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E5TTMATTNG THE uppER BouNDs to human longevity is an inherently fascinating
ques( thal has drawn the attenlion of scientists from a number of disciplines. The
possibility of modirying the rate of senescence and prolonging youth by akerinS
the expression of age-related diseases remains a topic of great interest and
speolation. Demographers and govemment planners face the more practical
problem of forecasting survrval and estimating lhe size of future cohorts of older
persons,

Although there is no doubt that the aging of populations will occur
(Kins€lla and Taeuber, l99l; Olshansky, Cames, and Cass€I. l99l), cunent
debate in demography concems the extent to which individual aSing (implied in
the measure of life expectancy) rray continue (for example. see Manlon,
Stallard, and Tolley, l99l; Olshansky, Cames, and Cassel, 1990). The distinction
between comp€ting eslirnates of longeviry has important policy implicalions.
Some researchers predict that life expeclancy in the United States will apprcach
l0O years during the n€xt century, while othe6 suggest that we are already
approaching the practical limits of human longevity. lf the more optimistic
scenarios of life expeclancy are correct, the size of ihe beneficiary populatiorF-
ftose aSed 65 and older-will be significantly Iarger in the near future than
anticipated by official govemment forecasts. Furthcr, if orrrent morbidity rat6
remain unchanged, the size of thc most ftail and disabled subgroup of the
populatio&-rhose aged 8 5 and older-will also be larger than anticipated. Thus,
it is critically impona to resolve dillerences between these competing estimates
of human longevity.

Demognphic approaches to modeling and forecasting monality are mosl
often based on the observation of short-term trends in death statistics.r with the
undedying assumption that !h€ future will be some variation of recendy
obscrved lnstorical trends (Al burS and Vaupel, 1990; Bell, Wade, and coss,
1992: Day. 1992; cwalnik, Yariagashita, and Schneider, 1988; l-ee and Carlet
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1992; Manton. Stallard, and Tolley, l99l; Olshansky, 1985; Vaupel and
Gowan, 1986). The extrapolation method is also being used by the Social
Securiry Administation (SSA) (BeI, Wade, and coss, 1992) and the Bureau of
lhe Census (Day, 1992) to estimate the size and age structure of the older
population of the United States. The time liame uscd as the basis for thes€
forecasts is the past qua(er century-a period when death rates in the United
Stat€s declined at older agcs more quickly than during any previous period of
comparable lenglh. Is it reasonable !o exp€o that thes€ trends in old-age
mortality can be sustained or possibly even accelerated, ot are they an anomaly?
More importantly, should this method of forecasting be continued?']

Some recent models of monality change have suggested that the SSA and
Census Bureau have adop(ed monality forecasting as$rmptions tha! are too
pessimistic (Al burg and Vaupel, 1990i curalnik, Yanagashita, and Schncider.
1988; Manlon, Stallard, and Touey, l99l).r The more optimistic scenarios
offered by these researchers are based on the premise that future declind in old-
age mortalily will occur at a more accelerated pace than those observed in the
past. Lee and Caner (1992) demonstraEd that if empirical models are used to
extrapolate past mortality fiends (for the entire twentieth century) into the
future, life expeclancy will increase at a faster pacc than lhar assumed by the SSA
in their latest forecast. Other scientists, however. have argued that gains in life
expectancy in low-monality popularions should begin to decelerate because of
entropy in the life table-a phenomenon well documentcd in the lilerature
(Kefiitz, 1985; Horiuchi, 1989; Olshansky. Cames, and Cassel, 1990). As nored
by Cames and Olshansky (1993), theories of senescence ftom evolutionary
biology imply lhat another law of diminishing rerums may apply to human
mortality--{he hypotheized pres€nce ofgenetically influenced declines in phys-
iological maintenance and repair mechanisms.

Theoretical bounds to human longevity

TWo basic arguments have been set fonh rc explain why life exp€ctancy will be
considerably Breater in the future than is orrently anticipated. One group
(AttlburS and Vaupel, 1990; Vaupel and cowan, 1986) estimates lhat p€riod life
expectafty at binh in the United States will rcach I 00 years sometime in lhe nex!
cenfirry and lhat cohort life expeoancy ar binh for children bom after I 982 in the
United States is already at 100. Their estimales presume that death rates will
decline by 2 percent ai every age for each of the n€xl 100 years. The 2 percent
assumption derivcs ftom the obscwation that death ratcs from vasolar diseas€s

have declined precipilously in fte United Slates from 1968 lo about 1982, and
the belief that these unprecedented declines will continue at cvery age for each of
the next 100 yeals. Another group {Manton, Stallard, and Tolley, l99l) also
argues for a 100-year life expectancy in the near future. Thcy reason that the
hiSher life expectancies altained by subgroups exhibiting the most favorable
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monalily schedules not only can be achieved, but can bc improved upon by
everyone in thc population. The mortality assumptions made by these two
schools of lhought are considered by their proponents as not only biologically
plausible, but realistically achievable in the next century-and needing therefore
to be incorporated into official govemment forecasts. In this anicle, we clcnsider
each of these methods of csdmaling hurnan longevity in thc conlext of the
ob'served mortality record and in terms ofrheir biological plausibiliry in light of
evolulionary theoties of senescencc,

Sustained mo(ality declines of 2 percenl

The morlality rccord of the United Slates in lhe twenticlh century can be
summarized from life tables and age-adju$ed cenlral death rales published by
lhe Social Security Adminisrration (Bell, Wade. and coss, 1992) and the
National Center for Heahh Statistics ( 1992). Agc-adjusted central death rates for
males and fcmales in the United States in I900 were 2,415.5 and 2,19a.7 pet
100,000, respectively. By 1990, lhese rates had declin(d lo 1,022.3 for males
(a 57.7 perccnt decline) and 614.0 for fernales (a 72.1 perccnt decline). For thc
first 90 years of lhe lwentielh century, the annual ave€ge decline in the cen-
tral death rale was 0.98 percent for males and l.l7 percent for females. At the
same time, the exp€chtion of life at binh increased for mal6 liom 46.4 10 7 I .6
years (a 25.2-year increase) and for femaks from 49.O lo 78.7 la 29.7-yeat
increase). The majodty of the gain in life expectancy a! bi(h in the twendeth
century can be attributed to rapid and sustained declind in monality at younger
ages (s€e Table I ).4

