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Abstract

If mortality rate is viewed as the outcome of processes of behavior, growth and reproduction, then it should be possible to predict
mortality rate as a result of those processes. We provide two examples of how this may be done. In the first, we use the method of
linear chains to treat mortality that is the result of multiple physiological processes, some of which may have delays. In the second,
we assume that mortality is the result of damage associated with growth and metabolism. Both approaches lead to a rich diversity of
predicted mortality trajectories. Although many of these look Gompertzian at young ages, the behavior at older ages depends upon

the details of the physiological models.
© 2004 Elsevier Inc. All rights reserved.

1. Introduction

Mortality u(¢) for individuals of age ¢ is perhaps the
most fundamental demographic quantity (Preston et al.,
2001), since it underlies calculations of population
parameters via the Euler—Lotka equation and related
tools. There are a number of ways of thinking about
mortality rate in the context of theoretical population
biology. First, mortality rate can be seen as an object of
statistical analysis (Cox, 1972) and statistical prediction
(Lee and Carter, 1992), with important policy implica-
tions (Fogel, 1993, 1994). Second, it can be viewed as the
outcome of mutation-accumulation and other processes
at the genetic level (Charlesworth and Hughes, 1996;
Clarke et al., 2000; Charlesworth, 2001). Third, mortal-
ity can be viewed as the result of adaptive processes
of behavior, growth and reproduction (Chicon and
Kozlowski, 2000; Mangel, 2001a). Genetic and adapta-
tionist views of mortality rate are essentially approaches
based on ultimate considerations in which predictions
are made by comparing a measure of genetic success in
subsequent generations.

A fourth view, which is the one that we take here, is
based on proximate considerations of physiological
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processes. That is, we view the mortality rate as both
the product of natural selection acting on behavior,
growth, and reproduction and of physiological realities
within the life of an organism. With this viewpoint, the
crucial physiological realities are that growth processes
are linked and that growth comes with a (often deferred)
cost, even if that cost can sometimes be fully repaid. The
range of costs and consequences has recently been
reviewed (Metcalfe and Monaghan, 2001; Lummaa and
Clutton-Brock, 2002; Beckerman et al., 2002) and there
are suggestions that costs associated with oxidative
stress are intimately linked to health and fitness (Rikans
and Hornbrook, 1997; von Schantz et al., 1999; Finkel
and Holbrook, 2000; Ishii and Hartman, 2000; Sastre
et al., 2000; Levine and Stadtman, 2001; Van Remmen
and Richardson, 2001) in fundamental and immutable
ways. This view is our starting point and will be an input
to the evolutionary theories of development, aging and
immortality (Rose and Mueller, 2000; Mangel, 2001b).

The classic model for mortality rate is due to
Gompertz (1825) in which the size of a cohort declines
exponentially according to dN/dt = —u(t)N(¢) and the
mortality rate grows exponentially in time according to
du/dt = ku, so that pu(tr) = pyexp(kt). The Weibull
model, for which u(f) = p, + at®, is often proposed as
an alternative, and has some useful properties because it
allows one to separate initial mortality rate and the rate
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of aging (Ricklefs, 1998; Ricklefs and Scheurlein, 2001;
Carey, 2003).

It is now generally agreed that there is a tendency for
the mortality rate to decelerate at advanced ages
(Vaupel, 1997; Rose and Mueller, 2000). That is, even
after one accounts for heterogeneity in real populations
(Vaupel and Yashin, 1985; Yashin and Iachine, 1995), a
deceleration of mortality rate (or “mortality plateau’)
appears to be genuine at the largest ages. There is
additional evidence that the mortality rate may, in fact,
take a wide variety of patterns (Economos, 1979, 1982;
Finch, 1990; Carey et al., 1992; Curtsinger et al., 1992).
Two empirical tests have corroborated this hypothesis:
Carey et al. (1992) showed that mortality rates in
heterogeneous medfly populations decrease at older ages
highlighting the possibility that mortality is not neces-
sarily described by Gompertz’s model. Curtsinger et al.
(1992) showed a similar phenomenon in inbred Droso-
phila melanogaster populations: that age-specific mor-
tality rates level off at advanced ages. Explaining these
patterns at a genetic level has not been easy and
generated some controversy (Mueller and Rose, 1996;
Pletcher and Curstinger, 1998; Charlesworth, 2001).
Models with physiological structure, such as the ones
that we use in this paper, are a middle ground between
those that are based on genetic mechanism and those
that mix Gompertz or Weibull distributions.

