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EVER SINCE GOMPERTZ"

5. JAY OLSHAMSKY AND BRUCE A, CARNES

I J825 Brixh aetuary Henjfanin Unmpertz muade a simple but
fmgartant ehseevation et a law of geometrical progeession pey
vades farge poartions of different fables of mormafity for humans,
Fhe simple formda be derived deseribing the exporeniial rise in
death rates hetween sexwal waturily and ol age is commonly re-
ferved to ns the Gompertz cquation g formula that remaing a valu-
able nl in demagraphy and in other seieniific dizcipiines.,
Gamperiz k& aheevvation of o mathematical regalority in the life
table fed hin to beliove in the prosence of a low of morialite that

explained wiy common age patterns of death caivé. Thiy faw of

mortalify has capiured the attention of scientists for the pays 170
peary because §was Be fiesl ameng what ave mow several refially
erpirival foply for deseribing the dying-out process of may Heiny
sreguniyens during o sipnificant poctten of thelv Life spans. In the
prgeer we review the Weraiure an Gomperiz 3 fow af mortality wmd
diseiss the fmporience of bis observations and lesights fn light of
rescdareh on agimy Mt has aken place since then.

T these duys of continuous change inomortalice, with the
necessity of forecasting io muoy ol vur cperanons, a pa-
per concerned with the gradoation of mortality stalistics
may appenr by avademic, the more so it atention is re-
stricted o the fAring of mathematical corves, witly or wilh-
out any altempl lo gdvanee thar elusive and, ag some think,
delusive comeoption, the law of mortalicy,

Musl of s retain, conseiously ac unconsciously, a feeling
that, undertying all the roughness in our data refarable 1o
crrors of abservation and an ever-chunging eovironment,
there way be an inherent mathematieal systern of law and
atder, which if it could but be diseovered would give such
ingight into the meaning of the madjusted figures thal g
consideralile advance would be made m the practical ap-
plicatian of onr science (Wilfred Peulos 1532,

In LR25 Rritish actuary Bemjamin Gompertz (1825:51:)
made a simple bul impurtant ehservation: A “law of geometr

. Jay Olshansky, Department of Medicine, Tniversity of Chicaga,
o4l 5. Marviand Avenue, MU A098, Chicope, L 60627 s-mail
slayndrcicer spo uehicoee wdu, Brove AL Cermes, Arponne MNattona] Laha-
vatory. The puthors thank %hire Horiuceht and anofymeus revicwears for com
ments on an carlicr drafl of this manuscript. Tanding, for is work was pro-
vided By the Matinnal Enatitite on Aging (Grant AG-UUAT7-01), the Social
Security Administeation [Gounl 10-P-U8247-5-01), and the Offics of 1ealth
and Eevionmental Beseurch pnd Office of Epidemiclopy and Health S
vetllunee (Conteact Wo3 1 [09-EMG-38Y Portions of this manscrip) wers
prezented ai the Michigan-RAND Sommear Samiees on e Do graphy and
Eoonomics of Asing hald in Santa Monica, Califurnie in Aougusr P95 and ar
the annual meelings uf the Geronelogizal Secizty of Awmerica, held in Las
Angeles, Celiforms n November [995,

Demegraphy, Volume 34-Numbcr 1, February 1937: 1-15

cal progression pervades, in an approximale degree, large
portions ol different lables of martaliey.”™ This ohservation was
based largely on observed death and population records for
people in Enpland, Sweden, and France between ages 20 and
O in the nineteenth century. The simple formula describing
the exponential rise in death rales between sexual maturity and
ealreme ol age, [v(0 = exply],' is now commonly relerred
to as the Gomperte equalion. Gompertz (1825:519) further
eomeludad thar “1 derive the same equation frem various pub-
lished tables of martality during a long period of man's life,
which experience therefore proves that the hypothesis approxi-
males o the faw of mortality [our emphasis] during the same
portion of life...” Guinpertz's law of mortality has captured
the attention ol scientists for the past 170 years hecause it was
the first amonyr what are now several reliable empirical Lools
for describing the dving-oul process of many living arganisms
during a significant portion of their life spans,

I this paper we review the literature on Gompertz’s lnw
of martality and diseuss the lmportance of his ohasrvations
and insights in light of research on aging that has laken place
smee then, The literature related to the Gompertz equation
ark his proposed law of mortality is extensive. We will fo-
cus on whal we belivve represent impartant conceptual and
methodological developments that have oceurred sinee
Gompertz’s initial vhservalinons over |70 years ago, [n pre-
sentitig the historical work we lave allempted to retain as
much of the original language as possible to prescrve the in-
tent of the authors as well ax to entertain the readers. Al
though the language of Gompertz and his contemporarics 1s
eften cumbuersome, we find it equally enlightening,

GOMPERTZ'S LAW OF MORTALITY

Lompertz was o praclicing actuary who, like his contempao-
raries, was interested in the practical problem of cstimating
premiums Tor life annoities, What separated Gompertz from
the other actuaries of his Ume was that he saw the life tahle
as mors than just a working tool, He endeavored to po he-
yond the sunple mathematies of insurance tables in an effort
o understand why there were consisienl ape patterns of death
ameng people. TTis motivation 1s perhaps best exemplified in
a statement e made near the end of his career: “The object
of research 13 not only to give information of facts, hut o
deawe beneficial and peneral views: and it generalisations
lead to probable theories, they should be reparded as pleas-
ing associates, to be entertained at the feast of knowledge. "
{Gomperls 18372:3300.

I Vs s the meedemn formulation of Compert='s original formuly,



In spite of the importanee of his early work, Gompertz
appears to have published only three arlicles, o the Nrst pub-
lished in L8200, he identified a consistent rate of werease in
death rates for some minclecnth cenlury Eurepean popla-
piong for a limited portion of the age range, He obsarved "l
near agrecment wilh o geometrical serics for @ short period
of time, which must pervade the series which expresses e
number of living ac apes in arithmetical progression, pro-
ceeding by small intervals ol time, what the law of mortality
may be, provided the intervals be not greater than certain
limita..,” {(Gompertz 1825:513),

In his second article, published in the Tronsactivas of
the Roval Society, Gomperty (1825) set forth whar 15 now
recognized as the law of mortality, Guomperls wsed egual in-
tervals of longer petiods ol time than in his previous work,
and noted thal the differences between the comman loga-
tithin of the number of persons living in successive cqual
ape intervals were almost fdentical doring a significant por
tion of the life span. For example, Gompertz (1825:514-15)
fund char the differences in the natural logarithm between
successive [0-year ape inlervals between ages 15 and 55 i1 2
mortality table for Deparceaux, France were all nearly fden-
tiwal; he concluded that “consequently these being nearly
equal {and considering that for small portions of time the
geometrical progression takes place very neatly) we observe
thal in those tahles the numbers of living in cach yearly in-
crease of age are from 25 Lo 45 nearly, in genmetrical pro-
gression.”

Tt is impartant to recognize that the time frames Gom-
pertz used lor lius caleulations cocompassed the majority of
the ohserved range of survival for humans at that time (for
those who survived pusl sexuoal mALuriIvh hocanse survival
heyond age 60 or 70 was uncommeoen,” After observing simi-
lar patterns of geomelrical progrossion in arher tables of mor-
tality, Gompertz believed he had discovered a peneral law of
mortality rthar linked aruhmetic increases in age with geo-
metric increases in death rules, From 1825 w 1862 Gomperrz
(1872:330) was “engaged on the subject of what is valled
Wilal Seatistics,” and published a paper (Gompertz 1862} fo
cused primarily on revising his onpinal nolatiion,

Recall, however, thal Gompertz’s primary reason for
perfenming such caleulations was for the purpose of estimat-

2. Gomperts, Makeham, and their conteimporenies wore infuencid pog
anly by e need W pradiece sooching loels for hear Tellew aeares, Bul by
thir pulierns ol surervel ebaerved of that ome swehich sceved 2z thie bagis for
delermiming the pertion of the [Itespan mest vseful te evaluate, In ibis re-
gard, Makcham C1RG0304) stated why only a lmited portion ef the lifespun
of humans wonld he naeful tnoevamine “the date fm e saes belween 20
ad 8015 Yy T e wesh nepuctanl o comparison with the rest; fivst, be-
st the abservationy on the apges not ingluded botween thaze Tinms are
made upon numbera oo amall to pive much weipht to the deductions made
from them; and, secomily, breconge the goeal mass o e calealalons of oo
Avsmranee Ohcw will be bul shghtly affectzsd by errorsan casomaing the
rafe uf mortahty st the exeluded ages, Por thesc reasons, the fellowing law
of mortality as bBeen deduced enticely from the ohservations on Bves hie-
tareen the apes of 20 and B0, Teaving the reoreiniog pocions of U lakle o
be eamstenctol co the asnnplon e te L sa dedueed say beaken 1o
reprosenl the drus rute ot moralitv—say, trom the age of 10 vears wpwands,
to the exteemity of hwman Hife™”
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tng premiums for lile anouitios. He translated his finding
ahout the law of geometnical progression inte the conclusion
that “if the Tave ol maorlality were acetemtedy such that atter a
cerfain age the number of living conesponding Lo ages -
creasing in arithmetical progression, decreased in geometri-
cal progression, it would follew Thal life annuities, for all
apes heyond thar period, were of equal value,,,” (Gomperta
1825.515) Makeliam (18R 132} restared Gomperte’s views
on this issue perhaps more clearly; “Mi Gomperle asswunes
that the power Ly eppose destructinn loses equal proportions
in equal times.” This conclusion is based oo the supposilion
thal humans are endowed with a recuperative power  a force
that Crompertz called “the power o oppose destroction,™ huae
which Makeham relerred to as the “vital foree”™ thal becomes
less efficient with the passapge of fime