TASLE I Annual averag€ percent decline ln age-adjust€d central
death rats al seleded ages and tlme p€dodsr Us males and femal€s,
l!xl}-.q)
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Although the mo(ality trend in the twentieth century has bc.en toward
declining death rates, the observed monality record of the Uniled Slates also
illustrales that the patlem of morlality change across time and within age groups
has not been uniform (Brody, 1985). For e,(ample. in the first half ofthis century
large absolute and sustained declines in the death rate wcre concentrated at
younger agcs. A second trend emerged from 1954 to 1968, when dealh rales
declined at a much slower pace for lemal6 and actually incrcas€d for males.
After 1968 a lhird trend emerged, characterized by rapid and unexpected
declines in dealh rat('s al most ages. The 196&82 period was uniquc in thal the
monality reductions werc concentrated at ages 60 and older, primarily refle(ing
dclays in mortality ftom vascular diseases (Olshansky and Ault, I 986) .5 This brief
and unique period ofUS monalily has capturcd the altcntion of demographers
and epidemiologists and is the foundation for the oplimislic assumptions used to
prcdict futurc mortality.i Between 1968 and 1982, annualaverage declines in
age-adjusted central death ralcs for males and fcmales in the United Statcs were
1,63 and 1.90, ("spcctively. More rccently. from 1982 lo t990, a deccleration of
the mortalily decline has Ncured, with the annual average decline in dealh rares
reduced to 0.91 percent for males and O.27 petcent for females.

After a century of sustained declines in death rates al younger and middlc
ages in the united States, about 92 percent ofallbabiesbom roday willsuryive up
to and beyond 50 years ofage. Consequently, any further declines in mo(alityat
younger and middle ages will result in only small increases in life expectancy
(Olshansky, Cames, and Cassel, 1990; Vaupel, 1986). Future increases in life
expectancy will primarily rcsuh from declines in death ratcs where lhcy still
remain at high levels---in the oldesl ag(T (mostly belween aSes 60 and 90).

The historical trcnd in monality at older ages revcals an cven less stable
pallcm lhan lhal observed at younger and middlc ages. From 1900 to 1990, the
average percentage decline in lhe annual conditional pmbability of dcalh, 4(x.),
for the population aged 60 to 90 yca6 of age was 0.41 for malcs and 0.67 for
females (see Figure 1).7 During the period ofmost rapid decline (1968-82), thc
annual average dcclinc in 4(.r) was 1.7 perccnt for fcmalcs and 1.5 percent for
males. In twenlicth-century US hislory, 2 percent annual declinej in q(x) for
malcs and lemales have occurrcd only briefly for a few olderage group$, and the
pattem of change at older ages has been uneven thrcughout the ccntury. ln fact,
death rat6 betlveen agcs 60 and 90 havc aclually increascd during aboul one of
cvery thrce years-including scvenl increascs after the pcriod of rapid declines
observed from 1968 to 1982.3 Although the gcneral lrend in US monality
throughout this century has becn downward, fluctuating monality has been lhe
rule rathr'r than the cxception among every older agc group (see Figure 2).

Thc observcd mo(ality record ofthe United Srates simply does nor suppo(
the assumplion thal death rates havc declined by 2 percenl annually at every age.

Instcad, fie observed mortality record shows (I) fluctuating patterns olchangc
in death rates alross time and v!,rthin agc groups; (2) obsewed annual avcrage
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FIGITRE I Annual average percent decllnes in rhe condltlonal probabllity
of death 14ft)l by sinsle year of are belween aaes 60 and 90 for us mates
and female!, 1900.90 and r96E-€2, and average decltnes In t4(t)l over the
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souRcE calculaled iron dara published by acll, wade, and Go$ (1992).

FIGURE 2 Annual percent chanSe tn rhe conditional probabi ay of dearh
tq(41 at age 65: us femaler l9oo-ro
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dedines in monality of about 0.5 percent tbroughout this century for the
population 60-90 yea6 ofage; (3) rnaximum dedines of 1.6 percent durir8 the
p€dod of most rapid declines in death rates at older ages (196H2); and (4)

actual incieas€s in death rates at older ages during one of every thEe years

(induding the 1980s). Proponents ofthe 2 percent ass1lmption have taken a bri€f
pedod of anomalous Us mortality dudng which death rates ar a few older ag€s

expedenaed an uncharactedstic pattem ofnear monotonic d€clines ofb€tveen I
and 2 perc€nt, rounded up to 2 percnt, and assumed dlat sudr dedines would
continue not just at older ages, but at every age for every year for the next 100
yea$.

It is undeal why the 2 p€rc€nt assumption was applied to younger age
gloupd where death rates have already declined to low lel'els. Ille social and
biological plausibility ofsuch an assumption is difrorlt to defend given that death
lates at younger ages are alleady low and ftat most deaths Hore age ,O in re
Unfted shtes (and other low-mortality populations; world Health Organization,
1992) arc attribuEble to such exogenous causes as accidents, homicide, and
suicide (see Figue l).'g

To address th€ issue of plausibility, we compare observ€d monaliry rates

lior Us fernales in 1990 ior thiee age ranges with a projected morfality schedule
for the year 2080 based on the 2 percent assumption. The mortality schedule is

s€parated into thr€e a8e raDges so &at the magnitude ofthe monality rcducdon

FlGlrRE I P.rccnt oftotal mott lty.t eadl.ee.ndbutablc to
axotErFui and clrdoacnorr3 cau56 for us rnaLt lgrEE

0 l0 20 ,O :lo tO 60 70 60 90 100

Ag€

SOURCE: calculated from datr publish.d bY dt NarioEl cc s for H.ath $.d5!ics 0992),
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associatcd with the 2 perccnt assumption is evident, and so lhal the proximity of
the 2080 monality schedule to a death rate of zcro is obvious.

