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MORTALITY, AGE PATTERNS OF

The risk of death varies markedly with age. The
death rate is high in the first month after birth, de-
clines during the rest of infancy and childhood, re-
mains low during adolescence and young adulthood,
and then rises gradually in middle age and steeply in
old age (see Figures 1A and 1B). The decrease and
increase in mortality reflect the rise of physiological
abilities and disease resistance during child develop-
ment and their decline during senescence. This basic
pattern has been observed for most human popula-
tions 1n different historical eras, for both males and
females.

The age pattern of death rates determines the
age distribution of the number of deaths and the age
trajectory of the number of survivors, Because the
death rate declines during childhood and rises later
in life, the age distribution of the number of deaths
usually has two peaks, one in the first year of life,
and the other in old age (Figure 1C). The later
peak is usually between 70 and 90 years of age in
modern human populations, but it is estimated to
have been between 20 and 40 years in Stone Age
populations.

The number of individuals who survive from
birth to a given age x is a decreasing function of x.
Usually, the number of survivors plummets during
infancy and early childhood, decreases gradually at
young adult and middle ages, and then falls steeply
at old ages (Figure 1D),

Mathematical Regularities

Because of the universality of this fundamental age
pattern and the smoothness of mortality curves, sev-
eral mathematical models have been developed for
expressing mortality as a function of age. Generally
these mathematical models fit observational data
well,

Some of these models (including the Thiele
model, the Siler model, and the Heligman-Pollard
model) cover the entire life span by combining sepa-
rate components that represent mortality patterns in
different stages of life. For example, in the Siler
model, the death rate (or force of mortality) at exact
age x, denoted by m(x), is expressed as the sum of
three terms: m(x) = ge-"* + ¢ + aet* where g, h, ¢, a,
and b are parameters of the model. The three com-
ponents (ge"s ¢, and ae’*) represent mortality de-
cline in childhood, stable mortality during adoles-
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FIGURE 1

A. DEATH RATE PER YEAR
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Age Patterns of Mortality among Swedish Females in Three Periods: 1875~1879, 1950-1954 and 1995-1999

B. DEATH RATE PER YEAR (SEMI-LOGARITHMIC SCALE)

i T I 1 |

C. PROPORTION OF DEATHS (%)

I I | I
10 = =

100

50 H

cence and young adulthood, and mortality rise at
middle and old ages, respectively. The three compo-
nents can be additively combined because in each
life stage one of the three components largely deter-
mines the age-specific death rate with only small nu-
merical contributions from the other two terms.

Most other models (including the Gompertz
model, the Makeham model, the Weibull model,
and different versions of the logistic model) are con-

cerned with describing adult mortality only. The ris-
ing mortality curve at middle and old ages appears
fairly straight on a semi-logarithmic scale (Figure
IB), suggesting that the death rate increases nearly
exponentially with age. This exponential rise was
discovered by the British actuary Benjamin Gom-
pertz (1779-1865) in the early nineteenth century.
In the Gompertz model, the death rate at exact age
x 18 expressed simply as: m(x) = aetx where a and b



are parameters of the model. The Gompertz model
appears as one of the three components of the Siler
model.

The parameter b of the Gompertz model, the
slope of the logarithmic mortality curve, is called the
Gompertzian rate of aging. In biodemographic re-
search, the Gompertz model has been applied to
mortality data of various species, and the Gompertz-
ian rate of aging is widely used for comparing the
pace of senescence among species, and also for
studying effects of genetic and environmental factors
on senescent processes.

Mortality Deceleration at Older Ages

The exponential increase of adult mortality tends to
slow at very old ages, as illustrated in Figure 2. Thus
the logistic equation, which sets an upper limit to
mortality rise, usually fits observed death rates at
very old ages more closely than the exponential
equation does. This mortality deceleration is ob-
served in most large human populations as well as
in several non-human amimal species (including
fruit flies, earthworms, wasps, and beetles) for which
old-age mortality patterns have been examined in
detail. Although the slowing-down of mortality in-
crease can be clearly seen in human populations, it
is less pronounced than in the non-human species.
Some fruit fly populations even exhibit notable age-
related declines of mortality at very old ages.