In the next section, we develop a general theoretical
framework for exploring changes in age-specific mor-
tality rate as a result of multiple physiological processes.
We illustrate a simple case, and in particular show that
by accounting for physiological structure and lags,
mortality rates can plateau in late life. We then explore
how more mechanistic physiologically based models can
also predict a range of age-specific mortality trajectories.
Our work complements that of Sozou and Kirkwood
(2001), von Zglinicki et al. (2001), and Proctor and
Kirkwood (2002) on models for cellular senescence
caused by oxidative and other stresses.

2. Mortality as a result of multiple physiological
processes

If we view aging as the accumulation of cellular
damage through molecular damage leading to func-
tional impairment (e.g. de Boer et al.,, 2002), the
implication is that there may be multiple mechanisms
of aging and that damage accumulation is a lifelong
process. We now develop a framework for exploring the
hypothesis that aging is the accumulation of multiple
physiological processes; similar approaches have been
successfully applied to the study of development and
maturation (Blythe et al., 1984).

In order to examine the consequences of different age-
specific schedules, we assume that the rate of change of

numbers in a cohort, N(¢), is determined by the
accumulation of mortality over the whole lifetime. In
the most general setting, mortality rate can depend upon
age, population size and environment (Carey, 2003).
Thus, in the most general case we write

‘% _ UOIM(S,N(S),E(S))ds N (D), (1)

where u(s, N(s), E(s)) is mortality rate in the interval s
to s+ds when the cohort size is N(s) and the
environment is E(s). Mortality is the accumulation of
multiple physiological processes, but in this framework
the underlying mortality rate (u) is fundamentally
unobservable.

MacDonald (1978,1989) introduced a technique,
called the linear chain method, for dealing with such a
situation. Although the method has been used before, it
has not been used to explore the dynamics of mortality.
It is a general method, in which no assumptions are
made about underlying physiological processes (which
we do in the next section) and thus allows us to explore
the effects of physiological complexity on mortality rate.

The fundamental idea is to decompose the integral in
Eq. (1) into a series (a chain) of linear ordinary
differential equations for N(f) = Ny(¢f) and auxiliary
variables, V;(¢), i=0,2,...,p, where p is the order of
the physiological lag and the dynamics are

dN
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Here the A; are parameters that describe the overall
rate of the chain. The idea is that a change in mortality
rate u has to propagate through the chain to change
cohort size. In essence, this is a time-delayed process
that allows physiological structure to be described in
terms of a set of ordinary differential equations. By
replacing Eq. (1) with p + 1 linear equations in which
each equation links two successive members of a chain
whose length is determined by the nature of the
physiological lags, the accumulation of multiple modes
of damage can be described. Larger values of p thus
imply longer lags between a change in mortality rate and
a change in cohort size. Similarly, larger values of the /;
imply quicker responses by the cohort to changes in
underlying mortality rate. Indeed, in the limit that
Ai— oo, we recover the standard model of exponential
decay of the cohort.

It is straightforward to solve the set of equations from
t = 0, once an appropriate set of initial values are given.
Decomposing the integral of mortality (Eq. (1)) into this
series of linked ODEs, allows the effects of multiple
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physiological processes on mortality schedules to be
defined.

Figs. 1 and 2 show the cohort survival curves and age-
specific mortality trajectories for a third-, fifth- and
ninth-order lagged models for all 4; =0.1 and u =0.1.
The model is able to describe a number of different
cohort survival patterns from standard exponential
decline to delayed mortality. A relative advantage of
this approach is that we can describe varying patterns of
cohort survival by accumulating different numbers of
linear links. Moreover, age-specific mortality patterns
reveal a degree of subtly in aging that cannot be
captured with a standard Gompertz model (e.g. Easton,
1995). First, these physiologically lagged models allow
mortality rates to plateau in late life (e.g. Mueller and
Rose, 1996) and capture the principle that survival
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Fig. 1. Cohort survival for a third-, fifth- and ninth-order physiolo-
gical lagged model. Other parameters are 4; = 0.1, u = 0.1.
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Fig. 2. Age-specific mortality rates a third-, fifth- and ninth-order
physiological lagged model.

beyond a certain age is plausible: that is organisms are
not necessarily programmed to die. By describing the
accumulation of physiological processes as a set of linear
ODE:s, the model allows us to predict the deceleration of
mortality rates in late life. Second, the shape of the age-
specific mortality trajectory is a function of the number
of distinct physiological lags that operate throughout an
organism’s life. Organisms with more distinct physiolo-
gical structure are more likely to show protracted cohort
survival and show delayed increase in age-specific
mortality.

