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Prospects for Human Longevity 
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T he public-policy implications of an 
aging world are staggering-affect- 
ing the health status of billions of 

people, the financial integrity of age-based 
entitlement programs, and the economies 
of all nations (1 ,2 ) .  

The dying of individuals and the aging 
of populations are linked, but there are im- 
portant differences in their biological and 
statistical dynamics. Individuals have a 
specified life-span that is operationally de- 
fined by age at death. The documented 
longest-lived member of a species defines 
the maximum life-span. For populations, de- 
mographers and actuaries calculate a life ex- 
pectancy based on the use of a life table. In 
heterogeneous populations, like humans, the 
maximum lifeispan is always greater than 
the life expectancy, by definition. Here, we 
examine the prospects for continued im- 
provements in survival and increases in life 
expectancy for the human population. 

In 1990, we demonstrated empirically 
that as life expectancy at birth rises, it be- 
comes less sensitive-to changes in death 
rates (3). This phenomenon is known as 
entropy in the life table (4-6). From demo- 
graphic principles, we concluded that life 
expectancy at birth for males and females 
combined was unlikely to rise above 85 
years (unless scientists can discover how 
to modify the aging process for a substan- 
tial portion of the population). Using age- 
and sex-specific death rates from 1985 to 
1995 in Japan, France, and the United 
States, we have now examined whether re- 
cent trends in life expectancy at birth con- 
form with our predictions. 

Methods 
As before (3), we estimated the age sched- 
ules of conditional probabilities of death q(x) 
required for the life table to yield life ex- 
pectancies at birth of up to 100 years of age 
(in 5-year increments based on 1985 and 
1995 death rates) by using two assumptions: 
(i) a proportional reduction p in age- and 
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total mortality at every age are still required 
in order to reach a life expectancy at birth 
of 100 vears in long-lived ~opulations like - .  
those of ~ a ~ a n  and France. 

To illustrate the phenomenon of en- 
tropy, consider the fact that when life ex- 
pectancy at birth is 50, it takes an estimat- 
kd 4.1% reduction in total mortality at ev- 

sex-specific death rates, q(x), at every age x ery age to raise life expectancy 1 year 
from 0 to 100 [that is, qr(x) = qo(x)(l - p), [Web fig. 4 (8)], a mortality scenario simi- 
where qr and go refer to the reduced and cur- lar to that experienced by French females 
rently observed death rates respectively], and at the beginning of the 20th century. By 
(ii) a proportional reduction in age- and sex- contrast, raising life expectancy from 80 to 
specific death rates for ages 50 and older. In- 8 1 years requires a 9.1% reduction in total 
fant mortality q(0) was not permitted to de- mortality at every age. The mortality re- 
cline below five deaths per 1000 live births, ductions at every age required to achieve a 
because we assumed that existing levels of 1-year increase in life expectancy at birth 
lethal inherited dis- today are more than 
eases, accidents, and ' :: - twice those needed 
homicide represent a ,, to achieve the same 
mortality barrier at 70 gain early in the 
about this level. 07 , 6 0 ~  "T- 20th century. As 

The mortality re- ;:- life expectancy at 
ductions from 1995 op e, 30 ( e  1900 - 48 9 

birth reaches the 
levels needed to e 20 l,l<e,~995 790 80s, entropy in the 

e, ltrsl reductlan 89 1 yield life expectan- ,a l o  6 1 <  elseco ,,,,,, ,,,On 952 life table means that 
cies greater than 100 Z O 

years require the Age (years) cremental gains in 
near-total elimina- life expectancy re- 
tion of all mortality Survival curves and life expectancy at birth 

for females in the United States (1900, 1995, 
quire progressively 

risks before age 85. and projected). larger reductions in 
Because that is unre- mortality. So far, the 
alistic, we only dealt with mortality reduc- 
tions that produce life expectancies no high- 
er than 100 years. Limiting the analysis in 
this way avoids the technical problem of 
choosing how to close a life table for a siz- 
able hypothetical population of supercente- 
narians surviving beyond the age of 120 (7). 