A sustaincd 2 pcrcent reduction in monality for ages less than 30 years

produces death rates near zero by the yeat 2080-with inlant mo(alily reduced

to a rate of I .4 per thousand live births (see Figure 4). The lowesl infant mortality
rat6 ever observed anywhere are i n Japan ( 5.l) and lceland ( 5.6) (World Healh
Organization, 1992). AlthouSh advances in neonatal inlensive care and thela_
peulic intervenlions have been impressivc over the past quartercentury, it is not
cunently possible lo eliminalc the conception and/or binh of children with life-
threatening congenital anomalies lhal terminate life early, nor has il been
possible !o eliminate extemal causcs ofdcath among infanls. The infant monality
rale in the Uniled States from congenital anomalies and extemal causcsro (4.2
per 1000 live binhs) probably reprcsents a practical thrcshold below which
infant mortalily rates cannot fall in the shofi term'r (National Center for Health
Statistics, 1992).

For the rcst of the populalion under agc 10, thc 2 p€rcent assumption leads

to monalily rates less than one-half the lowesl mortality rate observed at any
age--{he rate for lhosc at agcs just prior 10 pubeny (see Figure 5). The 2 percent

assumption would require the elimination ofall endogenous monality and the
near complelc elimination of exogenous mortality before age 10.

By the year 2080, the 2 percent assumption also leads to monality risks for
people berween ages 30 and 70 lhat are comparablc to lhose observed for young

FIGURE 4 Observed lnfant moftallty rates ln rceland and Japan and tn
the Unlted Srates under various aesumptlons

-6

US
(t990)

Iceland JaDan 2 oercent
{1988) (1988) assumption

Risk us
lactor exogenous

SOURC!: Narional cenr€r for Heahh Srarisocs il99l l; world H€ahh oGaniarion (1992)
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FIGURE t condltlonal EobaHfty of death [4ft)l for Us fe[lale8 aged
l-l0: Observed rates for tot l mortality and endoSerrous cau!€r in l99O
and proj€ct d rai€s ln 2oE|) assumlng an armual d€cllne of 2 percent at
each age between l99O and 2080

0.0006

0 510 lt 20 25

Age

sonRcE: B.L *ade, nd coss 0 992); Nauonal cerl.r for Eeald sarisri.s (1992)-

childEn and teenage$ (see Figurc 6). For those aged 70-90, mortality would be

comparable to that sxpedenced by individuals who are today in their prime
reprcducuve and d ldrearing years (see Figure 7). Note that the monality
schedule leading to a life expectancy of 100 yeals requircs that pmple 90 years of
age experience the mortality risks of those aged 65. This is equivalent to
eliminating three mortality rate doublings. In total, a sustained 2 percent

reduction in mortality benveen now and the year 2080 would reduce death rates

at every age by 85 percmt ftom current levels, and produce a life expecrancy of
lol.9 for females and 98.0 for males, with an average life expectancy for the
population of 100. The nragnitude of mortality reductions necessary to produce a
Iife expectancy of 100 by the 2 percent apprcach (i.e., 85 percent declines at every
age) is consistent with our previous findings (olshansky, cames, and cassel,

r990).
Finally, the anornalous period ofmonality declines (196&82) should be

placed in the context of underbing causes of death. In 1968, vascular diseases

(pdmarily hearr disease and stloke) accounted for 56 percent of all deaths in the
United states (wade, 1992). subsequendy, the contribu[on ol vascular diseases

to total mortality was reduced to 49 percent by t9a2 and 42.7 percent by 1990.

Deaths and death rates ftom all forms of cancer combined, however, have
increas€d alrnost every year since 1968 in the uS, contributing 16 percent to total
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FIGURE 6 conditional probability of death [q(x)l for US females aged
lo-70: Obseryed rates for total mortality in r99O and project€d rat€s in
2O8O assuming an annual de{line of 2 percent at each age between t99O
and 2080

0 024

0.0.20

0.016

+ 0.012

0.008

JO 50

SOURCT: Bell, lvade, and Cos (t992)

mo(ality in 1968, 22.5 percent by 1982, and 24.2 percenl by 1990 (Wade,
1992). Since declining death ratcs from vascular diseases are characteristic of
declining mo(ality in other low-monality populations, assumpfions about
future mo(ality should reflect thc probable coincidenl rise in death rates from

If future annual declines in total mo(ality of 2 percent arc concentated
arnong vascular diseases, the oDly major disease category showing declining
death rales at older ages in this century, then all vascular diseases would be
eliminated by the year 2010 isee Figure 8).'') With monalify declines lrom
vascular diseases exhausted, subsequent 2 percent reductions would have Io
come from cancer. However, cancer is the or y major cause of death that has
actually risen throughoul the lwenlielh ccnIury, with no evidence that it will
decline in rhefuture. Funher, it is possible thal declining mortalily lrom vascular
discases could lead to rising cancer death rates.

