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ABSTRACT

In 1998 the United Nations Population Division extended the age format of its estimates and
projections of population dynamics for all countries and areas of the world from 80 years and above
to 100 years and above. The paper is based on experiences made during the implementation of
relevant mortality projection methodologies and their application in two rounds of global popu-
lation projections.

The paper first briefly addresses the need for the explicit inclusion of very old population
segments into the regular UN estimates and projections. It is argued that since population aging
is an important issue for both developed and developing countries, the need for more information
regarding the elderly, and the oldest-old in particular, is significant.

The paper then documents the methods that have been evaluated and implemented, namely,
the relational mortality standard proposed by Himes, Preston, and Condran, the Coale-Kisker
extrapolation method for extending empirical age patterns of mortality to very high ages, and the
Carter-Lee projection method for projecting model patterns of mortality to very high levels of life
expectancy at birth. The methods are critically reviewed, and possible improvements to the
methods are discussed.

The paper concludes with a discussion of different views regarding the future evolution of
mortality at older ages, their regional variability, and the necessity to improve the coverage and
quality of data collected in this area.

1. INTRODUCTION

It is estimated that in 2001, 72 million of the 6.1
billion inhabitants of the world were 80 years or
older (United Nations 2001). The population of
the oldest-old (e.g., those 80 years and older)
constitutes therefore 1.2% of the world’s popula-
tion, but, although it is a small fraction of the
whole, it is the fastest growing segment of the
population. Thus, whereas the world population
is expected to increase by about 50% and to reach
9.3 billion by 2050, the number of people aged 80
years or older is expected to increase more than
fivefold, to reach 379 million in 2050 (Figure 1).
Most of the growth of the oldest-old population

will occur in the developing world, where their
numbers are expected to increase almost eight-
fold, from 34 million in 2001 to 266 million in
2050. In the more developed countries, the num-
ber of oldest-old will likely triple, passing from 38
million to 113 million. By 2050, therefore, the
majority of the oldest-old will be living in the less
developed regions of the world.

Furthermore, because life expectancy contin-
ues to increase, not only are an increasing num-
ber of people surviving to very old ages, but also
deaths of the oldest-old are accounting for an
increasing proportion of all deaths. Thus, at the
global level, 18 out of every 100 deaths expected
in 2000–2005 will be to persons aged 80 years or
older (i.e., 10 million out of the expected 55 mil-
lion deaths). In the more developed regions, the
proportion of deaths to persons aged 80 or over is
expected to be much higher—42%—and those
proportions are expected to keep on rising.

In view of such trends, it is important to have

* Dr. Thomas Buettner is a Population Affairs Officer in the United
Nations Population Division, 2 United Nations Plaza, Rm. DC2-1950,
New York, NY 10017, e-mail: buettner@un.org.
† The views and opinions expressed in this paper are those of the
author and do not reflect those of the United Nations.

14



detailed information about the age structure of
the oldest-old and about the population dynamics
to which they are subject, namely, the risks of
dying by age. However, until 1996, the estimates
and projections of population produced by the
United Nations Population Division did not pro-
vide an age breakdown for the group aged 80
years or older. In order to provide such informa-
tion, it is necessary to obtain both data on the age
distribution of the population classified by five-
year age groups above age 80 and estimates of the
mortality risks to which the population in those
age groups is subject. Unfortunately, such data
are not readily available for most countries. De-
veloping countries, in particular, generally lack
the necessary information either because reliable
statistics on adult mortality in general and on
old-age mortality in particular do not exist or
because the available statistics on old-age mortal-
ity are unreliable, being biased by poor age re-
porting regarding both those alive and those who
die (Condran, Himes, and Preston 1991; Kannisto
et al. 1994). In a review of data availability, Hill
(1999) concluded that the coverage of death reg-
istration had not improved between the early
1970s and the early 1990s. Although the propor-
tion of developing countries lacking information
on adult deaths by age group remained constant

at 44%, their share of the world population rose
from 66% in the early 1970s to 69% in the 1990s.
Furthermore, when it comes to both population
age distributions and mortality rates among the
very old, problems of data reliability are not con-
fined to the developing world. Even in countries
with advanced statistical systems, inconsisten-
cies of age reporting between the ages of the living
and those who die can bias the estimated rates of
death for the oldest-old.

Therefore, to produce both estimates and pro-
jections of population with an open-ended inter-
val of 100 years and over instead of the more
traditional 80 years and over, the Population Di-
vision had to resort to models that could be
adapted to the varied situations of the 187 coun-
tries whose populations are projected using the
components method. This paper describes the
methodology adopted by the Population Division
for that purpose. It describes first the use of a
relational mortality model with a standard pro-
posed by Himes, Preston, and Condran to extend
life tables beyond age 80. It focuses later on the
projection of mortality using the method pro-
posed by Lee and Carter. After a description of
each method, an assessment of their performance
and robustness is undertaken. A final section
adds some observations regarding possible future

Figure 1
Growth of Broad Population Age Groups, World Total 1950–2050
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trends in survival among the oldest-old and nec-
essary improvements of empirical data.

2. EXTENDING LIFE TABLES TO AGE 100
AND BEYOND

In 1997 the Population Division convened a meet-
ing of the Working Group on Projecting Old-Age
Mortality and Its Consequences to review the dif-
ferent options to extend age-specific mortality
rates to older ages (United Nations 1997). Three
approaches were examined in some detail,
namely:

● The old-age mortality standard developed by
Himes, Preston, and Condran (1994)

● The old-age term of the Heligman-Pollard mor-
tality model (Heligman and Pollard 1980)

● The Coale-Kisker method of closure of life ta-
bles (Coale and Kisker 1990).

