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ARSTRACT: Many researchers working in the area of aging acd longevicy base thdr concluston:

o the brhavior of empinkal agx trajectonies of marrality rabes. [n soch analyses, changes in the
alope of the logaurithm of the mortaliey cerve are ofien associaled with changes i the rate of in-
dividual aging We show fhat vuch interpretation may he neoerect: the changes in te dope of
this curvw do not pecessarily cnreaspond 1o the changes o the e of divideat apime. W pe
three models of moriglity and aging to illuserate this statement. The firet one is based o Use ides

of frallty. We show that changes jn frailty distribution alone may be responsibde for changes m 5
the slope. The secoad mudel cxplodm the idea of saving liver [t evahiares changes in thrtalie = Y
race afier ¢llimoation of kethal siressful ovents. The third model uses the idea of Seehler aond .

dildvan (16 Tt ghows that changes in the rae of Individual aging may take place withouy -

changes in the supe of the logarichm of (he morwality curve,

INTRODUCTION

How [ast do crganisms age? Which
factors make the most imporant contr-
butiory fe Lhe aging rate? How can the
rale of aging be mesured snd modu-
laled? These questions are often ad-
dresscd in cxperimental studics of aging
and tongevity (Finch e al., 1990; Finch,
L 220, Dmiver, 20000, Aging ol & living ar-
ganism 35 characienzed by whe deching of
s physiclogical and biological capacities
with age accompanied by sn increcasc in
the chapces of death. The rate of such a
decline is called the bislogical aging rae.
The scurch for biotogical and physiologi-
cal indicalors of aging is the subject of
muRy stdics in modem geroatology (-
gram. 1983). [n demography, the aging
process 15 associated with an increase in
the murality curve {the Force of mortal-
ity with age. We wiil assiciate the rate of
such an increase with the rate of demo-

graphic aging. 1o distinguish it from the e
biological rate of aging. Since both rales IR
characterize difforent aspects of the aging .3
process. it would be interesting to find 1
ou how these rates are celated o each 7 -39
other. To what cxtent can the ralz of

demographic agng characterize the bio-
logical rate of aging™

[n many populatioco swdies of agiog
and longevily a simplified approach to
evaluauon of the biological aging rate is
used. In thiz approach the slope of the
logarithm of the empincal monalicy
curve often approximated by the Gom-
penE curve [uis) = aet) v used as a
measure of such 2 rate. {in such an ap-
preximation this slope coincides with the
demographic agine rale egual to parame-
ter &) Such an inecrpretation. altbough
aimple and straiphtforward, s not always
zatisfactory. Sometimes it & misleading.
For example. the improvement in survival
in developed countries in the first halt of
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the past century was chagaclenized by rec-

angubanzation of the sarvival curve.
Such a trend comesponds 1o an INCRCIsE
in the slope of the respective lugarithm ol
the mortaliy rate. Does it mean that the
e af individuws aging increased a5
well? If not, then how can the changes
the slope of the Llogarithm of the mortalivy
curve be interpreted?!

Similar problems arise in the analysis
of sorvival data from expenmental stud-
irs of aging and longevity with laboratory
animals, Often in such caperiments, an
inorease or decling in the slope of the loe-
grithm of the mumality curve s inler-
preted g a respestive change in the rate
of individual aging. 1t ums out, howeser,
that changes i the shope of the logarithm
of the mortalicy rate may take place with-
aut changes in the rate of physiological
and biclogical decline for medividuals.

In this paper we discuss three possible
machanisms of shaping the age pabiem of
the moraliry ratc. These mechamsms are
described in three models of apng and
momality based on three differonr ideas.
The hrst one relates characteristies of
pupalation hererogeneity to the survival
chances of individuals at diffcrent ages.
The second evaluates the conimbution of
progress in saving individuals' lives ta
mewtality and longeviry. The third one
shows how improvements in the san-
dards of lving may change the slope of
the Farce of mortality,