Evcn if the annual average changes in death rates observed for the
population aged 60 and over during the pcriod of rapid declines from 1968 to
1982 were 1o continue at their sex-specific observed ratc of dcclinc aI every age
(the 2 percent assumption) for evcry yearuntil2080 (i.c., 1.7 perccnt declines for
fcmales and l 5 percent declines for males), Iife expectancy at binh for the entire
population would be 94.7 yeanj-not lO0 years. Given that it is practically and
biologically implausible to eliminate all deaths in the first l0 years of life, a lO0-

5t
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FIGURET Conditional pmb.bilty of deaah t4(.91 for US femdtes aged
7Ho: Observed rates for .ot-rl mortalry in r99o and projected ratei in
2080 assumin8 an affrual declne or 2 p;rcenr ar each ig; between t990
and 20ao
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SOURCE: Beil, wade, and Coss (1992).

year life expectancy in the next century would actually require larger mortality
declines for the older population than the 8 j percent decline resulting ftom the 2
percent assumption. The diffetence between the 1.6 percent decline actualy
observed ftom 1968 to 1982 in the United States and the 2 percent assumption is
or y 0.4 percent arulually. This small difference, however, leads to vastly
different monality schedules in the year 2080, with a 5.3-year diflerence in the
expectation of life at bilth and an enormous difference in the estimated size of the
older population.

A 2 percent annual decline in mortality at every age sustained over a
century results in the elimination of almost all endogenous morlality at older
ages, and alnost all endogenous and exogenous mortality at younger ages-
leaving death rates close to zero. Strong ju$mcaion is required for assumptions
that lead to the elimination ofallvascular diseases, reveBing historical trends in
mortality from cancet and achieving the near elimination of mo(ality before age
10.

Estimating human longevity by modeling
risk factors

According to the risk factor model of human monality adopted by Manton and
colleagues ( 199 I ), the expectation of life at binh in the United States could reach
100 years somedme early in the next century. This theoretical estimate of the
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FIGURE a Condldonal Fobabtlity of dcath [q(x)l for US femalG ar ages 6t and 70:
Observ€d rat€s r9t0-9,0 and projecr€d rares lgar-20Ao
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upper limir to life expectancy was arrived at by two different methods. First,
standardized monality ratios (sMRs) were calculated for selected subgoups of
the population known to have low moftality rates relative to lhe standard US
population in 1986. The most favorable SMRS observed among these seleded
subgroups werc then collecled and applied to the entire populadon assuming
thal everyone could achieve these favorable SMRS.

In the second approach, the relation of mo(ality and time-varying covari-
ates was modeled as two inlerrelated procesges. Essentially, this was accom-
plished by redefining senescence ftom a largely in[nutable force to an exogenous
process rhat is modifiable by controlling disease processes. The newly defined
exogenous disease processes were then hwothetically eliminated under the
assumpdon thal soentific breakthroughs would lransform s€nescence lo an
exogenous cause. Central to this theoretical estirnate of the upper limit to life
expectancy are the assumptions that death rales under age l0 will be reduced !o
zero, the variance ofall risk factors will be reduced to zero (i.e., heterogeneity for
monality fisks will be eliminared), and that risk faclor pmnles obEerved for lhe
most healthy subgroup of the lo-year-old populalion from lhe cohons of the
Framingham, Massachurtts Hean Study v!,rll have the same b€neficial effect on
the rest of the population and be held conslant at those levels for everyone for the
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duralion oflife (Manton, Stallard, and Tolley, t99l: 624). Further, it is assumed
that everyone will adopt a "perfeo" lifesryle from bi(h ro dearh and avoid rhe
Ioss of physical functioning.

The histo cal record

Numerous studies have investigated the possible hcalth benefits associatcd with
risk factor modification (for example, see Anderson, Caslelli, and Le\,"y, 1987;
Frick et al., 1987; Lipid Research Clinic Program, 1984; Muldoon, Manuck, and
Matthews, 1990; PalTenbarger eI al., 1986, l99jt Pekkanen er al., 1992). The
primary relationships under study have been the effectr on mortality ofphysical
exercise and of loweing serum cholesterol levels (through dictary modification,
exercise, or with pharmacological agents). The evidence ftom these studies
indicate thal after about the fint ien yeals following the intervention, total
mo(ality either stays constant or increases-producing little or no gain in life
expect:rncy. Longer tenn follow,up suggests that stadstically lignificant reduc-
tions in dealh rales from coronary artery disease are associated with rcducdons in
serum cholesterol levels, butnotenough ro produce more lhan marginal gains in
life expectancy. The apparent paradox of stagnant or higher rotal mo(ality
associated with observcd reductions in the death rale from hean disease (attdb-
ulable to the intewentions) occurs because of increasing death rates fiom other
causes {referTed to as compeling causet-padcularly cancer and exogenous
mortality (e.9., accidents, homicide, and suicide).

Recent studies indicate that it is premature to delermine wherhet there is a
causal relationship betwcen lowering serum cholesterol levels and clevated
monality from cancer and exogenous causes. Epstein (1992: 9) concluded that
ecological, prospective, and intervention sludies do not dcfinitively suppo( lhe
claim that serum cholesterol rcduction-while reducing cardiovascular
mortality-also increases the risk ofdying from other causes. The absence ola
plausible mechanism linking cancer and exogenous causes of death 1() lower
serum cholcsterol levels was the reason given lor this conclusion, Ho\,vever,
Epstein (p. 7) also acknowledged thal '1he increase [in mortality] overtly exists
for cancer and violent deaths," and that Ihe issue of causality "does not enter into
these considemlions because the data have to be taken at face valuc for the
purpose of explaining the balance between specilic causes of death and total
mo(ality." Muldoon and colleagues (1990) demonstrated with a meta-analysis
that in almost all of the clinical trials that included tloth dietary modification and
drug treatment, all-cause mo(ality eitherremained constantor increased-with
the increase attributable ro statistically significantjumps in monaliry from cancer
and exogenous causes. Although the link belween low serum cholesrerol levels
and cancer disappears with extended foliow-up, the effect on exogenous mortal-
ity remains.