The working group recommended the use of a
relational mortality model based on the old-age
mortality standard developed by Himes, Preston,
and Condran (HPC standard), mainly because
that standard was derived from the observed old-
age mortality patterns of a variety of populations
with reliable data. However, because empirical
data do not reflect as yet the very low mortality
levels projected in the future, and mortality rates
at very advanced ages are affected by random
variation, it was later decided to replace the HPC
standard at ages 95 and over with mortality rates
derived using the old-age term proposed by He-
ligman and Pollard. Furthermore, in order to
avoid random mortality crossovers between dif-
ferent model life tables at very advanced ages, the
Coale-Kisker method was used to close the life
tables.

2.1. The Himes-Preston-Condran
Mortality Standard

Himes, Preston, and Condran proposed in 1994 a
standard mortality schedule (HPC standard) rep-
resenting the typical mortality pattern at ad-
vanced ages based on the patterns observed in a
variety of countries and periods. The HPC stan-
dard was constructed by examining mortality
rates by single years of age for the age range

45–99 from 16 low-mortality countries.1 The
mortality experience covered spanned the period
1948–85. Observed mortality data were subject
to strict reliability and consistency tests to be
included. In the end, the standard was derived
from 82 different mortality schedules for each
sex.

Figure 2 shows the HPC standard by sex as
published in 1994. Two deficiencies are notice-
able. First, the standard exhibits visible fluctua-
tions above age 90 for both sexes and around ages
54 and 81 for males. Second, the standard does
not cover age-specific mortality patterns above
age 99. It was therefore necessary to remove fluc-
tuations by smoothing the standard and to extend
it beyond age 99.

A parameterization with the old-age term of the
Heligman-Pollard mortality model and several
moving averages were tested for smoothing the
original HPC standard. The parameterization ex-
hibited relative large deviations, especially at
older age groups, and was therefore dismissed.
The smoothest results—measured by second-or-
der differences—were produced by a five-point
moving average, of the form

m̂x �
mx2 � 2mx1 � 3mx � 2mx�1 � mx�2

9
,

where mx is the central mortality rate at age x,
and m̂x is the resulting smoothed value for age x.

The smoothened HPC standard was extended
up to an upper age of 115 by fitting a straight line
to the logits of the age-specific mortality rates,
following a suggestion made by Himes, Preston,
and Condran. It can be shown that such a linear
extension in the logit domain is equivalent to the
old-age term of the Heligman-Pollard model. The
linear function in the logit domain is
domain is

Logit�mx� � � � �x, (1)

where the logit is defined as

1 The 16 countries are Australia, Austria, Belgium, Canada, Denmark,
England and Wales, Finland, Hungary, Italy, Japan, The Netherlands,
New Zealand, Norway, Scotland, Spain, and Sweden. Czechoslova-
kia, Ireland, and Northern Ireland were excluded because of insuffi-
cient data quality. Data from France, East and West Germany, and
the United States were not included because of data inconsistencies.
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Logit�mx� � ln� mx

1 � mx
�. (2)

By taking the antilogit and rearranging for mx we
obtain

mx �
e���x

1 � e���x �
e�e�x

1 � e�e�x �
GHx

1 � GHx , (3)

where parameters G and H are

G � e�,

H � e�.

Using this procedure, the smoothened HPC
standard was extended. The smoothed and ex-
tended HPC standard, covering the age range 45–
115 years, is presented in Table A1 in the Appen-
dix. Figure 3 shows the smoothened and extended
HPC standard, expressed as age-specific mortality
rates, together with the relative difference be-
tween the original and the smoothened standard.

Once the HPC standard had been extended to
advanced ages, the procedure used to extend any
other set of mx values made use of the empirical
fact that mortality patterns, appropriately trans-
formed, are often linearly related. In this case, the
logit function was used as the linearizing trans-
formation: that is, the logit transformation of the

given set of mx values would be linearly related to
the logit transformation of the standard set of mx

value. Fitting a line to those pairs of values would
provide the � and � values (i.e., the regression
coefficients) that would permit the estimation of
the mx values at advanced ages from those of the
standard.

2.2. The Coale-Kisker Method
Coale and Guo (1989) used a novel method to
close a life table that assumes that the exponen-
tial rate of mortality increase at very old ages is
not constant, as in the classical Gompertz model,
but declines linearly. This feature of mortality at
very advanced ages has been empirically verified
by a number of studies (Horiuchi and Wilmoth
1997). Coale and Guo applied this approach to
close the extended version of the Coale-Demeny
model life tables presented in five-year age
groups. Later Coale and Kisker (1990) used the
same approach to close empirical life tables by
single years of age. Following common practice,
the method first used by Coale and Guo and then
by Coale and Kisker is henceforth referred to as
the Coale-Kisker method.

The Coale-Kisker method has two parameters,
namely, the Gompertz parameter k and a mortal-

Figure 2
Original HPC Mortality Standard, Expressed as Age-Specific Mortality Rates (mx)
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ity rate for the uppermost age, say, 110 years.
Coale and Kisker set a value of 1.0 per 1,000 for
m110 for males, and 0.8 per 1,000 for females.2

The mortality differential by sex at age 110 was
explicitly chosen to avoid a crossover between
male and female mortality at very advanced ages.

Having set mortality at age 110, the Gompertz
parameter is calculated from the given age-spe-
cific mortality rates mx as follows:

kx � Ln� mx

mx�1
� � Ln�mx� � Ln�mx�1� (4)

or, setting x � 85,

k85 � Ln�m85

m84
� � Ln�m85� � Ln�m84�, (5)

mx � m84 � exp� �
y�85

x

ky�, for x � 85, 86, . . . . (6)

If kx were constant (e.g., kx � k), then this equa-
tion becomes the classic Gompertz:

mx � m84 � exp��x � 84� � k	. (7)

Coale and Kisker assume that kx is linear above a
certain age, 85 years in this case, that is:

kx � k85 � s � � x � 85�. (8)

Solving for s yields

s � �
�Ln�m84/m110� � 26k85	

325
. (9)

Age-specific mortality rates are then calculated
using one of the two following formulae:

mx � m84 � exp� �
y�85

x

�k85 � �y � 85� � s��,
for x � 85, 86, . . . , (10)

or, without the need to accumulate the k and s
values,

mx � mx�1 � exp�k85 � �x � 85� � s	,

for x � 85, 86, . . . . (11)

2.3. Discussion
Truncated mortality patterns are traditionally ex-
tended using a variety of approaches, be they an

2 Wilmoth (1995) later extended the original Coale-Kisker method by
transforming it into a regression model that can be used to estimate
empirically the age specific mortality rate at m110, for instance.