Gompertz presented o fourtly artacle W the Inlermalional
Congrass in LRAD, but it was published after his death in the
Jowenal of the fnstitnte of Actwaries by his colleagne, Dr
William Makeham (see Gompertz 1872), Here he elaborated
en his carlivr observations. Gomperrz (1872:53 1) noted thar
1 lus primary equation for gemneleic progression the params-
clers of his equation “were supposed to represent constant
quantilics, vrul leasl were shown to differ very litle from
constants, for a very long tetm of yeurs, (or inslance, sbout
30 years... But in making the invesnganon, [ did not pretend
that [the patameters] woere absolutely constant; they ware de-
termuned by a random selection from tuce distant pertods of
wue, from o statement of the number of persons who will be
living at dilferent ages, oul ol a certain number of persons
stated to have been born, And therefore as L, A, B will
nel perfectly, during the whole term oof life, express the
fagts, 2"

Cromperte (1RT2:333) nor anly observed that mortality
progresses geometrically as ape incecases arithmetically, bul
endeavorad to go beyond his empirical observation inw a
bivlowical cxplanation for what he obhserved: “And conreimn-
platmg om this law of mortality, 1 endeavored 1o L]i-:.]Lli]".: i
there could be any physical cause for s exstence,” Crom
pertz's basie supprostiion was Dl Sl redguites certain rmvf-
ers of integration in the matenal of it necessary dreaniza-
Lo o be k-;:[ll'. up, and Hhat these powers could he divided
mto two portions: one o principal o Qundarmeantal parl and
the other an auxiliary part designed 1o mamtan the principal
power ol mtemation, He Nurther speealated on the presence
of powers that destroy the auxiliary foree, Gomperls mulli-
plivd s hypothetical Toree Lo destroy life by the populanion
alrve to estimate the momber of deaths e ape imlerval

Crompoertr (182336} realized 1hat 1 the force to destroy
life operated equally on cveryone born in a given yoar, then
hiz theaty imphied that “all mdividuals of a birtdy in the same
lecalily shonld have nlrimarely the same length of Lite,

a condition he acknowledped was absurd and knew from
ohservation could not be rrue’ To address this problews,

Foalthough we ane speculating on this poont i appeares oo that o his
laat published article Cromporte was empanding o s enoes, One cole
gl Cur e separee laees ol marlahy, whick Gompoee sxended o




EVER SINCE GOMPERTZ

GGomperlz (1825:517) emphasized the importance of chanee
in the tming with which death oceurs: “it is possible thal
death may be the consequence of two generally co-existing
causes; the one chunce, without previous disposition o death
or deterioration; the other, a delerioration, or an imcreasced
inability Lo withstand destruction.”

Makeham (1889:153) atrempred to clarify Gomperts's
concept of chance: “Chance, then, in Gompertz’s phraseol-
ogy—ruather than reduced vital Yorce —is, properly speaking,
the primary or essential clement in the cause of death, and
the effeel of the dimmution of vital foree is merely to in-
crease proportivnately the chance of death in a given time”
Mukcham used, as an example, the death of the Duke of
Wellington from an apparem attack of indigestion at an ad-
vanced age. The Duke's “inability to withstand destruction,”
o tesull of advancing age, led to his ultimate demise, Given
that he had successlully overcome many previous bouts of
indigestion,® however, the actual Lhming of his death must
have mvolved an clement of chance. According L Make-
ham (1889} the incorporation of chance into Cromperts's
law of mortality explained why deatl vceurred at different
ages even though the "vital force” (and its age-specific rate
ul’ loss) was assumed to be a constant quantity for all indi-
viduals of the same age. Lacking the concepl of peneric het-
crogeneity, Gompertz invoked chance ta explain why mem-
bers of a presumed homogeneous cohorl die at different
lmes,

Gompertz (1825:516) was somewhat vague on the issuc
of an age beyond which humans were incapahle of living.
Al one point, he emphatically stated: “though the Limit to
the possihle duration of life is a subject not likely ever to be
determined, even should it exast, still it appears interesting
t dwell on a consequence which would follow, should the
morlality of old age be as described above. The non-appear
ance on the page of history of a single cireumstance of a
person having arrived al a cortain limired age, would nol be
the least proof of a limut of the age of man; und further, that
neither profane hislory nor modern experience could contra-
dict the possibility of the greal upe of the patriarchs of the
seripture.” Laler he qualified his position on a limit to life
by stating: “Such a law of mortality would mdeed make it
appear that there was no positive limil o a person's agme; but
it would be ensy, vven in the case of the hypathesis, o show
thul a very limited age might be assumed to which it would
be extremely improbable that any one should have heen
knoarn o attain,™

feur, and anotler way have clsamed that the Gomperts equatinn s
cverynie by live (o the same ape,

&, Dr, John Bailar, U1 from The Univesily of Cloeage pointed out to
us that the Duke of Wellingion sctualle may oot have dicd of a bout of i
gestion; it may kave Been hoarl Gdure, Apparcatly the symptams af e lwa
conditions a verarkebly elese,

5o iy surprising that with such a large bmly of lieratlure invalved in
Wiz seareh for @ Law of mortality, ooly o fow ol e researchers invelved had
anything e say divcatly aboul the wnpbeacions of a law of mortality on (he
sobeopt of a hiological lomt o life, Congiatent with Gampuerle's view,
Welsimumn { L8890 soated that “the duration of life s furzed upon the erpan-
s by cnuges ourade itself; justas the spring 1 Heed in i place by fareos

a

To swnmarize, what Gompertz discoversd was strarght
forward: For various human populations between ages 20
and 60° in the eighteenth and nineteenth centuries, arithmetic
mcreases i age were consistently accompanied hy peomer-
rie increases m mortality, He referred to this phenomenon s
2 law ol mortality hecause of the consistency with which it
occurred.

MAKEHAM’S THEORY OF PARTIAL FORCES OF
MORTALITY

In a serics of articles published in the latter half of the nine-
reenth century, Makcham {1860, 1867, 1872, 1880, 1890) set
tul L refine Gompertz's law of morlality, Makeham (1860)
first noted hal the Togarithms of the probabilities of living
from Gompertz's formula, instead of proceeding in uniform
peomelrical propression, increased al a faster pace ar higher
ages than at younger ages. Tle attempted to selve this proh-
lem by |} adding a “constant” term, redefining the Gompertz
law as “the probabilitics of living, increased or diminished
in a certain constant ratio, [rom a serias whose logarithins
are in geometrical progression,” (p. 303% and 2) limiting the
analysis to the age range 20-80 and assuming that the for-
mula applied beyond age 80,

Makeham’s (1867:352) most inporlant modificarion of
the Gompertz formula was his development of “a theory of
partial forces of mortality.” His argument, hased on the sup
position that seme “diseases depending for their intensity
silely upon the gradual diminution of the vital power”
(1867:335), fit the Gompertz law far more closely than a
mortality schedule based on all causes of deatl combined
(i.c., total mortality), Makeham apain was refernng to his
earlier obscrvativn of accelerated increases in the force of
martality at older relative to yvounger age groups. The dis-
cases ussociated with the “diminulion of the vital power”
were linked Lo speeific organ svatems — the lungs, heart, kid-
neys, stomach and liver, und brain. Although Makelam
(1367) ucknowledoad that medical scicncee was not advanced
sulficiently to pennil u complere partitioning of tolal mortal-
ity into its constituent elements, the diseases he chose repre-
sented a significant portion of total mortality at that me and
worked well in solving the problem of ohserved greater in-
creased forces of mortality at older ages than at vounger
ages. Precisely how Makcham determined cause of deatls was
nover revealed

otsidis e moching, wnd ot only fixed in s place, bul chosen of 2 certain
lemgtli su thue ot will s down after a cortain dime.” Browlee (1919:55)
stuted thar, while comparing, values of the e table, “ir almost looks as it
e kind of limit were being approwched beyond which much proater -
provement cannol rendily beexpecred. 12 net certaio that e Linid bas been
atineal, bul 1l s improbable that for persans ceur 10 years of ape Lite will
ewer bemneh langer en the average M that exhibeed in eural England at the
presenrday.” Perks (1932397 craled (il "10 s not unlikely alse that at the ol
ages there is an nppo N o the mean izabilive lo withstnd destruction,”

G To Connperte™ | E62 articls he nnted thal elemends of ks formula
spplied v e age rangs 1080, but in 1872 D wode ot elear that hiz primary
Yermuln apphicd e the ape vngs 20600 A reasanable arpement conld T
made on ths basis of he combined work of Gompertz and Makelain Usal the
Vot eygualion wag meended o apply o either (e 20260 or the 10-80
A CHILET.