CHANGES [N HETEROGENELTY
DISTRIBLTICN MODULATE THE
SLOPE UF THE MORTALITY RATE

The fz¢l that hidden heterogeneity
may modity the morlaticy curve wus dis-
cussed i mouanal sciences more than
| 50 yaars ago (Higham, 1851y, Huwever,
the antensive studies of this phenomenon
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began when convetient hetleragensity dis-
teibutichs. appmpnate for analytical stadies
of the etfects of heteropenseity, wem foand,
The modct with pamma-disriboed hewero-
geneill:}r was mbrowduced n demogmphy by
Beard {19591 Beacd (15971 published a
detailed review of heberogeneity smdies in
demography. Vaopel o al. {1979 coined
the kerm “Tratty™ m hocmeeneity analysis
and used the gamma-frailiy model in an
eaplanation of the degelzration of the mor-
whty rac @ advanced ages. Vaupel and
Yashin (19951 describwal different effecis
of heterogereity o merality. Thawher
(199 ceviewaed many uther applicativong
uf the helemgeneily madel in demo-
graphic studies. Here we recall onc eftect
of heterogeneity i frailty relevant o the
subjecr of cur pager,

Supposc that individuals in a popula-
tipn differ i each other o the walue
uf “fraily” fparameter Z) charactenzing
their susceptibiliny o death. such that the
huenrd conditional on £ is:

pixZy= Py, (X) (i

Here px) is the bascling hazard. Since
Fraituies differ smong individaals, such a
pupulaion is subject lo demographic se-
lecuion following ehe rule “frail dic [od.”
This selection contribuics W the shape
of obsarved monaliey @ix. IF fraly £
s gamma-distribuied with £Z2 = 1l
vanZ) = o-. then the total munality coe
is (Waopel et al. 1979y

"L‘.ri't} ['\l

R = -

Here Hix} = _]Ep,ul_u']du_ Coe can e frum
2] tha the Tugher the value ol v, the mom
the slope of fuis) deviates From thae of
b l5), The deviation increases with age
Thus, changes in heterogeneity distribu-
tion Tay produce ditfzrent changes i the
shope of obscrved morality. Figures 1
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and 2 illusirate the situation in the case of
8 discrete mixtore of hypothetival homeo-
genco: populations  with  proportional
hazard rales and Compenz  baseline
haarl.

Ome can see from these figures that the
slape wi the logarthm of the moralicy
curve fi(x) may change becatse of changes
in the parameters of hetepogencity dison-
hution. The baseline harard, however, in
these ansformuations remains unchan ged.
In frailey models the slope of the logarithm
of the baselie hazard rare iy often assod-
wed with the cale of individual or biolugi-
cal aging (Yaupel oL al, 1979, If sich an
wp30Cialion is comect, the slope of ob-
werved momality can be chanped withrm

changes in the rac of biological aging,
Thus, chamges in population composition
iy oyask the cffects of moduiation in the
rate of the individual aging peocess noex-
perimental studics of aging aml lonpevity.
T separste Lhese effects, methods of sta-
stical modeling capable of aking into ac-
courd ]l mechamisms shaping the ob-
served mortalicy rate are needed.,

SAVING INDIVIDUALS LIVES
STEEPENS THE MORTALITY CURVE

Yaupel and Yashin {1987) show that
an increase in the frequency of saving
individuala® lives mey have substanial
cominbulion to the process of mortalicy

I
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lines for sub=populatons and thick line for 1be mistore). When both the mean asd the rarasce of failh
digcnburion declime grachaally, the efect of rotsgion amund ponl "B Ls obdsteel

reduction in humans. This process may
be dircct (&g, through medical interven-
tion) or indirect (e.g.. through an increase
of intemnal capacity of DMA repair, act-
vation of heal shock proteins, an andioxi-
dant defense, et Yashin et al | 2000)
Let us consider how the number of times
an individual’s life has been savod may
ntluence the slope of the logarithm of the
morality curve, Agsume that i some
population with morlality eate wix) the
life of each individual can be saved once,
and that afler such “mesuscitation™ the
chunces of survival for individeals saved
at age x remain uachanged. ie. they are
churacterized by the same munalivy cate
plx)p (Fig. 31 Stmighttorward calcula-
tiuns show that e rew momality rate for

individuals whose lives have bean saved
once becomes (Yaupel and Yushin, 1987 )

w' P = piH )
1+ Hix)

e can see that modalicy p'lix; is

lower than pix) The morality rate For

thowe whise lives have besn saved n
fimess 15

N Hix

My = Mx)—-—m

¥l
[ It o
e

Figures 4 and 5 illustrale changes in the
logarithm of the manality corve For those
whose lives have been saved several
times.
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e can see (rom these figures that an
increase 1 the number of imes an mdi-
vidual's lite has beet taved produces an
increase n the slope of the logarithm of
the munalivy curve. This effect can also
b calculated analvtically, Biologically i
means that saving individual Llives by the
mechanism described above produces u
non-uaiform age effect on observed mar-
tality. This is becawse the procedure of
saving lives wnds to shifl eady deash
times to the right, toward older ages. As y
tesult. chances of death decline Fascer for
the vounger individuals than for the ulder
ancs. bt seems o be clear that the procesy
of saving lives cannel be interpreted as
the process thar aceelerates the biological
aging rate. Thus, saviog mdividnals’ lives
ddue W improvernents in medical and liviog
conditions can produce the effect of an
increase i the rate of demogrophic weing
also without any addiconel assurptions
cunceming the rate o hinlopical aging.