3. Mortality as a result of growth and metabolism

We now investigate a particular source of the
physiological processes, oxidative damage associated
with growth. As described above, oxidative stress may
be a fundamental determinant of fitness (von Schantz
et al., 1999; Gems, 1999); this view is consistent with the
oxidative damage theory of aging (Ashok and Ali, 1999;
Beckman and Ames, 1998). In particular, we assume
that faster growth increases the abundance of reactive
oxygen species (ROS). There is evidence that ROS can
cause damage to proteins, DNA, and lipids (Tolmassof
et al., 1980; Stadtman, 1992; Ames et al., 1993; Barja
et al., 1994; Pollack and Leeuwenburgh, 1999; Ozawa,
1995; Shigenaga et al., 1994; van Voorhies, 2001; Van
Remmen and Richardson, 2001). There is also evidence
of direct associations between oxidative damage and life
span (Agarwal and Sohal, 1994; Harshman and
Haberer, 2000) and between longevity and low levels
of free radical production in vivo (Barja et al., 1994).

We adopt the growth model of West et al. (2001) in
which the fundamental state variable is weight at age ¢,
W (t), changing according to

aw
dt

The parameters a and b can be interpreted in
terms of fundamental cellular processes (West et al.,
2001) such as mass of a cell, energy needed to
make a single cell, add the metabolic rate of a cell.
As with the von Bertalanffy description of growth,
in which the exponent of the anabolic term is 2/3
rather than 3/4, Eq.(5) has an asymptotic size
at which anabolic terms are exactly balanced by the
catabolic ones and is given by W, = (a/b)*. Eq. (5) can
be solved by the transformation W = H* and the exact
solution is

=aW3* —pw. (5)

W(i) = [W(t0)1/4 exp (— % (1— to))

+5 (1exp<§([t0)>)r (6)
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The transformation of variables X = W/W, and
T=at/ Wic/ * converts Eq. (5) to the non-dimensional form

aX s
i X X. (7)
Eq. (5) is based on a well-grounded theory. We are less
certain about the dynamics of oxidative damage. There is
evidence, however, that both metabolism (for which size is
a proxy) and growth rate affect damage and that damage
is repaired. Hence, if accumulated damage at age ¢ is
denoted by D(¢), we assume that

dD 1 dw
= =)o W (1)** + kd, W
In this expression, x is a fixed parameter measuring the
relative contributions of metabolism and growth to the
accumulation of damage, the d; are appropriate scaling
parameters, and p(w, d) is the rate of repair when W(¢) =
w and D(t) = d. For simplicity, we assume that p(w,d) =
powd, with p, a fixed parameter. This is consistent, for
example, with assuming that repair is conducted by
antioxidant scavenger species that remove oxidatively
active species (e.g. Kowald and Kirkwood, 1996; Pollack
and Leeuwenburgh, 1999; Kowald and Kirkwood, 2000)
and that production of antioxidants is proportional to
weight; also see Cobbold et al. (2002). There is evidence
that p(w,d) may be a function of age (Zielinski and
Portner, 2000), but for simplicity we treat it as independent
of age. We also ignore the explicit treatment of oxidative
stress associated with reproduction (Mangel, 2001b; Wang
et al.,, 2001). The decline of physiological function with
age, as in the classic theory of (Strehler and Mildvan,
1960), may be due to the accumulation of damage. We
solved Eq. (8) numerically by converting it to a difference
equation on an annual time scale, using the annualized
version of Eq. (6).

We assume that annual mortality rate at age ¢
is proportional to damage, so that if survival to age ¢
is S(1),

S(1) = S(t = 1) exp(—py — d.D(1)), )

where u, represents sources of mortality that are
independent of the physiological processes under con-
sideration here and d, scales accumulated damage
to survival, so that age specific mortality rate is
Ho + dD(t).

For presentation, we focus on the roles of x and p,
with all other parameters fixed (values given in the
caption for Fig. 3). Also, in order to focus on the shape
of mortality trajectories, rather than their absolute
values (which are determined by the conversion factor
as well as the absolute value of the amount of oxidative
damage), we report mortality rate scaled relative to that
at maximum age. As x and p, vary (Fig. 4), the
predicted trajectories of mortality rate as a function of
age show great variation. Their shapes range from

—p(W,D). (8)
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Fig. 3. Growth trajectory used to illustrate the shape of mortality

trajectories when accumulated damage depends upon both size and

growth rate. Parameters are ¢ = 0.8, wy = 1, asymptotic mass 60 (from

which b is computed), u, = 0.005.