THE HISTORICAL SEARCH FOR A LAW OF
MORTALITY

Farly in the twentieth century, scienlisls hegan lonking for
biolugical explanations for Gonpertz’s law of mortalily and
for why increases in murtality among nonhuman species also
conformed to Gomperte™s law for a significant porlion of
their life span, Their poal was to expand upon Gompertz's
effort to attribute biological signiffcance W the life tahle and
to extend his lawe of mortality to include all living things,
Differences among species were assumed Lo he Just a matter
ol seale—the rime scale over which deaths oceur being com-
pressed for shorl-lived species.

Cine of the earliest efforts Lo develop u binlogical expla-
wation Tor differences in the life spans of species was based
on the research of Jacgues Loch and colleagues in the early
parl ol the twentieth century. Loch and Maorthrop (1916:436)
asked the question “what iz the canse of the fact that each
species has a limited duration of lite the magnitude of which
15 characteristic Tor the species? I the duration of [ife de-
pended upon the presence of certain substances which were
used up during life; or if the duration of life were Limited hy
the cumulative injurivus elfects of certain products of me-
taholism® ., [then| i may be expected thal tere should he
found o temperulure eocfficient for the duration of life of the
order of magnitude of that of chemical reacrions,” These
wure particularly prophetic concepts given thieir obvious re-
latonship to the medern view of vitality (Shock 1961) and
to the free radical hypothesis of aping (Harmon 1992}, Logh
and Northrop {19172, 1%17h) demonstrated for small popu-
lattons of Deosophile living under “aseptic” conditions, that
the lemperature 1 which hatched flies wore reared, as well
as the availability of various kinds of foad, had a significant
influence on their longevity, For every 107 reduction in ten-
peralure the duration of life was approximately doubled.

Brownlee (1919} was one of the first scientists to attempt
to link the basie biology of lumans o major quantitative el-
ements of the life tahle, e suggested that mortality attibuot-
able to senescent causes should be cxprassed first al about
age 12, beeome the domminant force of total mortality by age
30, and advanve al an cxponential rare from ages 12 to §35.
Brownles recognized that if'a law of mortality cxisred. it was
likely e b vhscored by nonsencscent martality, and that a
simgle Gomperta distiibution did nol apply o the entre Tite
tuble. He furrher argued that the physical sciences, in par-
tcular “the theory of moleeolar motion of gases and the al-
led prohlems in physical chemistry™ (3 383, would vicld in-
siphts nte estimating the virality of humans in terms of mo-
lecular energy,

Bronenlee (p. 43) identified a formuola that accurately de-
scribed “the rate of decay of capacities ar of substances sub-
Jeet to the action of organic ferments” (L., bucteria exposed
to o disinfeeting solutiony, which be beheved produced a tine

Pl ks evident that this phrage wass drawn directly fam Gompenle's
research publizhed nearly 100 years hefore bol Doel sl b colleapgies
pevel fnenticned Gomperleoand Tis writings nany ol ther suklications,
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dependent decay that is analogous to the loss of vital pro-
cesses. He found that his formula corresponded to Makehan's
adjustment of Gompertz’s formula, and therefore concluded
that “the subslances or capacities on which life depends de-
sy according to the law of the unt-molecnlar reaction, that 1s
Ural the amounts present at the end of equal intervals of time
can be represented by Lhe lerms of a geometrical progres-
sion™ (p. 47}, Brownlee found that hix Tormula accurately
portrayed the mortality cxpenence of various human popula-
lions hetween ages 10 and 93, leading Lo his second ser of
conclusions: 1} “it thus hecomes possible to look upon Lhe
continuance of life as dependent om the inherent energy of
curlain suhstances in the body, an energy which i gradually
being destroyed throughout Tfe” (po 49 and 27 *that no pai-
ticular [ife table can any longer be reparded as an zalated
diocumnenl ]'Uri_']'l'!i!'l}:[ tey cme time and place, but that the values
of death-rates and expectations wiven in all lifa-tables must
Liave swme kind of definite relationship™ (p. 471, Brownleo
wias one of the First scienlisls W bring experimental evidence
L hear on the concept of biology in the lile mhle that
Cromperts eriginaly proposed in 1825,

Urody (1924) attempted W discover a link berween the
duration of life and the time required to complele chemical
reactions, He used Lock and Morthrop's (14176} brochemi-
cal hypothesis to argue that chemical reaclions vither pro-
duced tosic subslunces in sufficient quantity to cause senes-
cence and ultmately death, or led W he desbruction of 2 sub-
stance needed 1o sustain life. In earlier researcly, Brody amd
colleagues demonstrated un exponential relationship between
age and milk production in cows and the speed of egp pro-
duction m domestie fowl—a relatonship that could be cha-
acterized by the same Tonmoula used o measore the decline
the speed of a monomaolecular chemical reaction with tme.
Brody (1924} supgested thal “the course of decline of vital-
iy with age due to the process ol senescence, when not comn-
plicated by the process of growth, follows a sinple caponen-
tal lawe; that is the degrec of vitality or of senescence {detin-
e vitality as the reciprocal of senescence) al any moment
is, tepandless of age, a constant percentage of the depree ol
vitality or senescence of the preceding mement (p. 2371 It
therelore appears thar growth and senescence both Tollow the
same exponential law—the law of monmmolecular change in
chemisery; and that the tao processes are simultancous and
conseeulive’ {p. 248].

Anather perspective on the “order of dying-onr™ i a
pupilation was presented by Grecnaoad (928, who ecloed
Brownlee's {1919} view thal u lile lakle was likely o be g
relleation of underlying biclagical processes. Greenwoad (p,
271 recognized Lhal "o an acloary, a life table 15 not a sub
jeet for curious speculation but a4 wurking taol, [that is] suffi-
cienl o explain why, inactuanal circles, intercal o biclogical
Haws” of mortality is ukewarm.” Bt Greetwand (p.265)
helieved it was possible to develop an “arithmetical form”
i, equation) thal would enahle researchers to understand
the "Blalogical grounds as to the bilrinsic conmection hetween
apeand maorrality ™ Afrer comparing the mtality expericnee
ef mrew amd human populations using a scaling method siun-
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far to Pearl’s (1922) and Gowmperlz's formula for graduating a
It table, Greenwonod (1928) concluded that “we have no
sound reason tor thinking thal the force of maortality of mice
nereascs with ape more nearly geomelrically than the torce
of mortality in men” (p. 283}, nor is there any “rcason ro
think that any more complex formulation of a physiological
law would describe the observed facts better than Gompertz's
century-old simple formula™ (p. 293).

Raymond Pearl was the first scienlist to attempt to per-
form an interspecies comparison of mortality—in this LASE,
the mortality schedules of Drosophila and humans. In his
first paper on his topic Pearl (1921) plotted the survival
curves of UE. males in 1910 on 4 scale with those of the
longwinged male (vasaphila, with L, al 15 years for hinmans
and 1 day for the Mes. Although Pearl acknowledged the ar-
bitrary nature af this comparison, particularly in the choice
of the beginning age interval for both specics, he neverthe-
less demonstrated a remarkable similarity in the curves, Al
ter noting thal the survival curves were more favorable at
older ages for humans than for the flies, Pearl (1921:302)
speculated that “the Drosophila || curves represent more
nearly the normnul, fundamental, biological law of mortaliry,
and that the human curve has been warped from this fonmn as
a resull of those activities which may be comprised under
the terms public heallh and sanitation.” We also point ou,
because of its relevance to a subscquent discussion, that in
this study Pearl {1921) was the first to manipulate experi-
mentally the living conditions of his study populations 1o test
the importunce of aceidental deaths on the survival curves,

