PHYSICAL REVIEW E 66, 016107 (2002
Law of universal mortality
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Mortality is arguably the best statistically quantified biological phenomenon. This allows for a physical
approach to its study. | establish that in well protected populations, a dominant fraction of mortality at a given
age depends on a single parameter only. Such invariance to any other time and space changes is known only
in general relativity. It is so mathematically restrictive that, with no other knowledge of experimental data, it is
sufficient to predict the exact law. It is universal for species as remote as humans and flies. The law unravels
its biologically nonspecific thermodynamic mechanism. It implies that within a couple of years human mor-
tality may be reset to its value at a much younger age. The rev@ilbeit not yet as rapids consistent with
demographic data. For instance, Swedish females, born in 1916, at 48 yr restored their mortality rate 28 yr
earlier. The law and its other predictions and implications are also verified. The universal law suggests that a
dominant fraction of mortality in well protected populations is just a by-product, which may be eliminated.
Total mortality can be significantly decreased.
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I. DERIVATION OF THE LAW Sweden and ltaly yield two different approximations eath
chose a different approach. | maintain that as long as param-
| apply the concept of invariance to mortality. This yields eters which affect mortality are not quantified and taken ex-
an exact law of the nature of the invariant mortality. Contraryplicitly into account, our ability to accurately study mortality
to all existing theories of mortalitjl—3], the law is biologi- and its biology is limited to only their universal fraction, i.e.,
cally nonspecific(i.e., independent of genotypes, pheno-that fraction which is related to the infant mortality only, and
types, life history, old age diseases, and all other relevarto this accuracy is independent of all other factors. | verify
factors, describing the population and its environment fronthat the universal fraction dominates for males and females
conception to the age of deattSuch a law and its mecha- in 16 developed countries, over a century of their history,
nism could arguably be discovered with a physical approachklbeit in some cases to a lower accuracy than in Fig. 1.
only. To state the observed universality in a precise fashion,
Mortality is extensively quantified in demographic “life female mortality rate is presented as
tables”[4], which use accurately registered human birth and
death records. The so-called “period” tables contain the mor- Ox(t,r)=Qy+ Dy(t,r).
tality ratesq,(t,r), i.e., the probabilities to die from ageto
x+1 [5] in a given calendar yeat, for a given sex and
country or its specific group (over 50000 data items for
Sweden alone The rates depend on a multitude of unquan- 01 | MM‘
tified factors[5] describing all kinds of relevant details about W
the population and its environment, from conception to the ‘A‘M
age of death. Female mortality ratgsy(t,r) and qgq(t,r)
versus(q(t,r) in countries as different as Japan, Sweden,
and Australia have been plotted in Fig. 1. Their different 0.01 - . "?.
history and living conditions yield rates which may be very ‘3"
different in the same year, close in the years separated by tg}
half a century(e.g., in 1877 Sweden and 1947 Japand w" it
change almost 300-fold with country, time, and age. Never- . &Q)’?.
%(1’0 “ °

qx (year™) |

theless, all data in Fig. 1, as well as those for other ages, fall 0.001
close to the universal curves. Demographers noticed that in-
fant mortality is a sensitive barometer of environmental con- , ‘
ditions, established strong correlation between mortality 0.01 0.1 .
rates at different ages, and presented their regularities in %o (year™)
similar sets. Demographers also observed that these similari- g5 1. Universality of human mortality. Logarithms of female
ties are often violated by significant fluctuations over time,mort;ﬂity ratesq,(t,r), at agex in the yeart and countryr, vs
country, and age. To accurately estimate and forecast mortal (¢ ry (horizontal axis for x=40 (bottom), and 80(top), in 1861—
ity, they developed over 15 specific approximatio®sy., 1999 Sweden, 1891-1996 Japan, 1909-1997 Australia, and their
subgroups. The only significant deviati¢8weden,go=0.009 04
is related to the 1918 flu pandemic in Europe. Note that infant
*Email address: azbel@post.tau.ac.il mortality changes almost 100-fold.
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The dominant universal compone@t, satisfies universality Special cases of a single linear segment, or of their infinite
exactly, i.e., depends only on the infant mortalidy in the  number which allows for an arbitrary functioi';((f(f), are
same calendar year and country, and provides the minimalled out in the following section. The value ofis age
relative mean squared deviation fromy(t,r). (Figure 1  independent and may be related to the survivability at any
demonstrates that the noninvariddf is small compared to age. For instance, the age=1 yields c=(F(¢™