Figure 3
Smoothened and Extended HPC Mortality Standard, Relative Difference between Original and

Smoothened Mortality Patterns
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extension based on a mathematical function or a
relational model using a given standard. No
method, however, can guarantee best results in
all circumstances. In the case of mathematical
functions, the results will be satisfactory to the
extent that the actual force of mortality conforms
to the functional form used. In the case of a
relational model based on a standard, the results
depend on the extent to which the logit transfor-
mation of the standard is actually linearly related
to the logit transformation of the mortality sched-
ule under consideration. Clearly, when extrapo-
lated measures of mortality are obtained for age
ranges over which there is virtually no reliable
data available, it is not possible to assess the
goodness of fit of the results obtained. The best
we can do is test whether the fit at lower ages,
where reliable data exist, is acceptable. Further-
more, there is uncertainty about which age range
should be used as a basis for extrapolation, espe-
cially when such extrapolation is being carried
out by assuming a linear relationship with the
suitably transformed standard. To illustrate this
point, the HPC mortality standard was fitted using
several age ranges to the empirically observed age
patterns of mortality of Sweden and France. Fig-
ures 4 and 5 show the fitted values resulting from
the use of six different age ranges, starting with

45–79 and ending with 70–79. The resulting vari-
ability of mortality patterns at very old ages is
modest for Swedish males (Figure 4), but substan-
tive for French males (Figure 5). In general, worse
fits are obtained when relatively young age groups
are included in the fitting range (i.e., ages 45–60).
When using this extension procedure in the prep-
aration of estimates and projections at the Popu-
lation Division, the standard was fitted using a
step-wise least square procedure that drops suc-
cessively younger age groups from the fitting
range until a maximum correlation coefficient
(R2) is obtained.

The HPC standard was also used to extend
established model life tables used by the Popula-
tion Division in preparing population projections,
namely, the Coale-Demeny Regional Model Life
Tables (Coale, Demeny, and Vaughn 1983; Coale
and Guo 1989) and the UN Model Life Tables for
Developing Countries (United Nations 1982).
This was necessary since these sets of life tables
were not compatible regarding their treatment of
very old age groups. The UN model life tables were
originally closed by applying a Makeham-type
function but provided data only for ages up to age
85. The Coale-Demeny model life tables as re-
vised in 1983 had been extended to 100 years of
age using a Gompertzian function (Coale, De-

Figure 4
Male Age-Specific Mortality Rates for Sweden, 1991–1995, and Results of Several HPC Extensions
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meny, and Vaughn 1983), while the life tables for
higher life expectancy added to this system by
Coale and Guo (1989) used a non-Gompertzian
closing method that is similar to the Coale-Kisker
method discussed in this paper. Although the dif-
ferent closing methods had little impact on life
expectancy at age 80, they can result in marked
differences in the number of survivors to very
high ages. Consequently, it was important to en-
sure that all model life tables used were closed by
the same procedure. The Coale-Kisker method
was used for this purpose because use of the
relational model with the HPC standard resulted
in inconsistencies at very advanced ages, that is,
age-specific mortality rates above age 100 belong-
ing to model life tables with contiguous life ex-
pectancies would cross over because of instability
in the numerical fitting procedures. Use of the
Coale-Kisker method of closure avoided that
problem by allowing the analyst to set the mor-
tality rates of the uppermost age in a way con-
sistent with the overall order of life expectancy
at birth. Once that uppermost mortality rate
was set, the trajectories of age-specific mortality
rates for advanced ages also ordered themselves
properly.

3. PROJECTING MORTALITY PATTERNS

AT VERY OLD AGES USING

THE LEE-CARTER MODEL

To project mortality, the Population Division uses
a two-step process. First, recent trends in overall
life expectancy are established on the basis of
national estimates, adjusted as necessary. When
data on adult mortality do not exist or are se-
verely deficient, life expectancy is established on
the basis of estimates of mortality in childhood
and an assumed model pattern of mortality. As-
sumptions about future trends in life expectancy
are made on the basis of a set of models that
ensure international consistency (United Nations
2000, p. 188).

Age-specific mortality for the projection period
is calculated in a second step. In the absence of
actual age-specific mortality data, mortality pat-
terns are obtained from a model specified by the
analyst. A choice can be made among nine differ-
ent families of model life tables, the five in the
United Nations models for developing countries,
and the four in the Coale-Demeny set. If informa-
tion on the actual age-specific mortality pattern
of a population is available, that pattern is modi-
fied over the projection period until it eventually

Figure 5
Male Age-Specific Mortality Rates for France, 1992–1994, and Results of Several HPC Extensions
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converges to the pattern of a model selected by
the analyst. In this process, the first step is to
extend the actual age-specific mortality rates for
the range 80 years and over.

In some cases, the analyst may choose to pro-
vide the age-specific pattern of mortality that is to
be used for each five-year period of the projection
span. In such a case, the eventual convergence to
a model mortality pattern does not take place, but
it is still necessary to extend the age-specific mor-
tality data provided by the analyst to the range 80
and over.

Until 1996, the model life tables used by the
Population Division had life expectancies whose
upper limits were 82.5 years for males and 87.5
for females (United Nations 1989, pp. 13–19).
However, as the projections were extended to
2050 and mortality continued to decline to very
low levels in some developed countries, a higher
upper limit became necessary. The revised model
life tables, discussed below, have life expectancies
going up to 92.5 years for both males and females.
In order to generate internally consistent sets of
model life tables for levels of life expectancy not
yet observed, a projection method developed by
Lee and Carter3 (1992) was evaluated, amended,
and then implemented in a simplified fashion.