In his second study Pearl (1922) retined his inlerspecies
scaling approach by 1) identifying Lhe heginming of the life
span as the puint of lowest mortality for both speeies {ie., 1
day for Drosephile and 12 years for humansy; 2) chouvsing
the age at which there is 1 survivor out ol 1,000 as the end of
the life span; and 3} sealing mortality for buth species by
dividing the duration of time between the beginning and end
of the life span into deciles. He found tiat approximarely 47
days of a Drosuphila s life is equivalent to 86 vears in hu-
mans, and that I year of a human life is the same as 1,279
days of a Drosophila’s life. Onee again, Pear] found “the
form of the / distributions is fundamentally the same...over
the equivalent life spans [and] considering the extreme dif-
ferences in habits of life, structure, physiology, and envirom-
menlal stresses and strains in the bvo cases, this is a truly
remarkable result” {p. 401). Unlike in his carlier study, how-
ever, in this second study he found that once life span waus
scaled, humans had a higher life expeclancy at every age
relative to the Drwsophila—a finding he again tentalively at-
tributed to humans’ control over Lheir environment, Pearl
(1922) was su convinced from his first two inlerspecies com-
parisons of survival curves thul he had discovered a funda-
mental bivlogical faw that he made the following statements:
“the simitlarity [in the survival surves of humans and Dveo-
phila] is even closer than was supposed from the rough com-
parison, and thul in fact we are dealing here wilh qualita-
tvely idenneal expressions ol an ohviously fundamental biu-
logical luw™ {p. 398); *. _.the factors which determine indi-
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vidual longevity, and differences m this character, wre hin-
logicully deeply rooted, at least us Tundamental, apparently,
as the factors which determine the specificity in the morpho-
genesis of organisms, and perhaps even more so™ (p, 4017,

Pearl was comvinced early on that his research would re-
veal a “findamental biological law” of mortalily for more
than vne species: but after two decades of research using his
scalmg approach on an expanded repertoire of species, Pearl
and Minar (1935) emphatically declared that a universal law
of mortality did not exist, They arrived al this conclusion be-
cause the death curves lor the animals studied never vvers
lapped perfectly, aven after repeatedly adjusting for life span
differences, In discussing their unanticipated failure, Pearl
and Minor {1935} identified wlat Makeham { 1%67) had iden-
tified 08 years carlier as the mam problen—ithe inahility to
partition folal mortality inlo il intrinsic and extrinsic causes
of deall.” Whereas Makeham’s development of the theory of
partial Yorces of morlalily was designed to show how
Gomperes's law would apply consistently ameong different
subgroups of the human papulation, Pear] and Minor de-
clared that partitioning total mortality into its constituent ¢l-
ements would extend Gompertz's law Lo other species, Re
zall that Pearl atterupled to elimmate the effects of exlernal
sources of martality m his early Drosophila studies, but was
unable to perform u similar paritioning of human mortality,
The probiem was that no one al the time had the data avail-
able fur uny species to partition confidently taral mortality
info its constityent elements,

The intensive search for a hiological “law of mortality”
as originally conceived by Gompertz essenliully ended after
Pearl and Miner’s declaration. Since then, researchers have
atternpled instead o classify (Deevey 19477 ar to develop
alternative mathemalical models {Beard 1959, Gavrilov and
Guyrilova 1991; Heligman and Pollard [980: Perks 1932,
Pollard and Streatfield 1979; Pollard and Valkovics 1942:
Sacher and Trucco 1962; Simms 1941%; Weibull 19517 to de-
seribe hetter the temporal nature of the dying-our process.
or swnmartes of these mathematical models ol martality
see Eeanomoes 19825 Gavrilov and Cavrilova 1991 Mildvan
and Strehiler 1960; Pallard and Streatfichd 19799

& Intringie mottality ta definad ss causes of death thar result from 1
the expressien of inherited lethal genes al any age in the Hfespan, 7 e
expression nf disease provesses urising from endnpenosly acgnined genetic
damage (v g, wmetwbolic tres radicalsy, M traditionl senescent-related diz-
visus o diserders againg from the puasressive deterioration of cellz, tis-
sues, organs, alid argan systems {esullme from some combination of inhe
wed and acouired damage), al ) inkeinsic conses of death thar have boes
influenced—either posifively or negatively—Nb lifestvle modifioalion, Liv-
ing eendilions, er medieal technelosy, Fore none detailed discussion of
Ihis issue see Crence o al (1990

[ntrinsie moctality differs fom seneseent maortality in that deaths e
anticipated throuphour the sae steustare, Under this partitinaing, of (el
moertality, fntvinsis mocalily 12 3 subzet of taral inortalily, and seneseont
centality is o subsel of inteingie mortality, A wore prectse enumeration of
mirinsie canses of death will alsa suerpe as biomedical rezcarchers improve
their understanding of the genctic mechanisms that are eithar responsilily
for or closely lisked o couses of dea such as cancer arl it dizeasze.
This defieitice of intezsie mortalioe ackanwled Il Bveeams have desel-
aped anambily e infleches ntrinsis disease processes,




BIODEMOGRAPHY

Biodemopraphy represents an attempr to diseover a biologi-
cal pattern to the dying-oul of imdividuals within a popula-
tom (Carnes amd Olshaosley 199300 [t 15 an explicit effort to
answer the when question of intrinsic morlality; that 15, it
explaing why death neeurs whon it does for individual mein-
bers of a pupulation. For example, why do deaths coneen-
trate at about 1,000 days for most Baborulory mice, ab 3,000
days for most dops, and at about 28,000 days for modern
humans? Why do some individuals die shortly aller bicth
whereas athers live to ripe old ages? Why does the risk of
death decline o its lowest point at sexual marurity for many
species, and thereafter increase along a prodictable path?
Could Gompertz, Makeham, Loch, Brody, Brownlee, Green-
wood, and Pearl all have been correct in their helief in the
existence of some sort of bislogical “law of mortality™ thar
cxplains why species differ in longeviry and cause of death?

The intellectnal arigins of biodemography date back to
the pioncering work of scientists who dared o go beyond
their empirical ohservations ahout patterns of morlality in
order to attribute hislogicul significance to the Life table. In
lthis sense Gempertz may be considered the father of bio-
demogpraphy. Mast of the actuaries in Gompertz’s fime were
vonlenl just o observe the rising rigk of deach following
sexual maturity and to use that ohservation w caleulate in-
surance annuities. Afler all, that was the primary function of
e actuary, Gompertz had the insight to draw Gom tads
simple observation a more peneral concept of a “law of
maortality” hased vn hypothesized physiological explana-
tions for its ocourrence. Makeham's explicil allenpl to pac-
tiron the martalicy schedule into its biological and external
clemenls was a critical development. Lt not only led to an
improvement of Gomperte's original Toomola, but set the
stage for an improved method of addressing the concept of
a law of nortality,

In the carly twentieth century, the biological significance
of the life tible hecame a central theme among researchers,
many uf whom were workmg at biological levels of organi-
zation Focused an the hiochemisoy of senescence, Brownlee
(1919, Greenwouod {19283, and others {e.g., see Rrody 1924,
Loelh and Morthrap 1917a) led the way in this fToit, The
interspecies comparisen of patteins of mortality performed
for the first tme by Pear] and his colleagues (Pearl 1922
Pear| and Minor 1935) and later addressed by Deevey (1947}
were more purely demographic, bur represented perhaps
some of the most critical early tests of the peneralizability of
Giompertz's law of mortality across species. Later Clark
{1950:12-13) recognized the pracrical imporlance, as well as
the risks, of linking the acluarial and biclogical sciences
“that the path of co-ordinating the actuarial and medical ap-
proaches to mortality is heset willh many snares cannot be
denied and 1t is always nevessary to beware that i scruriniz-
ing the parts too closely we do not lose sight of the whole,
Furthermare, ahsence of duly may sometimes drive the -
vestipalor into realms of hypothesis, However, if such
method of approach should lead to any conclusions an ways
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and means in which medico-actarial slatisties nuplil be de-
veloped a0 us o facilitate the forecasting of mortality, the
elTor will have been worth while "

A5 the search for natural laws poverning duration of Life
heman W wane in favor of more “practical” approaches Lo
understanding patterns of morality, an interesting fonm of
hiodemaopraphy emerped. Researchers attempted to evaluare
the process of aging and the prospects for interspecics ex-
trapolation of mortality risks by explonng whal was thought
to he a method of experimentally aceclerating senescence-—
exposure to radiation, This was a physiologically based level
of analysis represenling a sipnificant departure from the stud-
iew al lower levels of organization that preceded them, The
physiologically based studies had o profound Lnpact on the
theoretical and methodological study of senescence. As might
be expected, mortality dara organized inlile lables were used
to quantify the elTecls ol radiation exposure. hntially attempts
were directed at estimatmg a “‘tolerance” or “pernmissible”
dose in lahoratory animals, priocipally mice (Lorenz 1450),
The endpoint used for these studies was variously referred o
as the mean cxpectarion of life or the mean survival tine,