Q,.) These statements mathematically accurately determine {%)/(F*Y—F(®)), The boundarie§® of each linear in-
the universal fraction and yleld its exact |@&(Q0) The terval are independent of age, Wh“gF(S))EFg(S) depends
derivation is most transparent for the survival probability on age, andsincef, is universal for a givens on age only.
l(t.r) to agex for a (hypothetical life span under the con- clearly, ., the average of such a setfd, is restricted to a
ditions which existed at timé. In the period life tables given interval, and as long as eiff stay in the interval, Eq.

wherep,(t,r)=1-qy(t,r) is the probability to survive in a i(m)/;iasnilt]l%rlr?]d. quatiori2) may be presented in the age

given case fromy to (y+1) in the yeart. The universal

mortalities yield the universal fractiofy of the total surviv- fu(c)=cF®+(1—c)FstY, 3
ability 1. It depends orf; only. As seen in Fig. 1, the infant

mortality qo=1—1, changes 50-fold over time, due to a whereF(Xs)sfx(c)st“)_ HereFf{S)Efx(F(S)) is the uni-
strong dependence on living conditions that vary with time.versal survivability at a boundary,<0c<1 reduces to the
Living conditions of different(e.g., urban/ruralsubgroups yniversal survivability at any given age.g., to %), and

G=1,2,...(which are included in Fig.)lin a given country F=F®. Since only live newborns are considered, and
differ even at the same tinte(see Ref[5]). The population i ce nobody lives forever

|, is the averagél$) of the survivabilitied ¢ of its constitu-
ent subgroupsG=1,2,.... Indeed|,=N,/Ny, where the lo=fo=1, l.=f,=0 (4)
numberN, of survivors up to the age is their sum over the

subgroups, and®=NS/NS . Since the probabilities,, IS  at anyc, so

are=0 but=<1, their boundarie, =0 andl,=1 are reached
only when all subgroups simultaneously reddfhso and
IXG=1. This implies homogenization of survivability in an
entire population wheh,—0 orl,— 1.

The universal law is the same for the populatidg, Qu(Qo)=1—fy1(f)/fy(f1), where f;=1-Qq.
=f,(f,), and its subgroupsfS="f,(f$). The population (6)
universal survivabilityf,=(f%) is the average of its sub-
groups; in particulart1=<f‘f>. (Note that only group surviv-
abilities, rather than, e.g., their mortality rates are additive.
Thus, on the one hand,=f,(f;)="f,((f$)); on the other
hand, f,=(fS)=(f(f$)). So, additivity of the group sur-
vivabilities yields a transparent equation:

FY=1, F®=o. (5

The universal mortality equals

Equations(3) and (6) describe the dynamics of universal
mortality. To make it more explicit, note that the ages the
time since birth, i.e., the “eigentime” in the reference system
of an individual. The universal life expectandy, is the
mean “distance” to death at a given eigentimdn virtue of

Eq. (3) and Ref[6], in a general case of an arbitrary nonsta-
tionary and heterogeneous population, it yields the conserva-
(FX(FD)) = F((FD)). (1) tion law

[GEYV—EJIGEY-GP]=c, where O<c<1.
@)

Here G is the universal life expectancy at tiséh uni-
versal intersection. A constaetis independent ok. It re-

The averages in Eql) depend on the mortalities and the
fractions of population in the groups. However, no change in
the universal subgroups and their mortalities with time and
place affectsf,(f4). In physics such invariance to arbitrary
changes with time& and space is known only in general duces, by Eq(7), to the initial distance to deatfi, or by
relativity. In mathematics such an invariant solution, inde- Y ' 0’

) . : - Egs.(3) and(6) to the infant mortalityQ,. The valueQ, of
pendgnt of the corresponding changes in the equation, exisfge jntant mortality depends on the population genotypes and

Sphenotypes[1,5,7,8, but within less than 2 yifrom the
Qo=1—1f; conception. Thus, the relaxation time in Egs.
(2), (3), (6), and(7) is less than 2 yr. By Eq$3) and(7), the
universal mortality dynamics reduces to the set of universal
functions of one variable, i.e., it is much simpler than the
dynamics of a frictionless sphef@hich reduces to five non-
universal functions of 12 variablesThis elucidates the
power of invariance. The total survivability(t,r) depends

sufficient to yield the solution with no other knowledge of
mortality data. Remarkably, Eql) is the case. A general
solution to Eq.(1) is piecewise linear. Thus, in each linear
interval it may be reduced to the universal valifgsr(®)
and f (F™1) at the interval boundarieE® and F(*1)
(s=0,1,2,... is the ordinary number of the interval

f(fS)=Ccf(F®)+(1—c)f (FTY) onr, which stands for an unspecified number of nonquanti-
(8 £G (st 1) fied variables. The invariant survivabilify(f,) is a function
it FY<fr<F : 2 of two variableqf;=1- Qg andx). Invariance to population
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transformations reduces it to a set of universal functions A
(“branches” in mathematics, “phases” in physics—see be—l 0.9

low) F{¥) of a single variablgand to the linear dependence " °¢

onc). 07 1

Universal survivability is also demonstratg€] in the 06 1
analysis of datd7] on protected laboratory populations of  °%
medflies and fruitflies. This implies E¢l), and thus Eq(3). 041