Still in Search of Methuselah 
Life expectancy at birth has continued to 
rise in low-mortality populations from 1985 
to 1995. In order to rise to and beyond 85 
years, however, extremely large reductions 
in current levels of total mortality for both 
males and females are required. For exam- 
ple, the 1995 death rates would have to de- 
cline by more than 50% at every age in or- 
der for life expectancy to reach 85 years in 
the United States (from 1995 levels of 79.0 
for females and 72.4 years for males) [Web 
fig. 1 (41. Even among the longest-lived 
subgroup in the world (Japanese women), 
total mortality at every age would have to 
drop by 20% in order to raise life expectan- 
cy by 2 years from its current 83 years 
[Web fig. 2 (8)]. Although females in 
France have enjoyed a life expectancy at 
birth that has exceeded 80 years since 1987, 
their 1995 death rates would have to decline 
by more than 26% at every age in order to 
achieve a life expectancy of 85 years [Web 
fig. 3 (8)]. A decade after our initial calcu- 
lations, 85% reductions in current levels of 

empirical evidence is clear. ~ u & e  in 
life expectancy will not only occur at a 
slower pace, but they will depend on a con- 
tinuous stream of developments in the 
biomedical sciences that lead to treatments 
and cures for the diseases and disorders of 
aging itself. Achieving life expectancies of 
100 years or more exclusively through life- 
style modification remains as unrealistic 
today as it was 10 years ago. 

Throughout most of the 20th century, 
death rates declined dramatically at every 
age in developed nations, and life expectan- 
cy at birth rose rapidly (9). For example, 
life expectancy at birth for U.S. females in- 
creased from 48.9 years in 1900 to 79.0 in 
1995. If these declines could be duplicated 
for the 1995 mortality levels, life expectan- 
cy would only rise by 10.1 years to 89.1, 
not the 30-year gain observed previously 
(see figure, above). A third repetition of the 
mortality reductions would yield an addi- 
tional 6.1 years, another tangible example 
of entropy in the life table. In reality, the 
large mortality reductions of the 20th cen- 
tury cannot be repeated for the population 
under age 50 in the low mortality popula- 
tions of the 2 1 st century because infectious 
and parasitic diseases are no longer the pri- 
mary causes of death at these ages. This 
means that much larger mortality reduc- 
tions will be required at older ages for life 
expectancy to rise significantly. 
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cia1 and political unrest, or natural disasters. 
There are no life-style changes, surgical 

procedures, vitamins, antioxidants, hor- 
mones, or techniques of genetic engineer- 
ing available today with the capacity to re- 
peat the gains in life expectancy that were 
achieved during the 20th century. If there is 
going to be another quantum leap in life 
expectancy at birth (20 to 30 years or 
more), these large gains will have to come 
from adding decades of life to the lives of 
people who reach the ages of 70 and older. 

Modifying endoge- 
nous biological pro- 

Among the longest-lived subgroups of 
the human population (Japanese females), 
recent mortality declines are steep enough 
to support our 1990 prediction that life ex- 
pectancy at birth could rise to 85 years (88 
years for females and 82 years for males) in 
some countries in the 21st century. Al- 
though death rates among long-lived popu- 
lations continue to decline at middle and 
older ages, the chance of achieving a life 
expectancy at birth of 90 years and older 
has not changed appreciably over the last 

the underlying biology that influences age- 
specific death rates in populations. 