A lhe biological effects of radiation cxposure hecame
bietter known, a need arase to develop a link between the ac-
tuarial measures of radiation iury and the biological conse-
guences of radiation exposure. George Sacher (1950b:1035),
a pioneet in the field of gerontology and radiation bology,
postulated that “radiation initiates in orgamsms a lethal pra-
pess that 15 o function of the many forms of plysiological
injury produced.” He developed an impulse imury tunction
that, when combined with a presumed “lethal bound™ of in-
jury, led to a meatric (i, the integral Lethality function] that
deseribed a “generic mammalian radiation-injury process”
{p. 103). Sacher assumed the effecrs of radiation to combine
addirively with the process of natural aging, “acceleranng
patholopical lendencies but introducing no qualimatively new
pathology” (p. 116). Under the asswmption of independence,
the Sacher model (19302, 19500 accounted for nataral ag-
ing hy the inclusion of a simple linear time-dependent Lern
to the integral lethality funerion for radialion injury,

In a wery bricl passage Sacher (1950a} introduced a
quantitative relatonship thar would reappear in lhe radia-
tion Literature for decades Lo come aod that would eventu-
ally hovome dopma within the field of radiatien hiclogy. He
began by observing that at low daily dose rales, the recipro
cal difference in mean survival times for a control and for
an exposed population was praportional to the intensily of
exposurs (maasured in unils of dese vate), With a Little alge-
braic manipulation, the relauenship of reciprocal survival
times 1mplies that the lethality function is an “always-in-
creasing” funclion of tune, Because Sacher accounted for
natural aging in the model and entered the dimensions of
timie as only a ralio, he had provided researchers with an
vasily calcolable statistic {later called the cumulant lethality
function) to serve as “a purely empirical lrans{oomation in
the invesligalion of the comparative lethaliy in different
species, especially where these have widely different life
expectations” {p. 400
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In 1932 Ausiin Brues and Georpe Sacher formalized a
linkage between the physiological processes umd the acruarial
response to radialion injury. They envisioned injury as a pro-
cess that disrupts the normal phiysiological sseillations about
a mean homeostatic state within an organism, They lurther
reasoned that there musl be lmils (lethal boundaries) to de-
parlures from the mean homeostatic state Lhal an arganism
could telerste, Thus an animal would be expected o dic
when an insult was larze enough Lo cause a pulse in the ho-
meostalic state thar crossed the lethal boundary, Brues and
sacher (1952:459) noted that this biclopical model of injury
and fatlure lead directly to the “mathemulicophysical formu-
lation” Guinperlz (1823) derived to describe his law ol hu-
man mortality,”

For the remainder of the 19505, the cumulant lethality
function continued L play 4 dominant role in the compara-
tive analyses of radiation lethality. Using mean survival
times, Sacher catimated cumulant lethality functions Lo come
pare empinically the similaritics and differences in species’
respunscs e radiation injury within phases of the injury pro-
cess {Sacher 1955, 1956a). Tn hiz farmal derivation of the
mathematical relationship between physiclogical injury and
maortalily {1, the Gompertz function), Sacher {(1956b:258)
felt that his model was still “fur from adequare.. making
valid inferences about affects on man in terms of laboratory
experience.”

As Sacher noted (19560:2531), his procedure was the
“first to accounl for maortality in terms of the statistical na-
ture af physiological processes.” Sucher and Trucoo (1962
939}, hwearever, also noted that “we have insufficient knowl-
edge about the nature of the Muctuation process in real physi-
ulogical systems.” Poarly understood dynamics of the physi-
ologic function include spocies-specific (host} tactors such
ay distance to lethal bounds and the normal behavior of os-
cillations around the physiologic steady state (Sacher
[960Y. In addition, Sacher and Trucen (19672:9589) noted that
“the very fact of performing an observation introduces a dis-
turbance that makes il impossikle as a matter of principle 1o
study the system’s behavior will unlimited precision.” As
sacher (1960:9) soaptly put it, “any living systew, even the
simplest, 15 a control svslem ol a complexity and soplistica-
lion that surpasses our present ability to understand or de-
seribe.”

Failla (1958) also recognized that mortality patterns
conformed to the Gompertz distribution unee “adulthood”
was attained. He inlerpreted the similanty of mortality pat-
Lerns adjusted for extrinsic (violent) couses of dearh across
species (v.g., mouse, rat, and human) as evidence for a com-

9, 14 i useful tooante that the Goaperi: disiibution is but one member
of a larper faemily kavwn as cxirems value distributions (Gumbal 1954),
The extrann: walue distributions have played an importan ale in relzabilaly
analysis wilhin cnginecring &g well 2z within the hiooudical seienees [ Laws-
lisa 1963), They tvpically are employed ta deseribe e fulure times o ays-
Lems that cease to functinn whenewer the wonkest and henes cxlreme} oom
poncnt of the system fuils. In the cunlest of the Broes and Sacher modal, the
organism dies whunever Be homeostatic control of a critical pliysilogicdl
peecss Tils beeause of an injury process indtiated by o aolinton maelt,

mon aging process. Like Brody (1928} hefore him, Failla
(1938.1127) delined “vitality™ as the reciprocal of the age-
specific mortality rate. Aller expressing the Gompertz fune-
ton i terms of vitality, he suggesied Lhat the resulting
equation described the loss of vitality from a “one hit” run-
dom process acting on the cell population of the body. The
decline in the vitality curve by the end of the lile span ex-
ceeded what could be attribuled to a depletion in the num-
ber of cells. Failla concluded, therefore, that the vitality
curve must describe o deterioration 1 the function of cells
wilh ape. Te arrributed the deterioralion of fimction to so-
matic mutation, and interpreted the Gompertz aging param-
eter (derived from mortalily data) as an estimate of the
“spunlancous somaric gene mutation rate per cell per vear,”
With some assumplions about "generation” length aod the
number of genes in diploid cells, Faillas {19600 calcula-
tions suggested that the mutation rate per peneration was
similar across species (e, mouse, rat, man, and Dresoe-
phila). I true, the somatic mutation rate per unit time must
be higher in short-lived animals than in amimals with longer
life spang. Failla (1960:1132) concluded that “lifs span is
determined by Lhe inherent stability of the genetic system of
a piven species, which detennines the spontaneocus mutation
rate, which in turn determines the increase in morlality rate
with age (beyond middle age).”

Seilard {1959} alse developed a theery on the nature of
the aging process based on the concept that accumulated so-
malie damage interferes with the functional capahility of
cells, Inberited “Faulls™ (mutations) in somatic penes whose
function 15 critical late in the life span was viewed as the
major explanution for why adults differ in lenplh of life.
While sinnlar in concepl to the Failla theory, Szilard’s ap-
proach waz far more extensive o transforming the thenry
mto a gquantitative form, Like Sacher’s lethal bound, Szilard
envisioned death occurring when the fraction of somatic cells
unallected by “hits” reached a critical threshold. S#ilard de-
veloped numerical relalivnships that permitted the estimation
of the surviving fraction of cells, the critical threshald, the
oumber of stnalie mutafions, and the reduction in 1l ex-
pecrancy per mutation, He sugeested thar the magnitude of
lile shertening following exposure to radiation should be in-
versely related 1o the square roor of the number of chromao-
somes of a species, As such, mice and humans should expe-
ricnce a similar radiation-induced life shorlening when ex-
pressed as a flaction of the life span,

The quantitative as well as the bivlogical importance of
the Gomperle distribution was further enhanced by the work
of Bernard Strehler and Albert Mildvan. Tn a series of papers
{Mildvan und Sirehler 1960; Strehler 1959, Strehler 1960;
Strehler and Mildvan 1960}, these investigators presented a
Grompertz-hased theory of mortality amd aming thar, like the
Sacher model, was based on disruptions of the homeostatic
state of an organism, Their approach differad from that of
Soacher in the functional form of the equations used to de-
sertbe the distwbances of the “cnerpetic environment” of an
orpanism when challenged by a stress, This difference, they
argued, was criticul if derivative implications of the theory
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coneerning ssucs such as he predicled loss of physielopie
function with tine amd the quantitative relationship betaween
the two parameters of the Gomperrz distribucion, were o
coenform with “vhservalion or natural law,”

Strehler (1959 also made several unporiant obsaerva-
tions on the binlogical effects of radiation compared Lo the
effects of aping, He noted that (1) aging etfects are typically
associated with post-nutotic cells whereas radiation prima-
rily affects dividing cells; (23 radialion damape is primarily
genelic whereas U effects of aging appear to be more hroad
spectruny; (33 soane species (2.0, fhasanhila) do nol exhibic
life shorlening even aller larpe doses of radiation, and 4) the
dose required to double the mortality rate (e, Gempertz
slope) produces a much larger inerease in the mutalivn rale,
Buased vn these ubservatons, Strehler (19539:138) rejected the
notion that radiation acts through “a general acccleration of
the normal aging process,”

