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Abstract

For over forty years, demographers have worked intensely to develop methods that assess the gain
in life expectancy from a reduction in mortality, either hypothetical or observed. This considerable
body of research was motivated by assessing the gains in life expectancy when mortality declined
in a particular manner and determining the contribution of a cause of death in observed changes in
life expectancy over time. As yet, there has been no framework unifying this important
demographic work. In this paper, we provide a unifying framework for assessing the change in life
expectancy given a change in age and cause-specific mortality. We consider both
conceptualizations of mortality change—counterfactual assessment of a hypothetical change and a
retrospective assessment of an observed change. We apply our methodology to violent deaths, the
leading cause of death among young adults, and show that realistic targeted reductions could have
important impacts on life expectancy.
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1 Introduction

For over forty years, demographers have worked intensely to develop methods that assess
the gain in life expectancy from a reduction in mortality, either hypothetical or observed.
This considerable body of research was motivated by assessing the gains in life expectancy
when mortality declined in a particular manner and determining the contribution of a cause
of death in observed changes in life expectancy over time. The first attempt came in the
form of single decrement life tables, which estimated the gain in life expectancy at birth
under the assumption that one cause of death was completely eliminated (United States
Department of Health, Education, and Welfare, 1968). Recognizing the tenuousness of this
assumption, Keyfitz (1977) derived the proportional change in life expectancy at birth when
either all-cause or cause-specific mortality was reduced by a constant percentage across age.
Later developments focused on decomposition approaches. For example, Pollard (1982);
Andreev (1982); Arriaga (1982); United Nations (1982); Arriaga (1984); Pressat (1985);
Pollard (1988); Andreev et al. (2002) examined absolute gains in life expectancy resulting
from absolute reductions in cause and age specific mortality between two discrete times.
Subsequently, Vaupel (1986) and Vaupel and Canudas-Romo (2003) further developed
decomposition approaches from a continuous-time perspective focusing on continuous
progress against mortality. Recently, Beltran-Sanchez et al. (2008) connected cause-
elimination techniques with decompaosition methods.|

All of these approaches addressed substantively important research questions. Yet their
development was motivated by the very specific type of mortality decline envisioned.
Consequently, their development was largely accomplished independently of one another;
little opportunity arose to deduce connections. For example, the framework of mortality
decline, either hypothetical or retrospective, leads to two seemingly different approaches.
Only recently has their equivalence been demonstrated (Beltran-Sanchez et al., 2008).

In this paper, we provide a systematic review of the literature within the unified functional
calculus framework. We use functional calculus to demonstrate that previous approaches for
assessing changes in life expectancy may be derived from a common formulation. With this
framework, we are now able to concisely study how a change in age and cause-specific
mortality contributes to changes in life expectancy. We apply our method to violent deaths,
the leading cause of death among young adults. Other methods have been developed to
decompose other demographic quantities of interest: the mean, median, mode, and standard
deviation of the age of death distribution; healthy life expectancy; and total fertility rate
(Das Gupta, 1991, 1999; Andreev et al., 2002; Horiuchi et al., 2008). In contrast, we focus
on life expectancy and provide greater mathematical rigor reconciling previous
developments related to decomposing changes in life expectancy over time.

2 Theoretical Derivations

2.1 Functionals

We use functional differential calculus to link changes in age and cause-specific mortality
with changes in life expectancy. Functional differential calculus was first applied to
demography by Arthur (1981, 1984) and by Preston (1982). A functionf: &/— Bisa
mapping that consists of two sets .«Zand & with a rule that assigns to each element a € «/a
specific element of &, which is denoted as f (a). Similarly, a functional F is a mapping from
a vector space, <7, to the field underlying the vector space (usually the real numbers R),
which is denoted as < [f]. Whereas a function is an element-by-element mapping, a
functional maps an entire function to an element. For example, the probability of surviving

= u(s, t)d5]
from birth to age a at time t, p(a, t), is equal to exp ( { , Where p(s, t) corresponds
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to the hazard rate at age s time t. Using a functional approach, p(a, t) is equal to exp (F[u]),
where F[u] is defined as:

a

Flul=- f,u(s, 1) ds.
0 (1)

F[u] assigns to every function p a real number corresponding to the negative of the definite
integral of that function p from 0 to a. Notice that u could be any function of hazard rates,
for example, a Gompertz function. Using the functional F, life expectancy at birth at time t,

_ Jexp [Flullda
e(0, t), can be written as o .

