] Nghiem D, Gibbs AG, Rose MR and Bradley TJ. Postponed aging 
and desiccation resistance in Drosophila melanogaster. Exp Gerontol 

35: 957-969 (2000). 
[70] Wilmoth JR. Demography of longevity: past, present, and future 

trends. Exp Gerontol 35: 1111-1129 (2000). 

Received: April 11, 2008 Revised: September 30, 2008 Accepted: October 16, 2008 