Investigations of radiation etfects continued to make ax-
tensive use of the Gomperls distribulion Ucoughoul the
1960s (Boerlin 19607 Sacher 19660; Sacher and Grahn 196475,
Some of the popularity of the Gomperrz distribution was dug
tr compattaiional convenicnee. Lincarily ol the hazard Tune-
tion on o logarithmic scale made least squares estimates of
the Gomperrz parameters easy to ealeulate. Like Groenwond
(1928Y belore him, Graha (1970} proposed using the ratio of
Gaompertz slopes to adjust for life apan differences when
making morlalily compurisens between species, Gralun sue-
cesstully used this scaling approach to pradict reductions in
human life expectancy following radiation exposure Trom
dose response relationships observed in mice,

At first glance. thera appears 1o he a diserepancy he-
Lareen Pearl™s conelusien tat o Tundamental law of mortality
does not exist and the reasonable success of interspecies ax-
trapolation efforts within the Teld of radiation bielogy, The
parados is resolved when the environmental conditions of
the amimals being compared are considered. Pearl’s studies
and the waork of the ecologists (eg., Deevey 1947) who Tol-
lowed lim were based ob the comparison of species that ex
pertenced dramatically different levels of intercurrent (i,
crogenous]) mortality, The labaratory animals vsed o radia-
tion studies, on the other hand, benefitted from husbandry
practices thar included highly controlled environments where
predation was climinated and the effects of infectious dis
eases were minimized, These environmenral conditions are
far mare similar o the sheltercd environmenl and muedicul
allention received by homans than to that expenienced by
natural populations of ammals,

Another clement ol bivdeimograply emerged recently
with the development of medical demmography or population
epidemiology (see Manton at al, 1985, Mantom, Palrick, amd
Slallard T9840; Manlon and Solde 1935) Although this line
ot research has not Tocused on the two céntral historical
themes of biodemography—he biofopy of the life table and
the search for a law of mortality—11 15 a unique and valuable
effort at attempting Lo understand the complex relationshup
between sk factor modification and population trends in
death rates. These are useful concepts for hindemopraphy
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heosuse they contribule Lo an underslanding of reasons why
witerspecies comparisons of senescent death rotes ore diffi
cult to perform,

The modern development of biodemography origimated
with a series of articles published by Weiss and colleapues
feu, sce Conner, Weiss, and Weeks 1993 Weiss D89,
Welss 1990; Weiss, Perrell, and Hams 1984). According to
Waisa {19900 LR6T T greal danl has been learned in the past
20 years about genelically based heterogencily in regard to
the major determinants of survevorship in industrial nations,
Yol demopraphers and penciicisls scem Lo be relulively un-
aware of each other's work, Partly, this may be because
even though cansal genetic varants themselves can be iden-
Hlted, moest work inopenetic epidemiology has been con-
cerned with the efteets of such varants on overall suscepti-
hility rather than on the hazard (unclion ilscll”” Welss rec-
oenized that the field of genetic epidenuology could pro-
vide insights into the binlopical comsrraints influencing the
shape of the hazard function in populations as well as o
unobserved heterogeneity hvpothesized by demographers
iManton, Slallard, and Vaopel 1981 Yaupel, MManlon, sod
Stallard 19789, According to Weiss (1990198} it genes ul-
timarely affect how variation in the hazard function is dis-
tributed io the population, human plvsielogy aod s genetic
basis alteet how pathology develops with age and hence the
shape of The baeard function el Wetss's merging of the
fields of demography and genetics and hig subscquent
elaboration using principles of evolubionary biolory served
as o launching point for the latest developments m the feld
ol hodemography.

The latest work o Whiis arca brings the lwo basic gques-
tions of biodemogzraphy back into the central theme of re-
search and makes more extensive use of theoreticul develop-
ments froon the field of evolutionary biology. Because de-
tails of these developments i blodemography may he found
in the literature (Carnes and Olshansky 1993 Carnes,
Olshansky, and Grahn 1990; Olshansky and Carnes 19949}, a
condensed summary of this line of reasoning follaws

Evolutionary biclogists have heen working (o over a
century on the guestion of why senescence occurs. The most
hasic question to ask 15 why organisms senesce: Why is tm-
mortalily un unallainable poal Tor odividuals? The answer
bepins with Weismann’s (1891 observation thai causes of
deach exiringic o the basic hiolopgy of the organism are, aod
probably always have been, ubiquitous and unavoidable. For
most species, even if senascence did not exist, survival be-
vond the age of reproduction is ao exleemely 1are event with
most deaths for a cohort occurring just atter buth, At these
apes the vast majority of deaths resull from ferees ol maortal-
ily thal are vnrelated to senescence (e.g., hostile environ-
ments where predation or infectious and parasific diseases
provadl).

I hostile envirommnents, where death almost invariahly
precedes senescence, early reprocduclion (relative Lo polen-
Lial life span) has become an cssential element i spocies’
reproduciive strategies {Stearns | 997 Consistent patterns ol
arowlll and development obscrved within species suppests
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that the reproductive biclogy of orpaniams alive today repre-
sents a penetic legacy of responses to environmental condi-
tions that prevailed during the early evolutionary history of
cach species,

The argument that selecrion alters the genetic compo-
sition of a population through the differential reproductive
success of individuals is a basie tenet of modern ¢vilulion-
ary blology. According o Medawar (1952) and Willinms
{1957}, opportunities for selection to alter gene frequencies
should be preatest before individuals begin reproduction,
diminish as the cumulative reproductive potential of inds
viduals is achieved, and become weak or nonexislent once
reproduction has ceused. This ape-hased pradient for the ef-
fectiveness of selection permits the potential Tife span of or-
ganisms to be partitioned nto bislogically meaninglul time
perieds: the prereproductive, reproductive, and postre-
productive periods,'”

The medern evolutionary theory of senescence is based
on the premise that selection s elTective in aliering gene fre-
quencies until the time before the end of the reproductive
period. When the normally high force of external mortality
iz controlled and survival beyond the end of the reproductive
periced becomes a common oceurrence, senescence and se-
nescent-related diseascs and dizorders have the opportanity
tir be expressed. The full aray of potential senescent pro-
cesses, Lheir consequences, and the mortality schedule for
inrmsic deaths (e, the intrinsic morlality signature) can be
revealed only under the “unnatural” condition of survival
beyend the age of seaual maturily (Medawar 1932) by a sig-
nificant proportion of a birth cohert, This rarely happens for
animals living in the wild beeause death almost always pre.
cedes senescence. For species living under controlled living
conditivng where extrinsic canses of death are dramatically
reduced {e.g., humans, household pets, and woo and lahora-
lory animals), however, we have argued that a specics’ in-
trinsic mortalily signature shoold become visible for the first
time {Carnes et al. 1996), Because there are common foroas
(L., exlrinsic mortality) responsible for molding specics’
reproductive stralegies, o common pattern of intrinsic mor-
lalily-—an evolutionary tmprint - may become visible when
species arc vompared on a Mologically comparable time
scale.

I gene exprassion, whether favorable or deleterious, in
the postreproductive period 1s heyond the reach of natural
selection, then a genetic basis Lor either immortality or senes-
cenue resulting from the direct action of selection should nat
be possible Instead, senescenterelated diseases and disorders
observed in organisms not molded by selection for extended
survival thoyond the genetically delined reproductive period)
may be an inadverlenl comsequence of selection operating
unifarmly on reproduction (Hamilton 1966), As 4 conse-
quence, inveslments in the binchemical machinery necessary

0. For thig disevwssion, the reprodoctive peried inclides the prodoc:
ben and nusturing of affspring and, far snme specics, o grandperenting pe-
tiod during which parents conlvibaie b the reprodueloe suceess of thedr
offapring

o

o maintain the integrity of the organisim should diminish as
the reproductive potenlial of the individoal 15 achieved,

W have arpued that the logic used (o link natral selee-
tiom and reproduction, and reproduction and senescence for
individuals, has a direct bearing on when intrinsic mortality
should vecur tn u population (Carnes et al, 19%6; Carnes and
Cishansky 1993). Our logic is ax (ollows: The timing of ge
netically determined processes such as prowth and develop-
ment are driven by a reprodluctive biology, molded by the
necessity for early reproduction, which in lum s driven by
the normally high exlernal foree of mortality, It individual
senescence 15 an advertent conseyguence of these develop-
enlal processes as predicted from the evolutionary theory
of senescence, then awe patteras of infrinstc mortality in a
population should also be calibraled Lo sume element(s) of a
spectes’ reproductive binlagy, As previously indicated, sev-
eral researchers (Makecham TEGT; WMedawar 1952 Pearl and
binor 1935 Weismann 1891} have already recopnizad the
important role playved by the force of external (ie., non-
genescent] causes of death, bul the problem has heen parti-
linning total mortality into its constituent elements so Lhat
only intrinsic wortalily could he ohserved. This has been the
focus of our first empirical test of a prediction from the
biodemogruphic paradigm of momaliy (Carnes et al. 19963,