Studies thal link physical activity lo coronary hean disease and lolal
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mortaliry demonstrate that the difrerence in life expeclancy between the most
physically active segment ofthepopulation and otherwise comparable individu-
als who are sedentary throughout life is only one !o lwo years ( Paflenbarger et al.,
1986, l99l). Other studies have also shown thal subgroups of Ihe population
adhering to multiple health practices live longer than those with few or no health
practices (Breslow and Breslow, l99l), but with differences in life expectancy
that are much smaller than those estimated from risk factor models (Manton,
Stallard, and Tolley, I 99 I ). Even the healthiest subgroup of these study popula-
dons, however, did not have life expectancies that exceeded the mid-8os. ln
recent studies using healthy subgroups from the Longitudinal Study on Aging,
researchcE have shown that among those who adopt the most heahh practices

and avoid loss of physical funcrioning throughout life, the maximum life
expectancy achieved was 87-95 years (Grigsby and Bailey, 1993; Rogers and
Canigan, l99l). These studies demonsEated that improved risk factor profiles
have neither a synergistic nor an addilive eflect as predictcd by the risk faclor
model, but instead follow an apparent law of diminishing relums that is

fundamentally different from lhe known phenomenon of entropy in the life Iable
(Horiuchi, 1989; Ke!'fitz, 1985; olshansky, cames, and cassel, 1990).

The historical monaliry record from clinical trials and rctrospective studies

on the mo(ality benefils associated with adopling selected optimum risk factor
profiles (e.9., exercise, reductions in setum cholesterol throughdietary modifica-
tion or pharmacological agents, and the adoption of healthy lifcstyles and
avoidance of the los$ of physical functioning) indicates Ihat cven if the entire
populalion were !o adopt optimum risk factor profiles, mortality declines from
some causes of death may occlr, but such declines alone would not be of
sufficient magnitude either to produce large increases in life expectancy or lo
compensate for increasing death rates from cancer and exogcnous causes,

Several other aspects of the risk lactor model deserve funher attention. First
is lhe question ofhow plausible it is Io assume that everyone in the populadon
will actuallydecide to adopt (or practically be able to adopt)optimum risk faclor
profiles. The adoption ofperfect lifeslyles from birth to death for any subgroup of
the human population (such as that ofthe United states) would probably require
the near elimination ofall racial, ethnic, social, and economic inequities, equal
access to high-quality health care lor all, "correct" decisions by everyone on
when to seek heahh care, "correct" decisions on dietary habits that must be

observed faithfully throughout life, and the presumption that it is possible to
define individualized perfeca lifestyles lor a heterogeneous population.

As indicated earlier, a central assumption of lhe risk factor model is that
physical funcrioning must be maintained for the duration oflife by everyone in
lhe population. Tbc historical disability record of humans is characterized by
numerous diseases and disorders that causc disabiliry among the majorily of
survivo$ into older ages, and that are currently unaflected or marginally
inlluenced by lifestyle changes or medical intervention (Brody, 1985; cassel et
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al., 1990). These include Alzheimer's disease, vision and hearing impairments,
osteoarthritis, osteoporosis, and Parkinson's disease, to mention a few. The
reclassification of senes<ence as an exogenous cause of death through rapid
increas€s in scientific knowledge. as anlicipated by Manton and colleagues
( I 99 I : 622 ), could occur only with knowledge that permiB the elimination of all
cunendy immutable diseases and disorde$ of senescence, and, once eliminated,
tbe avoidance of any new (or infrequently observed) diseases and disorders of
s€nescmce associated with extended survival into advanced ages.

The mortality schedule resulting from the risk factor model that leads to a
life expectancy at birth of 100 years contains several noteworthy difrerences from
olrrendy observed mortality schedules. All monaliry for the population aged l0
and under would have to be reduced to zero, the prcponion ofeach binh cohon
surviving lo age 65 would have to incease liom an observed average of 83
percent lo 97 percent, and the proportion suwiving to their 85th bifthday wor d
have to increase ftom an average of 3l percent to E4 percent. Survival to age 85
would need lo increase nea y fourfold for rnal6 (from 22 percen( to 84 percen0
and more than double for fenales (from 19 percent to 8l p€rceno. Ahhough
funher reductions in death rates at middle ages from endogenous causes could
extend survival up to age 65, a survival of 97 percent of each binh cohon past that
age requires lhe near eliminadon of all endogenous and exogenous mortaliry
before age 65.

Finally, lhe risk factor model of Manton and colleagues (1991: 619)
indicates thal according to data from Kaplan et al. ( 1987), a selected subgoup of
males from the Alameda County, Califomia population "on average suwivelsl
to 98.0 years-24.2 yeals longer lhan lhe US male population at large." Manlon
and colleagues present hypothelical survival cu*es for this and other popula-
tions, illustrating that approximately 15 percent of lhe males in the Alameda
County study popdation survive at least to the a8e of I15, and Flo percent of
several olher "healthy" populations survive past age I l0 {Manton, Stallard, and
Tolley, 1991: Fig. l, p. 629). In fact, using the acrual data fiom the Alameda
County sludy Population (kindly provided ro us by Dr. ceorgc Kaplan of the
Human Population l-aboratory). we note that no member of this population has
ever lived beyond the age of 109, and even among those wilh rhe healthiest
lifcsryles life expecancy did not excccd the mid-8os (Breslow and Breslow,
l99l). The conllict between a "traditional" approach based on actual data and
the "visionary" approach proposed by Manton and colleagues where senescence

is hypothetically eliminated suggests lha! the validity and underlying assump-
tions of the risk factor model should be questioned.