The original Lee-Carter procedure projects
past patterns of age-specific mortality change into
the future using time series methods. The evolu-
tion of age-specific mortality rates is modeled as
exponential rates of change of a normalized, or
average, mortality pattern. The model has the
form

fxt � ln�mxt� � ax � bxkt � εxt, (12)

with the parameters
ax Standard age pattern of mortality, expressed

as the average of the logarithm of the mor-
tality rate mx,t at age x over time t

bx Age-specific pattern of mortality change
kt Time trend
εxt Error term.

It has been established empirically that the

time-dependent term (kt) is often linear over
most parts of the observation period. This is a
useful feature since it allows for a relatively easy
interpretation and projection. But even in cases
were two or more distinct phases of the transition
to lower mortality have been observed over longer
periods of time, kt has been found linear in those
periods (Wilmoth 1993; Booth, Maindonald, and
Smith 2001).

Inverting the logarithmic function, Wilmoth
(1993) noted that the model can be written as
(without the error term) mxt � AxBx

kt, where Ax �
eax, Bx � ebx. According to this formulation, if kt

changes linearly over time, then each age-specific
mortality rate changes at a constant exponential
rate (Carter and Lee 1992, p. 396).

Projections are carried out by projecting the
only time-dependent parameter kt using appro-
priate statistical techniques. Lee and Carter used
a random walk approach, which allowed for the
calculation of confidence intervals for projected
life expectancies.

However, in order to use the Lee-Carter ap-
proach to project mortality patterns on the basis
of model life tables, some transformations are in
order since the families of model life tables avail-
able are organized as collections of life tables at
distinct levels of life expectancy of birth but do
not contain a time reference. Therefore, the mod-
el’s time index needs to be replaced with an index
reflecting level of life expectancy. Hence the
model becomes

fxl � ln�mxl� � ax � bxkl � εxl, (13)

where the index l represents the level of life
expectancy associated with the corresponding
age-specific mortality rates (mx), and the param-
eter kl represents the trend in the level of life
expectancy at birth (in years).

The transformed Lee-Carter model was tested
using the families of the Coale-Demeny model life
table system. The model was fitted to series of
model life tables spanning levels of life expect-
ancy from 20 to 75 years, and then projected to a
life expectancy of 92.5 years. The results were, at
first sight, generally encouraging. The method
produced a set of smooth and consistent age pat-
terns of mortality that would pass a visual inspec-
tion. However, in contrast to the original model,

3 This method has been successfully employed to project mortality
for a number of countries, including the United States (Lee and
Carter 1992), Japan (Wilmoth 1993), Chile (Lee and Rofman 1994),
and Australia (Booth, Maindonald, and Smith 2001).
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where the time trend (kt) conveniently is roughly
linear, the trend parameter (kl), representing lev-
els of life expectancy, takes here the form of a
convex function, declining faster as life expect-
ancy reaches higher levels. Such a nonlinear
trend is not surprising, since it reflects the em-
pirical observation that similar gains in life ex-
pectancy tend to take longer the higher the life
expectancy. The original Lee-Carter model, for-
mulated in the time domain, exhibits the same
feature, but its trend parameter (kt) remains
nearly linear and is therefore significantly easier
to model.

Although the results looked acceptable when
analyzed graphically, the projected age patterns
of mortality differed noticeably from recent evi-
dence, as embodied, for example, in the revised
model life tables prepared by Coale and Guo
(1989) and in the two ultimate life tables pre-
pared by the Population Division (United Nations
1989, p. 19) and the U.S. Bureau of the Census
(Arriaga 1994, pp. 362–63). Apparently, there-
fore, the patterns of change embodied by the
existing families of model life tables are not well
suited to infer future trends in the evolution of
age-specific mortality patterns.

Indeed, Coale and Guo (1989) decided to revise
the original Coale-Demeny life tables for that very
reason. The original model life tables contained
tables for levels of life expectancy for which no
empirical evidence had been available at the time
of preparation (with life expectancies 75 years or
higher) and that had been obtained by extrapola-
tion. These extrapolated life tables consistently
underestimated mortality rates at young ages and
overestimated mortality for older persons as com-
parison with actual mortality patterns for low-
mortality countries revealed. One possible reason
that extrapolating the existing model life tables
did not match recent age patterns of mortality is
that the original Coale-Demeny model life table
system is based on national life tables that cover
approximately 100 years of mortality experience,
more than half of which are from periods before
1945, and none of them is based on periods after
the 1960s. Therefore they had no basis for reflect-
ing the impact of changes in cause-of-death
composition, public health interventions, and
changes in lifestyles that occurred later. The find-
ings of Wilmoth (1993) and Booth (2001) regard-
ing the long-term evolution of mortality in Japan

and Australia also indicated that kt does not nec-
essarily follow a linear trend and suggests that
past experience is not necessarily the best pre-
dictor of the future.

Regardless of the adequacy of the data used and
independent of whether the Carter-Lee model
was formulated in the time domain or not, it was
also found that the Lee-Carter model exhibited a
general tendency to produce extremely low mor-
tality rates for younger age groups when used to
project life tables for high levels of life expect-
ancy. Although the model effectively prevents
age-specific mortality from becoming negative
since it is modeled in the logarithmic scale, the
rates can nevertheless become virtually zero. In
other words, the model gradually “forgets” the
reference age-pattern of mortality as it ap-
proaches lower mortality. The very low projected
mortality rates for children are not of direct rel-
evance for mortality at advanced ages. However,
the possibility of introducing lower bounds by
age group might be considered to enhance its
performance.