Thus the common age pallern of morlality first noticed
[or humuns by Gomperrz in 1825 and subsequently ident-
fied for other crganisms throughonr the rwentioth century,
mikes lopgical sense when the evolutionary theory of senes-
cence s extemded om individoals to populations, Cvolu
tionary biologists have not attewmpled o cxplain mortality
patterns [or populations hecanse they have tocused almost
exclusively at the individual level, By the same token, re-
searchers whe tricd to find empincal evidence for a law of
mortality were operating withoul knewledge of the evelu-
tionary theories of senescence that were being developed
during Lthe past 100 years, and did nat have the data that
would permat the partitioning ol Lowal maortality into its con-
stituent clements. [t is only when these two bodies of Ltera-
ture are brought lopether thal it hesomes possible 1o under
stand how the ideas and concepts from one discipline may
be used 1o caplain the common age patterns of mortality ob-
served across species,

Wo have sugpested (Carnes et al, 19963 that: 1) thereare
comen wpe pullerns of mortalicy across speciles as long as
the causes of death considercd ure rustricted to those having
a hiologrical origin (jusr as Pearl predicted in 1922); and 23 a
plavsible biological wechanizm that would lead to common
age patlerns of intrinsic maortality across spocies hocomes
evident when the cvolutionary theory of senescence is ex-
tended from individuals o populations, In shorr, we have
provided empirical evidence supporling Gomperts’s armi-
ment that o law of mortality exists, and that there is a bio
logically based explanation for il existence.” Thers are

LI sheuld b ersphasized fhat e did uul etlempd Lo quanthy the
lavr o martality aelf, we simply (ested for vy existence, Whather i1 is the
Cionnpuely syualion or swme etker empirieal ol that mathematically de-
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many more biodemographic questions, however, that demape-
raphers, actuaries, and mathematicians are parlicularly well
equipped Lo answer (o, see hypotheses and predictions in
Carnes et al, 1996 Carnes and Olshansky 1993; (Hshaosky
and Carnes | 994).

NON-GOMPERTZIAN MORTALITY AT OLDER AGES

Aa previously noled, both Gompertz and Makeham recog-
nized that the origmal Gompertz coquatiom did nol apply 1o
the entire age Tange. In fucl, Gompertz (1372} suggested in
liis last paper that there are four distinct perinds in the life
span between which separate laws of menality apply: birth
tor 12 months, 12 moenths to 20 vears, 20 years to 00 years,
and 60 years to 100 years, The Gomperrz equation was in-
tended from its incaption to apply enly Lo a limited age range
for humans—belween the ages of 20 and 6l {Gompertz
L2723, Even within this age range he recopnized Lhal his Tor-
mula worked hest “provided the intervals be not greater than
certain lmits” (Gompertz 1825:514).

The ohservation that the Gomperls cguslion does not
apply to humans and other animals during later portions of
the life span has been a persistent theme throughout the his-
torical literature on senescence and Lhe search for o law of
mortality. For cxample, Makeham (107346} argued that
even after he used his “partial forces of mortalily W claae-
tetize maortality schedules, the rapidity of the increase w the
death rute decelerated beyond age 730 Similarly, Drownlee
{1919:47) suggested thar the Gompertye cquation does not
apply equally throughoul the age range; “the graduation is
minde [0 two sections, one section fram the age of 15 W e
age of 30, the second heginning at e latier age and extend
ing upwards to the end of life.” Brownles (1919:58) also
asked “Is 10 possible thar a kind of Tndian sununee occurs af
ler the e ol B3 years 15 passed, and that conditions improve
as regards length of He on the groamds ither ol preater care
heing faken, or that the sceond childhood relieves netvous
strain and thus permits some recuperative effect?”

In Perks™ { 1932 development of the logistic equation to
improve the graduation of death rates ar older ages, he rec-
ognized that “the ungraduated rates and the rules by adopled
graduation show a curious peak in the rate of increase o g
round aboul age 80...0t is thought that the sharpness of this
peak may be due in some way tooan element of neglected
selection which would nalurally rapidly wear itself away ar
about upe $0...7 (p. 15), He further stated that “the gradu-
ated curve |of morralioy] starts to decline in the neighbor
hond of age 847 (p. 300, In Beard's (1939) discussion of
nathematical mortality models, he recognized thal “what
evidence is available tends o support the idea that the force

suribes ape petlorns af cortal ity across spoeies 13 of legs interest o s, Fhos
question should be sddressal ey marematical desopgraphees and actuares
whe are adept at tinting egquations lu obsereal distiibutions of death. Tn fact,
it may very well be the caze thar some ctier fonmli clinacterizes the dy-
ing- et precess and the law of meerality beiter than dovs (he Gomperte cgua
L, The Jaw ol montadiey as we define iU g 2 commaon pattern o the dving-
oue procesy for muny species bebwors sexnal maturity and cxtreme old age,
and a biolegical explanation tor why toese pedleoes oxist
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of mortalily docs not continue 1o ncrease indefinitely with
age” [p. 303}, Strehler (1960:311) argued that one of the four
distiner phases of the human morlalily curve was "2 period
of departure from the Gompertzian relationship at great apes
so that martality rises moere slowly than anlicipated after ags
83-90." He urgucd that this phenomenon would occur “when
the vitality has decreased to the point where it s similar o
thes average cnergy of fuctuations” (p. 314 about a homeo-
static mean, One of Maldvan and Steehler’s (19600 “ohserva-
tiong rhat any mathematicnl theory of morlality must incor-
porale into its postulatory structure, explain, or af least nol
violate” (p. 217) included the fact that “al extremely ad-
vaneed age, the morlality rale curves of several species rise
al a rale progressively lower than exponential” {p, 224}

The limited applicahility of the Gomperte Tunction to
anly 1 specificd ranpe within the life span and a deceleration
in death rates at older ages (including possible cxplunations
for this phenomenom) have boeen recoznized by many other
rescarchers (e, see Abernathy 1979 Braoks, Lithgow, and
Johnson 1949 Douhal 1982 Eoonomos 1980; Guweiley and
Gavrilova 1991 Hortuchi and Coale [1990; Honuch and
Wilmoth 1996; Pakin and Hrisanow [984: Ripgs 1993 Weiss
1989 Witten 19ER),

Based on lack of (it o1 older ages, there has been a re-
peated historical recognirion (haginning with Gomperls him-
self) that a sinple Gomperls eyuation does not adequately
deseribe mortality for humans or for ather animals over the
entire e span. |0 is partieularly surprising, therefore, that
somi Tescarchers reject the entire Gomperts paradigm after
finding that it does not apply to alder ages for some ergan-
igms. For example, Carey et al, (1992) found that death rates
for older medilies leveled oft; therefors they concluded thal
“another concept that is not consislenl with our data s that
the busic pattern of mortality at adult ages i nearly all spe-
cies follows the same unitary paltern deseribed by the
Ciomperty, medel {exponential increase). The finding that
wedfly age-specitic mortality 15 not descrihed hy his muodel
at old ages provides dircel cmpivical evidence that Gom-
perez’s luw does not held in all populations™ {p. 460). Fukui,
Niu, and Curtsinger {1993 found a leveling ol of old-age
marrality among o lurge population of Drasaphifa, leading
thern to conclude that “contrary to the predicrions of the
Gompertz model, mortality rales tend Lo decelerate at the
most advanced apes” (po 5850 In describing the results of
the vriginal fowe Hy studies, Barinaga {1 992:398) slated il
“until now, most rescarchers bhave alked about maortahity
largely in terms of the 'Gompertz law,” proposed by British
actuary Bemjaimn Goampertz in 1825, which helds that mor
rality rates inercase cxpencontially with ape. 1f 3t 15 true, the
Cromperte law implies that for any species the death rale will
climb dramatically in very old age, cffectively capping the
life span.” Perls (1995) reached a similar misconception
aboul the age range to which the Gomperts equation applies
i his descriprion of a sample of “healthy " centenarians.

With regard to the presence of non-Gompertzian maorlal-
ity in certain regions of the [ife span, the Gty ane that, (1)
Campertz never predicled eaponentially cising death rares at
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older of younper apges for humans or any other species; {2}
death rates for many species (including humans) rise CHPHI-
nentially with age for a significant portion of their life span
(.0, see Finch 1990; Finch, Pike, and Witten 19907, just as
Gompertz and Pearl predicted; and (3) there are exceptions
to exponenlially rising death rates in the postmargrational
phasze of hite for some species (Finch 19907,

CONCLUSION

Ever since Gomperle, scicntists have had a heightened inter-
¢st in explaining why death occurs, whal hislongical forces
might be invelved, and why death occurs along a predicrable
path for many species between sexual matunty and old By,
The Gompertz equation was developed exclusivaly for hu-
mans both as an cmpirical tool to describe the age pattern of
death from all causes dwing a limiled time frame (princi-
pally between ages 200 and 600, and as representing a law of
maortality that arises [rom inherent hiological processes.
Gomperts never exrended his ideas to other species, nor was
ha able to elaborate on the biological mechanisms he thought
might be involved. Within 100 years of Gompertz's original
article, his luw of mortality had been refined by Makeham 1o
a limited set of causes of death, extended by Pearl Lo other
specivs, and examined by Loeb and Northrop and others with
regard to its biologival origing. Since the carly twenticth cen-
tury, numernus statistical distributions have heen shown to
characterize reliubly the age partern of the dying-uut process
(v.g.. Gammna, Logistic, and Weibull). Mevertheless, o long
history ol vmpirical urility has made the Gompertz distribu
ton one of the major quantitative rools used in the unalysis
of failure times for living organisis ax well as for mechani-
cal devices.

