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ORIGINAL ARTICLE

LIFE EXPECTANCY OF PERSONS WITH CHRONIC DISABILITIES
David Strauss and Robert Shavelle

Summary: The life expectancy is an important summary measure of an
individual’s prognosis for survival. The life table is the preferred
method for computing life expectancies, but it is not always feasible.
We show that for several chronic disabilities, the logarithms of the
age-specific mortality ratios (relative to the general population) decline
linearly with age, reaching parity at age 85 or olden This, combined
with a standard modeling of an individual’s current mortality rate,
yields a set of age-specific mortality rates that can be used to produce
a "customized" life table. The life expectancy is then immediately
available. In a series of empirical comparisons the method performed
better than an assumption of constant excess death rate (EDR), and
much better than one of constant mortality ratio (MR). The method
may be useful for a variety of non-progressive disabilities, such as cere-
bral palsy and injuries of the brain or spinal cord.
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1. Introduction
The chronic disabilities considered here
include cerebral palsy, Down’s syndrome, and
spinal cord injury. Information on long-term
prognosis for survival can be valuable for
counseling persons with these disabilities and
their family members, for planning purposes,
and in medico-legal work. Of the numerous
summary measures of long-term prognoses,
one of the most widely used is the remaining
life expectation. Life expectation may be the
measure of choice in medico-legal applications
because settlements are frequently based on
the product of the annual cost of compensa-
tion to the plaintiff and the remaining life
expectancy. By contrast, the median survival
time lacks a direct application of this kind.

The study period for most databases on per-
sons with disability typically ranges from a
few years to a few decades. For example, the
California Mental Retardation Database,
which was used in many of the applications
reported here, tracks some 194,000 subjects
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during the 17-year period 1980 to 1996. Thus
the age at death will not be known for the
majority of subjects, and methods of analysis
must take account of withdrawal of subjects
from observation. Indeed, even if complete
life-span information were available, it would
be of limited use in most applications because
it would reflect historical conditions of med-
ical care that are no longer relevant.

If we are working with a group of individuals
with fixed characteristics, such as males,
female Hispanics, or persons with Down’s
syndrome, the computation of a life expectan-
cy from a large database represents no partic-
ular problem. Generally, the method of choice
is the period life table? For example, life tables
for persons with Down’s syndrome, stratified
by severity of mental retardation, have been
developed from the California Mental Retar-
dation Database2 and other sources.3,4 Often,
however, the current condition of a person
with disability must be taken into account. For
example, we may require the life expectancy
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of a five year-old child who is currently fed by
gastrostomy tube and can roll over but not sit
unaided. The latter characteristics may change
over time. Although life tables for persons
with potentially time-varying characteristics
have been presented in the literature,5 their
interpretation should be restricted to a hypo-
thetical population whose condition does not
change, something that could not be known in
advance for a givenindividual.

In view of the unsuitability of the standard life
table when the subject’s characteristics are
potentially time-varying, statistical survival
modeling6 will generally be required. It will
usually not be possible to work with a simple
survivorship estimator (such as that of Kaplan
& Meier7), even if the study period is very
long, because there will seldom be a sufficient-
ly large number of subjects in the data base
that closely match the patient’s characteristics.
In general, a life expectancy calculation
requires the combination of (a) multivariable
survival analysis on a sufficiently large sam-
ple, to estimate the patient’s mortality rate
during the study period, and (b) a method of
extrapolating the rate over the whole life span.
Methods such as tl~e Cox models for the for-
mer task are highly developed, but there is lit-
tle guidance in the literature on the latter, or on
how the two should be integrated.

The main purpose of the present article is to
develop and test a method for computing the
life expectancy of an individual with a profile of
possibly time-varying covariates. We begin in
Section 2 by reviewing the methods needed for
the present work, and develop a simple model
for extrapolating mortality risk over the life
span. Section 3 presents age-specific mortality
rates for various conditions, and models them.
Section 4 gives an example of how the methods
are used to compute a life expectancy for a per-
son with a specific profile of disabilities. Section
5 presents some empirical comparisons of the
proposed approach with the other methods.

2. Methods and longitudinal models of
mortality.
We are concerned with the estimation of the
remaining life expectancy of an individual
who is currently of age x and whose covariate
values are z. Covariates will generally include
sex, together with potential risk factors such as
medical conditions and lack of mobility. Data
on subjects will be available only during a
study period, or window, typically ranging
from a few years to a few decades. In princi-
ple, z = z(t) will be observed at all times
throughout the subject’s participation in the
study, though in practice it will be feasible to
observe z only on certain occasions, such as at
an annual evaluation.