Evolutionary perspectives on demographic
models of mortality

One of the underlying premises of the evolutionary view of human monality is

the recogdlion that current monality trcnds for humans (i.e., wirhil the past 200
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years) represent a significant depanure from pattems lhat have been prcsent
since modem hurnans arose about 100.000 years ago-pa$ems characterized by
high attdlion al younger ages and fie relatively infirquenr expression of
senescent mortality. From this perspective, the period ofrapid declines in death
rates at middle and older ages in the past quarter cenlury represents a new
monality uend emHded within a broader peiod of new mortality pattems for
the species. ln lhis century alone, humans have accomplished what no other
species has achievcd. We havc begun to control the forces of natural seleoion
that have operated on our species for thousands of yeals by reducing carly and
middle-age mo(ality rates to the point where the vast majority of each binh
cohort survive into older ages. As a resuh, in low-mortality counlries close to 95
percent of each birth cohon survives past age 10, and over 85 percent of each
binh cohon survives past age 60-twice lhe age required by our Iife history
strategy for successful reproduction (Cames and Olshansky, l99l). Funher, in a
single century the cause-of-death structure for humans has bcen complctely
transfonned, with diseases and disorders of senescence replacing the fatal
drseases that have hislorically precluded survival into older ages. We believe it is
irnpona for scientists involved in forecasting human monality to expand thcir
lime frame of reference ftom the 15-20 yea$ preceding their forecast to an
evolutionary time ftame encompassing the period from the origin of modem
hunans to the present. This brcader time scale ofsome 100,000 yea$ reveals the
new and unusual nature of current trends in human mortalily.

From evolutionary theories of senescence come several ptedictions about
the magnilude and timing of senescent-related monality that are relevant to
demograptric models ofhuman mortality. Accordrng to these theories, there is a
link betwc.en the rcproduoive period of the species and the time course of
senescence. In a genetically heterogeneous populalion (such as humans),
senccenl-related monality is predicted to follow a sp€ci6-specific paltem
beginning with lhe onset of lhe reproductive period. This may be referred to as a

mo(ality signaturc for the q)ccies, a concept that dates back to Ra!,rnond Pearl
(1922). We suggest thatbasic mathematical propenies are associaled with these
signatures that involve (he age-at-onsrt of senescent mortality, the rale al which
ienescent mortalily increases, and the initial senescen! death rale at ihe begin-
ning of thc reproductive period. These underlying pattems of scncscent monality
should bc largely immutable and should have mathematical properlies (which
can be cstimated) that link spccies-specific senescent mortality pattems to the
length and timing of the specicy reproduclive period. This relalionship between
reproduction and scnescencc is unique to each species and is thought to be a
product ofenvironrnental conditions that prevailed when that species arose. The
hypoftesizcd inevitable presencc of senes(cnl monality at fie beginning of the
reproducrive period and ias predictable rate of increase for humans conllict with
demographic models that predict the elimination of all monality before age l0
(Manton, Slallard, and Toll€y, l99l ), or thc acceleration of monaliry declines at
older agcs in rhe tururc (Ahlburg and Vaupel, 1990). The theory is also at odds
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with extrapolation models adopted by the SSA and the Census Bureau, which
choose as the basis of their ticrecasts the extension of the most rapid period of
morlali(y declines ever obsewed for older segments of the human population.
Furthermore, given tha! exogenous mortality has always been one of the primary
forces that precluded suryival into older ages Iifi mos! living organirns, demo-
graphic models ihat predict the elimination of exogenous monality (Manton,
Slalard, and Tolley, l99l ) or dramati( reductions in its occurrence at any age
(Al burg and Vaupel, 1990) require stron8 justification.

The demographic models also predict that mortaliry risks for rhose aged
30-70 ycan will be trandormed into risks typical for teenageF and young adults,
and that lhose aged 70-90 will have the monality risks olcohorts just beginning
to expedence the consequences of dccline in somatic maintenance (i-e., I0-4O-
year-olds). Although humans have been able to achieve rcmarkable monality
declines by modirying the physical environmcnt, altering lifestyles, and inlroduc-
ing modcm medical technology, the one factor that remains beyond currenl
control is the genome itself. Frcm evolutionary theory one may predict that
ur ess lhe gmome or its expression can be controlled, the lime-dcpendent but
slochaslically influenced expression of diseases and disorders associated with
senecence is inevitable. At the individual level, humans who suFive beyond the
ages required by our species' life hislory stralegy to ensure reproductive success

cannot escapc accumulated DNA damage and inevitable declines in somatic
maintenance and repair that lead (o death. At fte population level, basic
population genetics implies that once extended survival into older ages is

achieved for alrnost evcryone, genetic heterogeneity is increaseFthus enhanc-
ing the opponunity for lhe expression ofnew or infrequently observed dis€ases. 

t ]

wirhout altering rhe basic ratc of senescence, it is extremely difficult to
en!,rsion mortality schedules that pcrmit lHo-year-olds to exp€dmce the
mo(ality nsks ofleenagers who are thc most protected ftom senescent monality,
Inevitable declines in somatic maintenance and repair make il even more
improbable that humans experiencing 60 lo 90 ycars of unavoidable DNA
damagc (see Boulikas, 1992, Undahl, 1993) could miraculously achievc the
mortalily risks of those aged 10 to 40 who are just beginning to facc lhe
consequences of accumulated molecular damage and declining somatic mainte-
nance and repair,

Finally, the risk faoor model developed by Manton and collcagues ( I 99 I )
predicts that thc process of senescence will be translbrmcd into an exogenous
cause of dealh lhat can be eliminatcd by modem medical lechnology and
improvements in lifestyles. This conclusion is at odds with cvolutionary theory,
which prcdios that senescence is inevitable in all organisms lhat live beyond the
ieproductive period (Cames and Olshansky, l99l; Kirkwood and Holliday,
1979; Kirkwood and Rose, l99l; willianrs, 1957). Thcrc is no evidcnce that any
species, or any single member of any species, has evcr avoidcd the declincs in
somadc maintenance and repair that accompany suwival inlo older ages and
that eventually lead to death.
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A challenge to demographic models

The cu(ent debate abou! upper limits to human life involves those who argue
that life cxpectancy at birth cannot realistically exceed about 85 years (Fries,

l9E9; Olshansky, Cames. and Cas6el, 1990), and lhose who contend that life
expectancy can reach I00 years early in the next century (Ahlburg and Vaupel,
1990; Manton, Stallard, andTollcy, 1991; Vaupeland Gowan, 1986). Demogia-
phels familiar wilh thc relationship belwcen old-age monality and life expectan-
cy know that the dcbale is nol about the magnitude ofmonality declines required
1o increase life expeclancy beyond 85 ycars. We all agree on this point. The real
issue is lhc plausibility of achieving thcse declines. In this article we have
cxamincd the demographic modcls in light ofbolh the hislorical mortality record
and prevailin8 theorics of senesccnce.