A dominant fraction of mortality is universal for species as 3
remote as humans and flies, i.e., the appropriately scalei o2
functionsF ¥ are the samg9] for flies and for humans. Only o
fly cohorts (hatched the same dayvere studied, thus the S om om " s oo om om )
universality of their survivability is established in various

genetically homogeneous populations in differéntparticu-

h

lar, stationary conditions. FIG. 2. Universality of human survivability. Survival probabili-
tiesI,(t,r) up to agesx=40 (top) and 80 in the yeat, vsI(t,r)
Il. PREDICTIONS AND VERIEICATIONS (horizontal axi$, according to the lawf,(f;) of universal surviv-

ability (solid lines; black triangles are the limiting values of linear

The same functional form of the human and fly universalintervalg, and period life tables for 1861-1996 Swedigmpty
laws allows for their accurate reduction to the same law bysquares and 1891-1996 Japanegelack squaregsfemales. The
the appropriate scalin@]. The fraction of universal mortal- only significant deviatio{Sweden);=0.94 from the universality
ity, which is common to humans and flies, is less than thes related to the 1918 flu pandemic in Europe; a smaller (Gvee-
universal fraction for each of them. The exact universal lawden,!;=0.84 to the 1868 crop failure.
which crosses a big taxonomic boundary from humans to ) o ) _ o )
flies, is highly surprising. Flies have a neural ganglia, Spi_nor!unlve(sal deviations, and is Qer|ved frqm its invariance to
racles rather than lungs, a body composed primarily of terarbitrary tlme-place transformations. In this aspect it is simi-
minally differentiated cells. That is to say, bodies where cell@r to physical laws(For example, no car runs without fuel,
replacement and diseases like cancer cannot really occy¥hose consumption depends on a road. Yet, the universal
They have radically different life history strategies. Otherinertia law is valid, in virtue of invariance, imposed by the
than being DNA based, there is very little similarity in their SPace homogeneilyNonuniversal mortality is uncontrol-
basic biology. Laddled on top of all this are stochastic eventd@bPle in humans and is amplified by insufficient statistics in
such as where free radicals generated from metabolism g@himal populations. That is why | consider the most qualita-
whether they cause damage, and whether that damage is &€ an_d unant|C|patec_i predictions. They may be ver|f|ed_ vy|t_h
paired. Thus, universal mortality is biologically unusual. At mortality curves, but in some cases they are most explicit in
any age the universal law reduces it to the first yéar  the survivability. _ _
humang or day (for flies) mortality. The latter is biologically Universal slope jumps and natural selectidrhe univer-
specific and related to certain intrinsie.g., genetic and sal law (2) predicts graphlcal_ly transparent piecewise linear
extrinsic (e.g., environmentalfactors.(To amplify that uni- ~ dependence of, on f,. Its linear segments intersect, and
versal mortality yields the universal law but is not universaltheir slopes jump. The jumps are simultaneous for all ages
and is specific, one may denote it as “canonic” mortality. 1-€-, for all generations, born at different timets—(x), inde-
So, at any age universal mortality also reduces to specififendent of their different life history.
fractions of both intrinsic and extrinsic mortaliffThe rest of The agreement between the universal law and demo-
mortality depends on all relevant factdis].) Yet, it yields ~ 9raphic data is good. It is most graphic in the survivability
the exact law, which is biologically nonspecifice., inde-  !x=PoP1"**Px-1, Which smears out age specific fluctuations
pendent of genotypes, phenotypes, life history, populationi Po.P1...-.Px—1, accumulates their slope jumps, and am-
environmeny, for species as remote as humans and flies. [Plifies them. | have started with Swedish and Japanese fe-
must be related to biologically nonspecific mechaniéphat ~ Males, see Fig. 2. The predicted piecewise linearity, slope
is why biologists overlooked it. Possibly, some of their con-jumps, and their increase in advanced age are very explicit
clusions may be refined or even reconsideréd.universal- in, and quantitatively agree with, the life table survivabilities.
ity implies a uniquely common genetic legacy of ancientThe plot oflgy(l1) clearly demonstrates more than one linear
ancestors. It also suggests that, in contrast to the rest of totgegment. Then Ed2) predicts a constraint on the heteroge-
mortality, universal mortality is just a by-product of certain Neity of any population which yields universal mortality: all
biologically nonspecific, thus very general, procesgsme  itS f$ values are restricted to distinct universal intervals
below), which may be eliminated. The universal law is es-[0,FM], [F),F®)],... . Theimplication of this statement is
tablished in a statistical study of large populations in differ-that the averages in E¢l) are taken only over populations
ent environments. Better verification of the law, especially inG for which F®<f$<F(™1, and that as long as different
old age, calls for a comprehensive study of larger nonhumapopulations remain in the same interval, the survivability of
populations in changing well protected conditions. their arbitrary mixture is dominated by the universal surviv-