In some situations standard methods are
available for the estimation of the life
expectancy. In the simplest case, if a large
cohort of individuals with the same character-
istics z at age x can be followed until time of
death (i.e., there is no censoring), a generation
life table1 may be constructed. Such a table will
provide a life expectancy. As noted, however,
even if feasible this may not be useful in prac-
tice because it may correspond to a historic
period with outdated medical care.

If the study period is short (e.g., a single year)
it may still be feasible to work with a conven-
tional period life table1 provided that z repre-
sents fixed risk factors, such as sex and perma-
nent medical conditions (Down syndrome,
cerebral palsy, etc.). Of course, adequate num-
bers of individuals with the specific z at all rel-
evant ages must be available.

If the risk factors in z are time-varying, a life
expectancy may be derived from a multistate
life table, which generalizes the usual period
life table by allowing several live states and
modeling the transitions between them (and
to the dead state).1,9,1° The multistate life table,
which provides a rich variety of age- and
state-specific life expectancies and transition
probabilities, has had many applications, such
as labor mobility,’1 migration,~2 and marital
status23 The method has severe limitations for
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the computation of covariate-specific life
expectancies, however. Firstly, it is only com-
putationally feasible if the number of possible
states is quite small, typically no more than
three to five. This means that the domain of z
must be partitioned into a small number of
"homogeneous" regions. This will often be
artificial and lead to substantial loss of infor-
mation. Secondly, the method relies heavily on
a Markov assumption: the transition probabil-
ities for an individual with covariates z at time
t do not depend on the values of z at earlier
times. This is well known to be unreasonable
in many situations.14-16

A quite different approach to computation of
life expectancy is through parametric model-
ing of the survival time. Survival times may,
for example, be modeled as exponential or
Weibull, with parameters estimated empirical-
ly under assumptions such as that of propor-
tional hazards or accelerated failure times.17

Life expectancies are then obtained as known
functions of the parameters.TM This approach
may be suitable when survival is typically
short, as for patients with metastasized cancer.
Survival distributions such as the Weibull will
not, however, be appropriate for chronic con-
ditions such as cerebral palsy, where the
known human aging and mortality patterns
play a significant role.

Our proposed approach to computation of life
expectancies has three stages. Firstly, one esti-
mates the individual’s mortality risk over the
study period using a standard survival
method, such as the Kaplan-Meier estimator
or the proportional hazards model. Next, the
mortality rates over subsequent ages is
expressed as a function of the known rates in
the general population. Finally, a life table spe-
cific to the individual is constructed from the
modeled rates, and this provides a remaining
life expectancy and other statistics. To illus-
trate, if a child with cerebral palsy currently
has a mortality rate that exceeds that of the
general population by c, and this EDR is
assumed constant over the subsequent life-
span, then a life table for that child is obtained

by increasing all the age-specific rates in a
standard life table by c. A similar procedure is
possible if the MR rather than the EDR were
assumed constant throughout the life span.

As we shall see, in many groups of persons
with disability the mortality ratio declines
rapidly with age. The reason is that with
advanced age mortality is dominated by con-
ditions such as heart disease and cancer,
which are often no more common in the dis-
abled group than in the general population.
The assumption of constant MR over the
entire lifespan is therefore unsuitable,
although it is often used in insurance applica-
tions. An improved version of the method,
however, has been adopted in the literature on
spinal cord injury.19,2° More appealing is the
assumption of constant excess death rate. This
would be appropriate if the disabled popula-
tion were subject to excess risk specific to their
condition in addition to the risks common to
the general population, and if the former risks
did not change with age. Again, however, it
has been found empirically in many popula-
tions that the EDR is not constant, but instead
may vary with age.

In many populations (including the general
population), age specific mortality over the
age-range of 30 < t < 75, say, roughly follows
the Gompertz Law2’:

h(t) = exp(-,/+ 8t). (1)

If we denote the general population by the
subscript 0 and the disabled group of interest
by g, it follows that:

ln(hg(t)} - ln{h0(t)} = o~ + [3t, (2)

for some constants ot and [3, and a suitable
range of ages t. The Gompertz law (1) is thus
sufficient, but not necessary, for equation (2) to
hold. The mortality rates h0(t) are known from
standard sources.= Equation (2) provides a
convenient basis for examining empirical
age-specific mortality rates h~:(t): they can be
fitted by least squares, with~weights depen-
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dent on the age specific numbers of deaths,
and departures from linearity in (2) are easily
assessed by the inclusion of quadratic or other
terms.