The F[licy implications associated wilh these competing models are

citically impo(ant bccause lhey involvc the size and heahh status of futurc
suwivors lo old age. A life expectancy of 100 years-ifachieved at any timc in the
ncx!century as somc demographers anticipate-would result in increa5cs in the
size of the older population lhat far exceed rbc larest official government
forccasts. civen the profound impact of thc age struclure of thc popllation on
society and the evcn larger implications for the health status of an older

Fnpulation, it is critical that we scrutinize the undcrllng assumpdons of the
comp€ling schools of thought.

one school mainlains that today's major falal diseascs and predisposinS

risk factoF arc interrclated, amenable to modification, and represenl the primary
cause of scn(acencc. For example, smokinS is a known risk factor for heart
disease, strokc, and some forms of cancer. By reducing just one multiple risk
facor such as smoking, monality rates could thcoretically dccline simul-
taneously for several diseases-perhaps by amounts lhat when added togcther
arc equivalent to lhe eliminalion ofa sinSle disease. This proc'ess of improving
population-lcvcl risk factoE could theorctically continue until everyone in the
population lived a pcrfect lifestyle from binh to dcath. This theory is not or y
logically appc'aling, it is also the underlying premise behind various health-
ptomotion and diseasc-prevention ptograms in mosl countries, As a companion
to the risk factor modcl, some dcmographers have arSued thal recent declines in
monality in lhe Unilcd States have been at aboul 2 pcrcent annually al evcry age,

and if such declines conlinue the expectalion of lile al birlh would soon reach
100 years (Ahlburg and Vaupel, l99o; Vaup€l and Gowan, 1986).

Theoriei developed from cvolutionary biology form the basis for a second

school of tlDught- The underlying premise is lhat scncscencc and diseasc do not
adse ftom predetermincd genelic programs, but instead are the inadvenent
consequencc ofsurvival beyond lhe ages al which thc forces ofnatural selection
can op€ratc. That is, thc carefully (Dnuolled mainlcnance and repair functions
that exist at lhe genetic level wcre designcd to operate at a lcvel of elliciency
necessary io ensure reptoductive success. Bcyond thal poin!, natural seleclion is
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weak or nonexislent, thus p€rmilting mainlcnance and repair functions to
operate with declining efficicncy unlil death ultimatcly occu$. Since living
organisms are not genetically designed for irnmonality, senescence is inevitable.
Given thc selective forces that have historically op€rated on humans, one would
predicr ftat dealh rates fiom endogenous causes should first appear ar lhc
beginning of the rcproductive period and become the dominant force of monal-
ify betwcen ages 30 and 40-a time frame that captures the probable reproduc-
live window for an individual as well as an opportunity to assist in lhe
reproduclive succcss of offspring.

II the risk factor model is correct, ihen altcring a population's lifestyles to
favor "optirnum" isk factor profiles could theoretically rcduce the death rate
ftom numerous diseasc simultaneously. Taken together, such declines could
work synergistically to reduce tofal mortalityenough to achieve a lifc expectancy
of perhaps 90 years (Grigsby and Bailcy, l99l; Rogers and Canigan. I99l).

If the evolulionary model of senescence is correc(, some life-lhrealening
disease or disorder associated with senescence would inevitably resull from
cunently unavoidable declincs in physiological function. As diseases and disor-
ders associated with senescence are postponed or as survival improves for thos€
with lhese diseases, new or inftequenlly observcd diseascs and disordcrs that
may be more difiicult to conquershould be revealed. Becausc there is no genetic
program for extendcd survival, ir is predicted that fighlinS diseases and disorders
appearing in older a8es will bc a never-ending baltle thal becomc pro8ressivcly
more difticult as dcath ratcs decline. Although modirying risk factors may
produce funher reductions in death rales from fatal diseas€s (as has been
observed in low-monality counEies). the longeviry benefits should b€ neither
slnergislic nor additive. Instead, gains in life expeclancy shouldbe limiled by the
known phenomenon of entropy in the life table and a biologically based law of
diminishing retums.

Proponents of lhe 2 percent approach make the historically inaccurate
assumption that monality declines havc occurred at 2 percent annually and that
they will persisr in the future. Declines in death rates at older ages have reached 2
percmt only for a few age groups, and lhen only for a briefperiod. The monalily
schedules that result from the 2 percent assumption also require the elimination
ofall endogenous monality and almost all exogenous monality before age 10,
and rhe elimination of mosl cndogmous monalify after age 10. There are no
observational or theoretical bascs for lhese assumptions, l4 nor are they consistent
with theories from cvolutionary biology that predict the inevitability of both
exogenous causes of death and senesc€nce.

we have a more fundamental disagreement with fie risk factor model.
Manlon and colleagues i.1991.614!' have argued that the theoretical limits lo
hurnan life expectancy mus! lie near or beyond the exp€cation of life clrrlently
observed by the healthiest subgroup of the population. They funher argue that
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(l) the population is rapidly adopting optimum risk faclor profiles (i.e., health
practices and physiological parameterc of senescence adhered to and experi-

enced by longlived subgroups oflhe population); (2) these profiles will have the
same benefit for everyone; and (l) risk factor profiles that exist for exceptionally
healthy lo-year-olds will remain at those levels for everyone in the population

for the duration of life.
we disagree with the basic premises of lhe risk profile approach. we

contend that in sexually reproducing organisms there is inherenl dive$ity in the
physiology of individual members of the population-a genetic diversity that is
enhanced by declining old-age mortality and that fonns the basis for evolution. A
fundamental consequence ofgenetic heterogeneity is the certainty that individu-
als will exhibit varying degrees of disease expression, diverse responses to risk
factors, and inevitable diflerences in life expectancy. The creation of a homoge-

neous population with identical monalily risks (as predicled by the risk factor
model)----<ven if everyone in the population adopled the idendcal lifestyle that is

"optimum" for a subgroup of the population-is biologically impossible. One

demographic study has demonstrated that even among genetically identical
members of a given sp€cies, in *lis case fruit flies, responses to dsk lactoIs can

vary (Cunsinger et al., 1992). Rather than assuming that one sel ol "optimum"
lilestyles applies to everyone, it appears reasonable to assume thal individualized
"optimum" lifestyles exist that conespond with the genetic complexity and
diversity of the population.