The derived law is not the universal law of mortality. It is ability. This allows one to comprehensively verify E@®)
the exact law of universal mortality, which disregards allwith extensive demographic data for different countries.
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© FIG. 4. Survivability probabilities,(t,r) vsl(t,r) (horizontal

axis) for x=1 (top), x=60 (middle), x=80 (bottom), according to
FIG. 3. Same as in Fig. 2, but complemented with the survivalthe universal lawsolid lineg and for all male and female casiés

probabilities for the formal mixtures of SwedigB) and Japanese in 16 developed countrief4] (those in Fig. 1, black squares,
(3) populations: 1 =]l (S)+(1—])I(J) for j=0.25, 0.5, 0.75 complemented with 1880-1998 Austria, 1880—1998 Belgium,
andx=40, 80. The mixed populations include all calendar years in1950-1987 Canada, 1851-1998 England and Wales—courtesy of
Fig. 1, except those in the narrow vicinity of the crossover betweerDr. Steve Smallwood, 1881-1998 Finland, 1898-1995 France,
linear segments, the Swedish 1918) and 1868(failure of crops 1871-1994 Germany, 1841-1998 Iceland, 1925-1992 Ireland,
years. 1846-1998 Norway, 1830-1982 Scotland, 1878-1993 Switzer-
) L . . land, 1990-1995 U.S., white, black, and total populatiofis am-
Consider, e.g., artificial mixtures of Swedish and J?panesgify invariance and piecewise linear dependence, some of the lin-
female populations, which are both inside a single intervakar segments are slightly rotated and shift@is does not violate

between successive jumps in Fig. 2, but otherwise are arbpiecewise linearity, black circlesEmpty signs denote years 1914—
trary (i.e., belong to any calendar yearAlthough the mixed 1919 and 1939-1947.

populations are vastly differente.g., 1926/1930 Japanese

and Swedish females are at the opposite ends of the interval .
A o ; independent of genotypes and phenotypes. This suggests that
and their mixtures cover almost the entire inteyyall their - . . - .
medical progress just shiffg to the universal jump.

data in Fig. 3 are very close to the universal curves. This " . o P
implies Eq.(1), where the subscrifk is substituted with the L|.near.regressmr?(;amllar to thpse '(Q) Figs. 2-)4of t(f(])()a
survivability determine the functionk,”—see, e.g.Fy

time t and countryr. Then the values of ¥ in each of the 3) i ) ,
considered intervals may be arbitrary. The only function thafndFx in Fig. 5. Experimental data allow one to quantify
satisfies Eq(1) in a general case of such an arbitrarily het- € déviations from the universal la@) and (6)—see Figs.
erogeneous population is lineft0]. Thus, Fig. 3 implies ©&nd 7. _ o

that the number of linear intervals is finite. Equatigh is ~_Restricted heterogeneity and homogenization of popula-
comprehensivelyalbeit with lower accuracy than in Fig)2 tons Consider a population for which Eg2) holds. The
verified in Fig. 4 for 16 developed countri¢4] and their ~fange OT va_Iues th{:lt infant SurVI_\/ablllf}f can take |n.s-uch a
subgroups, three races on four continents, 1529 period liffopulation is restricted. A8, varies(with living conditions,
tables, over 200 000 data points total, for males and female&hich are, in particular, a function of timethe distribution
alike [11]. In all cases, the slopes exhibit rapid changesOf the values off ¢ also changes. A striking consequence of
which strongly depend on age, are the highest and most
“beneficial” for the elderly, and are approximately constant 1

between the jumps. The slopes quantify the ratggdf; of e oos \

the f, adjustment td,. From Eq.(2), for any given age, the 08 | %,

rates jump at the universdl, points, and are constant be- R ",

tween them. Thus, until the postreproductive period, 9. " h hag, .,

complements natural selection with the rapid adjustment ofa  *¢] e, A

given genotype’s survival to the current living conditions, 0.5 1 '-_

according to its age and the value of its infant mortality ina 0.4 A

given calendar year only, and independent of its previous life 3 .