2.2 Functional Differentials

The functional differential of F[f], denoted by SF[f; h], approximates the change in F when f
changes by a function h (Luenberger, 1968). This functional differential is defined as:

SF [f£;h] =lim

a—0

F(f+ah) - F(f)
—

In general, when a model explicitly expresses a variable of interest, say r, in terms of
functions fj and parameters xj fori=1,...,nand j =1, ..., msuch that r = F(fy, fp, ..., fn, X¢,
X2, ..., Xm), We can write the differential change in r as

5r= Zér[é f,-]+25r[ ox;].

icl jeJ (2)

where | and J represent the set of functions and parameters indices, respectively, which may
change (Arthur, 1984). In other words, the differential change in the variable r corresponds
to the sum of differential changes in functions and parameters. When the variable of interest
r is implicitly expressed in the model, we have an implicit functional model of the form: 0 =
F(r, f1, fo, ..., fn, X1, X2, ..., Xm). Thus, we have the following functional differential:

0=6F [ 61+ » 6F[5f+ ) 0F[0x;].

icl jel (3)

For example, suppose our variable of interest is the probability of survival from birth to age
aattime t, p(a, t). In this case we have an explicit model linking p(a, t) with p(a, t). Our
functional F takes a single argument, a function p(a, t), as shown in equation 1. Further,
suppose we want to find the change on this survivorship when there is a change in p(a, t).
Using equation 2 and the chain rule, the functional change in p(a, t) is defined as1:

a

—fé,u (s,t)ds

0

d(exp[F]) .

0 pla,1)=6 exp [Fu]l= 3F OF [6u]=exp[ F]

=—p(a,1) f&y(s, t)ds.
0 (4)

IThe following formula is developed assuming mortality changes continuously over time. When mortality changes over two discrete-
time points, it gives rise to interaction terms that our formula ignores. (see A.1.2)
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The quantity du(a, t) expresses a change in the force of mortality that may occur along both
the age and time dimensions. Thus, from equation 2, we can define du(a, t) as

lim’i(‘”“h(fﬂ for changes over the age dimension,
opla, )= ‘l’f(

)
Jt+a h)—p(a,b) . . .
1m“("+)”(“’ for changes over the time dimension.

a—0

2.3 First Derivations
Let G be a functional defined as:

Glu, t]:fexp [Flullda —e(0,1) = 0.
0

where F[u] is defined in equation 1. Using equation 3, the functional differential of G is
given by (see A.1):

0=0G[ 6u]+6G[ 6t]. )

Evaluating each term of the above equation leads to:

(o]

0e(0,1) B ou(s, 1)
FT f 5t pls, 1) e(s, 1) ds.

0 (6)

The relative change in life expectancy at birth, defined as é(0, t), is obtained by diving
equation 6 by e(0, t)

o0
- % p(s, 1) e(s,t)ds
0

40, 0= .
e(0,1) @)

2.4 Multiple Causes of Death

Let g, ..., uy be a set of mutually exclusive and exhaustive causes of death. Replacing p
with its sum py + -+ + p in equation 6, the continuous change in life expectancy at birth due
to changes in cause-specific mortality equals:

N
0 ) Oui(s, 1)
9e(0,1) 7

o - f 5 p(s, 1) e(s, 1) ds.
0 (8)

Similarly, replacing p with its sum in equation 7, the relative change in life expectancy at
birth due to changes in cause-specific mortality equals:
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N