3. Empirical mortality rates
In this section we examine age-specific mortal-
ity rates for four types of chronic disability:
cerebral palsy, spinal cord injury, Down’s syn-
drome, and developmental disabilities
(including mental retardation) other than cere-
bral palsy or Down syndrome. Apart from
spinal cord injury, data were taken from the
California Mental Retardation Database,
which tracks the 194,000 persons with devel-
opmental disability who received services
from the state of California at any time since
1980. The data have been extensively
described elsewhere.~,23-24

Although time-varying characteristics such as
motor skills are important predictive factors
for survival, 23-24 our focus in this section is on
populations defined by time-invariant charac-
teristics. Consequently we stratify only on
essentially fixed covariates, such as type of
disability (cerebral palsy, Down’s syndrome,
etc.) and presence of quadriplegia or severe
mental retardation.

3.1. Cerebral Palsy
The California data base includes 42,371 per-
sons with cerebral palsy. Of these, 52% were
reported to be quadriplegic. The remainder
fell into a variety of categories, such as hemi-
plegia (17%), diplegia (11%), and paraplegia
(6%). We chose to stratify on presence/
absence of quadriplegia, as this was the single
most important risk factor. Although male sex
is known to be a risk factor in cerebral palsy2s

its effect is quite small, and for simplicity we
do not consider sex here. There were 300,855
person-years of exposure and 3,938 deaths, for
a crude mortality rate of 13 per thousand per-
son-years. Empirical age-specific rates were
computed as occurrence-exposure ratios in the
standard way; using five-year intervals.26

Figure la shows the rates for quadriplegics

and non-quadriplegics with cerebral palsy,
and the general population, for ages 10 to 80.
The plots show the familiar steady increase in
mortality at later ages. Figures lb and lc show
the age-specific EDR’s and relative risks
(MR/100). The relative risks decline steadily,
appearing to approach unity (MR = 100) at
very advanced ages. For an essentially
non-progressive condition such as cerebral
palsy, this may be biologically plausible,
because ultimately the risks associated with
old age may dominate. The EDR is more sta-
ble, but it does increase substantially with age.
For example, the EDR for quadriplegics was
1.2% at age 30 (standard error = 0.09%) and
2.5% at age 60 (standard error = 0.5%). The dif-
ference between the two proved to be statisti-
cally significant at the 5% level.

Figure ld is a plot of the logarithm of the rela-
tive risk against age, separately for persons
with and without quadriplegia. These would
be linear according to the model (2). The
weighted least squares method was used to fit
each regression line; to maximize precision we
used weights that were the inverse of the vari-
ances, the latter estimated as the reciprocal of
the observed numbers of deaths.27 In both
cases the fit appears to be satisfactory, with no
obvious systematic departures from linearity.
For quadriplegics the regression line intersects
the horizontal axis, corresponding to parity
(MR = 100) between quadriplegics and the
general population, at age 85. The correspond-
ing age is 95 for the non-quadriplegics.

In subsequent work we have used the mid-
point of the two parity ages, namely 90 years,
as the parity age for both groups. The reasons
were (1) the two parity ages proved not to be
significantly different from each other, accord-
ing to a standard Normal test on the differ-
ence, and (2) it is implausible that quadripleg-
ics achieve parity with the general population
at a younger age than non-quadriplegics. As
we shall see, the effect of such a choice on the
life expectancy is quite modest.

3.2 Other types of developmental disability.
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Cerebral palsy. (a) Annual mortality rates in cerebral palsy, stratified by presence or absence of quadripleg-
ia, and in the general population. Rates for the general population are averages of male and female rates. (b)
Excess death rate, compared to general population. (c) Relative risk (MR/IO0), compared to general popula-
tion. The horizontal line at I corresponds to parity of risk (MR = 100). (d) Plots of log(relative risk) against
age. Fitted lines obtained from weighted least-squares regression. The intercepts on the horizontal axis are the
parity ages.