In modern human populations, the deceleration
can be visually detected in the data for mortality
above age 90, but age-specific rates of relative mor-
tality increase (called life table aging rates) indicate
that the slowing-down actually starts earlier, typical-
ly between ages 75 and 80. In populations with lower
levels of old-age mortality, the deceleration tends to
be delayed to higher ages.

The reason for the mortality deceleration is not
fully known. One possible explanation is selective
survival. Because less-healthy individuals are more
likely to die at younger ages, survivors to older ages
tend to have favorable health endowments and/or
healthy lifestyles. This selection process could slow
down the age-related increase in the death rate in the
population data. Another possible explanation is that
the age-related increase of mortality risk in each in-
dividual may slow down at old ages for physiological
reasons.
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FIGURE 2

Age-Specific Death Rates among Women, Ages
65-99, France, 1971-1980
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Orchestrated Variations of Mortality
Schedule

A mortality schedule is a set of age-specific death
rates observed during a given period or over the life-
time of a cohort, As described earlier, empirical
mortality schedules generally exhibit a three-phase
pattern (downward, stable, and upward). Thus it
might seem reasonable to expect mortality schedules
that produce the same life expectancy at birth to be
similar. However, very different combinations of
age-specific death rates (e.g., a combination of rela-
tively high child mortality and low adult mortality
and a combination of relatively low child mortality
and high adult mortality) can show the basic three-
phase age pattern and produce the same life expec-
tancy. Various hypothetical mortality schedules with
the same life expectancy could be generated by ad-
justing the  parameter values of, for example, the
Siler model.

Nevertheless, data from various areas and coun-
tries in different periods suggest that age-specific
death rates tend to change over time and vary among
populations in fairly orchestrated ways. Death rates
at even widely different ages are strongly positively
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FIGURE 3

Relationship between the Annual Death Rate for
Females Aged 1-4 and the Annual Death Rate for
Females Aged 50-54
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(though not linearly) correlated with each other
(Figure 3). The reason that mortality schedules vary
in orchestrated ways is probably that the overall level
of socioeconomic and technological development in
the population is reflected in various determinants
of health and survival, including the standard of liy-
Ing, nutritional status, available medical technolo-
gies, and level of public health services. These fac-
tors, in turn, affect death rates of all age groups
simultaneously.

High correlations among age-specific death
rates make it possible to construct a set of typical
mortality schedules corresponding to different levels
of life expectancy. Such a typical schedule is called
a model life table. Two well-known systems of model
life tables are the Coale-Demeny model life tables
and United Nations (Heligman-Preston) model life
tables; both are widely used. The most typical pat-
terns in the two systems are called the West model
life tables in the Coale-Demeny system and the Gen-
eral Pattern in the U.N. system. Not surprisingly, the
West life tables and General Pattern life tables are
very similar.

However, some empirical mortality schedules
depart systematically (though not greatly) from
these typical patterns, probably reflecting mortality

impacts of different natural and cultural environ-
ments. Thus both the Coale-Demeny and U.N. sys-
tems include additional sets of model life tables to
describe these departures.

Demographers have developed several mathe-
matical formulations of the relationships among
age-specific death rates. These are called “relational
models” and include the Brass logit model, the
Heligman-Preston principal-component model, the
Lee-Carter model, and Azbel’s “law of survival.” For
example, in the Lee-Carter model, the death rate at
age x and time 4, denoted by mi(x, t), is expressed as:

log m(x,t) = a(x) + k(t)b(x)

where a(x), k(t), and b(x) are estimated from a set
of observed age-specific death rates for multiple pe-
riods. This implies that logarithms of age-specific
death rates are linear functions of each other. The
Lee-Carter model has been shown to closely fit mor-
tality schedules of the United States between 1933
and 1987 and those of the G-7 countries (Canada,
France, Germany, Italy, Japan, United Kingdom,
and United States) during the second half of the
twentieth century.

Historical Changes in Mortality Schedules

T'wo major health transitions affected age patterns of
mortality differently. In Figure 1, these two transi-
tions are illustrated by changes in Swedish female
mortality from 1875-1879 to 1950-1954 and
changes from 1950-1954 to 1995-1999. The first
type of transition (called the epidemiological transi-
tion) is the significant reduction of mortality from
highly contagious infectious diseases, nutritional
disorders, and complications of pregnancy and
childbirth. In many countries that are at high levels
of economic and technological development, this
transition occurred mainly in the nineteenth century
and the first half of the twentieth century. Early
childhood mortality fell considerably, but old age
mortality declined only modestly (Figure 1A). Be-
cause the relative reduction of adult mortality was
greater at younger ages, the slope of the logarithmic
mortality curve became steeper (Figure 1B).