IMFROVEMENTS IN THE
STANDARDS OF LIVING INCREASE
THE DEMOGRAPHIC AGING RATE

The influence of changes in Llivieg
standards on trends n rmorlality raes con

Tae atucdien] im the framework of the Sinehler

and Mildvan (19600 (SM) model. This =

k] melades the caxponconal incresse in
human mertality between the ages of 35

and &5 {lhe Gumperiz law sle) = aebt)

with he tinear decline of a vitality index
Tx) describing age-relaicd declime in indi-
vidual homeostatic capacities Vx} = Vi1

— Ax) and paramecters fthe frequency X 28
and the avermpe magnituds & of eovi- o

renmenial swesses, As a result, the inter-
cep fna and the slope B of the boganthrn
of the Gompertz mertality eurve become
represenied in terms of paramebers char-
acterizing physiological aging and envi-
Tenmental stress, An imporant theorecal
finding of Suchler znd Mibdvan was tha
fne and & arc negadvely comelated. This
result means thar the evolution of the
Gompenz pert of the mortality curve
musl follow a certain regularity pamern.
Strehler and Mildvan's analysis of demn-
graphic duta confrmed this theoreneal
finding. Gavrlov and Gavrilova (1991
have shown that improper specification of
the monality model (¢ 2., neglecting the
Makcham temm when s presence s nec-
essary} may priduce a spurious comelaon
belween Gempertz's parameters. They 2x-
cluded powsible influcnce of the Makcham
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teva i Lheir amalysis of data, Howover,
that strong negarive correlation belween
Gompenz's paramsicrs remained The
a3 model has been suucessfully used in
the nalysie of trepds in moetality by
cawse (Riggs. 1994; [maizumi. 19961, It
was alsp pseful in the analysis of e ge-
cline of the moetality rae in develeped
countrics (Riges, 1992: Riggs o ol
1998 Yashio ¢ al., 2061, 20025 It has
becn zpplied to the analysis of data from
Siress cApenments with nemalode worms
Celegars (Michalski ot al., 200670 In {hiz
mixle] the rate of incvemse of rthe loga-
rithrn of the mortality rawe {pameicr .3
may be repicsented as follows {sec the

Appendiak

Bextts Savid A Times for e

Vo8
b=

Here parameter B charactenizes the rate
of decling of vitaliny index Wx) dmaly of
hicslogical aging). ¥, is the initial value
of this inckex. and 20 is the averape value
of energy demands necessary o defend
the individual organism  frorh Sonwe-
quences of stresses. [ changes in the
parameicr b of Lhe Gampertz curve come-
spond to changes in the rate of hialcgJFal
aping? Ome can see from the equabon
above that such 15 Ml necessarily the
Cawe am incrcass in the parameter b ocan
be produced without eny chanpe in the
rale of individual aging wharmetenzed by
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paamcters ¥, and B). The stuctere of
the 8M model allows us 0 make 3 clear
taological interpretarion of this phenome-
non. Indeed. since the ahility to withstand
stresses (vl cagacity imdex Vixy de-
clincs with age, any mlucten in the mag-
niude of stresses produces moch more
benefit to vounger individuals than 10
older ones. This is because such eduction
is Dot 0 inponant ol older ages: cven a
small stress 1s enough to kill 2 person hav-
ing a srmall feve] of vital capuciry, Such a
reductivn can be cached by a decteass of
the averaye coerey detands £fF neces-
sary [or an orgamsi o cope with and to
racover ffom stresses. Such 4 panern of
changes in (e mortalily rae Lok place in

developed countrics in the first half of the
last century. The decline in £ was likely
I be reached by total of pamial vaceina-
tion of individuals, increased consevapion
of vitamins, guicker medical ermereency
service. clo. The statistical analysis of
mortalicy data, using the Swehler and
Mildvan { 1960) model, shows dal param-
geers ¥, and F in such brends remain un-
changed [Yashin et al., 20077,