Two methods have been used in recent 
years to predict that life expectancy at birth 
will reach 100 years in the 21st century: In 
the theoretical risk-factor model, all indi- 
viduals are assumed to adopt optimum life- 
styles that promote health (16). In the sec- 
ond, demographic, approach, past declines 
in death rate are extrapolated to the future 
(I  7-19). Although the mathematics of the 
life table may not be violated by these 
methods, they ignore the biological forces 
that influence the length of life of individu- 
als in genetically heterogeneous popula- 
tions. Projections based on biodemograph- 
ic principles that recognize the underlying 
biology within the life table would lead to 
more realistic forecasts of life expectancy 
that reflect the demographic reality of en- 
tropy in the life table, and the biological 
irony that biochemical mechanisms re-
quired to operate and sustain the machin- 
ery of life, also inevitably sow the seeds of 
its destruction. 
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CHANCE INDEATH RATES AND PROJECTED LIFE EXPECTANCY 

0-19 

FranceWI., -2.7 

France (M) -3 2 

Japan (F) -0 5 

Japan (M) -1.5 

USA(F) -1.1 

USA (M) -1.1 

Annual average percentage 
change in q(x) at ages 
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cesses to achieve this 
Projected year for 

reaching life goal, although theo- 
expectancy of retically possible, will 

0-99 85 100 	 be much harder than 
reducing children's -1.7 2014 2106 
death rates from in- 

-1.6 2052 2138 
fectious and parasitic 

-1.5 2010 2118 diseases (12)
-1.2 2060 2182 The projected life 
4 4  2125 2485 expectancy of popu- 
- 0 4  2239 2577 	 lations has important 

implications for pub- 
Observed change in death rates and projected life expectancy. The lic policy. For exam- 
last two columns show the year in which Life expectancy at birth would ple, since 1935, actu- 
reach the exact ages of 85 and 100, as projected from the percentage aries at the U.S. So- 
change on the Left; q(x) is defined as age- and sex-specific death rates. cial Security Admin- 

decade. Thus, despite predictions to the 
contrary, rapid increases in life expectancy, 
like those observed early in the 20th centu- 
ry, are no more plausible today than they 
were a decade ago. 

If age- and sex-specific trends in death 
rates observed from 1985 to 1995 continue 
into the future, life expectancy at birth for 
males and females combined would reach 
85 years in 2033 in France, 2035 in Japan, 
and 2182 in the United States (see table). 
If these trends continue, then life expectan- 
cy at birth of 100 years will not occur, if 
ever, until well after everyone alive today 
has died. 

Conclusions 
Entropy in the life tables of long-lived pop- 
ulations like France, Japan, and the United 
States is the primary reason that the mea- 
sure of life expectancy is no longer a reli- 
able barometer of the health of a nation. 

Unless the aging process itself can be 
brought under control, the mortality trends 
observed from 1985 to 1995 remain con- 
sistent with the expectation that future 
gains in life expectancy will be measured 
in days or months rather than years. In an 
environment of optimism about modern 
medicine and human longevity, it is sober- 
ing to realize that life expectancy (at birth 
or at older ages) could actually decline for 
some populations because of the re-emer- 
gence of infectious diseases (10, l l ) ,  so- 

istration (SSA) have 
been required by law to make forecasts of 
the future size of the beneficiary popula- 
tion. In their latest official forecast, the 
SSA estimated that life expectancy at birth 
would rise to 79.3 years for males and 83.9 
years for females by 2070 (13). Death 
rates in the age ranges 0 to 14, 15 to 64, 
and 65 and older would have to decline by 
1.2%, 0.57%, and 0.50%, respectively, for 
each of the next 70 years for the SSA's 
forecast to be true 114). If this were to oc- ~, 

cur, however, the projected death rate 
would approach zero for the population 
aged 0 to 30 in the latter part of the 21st 
century. Given the inevitable presence of 
accidents, homicide, suicide, infectious 
and parasitic diseases, and inherited lethal 
disorders, such a projection is biologically 
implausible and overly optimistic. Despite 
these concerns, a 1999 advisory group to 
the SSA recommended that this prediction 
for the year 2070 was too pessimistic, and 
should be raised an additional 3.7 years, 
leading to a projected life expectancy at 
birth of 83.1 years for males and 87.5 
years for females (15). 

This revised assumption leads to the 
prediction that total mortality at every age 
for the next 70 years would decline at a 
rate that is twice as fast as the already fa- 
vorable rate of mortality decline projected 
by the SSA. This point illustrates the pub- 
lic policy implications of ignoring the phe- 
nomenon of entropy in the life table and 
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