Thus, although general pattems of senescence are observed within and
between species, the stochastic component of senescence combines with genetic

heterogeneity to produce inevrtable variation in the rate and nature of senes-

cence between individual members of the same species. This would explain ( I )

why genetically identical twins would noi experience exactly the same life
expectancy, (2) why a given set of risk factorj would not have the same effect on
every member oflhe population, and (l) why the observed age ofthe longest_

lived member of a species cannot be achieved by every member of the popula-

tion.
we also contend that it is simply impractical to expect every member of the

population to adopt an "optimum" risk faclor profile-whcaher that profile is

individualized or population based-- €ven if such profiles could be defined and

the means developed to permit individuals to achieve them. Although such an

ellon (ifsuccessful) would probably improve the quality of life and might even

extend the length of life for some, thc results of dsk factor trials and retrospective

studies suggcst that such efforts have or y marginal eflecis on life expectancy.

Examination of the observed life expedancies for healthy subgroups of the
population has demonstrated thai risk factor modification has neither a synergis_

tic nor an additive effed on motality or life expectancy-a findin8 ihat is

inconsistent with the Iisk factor model. Thus, we contend that a practical limit to
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life expectancy must lie below that observed among a sele.1 few who have both
the genetic composition and the economic means to maintain excellent health
thrcughout life.

we are not arguing that diseases and disorders associated with senescence

are necess:rrily immulable. Indeed. it is probable that the onset and progrcssion of
faral diseascs will be funhcr posrponed (even al older ages), and it may even be

possible to do the same for disabling diseases and disorders thal are currendy
inmutable (Olshansky ef al., l99l). From the biological perspective, however,
senes(ence is inevitable and progrcssive. Ihis means that as progress is made
against earlier-occurring disorders, (hosc that emerSe at lalcr ages should be

incrcasingly diflicult to conquer. while it may be interesting to speculate about
longevity benetils derivcd from thc mathematical elimination of sencscence
(Manton. Srallard, and Tollcy, l99l ). oflicial govemment lorecasts should not be

based on the prcmise lhat senescence will soon be modifiable or eliminated, or
on the assumption tha! evcryone will soon adopt optimum d5k faclor profiles,
avoid the loss of physical functioning. and reiain the risk factor stalus ofa l0-
year-old for the duration oflife. There is no scicntific reason lo believe that any of
these conditions can be mct, nor is there any indication that a sizable segment of
the population is even rcmotcly heading in ftc direction rcquired by the risk
factor model. Funhermore, there is no evidence in thehinorical disabilily record
ofhuman F)pulalions to support lhe assumption that the lifclong mainlenance
ol physical funcioning enjoyed by only a small fraction could be achieved by
everyone.

To summarizc, lhe 2 percent assumption and the risk factor modcl are nol
consislent with the observcd monality record, theories of sencscence that predict
progrcssive declincs in somatic maintenance and repair, thc broader hislorical
contexl for reccnt trends in human monalily, or the evolutionary forces that
delcrmine lhc rurvivdl F)lcnrial of livinB uryanr5m\.

Evolutionary theorics of senesccnce suggc;t that shon of major modifica-
tions of the genome to favor longevity, the lifc cxpeclanc'y of living organisms
should conform to a bidoSical law of diminishing rerunrs based oD a unique
species-specific relationship betwecn reproducti()n and scnesceDce. Although
therc is probably not a genelic progran fordeath,lhe basic biology ofourspecies,
shaped by the lbrces of evolution acting on us since our in(.eption, places

inhcrcnt limils on human longevity. we suggcsr thal somcdemographic models
ofhuman sencscence produce monalhy schedules that appcar 1() be inconsistenl
wilh predicli()ns abou! human monalily from evolutionary lhcory. Evolutionary
theorics ofscncscence havc testable hypolheses. Since evolutionary biologists do
nol sludy humans, denrographeE arc in a unique posilion lo tesl some of the
predicrions about human monality paltems dcrived from cvolurionary theory.
Of panicular inlerest are the mathematical propcrties of patlems of senescent

moflality, and lhe hpothcsized species-specific link belwccn $e leng$ ofthe
rr?(xiuctive pqiod and thc age-spccific force of senescence.
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and vaupel and Cowan (1966) abour rhc tu-
ru.e oursc ofmonality in rhe unir.d sratcs.

I I B(aus€ s$cscence has always becn a
rare event, iDdividuak who survived inlo old-
er a8es probably rbaied a cotmon senctic
heritagc rhar permitted them to senescc at a
slowe. pace. Dedining monality at att ag(s
would bc cxpectcd to pcmir subgroups ot rhe
populalion that arc more geneli(nlly divese to
survive ioro olde. a8e\. Thar is, individlals
who lvould hav€ othewise dnd eady in life
are oow suryivin! to much oldcraSB. Exrrn,
pl6 inciude individuah real€d tn end sraSe

.enal disease, diabctes, vas(ular o.clusion,
rnd can(e. {amon8 many (nheR). A Srearer
diveBny ot allels in a population rhar livcs
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