Cerebral palsy and Down’s syndrome are the
two most common of the known etiologies of
developmental disability. The California Men-
tal Retardation Database also contains 130,670
persons with other types of mental retardation
or disability. Identifiable groups include trau-
matic brain injury and chromosomal anom-
alies such as Klinefelter’s and Fragile X syn-
drome. In the majority of cases, however, the
etiology is unknown.

Figures 2a-d correspond to Figures la-d. Fol-

lowing earlier work2,28 we stratified the sub-
jects as "mild or moderate" or "severe, pro-
found, or unspecified" level of mental retarda-
tion. For simplicity, we shall refer to the two
groups as "mild/moderate" and "severe." The
categories are based primarily on IQ scores,
the cut point between the two being an IQ
score of approximately 4 standard deviations
below average.29

The pattern is similar to that of cerebral palsy.
In particular, the logarithms of the MR’s
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Developmental disabilities other than cerebral palsy or Down’s syndrome. (a) Annual mortality rates, strat-
ified by severity of mental retardation, and for the general population. Rates for the general population are
averages of male and female rates. (b) EDR compared to general population. (c) MR compared to general pop-
ulation. The horizontal line at 1 corresponds to parity of risk. (d) Plots of log(relative risk) against age. Fit-
ted lines obtained from weighted least-squares regression. The intercepts on the horizontal axis are the pari-
ty ages.

decline linearly. According to the linear model
(2), parity of mortality rates with those of the
general population occurs at age 110
(mild/moderate) or 95 (severe).

3.3 Spinal cord injury.
The spinal cord data presented in Figures 3a:d
were computed from information given by
Whiteneck et al., who computed age-specific
mortality rates based on 832 persons whose
injury occurred 20 years or more previously.B°
Their study was thus consistent with our focus

on chronic, relatively stable conditions. Dis-
abilities ranged from partial paraplegia to
complete quadriplegia, with the majority
being complete paraplegia. The general popu-
lation in the study was that of England and
Wales, 1970, with the same sex ratio as their
832 subjects. The pattern of excess mortality is
very much like that observed for the other dis-
abilities, with a roughly linear trend in the log-
arithm of the MR. By extrapolation, parity of
risk with the general population occurs at age
86.
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Spinal cord injury. Data based on Figure I of Whiteneck et al.3° (a) Annual mortality rates in the spinal cord
group, and in the general population. (b) EDR compared to general population. (c) Relative risk compared to
general population. The horizontal line at 1 corresponds to parity of risk. (d) Plot of log(relative risk) against
age. Fitted line obtained from ordinary least-squares regression. The intercept on the horizontal axis, 86 years,
is the parity age.

3.4 Down’s Syndrome
The California database contains 13,265 per-
sons with Down’s syndrome, as indicated by
the International Classification of Diseases
code 758°0°31 We again stratified subjects by
whether their mental retardation level was
mild/moderate or severe. The mortality rates
(Figure 4a) show the well-known steep
increase in mortality with age in Down’s syn-
drome.2 In contrast with the situation for cere-
bral palsy, the relative risk (Figure 4b) shows
no tendency to decline with age. The EDR
(Figure 4c) increases markedly. These patterns

probably reflect the onset of Alzheimer-type
dementia in adults with Down’s syndrome;32

in this sense Down’s syndrome is a progres-
sive disease, and there is no trend towards
parity with the general population as age
increases.

4. Computation of a "customized" life
expectancy: an example.
As an example, we consider an 11-year old
boy with cerebral palsy and quadriplegia. The
time-varying covariates are functional skills,
and we assume the child can lift his head but
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1 corresponds to parity of risk.

not roll over, and is fed by others (but not by
gastrostomy feeding). These factors are
known to be important predictors of survival
or mortality.23’24 For the first fifteen years we
used the empirical mortality rates.

We carried out a proportional hazards sur-
vival analysis, using the above items plus sex,
type of cerebral palsy (quadriplegia, paraple-
gia, etc.), and severity of mental retardation.
There were 9,230 children with cerebral palsy
at age 11, of whom 55% were quadriplegic.
The factor with the largest effect was the
inability to lift head, which increased the mor-
tality rate by a factor of 5.4 in comparison to
the referent group (children able to sit unaid-
ed). All the above factors contributed signifi-
cantly to the model, with the exception of sex.
Tests for interactions of factors and for
non-proportionality of mortality rates over
time did not suggest that such additional
terms were necessary.