A variation of the Lee-Carter method that uses
such lower bounds was therefore developed. As-
sume that there are some intrinsic lower limits of
mortality by age. The Lee-Carter model can in-
corporate such lower bounds by restricting the
modeling to that part of mortality by age that is
subject to change. To do this, we can subtract the
lower bounds of mortality from the empirical
mortality rates and fit the model on the remain-
der. After the model is fitted, and mortality pat-
terns of the remaining mortality are projected,
the lower bounds are added back. This proce-
dure is equivalent to an age-specific Makeham
correction.

The extended Lee-Carter model with lower
bounds incorporates the following models as spe-
cific instances:
1. The original Lee-Carter model if the lower

mortality bounds are set to zero
2. A Makeham-corrected Lee-Carter model if the

lower bounds are set to a fixed value for all age
groups

3. A Makeham-corrected Lee-Carter model that
approaches a limiting age specific mortality
pattern; for example, the lower mortality
bounds are set equal to a limiting life table.
This approach assumes that there is an age-
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specific intrinsic mortality that cannot be
reduced.

In view of the specific requirements related to
projecting model life tables to very high levels of
life expectancy, a simplified version of the Lee-
Carter model was employed. Instead of basing the
projection of age-specific mortality patterns on
past experience as embodied in the series of
model life tables, the Lee-Carter model was used
to simply interpolate geometrically between a ref-
erence model life table with a life expectancy of
75 years and an ultimate life table with very low
mortality that reflected likely mortality patterns
based on current experience (United Nations
1988, see Tables 2 and 3). Since previous rounds
of UN population projections also used an ulti-
mate life table, its use in generating a new set of
model life tables had the benefit of ensuring much
needed consistency between subsequent revisions
of the UN world population projections. Model life
tables with life expectancies ranging from that of
the reference table (with a life expectancy of 75
years) and that of the ultimate life table were
obtained by iteratively modifying the level param-
eter of the Lee-Carter model (kl) until the desired
life expectancy was reached. For levels of life
expectancy higher than that of the ultimate life
table, the pattern of change between the refer-
ence table and the ultimate life table estimated by
the Lee-Carter procedure was extrapolated in a
similar fashion.

Concerned with the numerical stability of mor-
tality projections at very old ages, the inclusion of
limit life tables (Duchene and Wunsch 1988a,
1988b), were tested, as suggested in option three
of the amended Lee-Carter model. However, it
was found that such a provision is not required in
order to ensure reasonable projections results.
Moreover, since such limit life tables are highly
speculative, it was decided to implement only a
simple Makeham correction, with a lower bound
of mx set to 0.00002 for all age groups except the
first one, where it was set to 0.00023 for males
and 0.00038 females (Duchene and Wunsch
1988a, 1988b). As an illustration, the resulting
life tables for a life expectancy of 92.5 years for
the North Model of the Coale-Demeny system of
model life tables and for the General Pattern of
the UN system of model life tables are presented
in the Appendix.

4. CONCLUSIONS

In the past, mortality has exhibited distinct re-
gional patterns, in both their shapes and their
patterns of change over time. For this reason,
several families of model life tables have been
constructed and successfully used. The question
arises whether patterns of mortality and mortal-
ity change in the future will ultimately converge
to one or very few characteristic patterns, or
whether a substantial variety will persist. Current
projection practices favor convergence (United
Nations 1988). Coale and Guo (1989) suggested
that mortality patterns worldwide might converge
to a pattern similar to the North model of the
Coale-Demeny system. Convergence to very sim-
ilar patterns seems more likely for age-specific
mortality rates that are increasingly moving to-
ward the lowest levels possible, such as those
relative to childhood or adolescence. Theories of
natural limits to survival would lend some sup-
port to this assumption. However, the same argu-
ment cannot be made about mortality at older
ages, which is far from reaching a lower limit, and
whose patterns may end up being fairly diverse
even at comparable levels of life expectancy.

Today there are two alternative views about the
future evolution of mortality at older ages: com-
pression versus expansion (sometimes also called
rectangularization versus steady progress). Mor-
tality compression would occur if age-specific
mortality were to continue declining over a wid-
ening range of adult ages, but would meet natural
limits for very advanced ages (Bourgeois-Pichat
1978; Fries 1980; Gavrilov and Gavrilova 1991).
As a result, the survivor curve would approach a
rectangle, and mortality across countries may in-
deed converge to similar patterns. The modified
Lee-Carter projection model for age-specific mor-
tality patterns would operate under such hypoth-
esis when setting the mortality bounds to these
limits. In the case of steady progress, there would
be no “natural” limits to further reductions in
mortality at higher ages, or the age at which nat-
ural limits set in could move upward (Olshansky,
Carnes, and Grahn 1998). Consequently, all age
groups, especially at higher age groups, would
continue to experience declining mortality. The
age pattern of mortality would not change sub-
stantially, but the age range would expand (Man-
ton, Stallard, and Tolley 1991; Manton 1992; Vau-
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pel and Lundstrom 1994; Olshansky, Carnes, and
Grahn 1998). In this case, the Lee-Carter model
could be used without specification of age-specific
lower bounds. More research is needed to verify
these models of change.