history. 02 ] S
The jumps are consistent with significant declines of old o | %

age mortality in the second half of the 20th centiity?], ' M.,

discovered by demographers and interpreted as “epidemio-  ° . 2‘0 A o0 o ”'Tm

logical transitions,” characterized primarily by the reduction « (year)

of mortality from cardiovascular diseases. However, the
jumps are universal for humans and flies alike, simultaneous FIG. 5. Universal survivabilities'? (lowen and F® (upper
at all ages, and occur at the valuesfof= F( | which are  curve vsx at the intersections of linear segments.
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FIG. 8. The relative differencég, (vertical axig of female and
male probabilities to survive up to 80 yr vs the femigléhorizontal
axis). The largest fluctuations correspond to the years 1866—1869
(extremely bad crops1918(flu), and 1922. The nonuniversal fluc-

overcrowded cages and genetically homogeneous male fruitfliegations are significantly higher than thosel gfin Fig. 2.

(+) in vials; different crosses of male fruitfli¢ll andx), x in days;

andl, vs x according to the invariant las). Note the proximity

of the very different cases with close valuesogf

the relationf,=(f,) is that as living conditions improve, and

f, reaches one of the limiting values of its interviaf?, the

—IMNE of the female and male survivabilities at age
=80. The latter,|; and 1), are measured for genetically
different populations, significantly change with living condi-
tions, and are listed in all life tables. The choice 80 was

values offf which are also restricted to the same intervalmade since for old age the crossover is most pronou(ssssl

must homogenize and become equaFt® for all constitu-

Fig. 2). The weight of the nonuniversal fraction &%, is

ent subgroup§ of the populatior(cf. the homogenization at - significantly higher than ing,, thus its fluctuations are also

[,=0 andl,=1, which was demonstrated earieand there-

after heterogenize again. Different countries re&éf at

higher. So, | looked for data with relatively low noise. Since
the survivability fluctuations are lower in Sweden, | plotted

different times, which are neither singular nor even specifiGn Fig. 8, 54, vs the femald, in Sweden. The nonuniversal

for the population and its heterogeneity. Thus, homogenizagaction of 55, depends on many factotbesides ;), shifts
tion manifests vanishing susceptibility of the universal mor-ipao S50 Minimum from f,=F©® | and yields mings) #0.

tality to different living conditions af,=F. Correspond-

However, a sufficiently deep minimum survives. Indeed, in

ingly, all phenotypes simultaneously reach the pointagreement with the predictionsy, in Fig. 8 exhibits a deep
(“attractor”) at which the universal survivabilities become (5peit broag minimum at a value of, in the vicinity of the

equal toF®, and there change their slopi,/df,. Con-

main crossover between linear segments in Fig. 2, and after a

sider subgroups of males and females, and quantify thgaximum decreases towarks= 1. The small minimal value

population heterogeneity by the relative differerﬂi;g.t(lf

:
0.1} o
0.01} .

0.001} i

0.0001}

{ L 1 L |

£ ]
0 20 40 60 80 100

x (year)

of the male/female survivability difference and the final
decrease confirm the predicted homogenization of the
population.

Mortality reversal Undoubtedly, the most intriguing pros-
pect resulting from the analysis presented above is that of
reversing the trend of increasing mortality. According to
common wisdom, the life expectancy of an age group as
measured in the yedy is larger than that of the same group
measured, say; years later: an older person is less likely to
survive. Reversal of this trendue to an induced decrease of
mortality, which is independent of the previous life history
runs contrary to this wisdom. The law implies that at any age
x and timet the universal survivabilityf, and mortalityQ,
are completely governed by the infant mortal{t¥3] Qg
=1-1f,, measured at the same timeas exemplified in Fig.