The mortality rate for males with the given
profile was computed from the proportional
hazards model in the standard way.6 The result
was a mean annual rate of 0.0262 over the first
five-year period, corresponding to a roughly
2.6% chance of dying in a given year. From the
standard 1989-1991 Life Table22 the male mor-
tality rate was 0.00017, for a relative risk of
15.4. We then constructed a new life table
specifically for the given profile of covariates.
The rates for this were computed from the log-
linear model of equation (2), so that the rate in
the 10-15 age range was the observed value of
0.0262 and the rate at the parity age of 90 was
the same as that of the general population.
Table 1 shows the resulting age-specific rates
and life expectancies. For comparison, the cor-
responding figures for the general population
are also shown. According to the life table, the
residual life expectancies at ages 10 and 15 are
30.1 years and 29.0 years, respectively. By
interpolation, the required life expectancy at
age 11 is 29.9 years.

Under the assumptions of the model, a confi-
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Table 1

Age-specific annual mortality rates and life expectancies for 11-year-old male with cerebral palsy,
quadriplegia, able to lift head but not to roll over (Columns 2 and 3),

compared to the general population (Columns 4 and 5).

US general population, males
(2) (3) (4) (5)

age Annual Life Annual Life
Mortality Exp. Mortality Exp.

Rate (years) Rate (years)

10 0.0262 30.1 0.0002 62.8
15 0.0267 29.0 0.0009 57.9
20 0.0279 27.7 0.0016 53.2
25 0.0268 26.5 0.0017 48.7
30 0.0255 24.8 0.0021 44.1
35 0.0260 22.9 0.0026 39.6
40 0.0258 20.8 0.0032 35.1
45 0.0280 18.3 0.0042 30.7
50 0.0339 15.9 0.0063 26.4
55 0.0435 13.7 0.0100 22.3
60 0.0566 11.7 0.0160 18.5
65 0.0694 10.1 0.0243 15.1
70 0.0851 8.5 0.0367 12.1
75 0.1061 7.2 0.0565 9.4
80 0.1316 6.0 0.0865 7.1
85 0.1630 5.0 0.1321 5.3
90 0.2041 3.9 0.2041 3.9

dence interval for the life expectancy may be
constructed. For simplicity we worked with
the 15-year annual mortality rate, which was
0.0269. A 95% confidence interval for the rate
may be obtained from the estimated variance
of the survival function. This is, for example,
provided in version 6.11 of the SAS software
package, which was used here. The upper and
lower limits may then be used to construct
two new life tables, and the corresponding life
expectancies obtained as before. Here the 95%
limits for the rate were 0.01893 and 0.03356,
leading to the confidence interval 25.4 to 34.4
years.

5. Comparison of the method with
some others.
Here we examine the performance of the pro-

posed method in some situations where the
true result is known, at least approximately. As
we have seen, the true result cannot be
obtained from a conventional life table if we
are working with time-varying characteristics,
such as mobility: such a table would only
apply to a hypothetical group with those char-
acteristics throughout the life span. We there-
fore worked with cases where the characteris-
tics are constant throughout the life span, or
constant after the injury if an acquired one.
This is so for cerebral palsy, chronic spinal
cord or traumatic brain injur~ and for condi-
tions such as paraplegia or quadriplegia.
When the characteristics are fixed ones such as
these and the group is sufficiently large, the
ordinary life table is the method of choice. We
use these life tables results as "truth" for our
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Table 2

Illustrative example of life expectancy calculations: 10- year olds

Model Life Table Method

Observed mortality rates
Declining log relative risk *
Constant EDR *
Constant MR *

Declining log relative risk,
10 years added to parity age*

with cerebral palsy but not quadriplegia.

Life Expectancy (at age 10)
Observed Modeled Difference

(1) (2) (2) - (1)

51.8 51.8 (0.0)
~ 51.8 50.1 -1.7
51.8 49.1 -2.8
51.8 34.2 -17.6

51.8 48.6 -3.2

*Based on data for the initial age group (10-15 years).

purposes here.°

Eight groups were considered. These were the
combinations of three binary characteristics:

1. Current age of subject: 10 or 30;
2.Cerebral palsy versus neither cerebral palsy

nor Down’s syndrome;
3.Quadriplegic versus not quadriplegic (in

the case of cerebral palsy), or mild/moder-
ate versus severe/profound mental retarda-
tion in the group without cerebral palsy.