Last, although detailed data on old age mortal-
ity are collected in most countries of the devel-
oped world, they are not so commonly available
for developing countries. Furthermore, even in
developed countries, the quality of age reporting
deteriorates among the very old. National statis-
tical offices do not evaluate regularly the quality
of these data, and it is not evident how to correct
any biases that might be detected. The consistent
evaluation of the quality of data on the elderly
and a wide dissemination of the findings of such
evaluations are needed. Indicators of data quality
for these data need to expand on those suggested
by UN recommendations.4 In addition, it is cru-
cial to add detailed documentation on the tech-
niques used to construct life tables to the publi-
cations in which those data are disseminated. It is
also important to ensure that data on the oldest-
old are published with sufficient detail. Use of
100� as the open-ended age group should be
standard in the preparation of tabulations of pop-
ulation and deaths by age and sex. With the num-
ber of persons in advanced ages growing so rap-
idly in modern populations, detailed demographic
characteristics of this group should become part
of standard tabulations.
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APPENDIX

Table A1
Smoothed and Extended Himes-Preston-Condran Mortality Standard for Older Ages

Age

Logit (mx) mx

Female Male Female Male

45 �5.945580 �5.429400 0.00261055 0.00436658
46 �5.857527 �5.331900 0.00285016 0.00481161
47 �5.763043 �5.231552 0.00313170 0.00531680
48 �5.670024 �5.131108 0.00343593 0.00587529
49 �5.581900 �5.030498 0.00375128 0.00649312
50 �5.496322 �4.931224 0.00408507 0.00716594
51 �5.413219 �4.830740 0.00443749 0.00791743
52 �5.326582 �4.728463 0.00483714 0.00876258
53 �5.243806 �4.627376 0.00525239 0.00968566
54 �5.159373 �4.527179 0.00571248 0.01069550
55 �5.077452 �4.429220 0.00619713 0.01178329
56 �4.988427 �4.329780 0.00677023 0.01299924
57 �4.897846 �4.230487 0.00740737 0.01433678
58 �4.802196 �4.131314 0.00814482 0.01580785
59 �4.709610 �4.035228 0.00892787 0.01737444
60 �4.614074 �3.940151 0.00981408 0.01907437
61 �4.517492 �3.844479 0.01079848 0.02094929
62 �4.413752 �3.745297 0.01196477 0.02308319
63 �4.308781 �3.645761 0.01327143 0.02543758
64 �4.203867 �3.549564 0.01471785 0.02793440
65 �4.100339 �3.457029 0.01629707 0.03055993
66 �3.995889 �3.367137 0.01805897 0.03333846
67 �3.886589 �3.274687 0.02010279 0.03644987
68 �3.773873 �3.181136 0.02244749 0.03988183
69 �3.659886 �3.087139 0.02508976 0.04364089
70 �3.544304 �2.993253 0.02807758 0.04773160
71 �3.427037 �2.898531 0.03146110 0.05222622
72 �3.304468 �2.799941 0.03541824 0.05732736
73 �3.181927 �2.701239 0.03985155 0.06290029
74 �3.059083 �2.601832 0.04482694 0.06902059
75 �2.939676 �2.504512 0.05022675 0.07554246
76 �2.819954 �2.405958 0.05625535 0.08271951
77 �2.700589 �2.306993 0.06293862 0.09054543
78 �2.578348 �2.205550 0.07054499 0.09925320
79 �2.457149 �2.105523 0.07891733 0.10856114
80 �2.333558 �2.003857 0.08838159 0.11879859
81 �2.209010 �1.899341 0.09894430 0.13018307
82 �2.079846 �1.786644 0.11107121 0.14348462
83 �1.953067 �1.671617 0.12421935 0.15820875
84 �1.829471 �1.558163 0.13830129 0.17391035
85 �1.710777 �1.450972 0.15306301 0.18985199
86 �1.593031 �1.345761 0.16895787 0.20656424
87 �1.474910 �1.240494 0.18619747 0.22434993
88 �1.356319 �1.130236 0.20483923 0.24411763
89 �1.235362 �1.013617 0.22524429 0.26627266
90 �1.111783 �0.888717 0.24753857 0.29137473
91 �0.980186 �0.756307 0.27285497 0.31944867
92 �0.846790 �0.627570 0.30010666 0.34806174
93 �0.716903 �0.506954 0.32807525 0.37590775
94 �0.598880 �0.400472 0.35459997 0.40119889
95 �0.485864 �0.294863 0.38086828 0.42681366
96 �0.371227 �0.187069 0.40824465 0.45336869
97 �0.251530 �0.073442 0.43744695 0.48164769
98 �0.129453 0.041082 0.46768179 0.51026911
99 �0.007377 0.155608 0.49815584 0.53882364

100 0.114701 0.270132 0.52864388 0.56712537
101 0.236779 0.384657 0.55891971 0.59499574
102 0.358857 0.499180 0.58876364 0.62226661
103 0.480933 0.613703 0.61796824 0.64878512
104 0.603010 0.728228 0.64634464 0.67441625
105 0.725087 0.842752 0.67372615 0.69904455
106 0.847163 0.957277 0.69997175 0.72257622
107 0.969241 1.071800 0.72496821 0.74493908
108 1.091319 1.186323 0.74863000 0.76608285
109 1.213397 1.300848 0.77089940 0.78597763
110 1.335473 1.415372 0.79174455 0.80461190
111 1.457551 1.529897 0.81115784 0.82199119
112 1.579629 1.644420 0.82915195 0.83813547
113 1.701707 1.758943 0.84575750 0.85307727
114 1.823783 1.873467 0.86101948 0.86685889
115 1.945860 1.987990 0.87499451 0.87953033
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Table A2
UN Ultimate Life Table, Males

Age mx qx lx dx Lx Tx ex ax

0 0.005021 0.004997 100,000 500 99,529 8,207,454 82.075 0.057
1 0.000147 0.000588 99,500 59 397,859 8,107,925 81.486 1.577
5 0.000065 0.000325 99,442 32 497,123 7,710,066 77.533 2.353