SURYIVAL CAN BE IMPROVED
WITHOUT CHANGES IN THE
SLOPE OF THE LOGARITHM

0F THE MORTALITY RATE

Analysis of dme sertes mortality daa
showes that the “rectangulariation™ pattern
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of survival improvemmsst vbserved o the
tirst part aof the century in developed
couniries was fater replaced by the “par-
allel shift of the survival curve tw the
rght™ puttern {Yashin ol al.. 2001 (Fig.
&). This corresponds boe an almosk parallel
shifi of the mortality cale 13 the nghl. In
such a tead almost ne changes i the
slope of she Woganthm of the mortality
rate are observed. Does Lhis mean ta the
change ip this wend was not accompanied
by changes in the rate of hwological ag-
ing? Mot nucessarily. As s shown by
Yachim et al. (2K} 1a; 2002), che cxplana-
ton af the change in the trends inyolves
changes in the paramater 7 which charac-
1evizes the bivlegical uging rape. Motz that
such chapge cannot Be described in the
imdinienal framework of the Strehler and
Mildvan § 19607 moe] whers peramatens
of individual aging V;, und B are fixed.
The extension of {his maole]l reguines
an additonal assumpion aboul depen-
dence between parameter £ charecleniz-
ing the imensity of environmental strosses
rmaching the segamsm, and parameier 8,
which sooms b change simulancously.
Zuch an assaraption invelves an additional
model of “survival trade-off.” where the
ofganism muy vrganize a defensc against
stresses baluncing between two differcnt
srratcgics. One stralegy is to make the or-
ganism more twbast. This siralegy ne-
duces the imlensity aod the magnatude of
the stress prixass meuching an organism.
However, since its pesources ane Limited
these efforts rexluce the organism’s adap-
tive: capacity, which leady o an inorease in
the mate of physiclogical decline 8. An-
other sbralegy 15 b0 ncroase dlapive ca-
pacily fe.g., the rae of DNA and protein
mepair) at the expenss of a reduction in po-
busipess. In Ous case the value of parame-
ter B declines but the imensivy of stpssses
E moremees. This change has been ob-
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served in cohort analysis of femake data in
Sweden {Yashin et al.. XK2).

We performed statistical analysis of
demographic data abomt mortalicy 10 thir-
tean developed coumries. The results of
our anadysis confinm the possibility of the
presence of 2 trade-ofl mechanism capa-
ble of modulating the individual aging
rale in 4 NUMAR orZamism iR respongs bo
changes in the intensity and magraude
ol epvimohtmental strosses, [t omay be as-
sume] that this mechanism is also in-
volved in cepulation of 2 batance betwesn
provcciion against intermal and exierhal
stresses [Yushin en ab., 20023,

DHECTUSSICNN

The cvolulivnary approaches to study-
ing aging and longevity assemc the pros-
ance of an adapiaion mechanism in indi-
vidual organisms capablz of modifving
ape patems of life hisiory traits. Such an
adapration MAY FeQuUin: Ny SEOraldns
tr wdjust population Lile history waits to
ceain eavironmentad conditions.

AL the same fime any Grganism has an
abality by adapt to such cumdiions dusng
s life couse. modulating s reproduc-
tive vuipir and changing the e of it
physiwlogical and biological decline in
accordanee with  intemal  mechanisms
the functicning of which is s1ll nol wet]
undersiood,

Why dises such 4 decline in physiolog-
ical and bioksgical capacilics occur in
organisms of many specics we koow?
Why is scnescence ool developing i or-
gamsms of some other species (Finch,
199007 I mdividual aging a prce for
adapration L¢ unfavorahle environmental
conditions? Note that although the evolu-
Lonary models of aging and loogevity arc
inportant for bettat understanding the
essence of these phenuinena, sbodees of the
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adaptation process during the individoal
life eowrse have direct practical intercst
For humans, they open an upporiumity 1o
maks the aging process less umpleasant.
increase active  life span. and mduce
changes of premathere death for individuals
living today. It would nod e 2n exagecra-
tiom to say that mast people today woukd
Like bo Live a long and healthy Life.