Before presenting the full results, we illustrate
the procedure, using as an example the case of
10-year olds with cerebral palsy but not quad-
riplegia (Table 2). Using data on such persons
of all ages, we constructed a life table and
found the life expectancy at 10 years to be 51.8
(Column (1)). This is taken to be "truth." We
then constructed three additional life tables,
using the assumptions of constant EDR, con-
stant MR, and linearly declining log relative
risk (Column (2)). To check on the sensitivity
of the last of these to changes in the assumed
parity ages, we also constructed a fourth life
table based on the declining log relative risk
assumption but with 10 years added to the
assumed parity age.

Each life table gave an estimated life expectan-
cy at age 10, which could then be compared to
the truth. The difference between the two (last
column of the Table) may be regarded as the
"error." In this illustration, the smallest error
(1.7 years) was obtained with the declining log
relative risk, while the constant MR assump-
tion resulted in much the largest error (17.6
years).

Table 3 summarizes data on the errors for all
eight cases described above. Each row corre-
sponds to one of the cases. At the foot of the
table we give the square root of the mean
squared error (a common summary measure
of accuracy), together with the maximum
error over the eight cases and the mean
absolute error (i.e., with signs ignored).

Table 3 indicates that the declining log relative
risk method, column (2), performed best in
this study. On average it underestimated the
life expectancies by 1.3 years, compared to an
underestimation of 12.1 years with the con-
stant MR model (column (5)) and an overesti-
mation of 12.1 years with the constant EDR
model (column (4)). When 10 years were
added to the parity ages in the declining log
relative risk method, the results (column (3))
were slightly worse than those of column (2),
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Table 3

Comparison of life expectancy methods for eight groups. All figures are years.
Difference from Life Table Computation°

(1) (2) (3)      (4) (5)
Age CP Group Life TableD Present Present    ConstantConstant

Methodc Method, EDR° MRf
increased

parity aged

10 Yes Quad 40.0 -2.0 -5.1 -4.3 -20.4
30 Yes Quad 33.0 -0.4 -2.3 11.8 -9.2
10 Yes Not Quad 51.8 -1.7 -3.2 2.8 -17.6
30 Yes Not Quad 37.4 0.2 -0.7 4.4 -5.8
10 No Mild/Mod 58.8 -1.8 -2.3 3.4 -11.8
30 No Mild/Mod 41.6 -1.3 -1.7 2.8 -4.9
10 No Severe 49.9 -3.1 -4.9 0.2 -20.3
30 No Severe 36.9 -0.6 -1.6 3.8 -7.0

Root mean squared error
Maximum errorg

Mean error (= ’%ias")h

Notes

1.7 3.1 5.2 -13.5
-3.1 -5.1 11.8 -20.4
-1.3 -2.7 3.1 -12.1

Entries in columns (2) - (5) were obtained by subtracting life table values (column 1) from the com-
puted life expectancies.
Computations from a conventional life table. These values are taken as "truth," as this is the
method of choice for groups defined by fixed characteristics, as here.
The "present method" estimates the mortality rate over the first five years, and then uses rates
computed from the declining log relative risk method, equation (2). The parity ages used were
empirically determined as in Section 3.
The computational method for column (3) was the same as for column (2) except that, as a sensi-
tivity check, 10 years were added to all the parity ages.
Based on the EDR as determined over the first five years.
Based on the MR as determined over the first five years.
Maximum error when signs were ignored.
The quotation marks around "bias" acknowledge that the statistic is specific to the set of eight

but still better than the other methods. The
addition of 10 years to the parity age typically
increased life expectancies by about 1 year,
which is relatively little.

6. Conclusions
Life expectancies are a widely used summary
measure of an individual’s prognosis for sur-
vival. They are, for example, generally the
appropriate measure in medico-legal applica-

tions. These applications arise frequently for
persons with chronic disability, such as cere-
bral palsy or traumatic injury of the brain or
the spinal cord. The conventional life table is
the method of choice for computing an indi-
vidual’s life expectancy based on fixed charac-
teristics. Frequently, however, potentially
time-varying covariates such as current level
of functioning must be taken into account.
Methods for computing life expectancies in
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such cases have not been widely explored.