9. This implies that the universal mortality is reversible:

FIG. 7. Agreement between theoretical and life table mortalityWhenQg comes back to the same value, at any @yendf,
force [6] hy=In(l, /.1 Vs x (in all cases the ageis in years for ~ also do. So, e.g., a group of elderly Jews who survived many
1891/1898 Japane$®) and 1928 Swediskl) males; 1992/1994 Yyears in the Nazi concentration camp, after a while, accu-
German(<¢) and 1990(+) Japanese females. The universal law rately restored the universal survivability of their French
calculations are presented by solid lines. compatriots and contemporarigg&ny irreparable, and thus
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! possibility to eliminate universal mortality is consistent with
a - its being just a by-product of a “nonbiological” mechanism.
_“3-““' The ultimate nonuniversal mortality may be a quantitative
o * limit on the decline in physiological functions, increase in
a the pathology burden, etc., which are compatible with per-
o fectly protected life. Mortality decrease runs contrary to a
_..&;o“*”g stable schedule of age specific death rates associated with
o W"’” intrinsic biological causes of death. At present, this schedule
R is only being modified by medical interventions that delay
0.001 "-"'" death by dealing with the symptoms rather than the underly-
ing cause. In other words, it is being treated with geriatric
medicine rather than modified by biogerontological tech-
nologies that modify the rate of aging. In the absence of
meaningful intervention, the biological intrinsic mortality
FIG. 9. Proximity of the mortality curveg,=1—1,,,/l,vsage  schedule remains unchanged. Yet, the predicted nonbiologi-
x (in yearg on a semilogarithmic scale for 1923 Swedi@mpty  cal mortality decrease is consistent with demographic data.
diamond$ and 1951 Japanesblack diamondsfemales with very  |n the last 30 yr(1965-199% Japanese females almost
close values of infant mortality0.051 75 and 0.05120but very  halved their mortality at 90 yr, and increased their period
different life histories. The vertical and horizontal axes present thebrobability to survive from 60 to 90 yr 4.5-fold to a remark-
mortality _rate and agéin years)_ correspondingly. Consistent with  5h1e 3396 of survivors. However, beyond 90 y their mortality
the experiments, the law of universal mortalityack squargspre- jcreages so rapidly that although from 1965 till 1995 the life
dicts its age depgndgnce at any age, in particular, its minimum at 18xpectancy at 90 yr increased by 50%, its absolute increase
yr and deceleration in old age. was from 3 to 4.6 yr only. This may or may not signal a close

irreversible, damage to their health reduces theinuniver-  ultimate limit. A 50% increase in life expectancy of very old
sal life expectancy. While there is no comprehensive statis- (40 days). well protected flies may suggest the latter case.
tics on the SUrViVOfS, F|g 1’ Wher@o(t'r) often Changes ThUS, the |aW O:f the UniVersal mortality Comp|ements de-
nonmonotonically with time, verifies the reversibility of the Mographic approximations. The latter may be better than the
universal mortality. The infant mortalityqo(t,r)=1  universal fracnon_estlm_atm_g .the _mortallty rate in a certain
—14(t,r) preserves no memory of the life history of a phe-Country at a certain penod in its history, and provides impor-
notype beyond 2 yr from the infant's conception. The facttgnt emp|r|ggl observat.u.)ns. Howe_vgr, only an exact law may
that the value of ,, independent of its life history, is deter- y|_eld unanticipated verlfla}ble predlctlon_s, uncover the under-
mined by a quantity with such short “memory” implies that Ying molecular mechanism of mortality, and suggest the
the current values of survivability, can be increased, and of POssibility to direct it.