10 0.000059 0.000296 99,409 29 496,976 7,212,943 72.558 2.583
15 0.000104 0.000518 99,380 51 496,787 6,715,967 67.579 2.804
20 0.000194 0.000972 99,329 97 496,419 6,219,180 62.612 2.683
25 0.000265 0.001322 99,232 131 495,843 5,722,761 57.671 2.582
30 0.000328 0.001641 99,101 163 495,115 5,226,918 52.743 2.603
35 0.000463 0.002314 98,938 229 494,157 4,731,803 47.826 2.667
40 0.000747 0.003728 98,709 368 492,702 4,237,646 42.931 2.704
45 0.001278 0.006371 98,341 627 490,276 3,744,944 38.081 2.717
50 0.002228 0.011086 97,715 1,083 486,102 3,254,668 33.308 2.718
55 0.003904 0.019348 96,632 1,870 478,887 2,768,566 28.651 2.716
60 0.006842 0.033682 94,762 3,192 466,499 2,289,679 24.162 2.710
65 0.011966 0.058226 91,570 5,332 445,580 1,823,179 19.910 2.699
70 0.020833 0.099363 86,238 8,569 411,303 1,377,599 15.974 2.679
75 0.035979 0.165845 77,669 12,881 358,014 966,296 12.441 2.645
80 0.061284 0.266961 64,788 17,296 282,225 608,282 9.389 2.588
85 0.102341 0.407386 47,492 19,348 189,051 326,056 6.865 2.498
90 0.167970 0.581670 28,145 16,371 97,463 137,005 4.868 2.358
95 0.270484 0.762454 11,774 8,977 33,188 39,542 3.358 2.139

100 0.440203 1.000000 2,797 2,797 6,353 6,353 2.272 2.272

Table A3
UN Ultimate Life Table, Females

Age mx qx lx dx Lx Tx ex ax

0 0.003956 0.003942 100,000 394 99,630 8,750,205 87.502 0.062
1 0.000083 0.000331 99,606 33 398,344 8,650,575 86.848 1.590
5 0.000038 0.000190 99,573 19 497,815 8,252,231 82.876 2.363

10 0.000036 0.000178 99,554 18 497,728 7,754,416 77.892 2.595
15 0.000060 0.000299 99,536 30 497,615 7,256,688 72.905 2.768
20 0.000105 0.000527 99,507 52 497,411 6,759,073 67.926 2.675
25 0.000146 0.000729 99,454 72 497,097 6,261,662 62.960 2.598
30 0.000187 0.000933 99,382 93 496,687 5,764,565 58.004 2.609
35 0.000262 0.001310 99,289 130 496,140 5,267,879 53.056 2.660
40 0.000414 0.002068 99,159 205 495,322 4,771,738 48.122 2.698
45 0.000699 0.003489 98,954 345 493,980 4,276,416 43.216 2.714
50 0.001212 0.006041 98,609 596 491,684 3,782,436 38.358 2.719
55 0.002120 0.010547 98,013 1,034 487,706 3,290,752 33.575 2.719
60 0.003717 0.018430 96,979 1,787 480,814 2,803,046 28.904 2.716
65 0.006518 0.032109 95,192 3,057 468,961 2,322,232 24.395 2.711
70 0.011404 0.055563 92,135 5,119 448,901 1,853,271 20.115 2.700
75 0.019867 0.094960 87,016 8,263 415,919 1,404,369 16.139 2.681
80 0.034342 0.158883 78,753 12,512 364,346 988,450 12.551 2.649
85 0.058833 0.257754 66,240 17,074 290,207 624,104 9.422 2.599
90 0.100966 0.403611 49,167 19,844 196,543 333,898 6.791 2.516
95 0.173428 0.595387 29,322 17,458 100,665 137,354 4.684 2.368

100 0.323372 1.000000 11,864 11,864 36,689 36,689 3.092 3.092

27PROJECTING MORTALITY PATTERNS



Table A4
UN Model Life Table for Life Expectancy at 92.5 Years, General Pattern, Males

Age mx qx lx dx Lx Tx ex ax

0 0.000362 0.000362 100,000 36 99,965 9,249,994 92.500 0.044
1 0.000021 0.000084 99,964 8 399,836 9,150,028 91.533 1.652
5 0.000021 0.000103 99,955 10 499,751 8,750,193 87.541 2.500

10 0.000021 0.000104 99,945 10 499,700 8,250,441 82.550 2.519
15 0.000023 0.000113 99,935 11 499,647 7,750,741 77.558 2.597
20 0.000033 0.000166 99,923 17 499,579 7,251,094 72.567 2.652
25 0.000047 0.000234 99,907 23 499,479 6,751,516 67.578 2.620
30 0.000059 0.000294 99,884 29 499,347 6,252,037 62.593 2.589
35 0.000072 0.000359 99,854 36 499,186 5,752,690 57.611 2.632
40 0.000111 0.000555 99,818 55 498,964 5,253,504 52.631 2.699
45 0.000187 0.000934 99,763 93 498,601 4,754,541 47.658 2.713
50 0.000310 0.001547 99,670 154 497,997 4,255,940 42.700 2.723
55 0.000547 0.002733 99,515 272 496,965 3,757,942 37.762 2.747
60 0.001018 0.005077 99,244 504 495,100 3,260,978 32.858 2.782
65 0.002141 0.010655 98,740 1,052 491,399 2,765,878 28.012 2.814
70 0.004704 0.023283 97,688 2,274 483,476 2,274,479 23.283 2.818
75 0.010344 0.050564 95,413 4,824 466,398 1,791,003 18.771 2.789
80 0.020880 0.099685 90,589 9,030 432,492 1,324,605 14.622 2.735
85 0.039449 0.180762 81,558 14,743 373,714 892.113 10.938 2.689
90 0.076568 0.323716 66,816 21,629 282,484 518,399 7.759 2.615
95 0.147071 0.535808 45,186 24,211 164,623 235,915 5.221 2.468

100 0.294213 1.000000 20,975 20,975 71,292 71,292 3.399 3.399

Table A5
UN Model Life Table for Life Expectancy at 92.5 Years, General Pattern, Females

Age mx qx lx dx Lx Tx ex ax

0 0.001416 0.001414 100,000 141 99,866 9,249,982 92.500 0.054
1 0.000028 0.000113 99,859 11 399,406 9,150,115 91.631 1.522
5 0.000023 0.000114 99,847 11 499,208 8,750,709 87.641 2.500