Our proposed approach combines multivari-
ate modeling to assess the individual’s current
mortality rate with a method for extrapolating
the rate over the whole life span. The former
can be based on a suitable data registry, even if
the study period is only a few years. In this
way the full profile of an individual’s current
functioning and medical condition can be
taken into account. We have seen that extrapo-
lation can be accomplished by modeling the
mortality rate over the life span as a multiple
of the rate in the general population. The log-
arithm of the MR appears to decline linearly
after age 30, reaching parity (i.e., MR = 100) at
age 85 or olden This may be biologically plau-
sible for non-progressive conditions such as
cerebral palsy or spinal cord injury, and when
the Gompertz law for age-specific mortality
rates applies the linear decline is actually a
mathematical consequence. The method is not
suitable for progressive conditions; Down’s
syndrome, for example, is associated with
early onset of Alzheimer’s disease and the MR
does not tend to 100% as age increases.

The method worked well in a number of cases
where the "true" life expectancy was known,
and appeared to be relatively robust against
perturbations of the assumed parity age. It
was superior to the assumption of EDR, which
generally overestimates life expectancies. In
this connection we note the work of Singer,33

who uses known mortality rates to the latest
age for which follow-up data are available and
makes the assumption of constant EDR there-
after.

By contrast, the assumption of constant MR
leads to gross underestimates. This finding
may be especially noteworthy because a con-
stant MR is assumed by many practitioners
when computing life expectancies in struc-
tured settlements.

The findings shown in Figure 3 suggest that
the method would be suitable for persons

with spinal cord injury, once the condition has
stabilized. Regarding traumatic brain injury, it
appears that the data necessary for computa-
tion of age-specific mortality rates have unfor-
tunately never been published, so it is not
feasible to test the method directly,b

We close on a cautionary note regarding the
range of applicability of the proposed method.
As the data on Down’s syndrome demon-
strate, the method is does not apply to all
congenital conditions. Regarding acquired
conditions, the spinal cord data refer to a peri-
od at least twenty years after the injury, and
the mortality rate during the earlier period
requires further investigation. The method is
unlikely to apply to common acquired condi-
tions such as stroke, cancer, and myocardial
infarction, in which the risk is very much ele-
vated in the early phases. Finally, rather little
is known about the reduction in life expectan-
cy resulting from risk factors such as
hypertension and obesity. Age- and duration-
specific mortality data for these conditions is
available, however, and further work on the
patterns of EDR and MR would be valuable.

Acknowledgements: Authors wish to thank Dr.
Terence Anderson for helpful suggestions, and
the California Departments of Health Services
and Developmental Services for provision of
data. They are especially grateful toDr.
Richard Singer for his thorough and insightful
comments on an earlier draft of the manu-
script.

Reference
1. Schoen R. Modeling multigroup populations. New York:

Plenum~ 1988.
2. Strauss DJ~ Eyman RK. "Mortality of people with mental retar-

dation in California with and Without Down Syndrome,
1986-91 ," Am .~ on Mental Retardation, 1996; 100, 643-653.
Baird PA, Sadovnik AD. "Life Expectancy in Down Syndrome".
The Journal ot~ Pediatrics, 1987~1 I 0~849-54.
Dupont A, Vaeth M~ Videbech P. ’~Mortality and life expectancy
of Down~s syndrome in Denmark," .~ot~rnal of Mental Deficien-
cy Research, 1986;30,11 ~-120.

5. Eyman RK, Grossman HJ, Chancy RH~ Call TL. ~’The life
expectancy of profoundly handicapped people with mental ¯
retardations" N Eng J Med, 1990;323, 584-589.

6. Collett D. Modeling Survival Data in Medical Research. Chap-
man & Hall, London 1994.

107



VOLUME 30 NUMBER 2 1998 JOURNAL OF INSURANCE MEDICINE

7. Kaplan EL, Meier E "Nonparametric estimation from incom-
plete observations," Journal of the Am Statistical Association,
1958;53,457-481.

8. Cox DR. "Regression model and life tables," Journal of the
Royal Statistical Society, 1972;B,34,187-220.

9. Keyfitz N. Applied Mathematical Demography, 2nd edition,
Springer-Verlag, New York, 1985;ch.12.

10. Rogers A. "Introduction to multistate mathematical demogra-
phy," Environment & Planning, series A, 1980;12:489-498.

11. Willekens FJ. "Multistate analysis: Table of working life," Envi-
ronment & Planning, series A,1980;12,563-588.

12. Ledent J, Rees E "Life Tables," In: A Rogers and FJ Willekens
(Eds.), Migration and settlement: A multiregional comparative
study, Reidel, Dordrecht, Holland, 1986.