mortality rateq, can be decreased, by changesin which

are administered in the span of a few years, and reversed to
their values at a much earlier age. Remarkably, this agrees
with the data. Consistent with the predicted mortality
changegyet not as rapidly, Swedish females, born in 1916,  Natural mortality is mostly due to accidental extrinsic
at 48 yrrestoredtheir mortality rate 28 yr earlier; Japanese hazards. As a rule, wild animals do not live long enough to
females, born in 1927, from 1947 till 1956creasedtheir  grow old. Semelparous animals, e.g., salmon and mayflies,
remaining life expectancy. The limits of mortality reversal do not show any signs of aging or age-associated increase in
may be estimated according to E®). Each invariant seg- mortality [1]. Yet, all animals die even in perfect living con-
ment uncovers the previous and forecasts the next ones. Fditions. Why? The first answer came half a century ago, and
instance, the first linear segment in Fig. 2 yiefds=0 when  was appropriately titled “An unsolved problem of biology.”
f1=0.8. Unless there are no survivors beyond 8Qwhich  Medawar|[14] suggested that the force of selection progres-
never happenedthis implies the jump to a smaller slope at sively weakens with the increasing age of few surviving wild
its left boundary. The first segment also yielfig=0.367 animals, and mutations with late-acting deleterious effects
when f;=1. Unless there always exists the universal uppelaccumulatgl,15]. Mutation accumulation allows for a semi-
limit on the fractionf gy of survivors up to 80 yr, this implies quantitative theoryf16(a)] and was extensively studied nu-
the jump to a higher slope at its right boundary, which ismerically [3]. It is consistent with experimentsl,16a)].
consistent with the figure. Figures 2 and 4 suggest the ultiOther theories of cumulative damage relate mortality to te-
matef,=1. Then atany age, everybodsurvives to any age lomers, oxygen consumption, and free radicese Ref.
and nobodydies. This implies that universal mortality may [16(b)]]. Cumulative damage is remarkably universal. Every
be completely eliminated and total mortality reduced to itsanimal consumes about 20 oxygen molecules per body atom
nonuniversal fraction. Since currently universal mortality per maximal lifesparf17]. Experimental data verify it for
dominates(Fig. 1), the corresponding decrease in mortality dozens of species in all taxons, from invertebrates to mam-
and increase in survivability may be significayet termi-  mals, and even for oxygen consuming bactéper maximal
nated by nonuniversal mortality. Of course, the extrapolatiorfission time for a given specigsThe mean error is by a
assumes that there are no more intersections in itg.Wéne  factor of 1.7. For some species it is higher, but always very
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low compared to the F8-fold change in the number of body humans and as diverse as humans and flies over an almost
atoms from a bacteria to a whale. However, it is much toa300-fold change in the mortality rate; simultaneous for dif-
high to accurately estimate the maximal lifespan. The error igerent generation jump@nost beneficial for the eldeniyin
related to experimental inaccuracyp to fivefold for the the universal ratelf,/df; of the survivability change with
oxygen consumption rates and the maximal lifespan of fisfihe environment, are biologically unusual. Rather, they are
and reptiley and theoretical assumptionshich may be re- ~characteristic of a physical law. _ _
fined. Gradual irreparable damagt DNA, cells, tissues, T_he number of md_ependent parameters in the unlvers_al
and organsis inevitable and universal for all animals. It 1@w is much less than in any dynamic law. Itis the same as in
implies a persistent mortality increase with agehich is @ thermodynamlc_ equation (_)f stgte._The piecewise linear
indeed observed in the advanced laged the resulting maxi- form (2 _of thg un.|versall surV|val:_>|!|ty is reminiscent of thg
mal lifespan. This is hardly consistent with the sudden deatf@nner in which intensive quantities behave in the coexist-
of semelparous animalg.g., salmon and mayflylt is in-  €nce region of two thermodynamically stable phafH.
consistent with the mortality decrease in early age, its decell e set of phases=0, 1, 2,... is universal at least for a given
eration in human$12], and decrease in fligg] and nema- Species. The survivability in the phasés F(¥; it depends
tods[18] in old age. Partially, this may be related to damageon age only. The universal survivability can be in a coexist-
repair and robustness of survivors to old age. However, thénce region only, i.e., it is a mixture of only two different
former hardly significantly improves in old age, while the phasess ands+1, where the value of,, restricted to the
latter is unlikely to be sufficiently large in pure lines in iden- interval Fgf)sfxs F§S+1), controls the concentrations 1
tical stationary laboratory conditions. Thus, inevitable cumu-— ¢ of two coexisting phases. In fact, E) with its piece-
lative damage yields only a fraction of the total mortality, wise linearity, singularities, and homogenization at the uni-
and provides too high a limit on the maximal life span. versal points is arguably unique for phase coexistence under
Williams [19] suggested that genes with good early ef-certain conditions. Thus, together with the fact that adiabatic
fects may be favored by selection, although these genes hathanges in the equilibrium state of a system are the only
bad effects, including senescence and death, at later agksown reversible processes of macroscopic systems(3tq.
(antagonistic pleiotropy theoryThis implies a life-history is suggestive of the universal mortality being governed in a
trade-off in the Kirkwood[20] disposable soma theory, homeostatic animal by some kind of phase equilibrium in a
which is based on optimal allocation of metabolic resourcegell, which may be manipulated by externally induced
between somatic maintenance and reproduction. The theoghanges in, e.g., cell chemistry. Possibly, this is true even for
predicts strong correlation between mortalitigét,r) at old  death from diseases, since their mortality, and even the
agesx andq,(t—x+y,r) at young agey of the same gen- strongly tubercular mortality patterns in Japan prior to 1949
eration(born int—x). Such correlation was indeed verified and in 1890—-1940 in Finland, does not violate universal scal-
in extensive studie$l]. However, the dominant universal ing predominantly. Presumably, phases are related to differ-
mortality Q, at any agex does not depend on the life history ent configurations of certain molecules in a ¢&l0]. Such a
and accurately reduces to the universal infant mort&igyat ~ mechanism of universal mortality explains the origin of its
the same timet. Cumulative damage is irreversibler at  extraordinary dynamics, exact piecewise linear law, and
least imperfectly reversible, since any biological repair de-other predictions. In particular, the mechanism allows one to
clines with age and implies a monotonic mortality increase rapidly direct mortality. It suggests that universal mortality is
with age. Meanwhile, from Eq<€2) and (6), universal mor-  just a by-product of certain processes in a cell. The specific
tality is perfectly reversible at any age. Thus, existing theobiological nature of the mechanism may be established in
ries should be complemented with a new one, to account foexperiments on animals in well protected conditions.
the law of universal mortality. Life-history trade-off consid-
ers mortality dependence on the younger age living condi- IV. COMMENTS
tions, while universal mortality depends on the current con-
ditions only. (This allows one to distinguish them Mortalities of weakly interacting populations are little
experimentally. Cumulative damage explains monotonic correlated, thus they may be distributed outside a single lin-
mortality age dependence, but only universal mortality yieldsearity interval(e.g., in 1958, the Japanegg=0.03229 is
its decrease in early age, and deceleratg®e, e.g., Fig.)7 2.4 times higher than the Swedish one in the same year, and
and decrease in old age. During the last 130 years infartheir I, belong to different linear intervals in Fig.).2Then
mortality has decreased 45-fold, the deviations from the unithe subgroup distribution functiog(ff ,f1) and Eq.(2) al-
versal law are relatively low, and universal mortality domi- low one to calculate the survivability of the entire popula-
nates in thesécertainly evolutionary unprecedenjeld/ing tion. The resultind,(l,) is not universal, its crossovers are
conditions. shifted and smeared out. Nonuniversal changes are relatively
Universal thermodynamic mechanism of mortaliBy-  small when only a relatively small fraction of the population
namics of universal mortality, which is much simpler thanis outside a single linearity interval. This agrees with Figs.
dynamics of a frictionless sphere; its independence of gend@2—4 and implies a sufficiently strong interaction between
types and of the phenotype life history; perfect and rapidsubgroups.
reversibility that does not decrease with age; mortality ho- Mortality depends on a genotydé,7]. As a result, in
mogenization at the universal points; universal and accurateonstationary conditions genetic heterogeneity is age spe-
dependence on a single parameter for species as complex @fic. The resulting mortality nonuniversality is relatively