The epidemiological transition greatly reduced
the proportion of deaths in early childhood and con-
centrated deaths into a relatively narrow range of old



age. Thus the earlier peak in the distribution of
deaths fell and the later peak rose (Figure 1C). The
transition made the survival curve more rectangular.
The survival curve has become fairly flat from birth
to middle age because of the low mortality in this age
range, and slopes steeply downward in old age be-
cause of the high concentration of deaths (Figure
1D).

The second transition is the substantial decline
of mortality from degenerative diseases, including
heart disease, stroke, and chronic kidney disease. In
economically developed countries, this change start-
ed in the third quarter of the twentieth century. The
absolute reduction of mortality was greater at older
ages (Figure 1A), and the relative reduction of mor-
tality was fairly constant over adult ages, producing
a nearly parallel downward shift of the logarithmic
mortality curve without appreciably changing the
slope (Figure 1B). Because of the decline of old age
mortality, the peak of the distribution of adult
deaths moved toward older ages instead of rising
higher (Figure 1C), and the downward slope of the
survival curve shifted horizontally to the right with-
out becoming noticeably steeper (Figure 1D).

Age Patterns of Cause-Specific Mortality

The age pattern of mortality differs among major
causes of death. The differentials help in investigat-
ing the relationships between disease development
and age-associated physiological changes, particular-
ly the processes of senescence. Some typical age pat-
terns of cause-specific mortality are shown in Figure
4. They are shown on a semi-logarithmic scale, be-
cause notable differences are found in the patterns
of relative (rather than absolute) changes of mortali-
ty with age. Figure 4 displays data for France, but
similar patterns are observed in other low mortality
countries.

Above age 85, the curvatures of most cause-
specific trajectories are concave (i.e., the gradients of
the curves diminish with age), as seen for the four
causes of death in Figure 4. Under age 85, the pat-
terns are more variable. The death rate from cardio-
vascular diseases keeps rising steeply and exponen-
tially throughout the adult ages. The death rate from
cancers increases sharply at middle ages (the 30s and
40s), but slows down markedly at older ages, making
the mortality curve of adult cancers concave already
from around age 40. Most site-specific cancer death
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FIGURE 4

Death Rates per Year from Cancers, Cardiovascular
Diseases, Pneumonia, and Injuries and Poisoning, by
Age, Both Sexes Combined, France, 1979-1994
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rates follow this pattern as well. In contrast, the
death rate from pneumonia increases relatively slow-
ly around age 30 but the increase accelerates at old
ages. Thus the mortality curve for adult pneumonia

tends to be convex in the entire adult age range
below 85.

Concave and convex curvatures on a logarith-
mic scale indicate deceleration and acceleration, re-
spectively, of age-related relative increases in mortal-
ity. Overall, the curvature of the mortality age-
pattern seems related to the selectivity of the disease.
Concave patterns are likely to be seen for diseases
that develop in persons with specific genetic, envi-
ronmental, and lifestyle risk factors. Convex curva-
tures tend to be found for diseases to which most
persons are vulnerable when they become old and
frail yqConcave patterns are seen for acute myocardial
infarction, | hemorrhagic stroke, and chronic liver
diseases;{In addition to cani::efs,lcnnvex patterns are
observed for congestive heart failure, .infarctive
stroke, chronic kidney diseases, and some infectious
diseases such as influenza and septicemia.

A very different pattern is seen for mortality
from injuries and poisoning, including accidents,
homicide, and suicide. The death rate remains stable
from age 20 to 60. In this age range, the risk of exter-
nal injury is strongly related to behavioral patterns
but not directly to physiological changes in the pro-
cesses of senescence. At older ages the death rate
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from injury and poisoning increases fairly rapidly.
This is mainly due to rising mortality from accidents
such as falls and the inhalation or ingestion of harm-
ful substances, reflecting the weakening of the mus-
culoskeletal system and diminishing effectiveness of
neural control of the body.

See also: Aging and Longevity, Biology of: Causes of
Death; Epidemiological Transition; Gompertz, Benja-
min; Life Tables.
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