13. Keyfitz N, "A Markov chain for calculating the durability of
marriage," Mathematical Population Studies, 1988;1,101-121.

14. Shavelle RM, "The semi-longitudinal multistate life table,"
unpublished Ph.D. dissertation, Department of Statistics, Uni-
versity of California, Riverside, 1996.

15. Beck JR, Pauker SG, "The Markov process in medical progno-
sis," Medical Decision Making, 1983;3,419-458.

16. Hannah MT, "Multistate demography and event history analy-
sis?’ In: A Diekmann and P Mitter (Eds.) Stochastic modeling of
social processes, Academic Press, New York, 1984.

17. Cox DR, Oakes D. Analysis of survival data. Chapman & Hall,
London, 1984;80-90.

18. Lee ET, Statistical methods for survival data analysis, Wiley,
New York, 1992;200-222.

19. Smart CN, Sanders SR. "The costs of vehicle-related spinal cord
injuries." Washington DC: Insurance Institute for Highway Safe-
ty, 1976.

20. DeVivo MJ, Stover SL. Long-term survival and causes of death.
In: SL Stover, JA DeLisa, GG Whiteneck (Eds.), Spinal Cord
Injury, Gaithersburg MD: Aspen, 1995;289-316.

21. Gompertz B, "On the nature of the function expressive of the
law of human mortality and on the new mode of determining the
value of life contingencies," Philosophical Transactions,
1825;513.

22. National Center For Health Statistics. Vital statistics of the Unit-
ed States, 1989-1991, volume II, section 6, life tables. Public
Health Service, Washington, DC, (1996).

23. Strauss D J, Eyman RK, Grossman HJ. "The prediction of mor-
tality in children with severe mental retardation: The effect of
placement," Am J of Public Health, 1996;86, 1422-1429.

24. Strauss DJ, Kastner TA. "Comparative mortality of people with

mental retardation in institutions and the community," Am J on
Mental Retardation, 1996; 101,26-40.

25. Strauss DJ, Shavelle RM. "Life expectancy of adults with cere-
bral palsy," Developmental Medicine & Child Neurology,
1998:40,369-375.

26. Batten RW. Mortality table construction, Prentice-Hall, Engle-
wood Cliffs, New Jersey, 1978.

27. Breslow NE, Day NE. Statistical methods in cancer research:
Volume II The design and analysis of cohort studies, IARC,
Lyon, France, 1995;67.

28. Eyman RK, Grossman HJ, Chaney RH, Call TL. "Survival of
profoundly disabled people with severe mental retardation,"
American Journal of Diseases of Children, 1993;147,329-336.

29. Grossman HJ. Classification in Mental Retardation. American
Association on Mental Deficiency, Washington DC, 1983;32.

30. Whiteneck GG, Charlifue SW, Frankel HL, Fraser BM, Gardner
BP, Gerhart KA, Krishnan KR, Menter RR, Nusibeh I, Short DJ,
Silver JR. "Mortality, morbidity, and psychosocial outcomes of
persons spinal cord injured more than 20 years ago," Paraplegia,
1992;30,617-630.

31. International Classification of Diseases, Ninth Revision, 4th edi-
tion. McGraw-Hill, New York, 1995.

32. Strauss DJ, Zigman WB. "Behavioral capabilities and mortality
risk in adults with and without Down syndrome," Am J On Men-
tal Retardation, 1996; I01,269-281.

33. Singer RB. "A method of relating life expectancy in the US
population life table to excess mortality." J Ins Med,
1992;24,32-41.

End notes:
a. The period life tables we constructed used the whole study peri-

od for information on occurrence and exposure, rather than the
single year period that is more common in demographic appli-
cations. By doing so we have greatly increased the sample sizes.
If there were a pronounced secular trend in age-specific mortal-
ity over the study period this would pose some problems.
Numerous studies with the California data base have indicated,
however, that if such trends are present at all they are of small
magnitude.

b. Recent unpublished work by the authors, however, suggests that
after about l0 years subsequent to the injury, age-specific mor-
tality rates for persons with traumatic brain injury are similar to
those of persons with cerebral palsy who are at a comparable
functional level. Under this assumption, the present method
might be applied also to the brain injured-population.
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