Zb‘y,-(s.t)
00

—f':lT— p(s,t)e(s, t)ds
0

500, )= .
0.0 0.7 ©

2.5 Particular Cases

The expression du(s, t)/6t and in equations 6 and 7 and dy;(s, t)/6t in equations 8 and 9
represent the changes in all cause and cause-specific force of mortality, respectively, for
every unit of time. It is precisely these quantities and their evaluation under different
contexts that provide a unifying framework linking changes in life expectancy with changes
in forces of mortality. For example, we may be interested in estimating how much of the
observed change in life expectancy between two time periods is attributed to changes in a
particular cause of death (Arriaga, 1982; Pollard, 1982). Similarly, we may also be
interested in evaluating the change in life expectancy under two different mortality scenarios
(Keyfitz, 1977). In these cases, the functional differential of u(s, t) and p;(s, t) would be
evaluated in the context of a discrete change over time or its equivalent-a discrete change
between two different scenarios. Additionally, we may be interested in both of the above
questions from a continuous time perspective (Vaupel, 1986; Vaupel and Canudas-Romo,
2003; Beltrdn-Sanchez et al., 2008). Then, the functional differential of u(s, t) and p;(s, t)
would be evaluated in the context of a continuous time framework. Equations 6, 7, 8, and 9
precisely represent these approaches in a concise and unifying framework. We fully explore
these ideas and their relationship with previous work in the next section.

2.5.1 Discrete Case—There are two general approaches when thinking of discrete
changes in mortality. The first case relates to proportional changes in mortality rates, while
the second approach is concerned with absolute changes. The first scenario was originally
proposed by Keyfitz (1977) and the second approach was derived by several researchers
(Pollard, 1982; Andreev, 1982; Arriaga, 1982; United Nations, 1982; Arriaga, 1984; Pressat,
1985; Pollard, 1988; Andreev et al., 2002), but two of the most commonly used formulas are
those of Arriaga (1982) and Pollard (1982).

First, we consider a proportional change in mortality. Suppose there is a new scenario in
which the force of mortality is proportionally reduced at all ages, i.e. u*(a,t) = (1 + k) u (a,
t) where k is a small negative number (see Keyfitz, 1977). The functional differential of n(a,
t) is equal to its change between the two scenarios,

Sula, )=k u(a, ).

Then, substituting the above functional differential into equation 7 leads to a well known
result of proportional change in life expectancy by Keyfitz (1977, p.413) (see A.1.1):
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o0
f,u(.s.t) p(s.t) e(s,r) ds

c0n 41 _ 10

e(0,0) =1 k

<(0,1)
[ee]

fp('s,!) In[p(s,0] ds

_ .10
=l-k (0,1

=1-kH.

The equivalence of the first and second lines in the above equation were shown by Vaupel
(1986) and Goldman and Lord (1986).

Now suppose there is a new scenario in which the cause-specific force of mortality is

proportionally reduced at all ages, i.e. y(a, )=(1+k)u:(a, t) for cause i, where k is a small
negative number (see Keyfitz, 1977). In this case, the functional differential of p;(a, t) is
equal to k pj(a, t). Following the same approach as in all-cause mortality, one can show that
equation 9 reduces to another well known result of proportional change in life expectancy by
Keyfitz (1977, p.414):

o N
fz;;,-(s.!)p(s,l)c(s.r) ds
00 1 . 0i=1
e(0,1) =l-k €(0,1)
[oe]
v | [reomipoas
=1-k ) [-2

e(0,1)

i=1

N
=1- ZkH,.
i=1

Second, we consider an absolute change in mortality. Suppose there is an absolute
improvement ¢ in the force of mortality p(a, t) for some a € [x, x + Ax], i.e. p*(a, t) = u(a, t)
+ ¢, where ¢ is a small negative number (see Pollard, 1982). Substituting this result into
equation 6 reduces to the well known result for attributing absolute changes in mortality and
the corresponding absolute changes in life expectancy by Pollard (1982) (see A.1.2):

€ (0,1) — e(0, t):f[p(s, t) — (s, 0)] p(s, 1) e(s, t) ds.
0

¢
Now suppose there is an absolute improvement N for each cause-specific force of mortality

¢ . . . .
such that o1i=~. Following the same approach as in all-cause mortality, equation 9 reduces
to the cause-specific mortality result of Pollard (1982) (see A.1.2):
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(o)

e*(0,1) — e(0, t):fZ[,u,—(s, 1) — i (s, 0] p(s, 1) e(s, t) ds.

o =1

Pollard (1988) showed the equivalence between his previously developed approach (Pollard,
1982) and that of Arriaga (1982). Similarly, Andreev et al. (2002) showed Pollard (1982) is
a special case of the stepwise replacement algorithm.