Although the mortalily distribution of many species fol-
low the Gumpertz or Gompertz/Makehaim distributions for a
significant portion of their life spans, the mortalily sched-
ules of different species (bascd on toeal maortality) do not
overlap when ohserved on a comparable time seale—a find-
ing orginally atleibuled to Pearl In addinon, biological cx-
planations for the Gompertzian rise in death rares following
sexual maturily were initially problematic, principally he-
unuse it was ditficult 1o expluin how an exponential rise in
death rates would follow from linear declines in physiologi-
cal Functioning, Various studies have addressed the experi-
mental (Simms 1848) and theoretical {Lconomos 1982;
Steeller 19460, 1977) aspects of this problem.

Evolutionary biologists (Charlesworth 1994 Kirkwood
1977 Medawar 1952; Welsiwnn 1891; Williams 1957) have
addressed the reason why aging or senescence veeurs ar all,
but they have focused un pene selection and expression
wilhin individuals not on age patterns of death within and
across populations. A biodemographic approach represents
an attempr to use biologicul urguments to investigate demno-
praphiv phenomenas or example, why do death rates in-
crease exponentiully following sexual maturity, and why
wighl commen age patterns of death be expected among spe-
cies? Blodemugraphy offers an excellent opportunily for de-
maographers mvolved in research on aging to test hypotheses
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aboul human mortality that are derived from theoretical and
empirical research in the biological seicnces (Carnes et al,
1996; Olshansky and Carnes 1994 Weiss 19907, Although
the merging of the fields of demography and hiology has
been angoing for years with regard to research on fertility,
e upplication of biology to demopraphic models of uinan
mortality has been [imited.

Finally, it is interesting that Gompertz proposed his ideas
at g time when religion was parliculurly influential 2 factor
that undoubtedly had an impact on his writing. For example,
based on his beliet in a bivlopical force responsible for Lhe
patterns ol death he ohserved, Gompertz. concluded that it
was highly improbable that humans could live much beyond
the observed limits of his time (which was at or near 100
years of ape). He then equivocated ou this point, however,
by suppesting that nothing could contradict the purported
ages of pulriarchs reported in the Bible, Thus it appears that
Gompertz tried to appeuse the religious patriarchs while
speculating on biological forces thal were aperating to limit
the longevily of humans,

A similar kind of resistance prevails today regarding the
concept ula law of martality, probably because a law invokes
images of bounds and limitations. Taday, however, resistance
follows from a public health paradigm predicared on the be-
liet that human discascs have moditiable risk factors that,
onee modified, can lead 1o their tolal elimination. Resistance
to the linuitations implied by a law of mortality is easily un-
derstoad. Humans have allered their environments and
lifizstyles Lo such an extent that extiinsic cansas of death have
Been reduced dramulically. Almost evervone now has an ap-
porlunity to live to hus or her biclogical potential — something
that only humans and a few of the animals they manage (zoo
animals, household pets, and animals rased under laboratory
conditions) have achieved (Carnes clal. 1996), What s beng
revealed by human intervention 1s a more “pure” hiologically
influenced mortality schedule for these species (as Makeliam
had attempted with his partitioning of tolal mortality and as
Pearl suggested would be the case).

In addirion, a greater understanding of biological pro-
cesses (Knowledge unavailable to Gomperte) has permireed
the expression of intrinsic dizeases (e, age ar death andfor
wwarbidiby) to be modified, therchy, altering the survival tra-
Jectories of ludividuals whase intrinsic diseases huve already
heen expressed. The expression of intrinsie mortality has been
influenced hy: 17 lifestyle modifications such as diet and ex
ercise; 2) the introduction of pharmacenticals to pusipone the
unsel of intrinsic disorders (e.g., mmedication for hypertension
or the introduction of insulin for diabetics); and 3) medical
interventions such as life exlending rechnologies (e.p., dialy-
sis, heart-lung machines), surgical procedures (e o, cotonary
bypass surgery, orgun transplants), and trealinenl protocols
{e.g.. chemotherapy and radiation therapy for cancers).

successful modifications to the expression of intrinsic
disease processes lave led many 1o believe that continued
progress eun he made in improving lile cxpectancy, particu:
larly at alder apes. When extended, this perspeclive sugrpests
that there 15 no “biological”” limit to life because there is no
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Lt m the development of new and ¢lTeclive lile-extending
lechnologies, On the other hand, the emergence of now
strains of bacleriy, viruscs, and purasites and the reemer-
pence of more virulent straing of intectious diseases such ay
tubereulesis and meningitis sugpest that modern advances in
public health can have both posilive and negalive cffects on
homan longesity {e.g., see Lederberg, Shope, and Oaks 1992,
Olshansky elal. Tortheoming; Pals ef al. 1996; Minner er al.
1986, Wilson, Levins, and Spielman 1994, In any case, this
public health paradipm has ereated an unprecedented new set
of “biclogical” conditions such that the ape- and cause-spe-
cific mortality schedules of modern lamans bear Littde resem-
Blance even o human popalations of just 20-30 years ago,

We have sugpested thal there is a biolopically hased
mortality schedule fora species one that would be revealed
under lving conditions where external sources of maortality
are greatly reduvced and conditions (e.g., dicl and exereize)
are favarable for living to one’s biological potential, From
this perspective, the biclogical Hfe span of a species, con-
raining mndrviduals of varying endowments for longevity, ix
une hased on a mortality schedule that would prevail i the
absence of iwedical inlervention ol any kind—a view consis-
cent with that of Raymond Pearl. A tife that is extended by
biaving survival lime “manufactiured” by pharmaceuticals or
medical technology does not permit survival only up o one’s
bivlogical potential: In some cases it may permt mdividoals
to survive beyond their e span. When conouph members of
a population henefit from these medical interventions, it is
possible that the life span of the population will exceesd iis
biologically based limits,

The reduction of extrinsic martality in the twentieth cen
tury has revealed a more “pure” inttnsic muortality schedule
for humans, a phenomenon comparable to that abserved fo
a tew other species prolectod by loonuns from external
canses of death. It is interesting to note that some specics
that eaist in the wild—incleding elephanrs, whales, and some
species of birds and trtles (Fioeh 1990—also have very low
exiringic sources of mortality, Species known to have low
rates ol ealrinsic mortality also have longer life spans than
da refated species, and often have delayved and prolonped re-
productive schedules, These findings are consistent with jre-
dictions [rom the modern perspective on hindemagraphy
{Carnes er al, 19946,

A bialopical basizs for a commnon pattern of intrinsic mol-
tality las been pul forth within the conceptual framework of
biodemography, The basic argument is as follows:

{10 Gxtrinsic moctality creates o need Do cacly ceproduction rela-
trve to potential Life span.

(21 Ape of sexual manirity determines genctically conliellsl pal-
terns of growth and development

{3 Difterential survival and reprodoctive suceess cccues wathin the
reproductive peried (e, a gradient for the efleativeness of
natural selection,

(4 The seleglion pradiens provides 2 mechanism (1o, gene expres-
sion) that influences why Jotriosie moctolity occws when it
duees for mdrviduals.
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(5) Crenelic dilferenves between individuals Tead to an age distri-
bution for intrinsic |‘_|'|_|:|1'Eﬂ|:j_1_:,- within @ population {1.e, an in-
Lrinsie merlality stonature),

[0) A commen fet of evolutionary forces {poinls | -5} weling on
species suggests Ul differences in therr intringic mortality sig-
natures niay be simply a matter of Gome seale.

n 1823 Gomperte nolived hal common age patrerns of
mortality existed amnong subgroups of the human pupulation,
and speculated thal these patterns arise from an underlying
biological force. Bver since Gomperte, scicntisls from a va-
ricly of disciplines have (1) suggested that species other than
humans share commuon ape patems of death, (2} revealed
biological mechanisms associated wilh senescence, and (3)
developed a variery of quantitative tools for describing pat-
terns of deatl, A biodemographic analysis of martality sug-
gests that Gomnpertz was right all along., There are biologicul
rensons for why death occurs when ir does, and a law of mor
rality may very well exist that applics Lo muny spocics—not
Just by humans, Where the lumits naplied by a Taw of mortal-
ity are Tor bumans and the degree to which these limts can
be manipulated and controlled certainly will be a subjeet of
prual interesl and debate in the coming vears.
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