016107-7



MARK YA. AZBEL PHYSICAL REVIEW E 66, 016107 (2002
small when the genetic composition of the populationthe previous examples, consistent with demographic) dsita
changes relatively little during the mean lifespan, and thehat of reversing the trend of human mortalftis increase in
distribution function off® in the population with(fS)=f,  advanced and old agewithin a couple of years, at any age
little depends on age. The distribution function, together withuniversal mortality may be reset to its value at a younger
Eg. (2), allow for the calculation of the population mortality. age. All these predictions are verified with demographic data,
Thus, mortality accurately yields the universal laather  and suggest that universal mortality is related to a certain
than its averaging with the distribution functioim any ho-  phase equilibrium in a cell, which changes universally with
mogeneous nonstationary population. This implies its validage and adiabatically with time. Different mechanisms sig-
ity in any population which is restricted to a single linearity nificantly contribute to mortality, but the dominant one
interval. changes with living conditions. In the wild, intrinsic mortal-
ity is mostly related to the life-history trade-off. Human and
protected population mortalities are predominantly universal,
which allows for rapid life extension. Ultimate inevitable
A physical approach to mortality data establishes an exa@eath is determined by mutation accumulation and other

biological law, suggests its mechanism and the possibility tkinds of irreparable cumulative damagé&or more details
direct it. An accurately define@iniversal fraction of human  see Ref[22].)

survivability up to a given age is a piecewise function of

the infant mortality in the same calendar year. This law is
universal for species as remote as humans and flies, and
dominates in their protected populations. Its slopes jump si- This paper could not have been written without the help
multaneously for all generations. The jumps are most benefief Professor E. Domany, who helped me make my findings
cial for the elderly. Infant mortality depends on the environ-explicit and comprehensible; Professor Y. Aharonov, a per-
ment and phenotypes in the population. In a prereproductivenanent inspiration and support; and Professor S. M. Jazwin-
age, very rapidwithin a couple of yeapsadjustment of a ski, tireless in his stimulating comments and crucial advice. |
given genotype’s survival to the current living conditions also benefited from highly enlightening discussions with Pro-
complements natural selection. The mortality of an entirefessor S. Horiuchi, Professor A. Zee, Professor J. Langer,
population homogenizes in the narrow vicinity of the jumps.Professor F. Dyson, Professor S. Edwards, Professor D. S.
Universal mortality is reversible and independent of the lifeThaler, Professor A. Libchaber, and Professor B. Tsirelson,
history. Undoubtedly, the most intriguing prospect resultingfrom crucial technical assistance by I. Kolodnaya and G.
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