In addition, we can use our framework to derive a simple formula for the cause-eliminated
life table model. This model considers the change in life expectancy when cause-specific
mortality rates are set to zero and mortality for all other causes is held constant. Let i
represent the cause eliminated. Set k = —1 for cause i; the functional differential of p;(a, t) is
equal to —1 pj(a, t). Set k = 1 for all other causes j # i; the functional differential of p;(a, t) is
equal to 1 pj(a, t). Substituting these functional differentials into equation 8 leads to the
cause-eliminated life table model.

2.5.2 Continuous Case—First, suppose there is continuous progress against all-cause
mortality with respect to time such that the rate of progress in p(a, t) is given by

ou(a, t) / ot

pla, = u(a, (see Vaupel, 1986). Then, the ratio of the functional differential of p to
6;1 a,t) —0p(a, 1) .
that of time, is equivalent to o Thus, equation 7 reduces to the well known

result of Vaupef(198

(o]
ﬁ#( 51

_9e(0,0/dr
n(t)= 0. 0.0 —fp(s, 1) (s, t) ds,

p(s,t)e(s,t)ds o

where n(s, t) = u(s, t) p(s, t) e(s, t)/e(0, t).

Similarly, when there is continuous progress against cause-specific mortality with respect to

26/1[(“ 1) Z_aﬂz(a 1)
time, ot is equivalent to P dtr . Thus, equation 9 reduces to:

9e(0.1) & jaui(s, n o
= p(s, b) e(s, 1) ds,
ot ; | ot

which is the Vaupel and Canudas-Romo (2003) result for decomposing changes in life
expectancy by causes of death.

Second, suppose we are interested in the change with respect to time in the gain in life
expectancy at birth when one cause of death is eliminated. This question was recently
addressed by Beltran-Sanchez et al. (2008). The years of life gained at birth at time t if cause
of death i is eliminated is computed as D;(0, t) = e_;(0, t)—e(0, t), where e_;(0, t) represents
life expectancy at birth at time t when cause of death i is eliminated. Then, the change in
D;(0, t) with respect to time is given by
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0D_(0,1) _de—i(0,1)  de(0,1)
o ot o (10)

Both terms on the right hand side of the above equation are particular cases of equation 6.
Thus, evaluating the functional differential of these terms leads to the main result of Beltran-
Sanchez et al. (2008) for linking decomposition approaches and cause-deleted life tables
(see A.1.3):

o0 (o8}

aD,‘(O,t)_ ap—i(s’r) o _ 6pi(sst)
o —f E” [1-pi(s,n]ds f o1

0 0

p-i(s, 1) ds.

2.6 Varying Proportional Declines By Age and Cause of Death

Revisiting our main substantive research question, suppose we are interested in the change
in life expectancy if there had been declines in particular age-specific motor vehicle,
homicide, and suicide mortality rates over time. Our quantity of interest is life expectancy at
birth. Under this scenario, we suppose there are targeted proportional reductions in the force
of mortality for specific ages and causes. Let .71, ..., &/, be the set of targeted age groups
forj=1, ..., m. Let cause one be motor vehicle accident mortality, cause two be homicide,
cause three be suicide, and cause four be all other causes of death, so that

v 4 .
u(a, t)=Zi:1uf(a, ?) for any given age a at time t. Let k; o7; < 0 be the proportional reduction
in mortality for cause i and age group </}, j=1, ..., m. As discussed in Section 2.5.1, the
functional differential of p;(a, t) is equal to:

: _ [ ki pila.n) for j=1,....m,
oui(a, f)‘{ 0 otherwise. an

In other words, the change in cause-specific mortality after the targeted reduction is
proportional to the original cause-specific mortality for ages within the targeted age range
and is zero otherwise. Substituting equation 11 into equation 8, the change in life expectancy
at birth between the two scenarios is equal to:

4 4
e*(0,1) —e(0,1) =- f Zkf.,;/,ui(s, 1) p(s,0)e(s, ) ds+---+ f Zki,,o/,,,uf(s, 1t p(s,t) e(s, 1) ds
A i=1 i=1

Ly '
4

=D Do) | i, 1) pls, 1) eCs, 1 ds|

=1 | i=1
J=1]i P7 (12)

The integral in the above equation represents the potential years of life lost (YLL) at time t
due to cause i in age group /. A similar quantity, aggregated over cause, was previously
noted by Vaupel (1986) and further developed by Vaupel and Canudas-Romo (2003); Zhang
and Vaupel (2008, 2009). The scalar —k; .7 represents the recovery of potential years of life
lost for cause i age group .«/j. For example, if —k;j o/j = 0.80, we recover 80% of the
potential years of life lost at time t due to cause i in age group #/j. Finally, the product
represents the realized years of life gained at time t due to cause i in age group ;.
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€*(0,)—e(0, )=

Main Effect

Interaction

Although the theoretical derivation of the change in life expectancy at birth is given within
the continuous-time framework, data are typically recorded in a discrete form. In this case,
equation 12 contains an additional interaction term (see A.1.4):

m 4
Main effect: Z Z - k,;,e/j fpi(s, 1) p(s,t)e(s, 1) ds}
j=1 Li=1 A
1

m 4 R
Interaction: )" > u JuiCs.1) pls.1) e(s, 1) (=In [ (s, D)7 ds

j=1i=1z=1 o (13)

Using life table notation, the above terms can be estimated as:

4
d,. in:La. i€y te,.
—k: i jstartt M stare Tt " Yistart ~ iend
i, Io n 2

i=1
4
=1

X

X

00
z+1 - -
—k: e : €y . +e, . — {a; < 4 (— H{a; -
( /\,__;,1/) "J'd"i\-mrt" ",iLu.f,\’lu/‘l‘_' Ustart U ong In[ pi(e gy D+ ]n[p,(a_,{'ml D

z! Io n 2 2

z=1 (14)

E
j=li
where a; start and @j eng represent the starting and ending ages of the age group Zj; lg
represents the life table radix, and e,; . and e, . represent life expectancy at age a;

. : : JstaB ar . : 7~ start
and age aj, .4, respectively, in the life table for all-cause mortality. Terms with subindex i
and —i refer to life table quantities where cause of death i and —i, respectively, is the only
cause operating in the population. Thus, .da; i represents the number of life table deaths
. ] 6st%r.t|'. L .
in age group ./ and pj(a) represents the probability of surviving from birth to age a when
there is only cause i. The term ”jLajstart' —i represents the person-years lived in age group </
when all causes of death except'cause I are operating in the population.

3 Applications

3.1 Data

We calculated 1970 and 2005 death counts for the total United States (U.S.) population from
the Mortality Detail Files (U.S. Department of Health and Human Services, 2010, 2008),
which contain information on all deaths registered on individual U.S. death certificates
transmitted to the National Center for Health Statistics. Deaths were disaggregated by age
and sex, as well as the following causes: motor vehicle accidents, homicides, suicides, and
all other causes. Hereafter, we refer to motor vehicle accident mortality, homicides, and
suicides as violent deaths. Comparable codes for these causes of death were derived from
the Centers for Disease Control and Prevention (CDC, 2001). We use exposure-to-risk
calculated by the Human Mortality Database University of California, Berkeley (USA) and
Max Planck Institute for Demographic Research (Germany) (2006). Finally, we combine
death counts and exposure-to-risk to calculate mortality rates by age, sex, and cause for
1970 and 2005. The terminal age category begins at age 100.