10 0.000023 0.000115 99,836 11 499,151 8,251,501 82.651 2.564
15 0.000031 0.000155 99,824 15 499,086 7,752,350 77.660 2.666
20 0.000051 0.000255 99,809 25 498,985 7,253,264 72.672 2.665
25 0.000068 0.000342 99,783 34 498,835 6,754,279 67.689 2.603
30 0.000084 0.000418 99,749 42 498,647 6,255,443 62.712 2.604
35 0.000112 0.000562 99,708 56 498,407 5,756,796 57.737 2.655
40 0.000176 0.000881 99,652 88 498,057 5,258,390 52.768 2.708
45 0.000306 0.001531 99,564 152 497,474 4,760,333 47.812 2.739
50 0.000556 0.002776 99,411 276 496,436 4,262,858 42.881 2.749
55 0.001020 0.005087 99,135 504 494,542 3,766,422 37.993 2.749
60 0.001859 0.009255 98,631 913 491,095 3,271,880 33.173 2.742
65 0.003323 0.016493 97,718 1,612 484,945 2,780,786 28.457 2.738
70 0.006013 0.029660 96,107 2,851 474,086 2,295,840 23.889 2.738
75 0.011082 0.054045 93,256 5,040 454,792 1,821,754 19.535 2.721
80 0.019363 0.092685 88,216 8,176 422,266 1,366,962 15.496 2.699
85 0.034943 0.161603 80,040 12,935 370,164 944,696 11.803 2.678
90 0.064535 0.279800 67,105 18,776 290,942 574,532 8.562 2.626
95 0.121696 0.466819 48,329 22,561 185,388 283,590 5.868 2.506

100 0.262400 1.000000 25,768 25,768 98,202 98,202 3.811 3.811
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Table A6
Coale-Demeny Model Life Table for Life Expectancy at 92.5 Years, North Model, Males

Age mx qx lx dx Lx Tx ex ax

0 0.000527 0.000527 100,000 53 99,950 9,249,975 92.500 0.044
1 0.000023 0.000091 99,947 9 399,770 9,150,026 91.549 1.857
5 0.000020 0.000102 99,938 10 499,666 8,750,256 87.557 2.500

10 0.000020 0.000101 99,928 10 499,615 8,250,590 82.565 2.501
15 0.000020 0.000102 99,918 10 499,564 7,750,975 77.573 2.515
20 0.000022 0.000109 99,908 11 499,512 7,251,411 72.581 2.548
25 0.000026 0.000128 99,897 13 499,453 6,751,899 67.589 2.561
30 0.000029 0.000146 99,884 15 499,385 6,252,446 62.597 2.606
35 0.000043 0.000213 99,869 21 499,299 5,753,061 57.606 2.718
40 0.000083 0.000417 99,848 42 499,150 5,253,762 52.618 2.815
45 0.000194 0.000967 99,807 97 498,819 4,754,612 47.638 2.784
50 0.000326 0.001631 99,710 163 498,197 4,255,794 42.682 2.833
55 0.000959 0.004786 99,547 476 496,715 3,757,596 37.747 2.854
60 0.001806 0.008996 99,071 891 493,365 3,260,882 32.915 2.768
65 0.003532 0.017521 98,180 1,720 487,078 2,767,516 28.188 2.779
70 0.007139 0.035128 96,460 3,388 474,666 2,280,439 23.641 2.748
75 0.012465 0.060591 93,071 5,639 452,409 1,805,772 19.402 2.704
80 0.021559 0.102645 87,432 8,974 416,271 1,353,363 15.479 2.673
85 0.035404 0.163424 78,457 12,822 362,153 937,092 11.944 2.650
90 0.063061 0.274147 65,635 17,994 285,340 574,939 8.760 2.619
95 0.117947 0.455648 47,642 21,708 184,047 289,598 6.079 2.505

100 0.245699 1.000000 25,934 25,934 105,551 105,551 4.070 4.070

Table A7
Coale-Demeny Model Life Table for Life Expectancy at 92.5 Years, North Model, Females

Age mx qx lx dx Lx Tx ex ax

0 0.001868 0.001865 100,000 186 99,824 9,250,012 92.500 0.056
1 0.000034 0.000134 99,814 13 399,224 9,150,188 91.673 1.730
5 0.000023 0.000117 99,800 12 498,971 8,750,964 87.685 2.500

10 0.000023 0.000114 99,788 11 498,914 8,251,993 82.695 2.546
15 0.000029 0.000146 99,777 15 498,851 7,753,078 77.704 2.638
20 0.000044 0.000221 99,762 22 498,760 7,254,228 72.715 2.649
25 0.000060 0.000299 99,740 30 498,631 6,755,467 67.731 2.618
30 0.000078 0.000390 99,711 39 498,461 6,256,836 62.750 2.632
35 0.000112 0.000562 99,672 56 498,228 5,758,375 57.773 2.669
40 0.000176 0.000878 99,616 87 497,879 5,260,148 52.804 2.720
45 0.000324 0.001620 99,528 161 497,278 4,762,269 47.849 2.749
50 0.000583 0.002911 99,367 289 496,187 4,264,991 42.922 2.763
55 0.001151 0.005741 99,078 569 494,116 3,768,804 38.039 2.763
60 0.002081 0.010357 98,509 1,020 490,236 3,274,688 33.243 2.738
65 0.003680 0.018250 97,489 1,779 483,400 2,784,452 28.562 2.728
70 0.006452 0.031791 95,709 3,043 471,607 2,301,052 24.042 2.719
75 0.011244 0.054807 92,667 5,079 451,680 1,829,445 19.742 2.706
80 0.019371 0.092706 87,588 8,120 419,175 1,377,764 15.730 2.689
85 0.033838 0.156825 79,468 12,463 368,304 958,589 12.063 2.670
90 0.061509 0.268381 67,005 17,983 292,365 590,285 8.810 2.628
95 0.115524 0.448789 49,022 22,001 190,443 297,919 6.077 2.515

100 0.251421 1.000000 27,022 27,022 107,476 107,476 3.977 3.977
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