“pure” Gompertzian, through intermediate ages show-
ing a plateau of mortality rate, to a mortality plateau.

This theoretical framework allows us to understand
the shape of these trajectories through the interplay
between the mixture of sources of damage and repair
rate. When metabolism and growth contribute equally
to the development of oxidative damage, and repair
rates are low, the predicted mortality trajectories are
most like a Gompertzian. However, as the balance
between growth-related and metabolism-related damage
shifts towards the former, plateaus or even declines in
predicted mortality rate may occur. Thus, we might
predict, for example, that species which have a relatively
short growth period (or no growth after maturity)
would, all else being equal, be more likely to show
patterns that deviate from Gompertzian. Increasing the
rate of repair has the effect of slowing the accumulation
of damage, and thus the mortality trajectory at later
ages.

4. Discussion

Mortality trajectories are the output of life history
evolution (Mangel, 2001a,b) and the shape of these
trajectories requires consideration of life history phe-
nomena. Previous attempts to do this are rare, and have
focused on a single variable representing an “vitality”
(Anderson, 1992, 2000; Weitz and Fraser, 2001), in the
sense that organismal death corresponds to zero vitality.
Here we have taken a different approach and tried to
identify relevant physiological processes. Thus, models
should incorporate physiological state and it is for
this reason that these physiologically structured models
are appropriate. Many different events can alter the
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Fig. 4. The pattern of relative mortality rate (mortality at age ¢ scaled by mortality at z = 120) varies considerably according to the way that growth
affect the accumulation of damage (the parameter « in Eq. (8)) and according to the level of repair (p,): (a) x = 0.5 and three values of p, are labelled
on the curves; (b) k = 0.9 and two values of p,; (c) k = 0.95 and two values of py; (d) k = 0.99 and two values of p,.

patterns of senescence but a recurrent theme emerging in
the evolutionary biology of aging is that individual
variability or heterogeneity is linked to the aging process
and the mechanisms of mortality. All populations are
heterogeneous and some individuals will suffer accumu-
lated damage and mortality more readily than others.
As frailer individuals are lost from a population, only a
subset of individuals remain. Heterogeneity in physio-
logical processes can lead to the deceleration of
mortality rates in late life (Vaupel et al., 1998; Rossolini
and Piantanelli, 2001). However, the issue here is not
simply about mortality plateaus. In a sense, all of our
organisms are clonal and the deceleration of mortality
that we described is inherent in the physiological
processes, of which growth is one example.

The theoretical tools that we introduced here comple-
ment each other. The linear chain makes no particular
assumption about the sources of mortality and only
requires that these sources be distributed across an

individual’s life. The models associating oxidative
damage with growth and metabolism make explicit the
origins of some of these physiological lags. Our results
suggest that organisms that have more complicated
physiological structure (and thus higher order lags) or
organisms that reach asymptotic size relatively rapidly
are more likely to have mortality plateaus. However, the
issue here is not mortality plateaus. The main point is
that we should expect the diversity of mortality
trajectories to mimic the great diversity of life itself.
Were we fitting data, the early portions of the predicted
mortality trajectories would surely fit well as Gompertz
curves, but there is no underlying reason to expect this.

Our work also emphasizes the importance of reunify-
ing the connections between the biology of aging and
demography. In a series of brilliant papers in the early
part of the 20th century (reviewed by Gavrilov and
Gavrilova, 1991), Raymond Pearl set out to connect
mortality trajectories and biology . Pearl recognized that
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‘...t appears clear that there is no one universal ‘law’ of
mortality...different species may differ in the age
distribution of their dying just as characteristically as
they differ in their morphology” (Pearl and Miner,
1935). However, the conceptual tools were lacking: “But
what is wanted is a measure of the individual’s total
activities of all sorts, over its whole life; and also a
numerical expression that will serve as a measure of net
integrated effectiveness of all the environmental forces
that have acted upon the individual throughout its life”.
In the intervening years, demography developed as a
social science (e.g. Preston et al., 2001) and the biology
of aging as a separate biological science (Masoro and
Austad, 2001). Recent calls for the development of
biodemography notwithstanding (Carey, 2001; Carey
and Judge, 2001) there is much work to be done.
Theoretical tools such as the ones that we describe here
will become essential as cell biology develops methods
for acquiring enormous amounts of data, for which a
framework of analysis will be needed. Furthermore,
models of age, longevity and senescence such as those
presented here need to be embedded in a fuller
evolutionary theory, if we are to make progress in
understanding the patterns and diversity of longevity.
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