To clavify the process of individoal
adaptarion and i role in aging is the poal
of many population studics of aging and
longevity. For humans, information about
changes it life history trails {such as for
tiliy and mortality} presented in most
demographic data embraces a elauvely
short {from the evolutinnary perspecive }
period of time in the demographic history
of a popularicen  Therefore, observed
changes in such wends am likely 10 be
due to individual rather than evolutionary
adaptation {which mwolves many geoeras
tions of imdividuals). In this cesc onc has
an opportunity o learm abput mecha-
nisms of individual agiog by anabvzing
age trajectowries ard Time tonds in the
population monalicy e For this pur
pose, we need models tha describe the
process of individuals” physiological and

Yashin f al.

ol
L

biclogical decline with age, elucidare 1t
ride of defense and adaptadon mecha.
mismms in coping with differens kinds of -
stresses o this docline. and relae all
these processes o an individual's survival
chunces.

Some cxperimentat biolopists and de.

mographers invoived in the population -

siudics of aging amd longevicy tend (o
simplify (he sation amd iseerpet Lhe

slope of e logatithm of the moaliy -

curve with the nlte of individeal aging.
For cxample, parameter & in the Gom-
pertz model of mertalicy rate w () = pe™
15 often consulered a valid measure of the
individual agng race. This pracrice st
b aveided sinee o does ik sbirnolate fur-
ther thinking abwoute the essence of the ag-
ing process and subditiees the podon of
individual aging with the aotion of demo-
graphic aging. The Tatter has o be de-
composed inty the ipdividual aging per
and changes nod pelatesl to such an aging.
The analysis of three differem morctaliog
models  performed  above  shows  [hat
changes i demegraphiv aging may e
chserved withoul changes i the mdivid-
nal aging rie, This observation indicaes
the need lo evaluagle furces capeble of
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infuencing the slope of the observed
morality rale. We show thal these {iyces
may be rchued to chianges in pnpu]uuun
helerogeneily  distribution, progrsss im
saving individual lives. and improvement
in the standards of living, More studigs
are needed to ideatfy other faciors and
mechanisms thal relate biological and
demographic indives of aging.
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APPENDIX

THE STREHLER AND MILDVAR
(Sh) MoneL

Let (T, ¥ (7= ¥ AT Yo . be
the sequence uf [rairs o[ rand.um wrmbles
characterising the times of occumenee of
slress cvence and the ensegy demaods for
an orzanism neoded ko recover fnam this
slress, respecitvely. Let Kz} be the inten-
gily of the couniing proesss T T T
describing amival imes of stress svents,
We assume thal for each i = L2... the
vapiable ¥, is expocentally distobeted

F(¥,> y)=e™ [3)

Lot ¥ixt be the maxinum capacicy ol the
encrey supply for an organism at age &
Strehler and Mildvan provide physiolag-
cal evidence that the changes of this <a-
pacity with age may be approximated by
linear funclion:

Vi)=Y, ( — Bx) 141

Here ¥, is the initial walue of this capise-
iEy, a.n-.’l B is the parameter charmwierizing
the rate of its dechine with age (see Fig. 7).
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MORTALITY R.a.n: ].H THF_SM MDDGL

-4 ﬂ L -

The SM mdr:l afmmES d:al: ﬂur an Tn-
dividugl who has survived o age x the
dearh cocars at Lhe age interval [z + Ax)
if:

Ly A siress event happens at the ape in-
terval [ex + Axh. This means that bor
some § = [, 2., the Tollewing teeqoalily
takes place: [r = T, < x + A x). This hap-
pens with probablity Kix) A

7 The magnimde of energy demand ¥,
excepds Vix). The probability of this

event 15
AY, > Vixn=r el 15]
Hence
tax|
mixlAx = K[.T,'If:n-ﬂhx 1]

Here pufx) is the moerality ratc al age x.
When Kit) = £ we get
Mer

piv =Ke @ [7]

TyE %4 CoRmALATHIN

Taking inte account that Vioh = ¥, (4
— Bx). we pet

Kl - B LA
iy = fe # zgeTed [8]
or
plx) = ae™ {1
whete
¥n
a=Ke & (i1
and
Ll
= J=
T ef? [12]

Frum hers we got the SM comclation
{lincar relationship between Irer and )z
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Vix)=Va{l-Bx}

[

Vix)=Vy(i-Bx)

with[dL[.rl.uL::: Thfm:ilﬂl CHRLIY inden Vixh (salid biney mid the pracess of airews events. The vemeal line
T m:‘t I_’:'_-"Fl show the magmitudes o e specilic stress events sonagy demands) {u ij'
K {T1} s thet uge 3 ficsl interseciion of viml capacity inden ¥ivh sl the vilpe ufpll‘:mgpc:
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