Considerable progress had been made against violent deaths for most of the ages between
1970 and 2005, as shown in Table 1. For example, improvements in vehicle safety and the
introduction of car seats, especially rear-facing car seats, in part led to a more than 60%
decline in motor vehicle accident mortality for children under age 10 in this period. Notable
exceptions are male and female infanticide and male late adolescent homicide and suicide.
For example, infanticides increased by 78% and 59% for males and females between 1970
and 2005, respectively.
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3.2Casel

3.3 Case 2

Suppose we are interested in the change in life expectancy at birth if the same proportional
reductions as historically observed in Table 1 are again applied to 2005 mortality rates. For
example, there was a 75.4% decline in male age 5-9 motor vehicle accident mortality
between 1970 and 2005; in this new scenario, the 2005 male motor vehicle accident
mortality rate for this age group is reduced by another 75.4%. If the mortality rate increased
between 1970 and 2005, it remains at the 2005 level in the new scenario. The matrix of
kj,.zj values for this scenario is identical to columns 6, 9, and 12 of Table 1 (*A Mort. Rate™)
except that positive values are replaced with 0. We present the mortality rates of this new
scenario in Figure 1, along with historically observed 1970 and 2005 rates. We also
calculate period life expectancy in 2005, as well as under this new mortality scenario in
Table 2.

We estimate the gain in life expectancy at birth under this scenario using equation 14 and

present results in Table 3. The estimated potential years of life lost (yZ.Z) by age and cause
are shown in columns (2), (5), and (8). The age and cause-specific reductions, which form
the —k; .o7; matrix, are shown in columns (1), (4), and (7). The pairwise product that
represents the estimated years of life gained under this scenario is shown in columns (3), (6),
and (9). Finally, column (10) represents the contribution of each age group to the total gain
in life expectancy.

Columns (2), (5), and (8) show that, among men in 2005, violent deaths were responsible for
1.28 years of life lost: 0.57 years from motor vehicle accidents, 0.30 years from homicides,
and 0.41 years from suicides. Applying the mortality reductions shown in columns (1), (4),
and (7) leads to a gain in life expectancy at birth for men of about 0.28 years from motor
vehicle accidents, 0.06 years from homicides, and about 0.03 years from suicides, for a total
of about 0.37 years of life gained (column 10). Even when we apply these large declines in
age and cause-specific mortality rates, we are only able to recover about half, one-fifth and
one-tenth of the potential years of life lost from motor vehicle accidents, homicides and
suicides, respectively.

Of course, if the outcome of interest is simply the total gain in life expectancy at birth when
violent death mortality is reduced by a targeted amount, then the calculation of a life table
under this new scenario would suffice. Yet from a policy perspective, it is equally important
to know for which ages and for which specific causes a change in mortality rates would
produce the greatest gain in life expectancy at birth, as shown in Table 3.

A closer look at Table 3 shows that the greatest loss of potential life years occurs between
ages 15 and 34 for most of the violent deaths. Thus, we can imagine a new scenario in which
we focus on reducing mortality rates at these particular ages. We show this case as a dashed
line in Figure 1. Such declines might reflect the result of an aggressive and targeted public
health and safety campaign. For example, we assume a decline of 95% in motor vehicle
accidents, 60% in homicide, and 35% in suicide among 20-24 year old men (Table 4). We
then estimate the highest gain in life expectancy at birth that would occur for the 20-24 year
old age group.

Case 2 yields a similar gain in life expectancy through these targeted age and cause-specific
reductions as in Case 1. Moreover, in Case 2, reductions are targeted at ages in which the
assumption of independence among causes of death is far more plausible. For males,
targeted motor vehicle accident, homicide, and suicide reductions contribute about 0.29,
0.11, and 0.05 years of life expectancy, respectively (Table 4). Similarly for females, the
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corresponding gains are 0.11, 0.02, and 0.01 years of life expectancy. This leads to a total
gain in life expectancy at birth of 0.44 years for males and 0.14 years for females.

In both cases, we utilize our common formulation to link changes in life expectancy with
changes in the forces of mortality. For each case, we simply evaluate its particular change in
cause-specific forces of mortality for every unit of time, dp;(s, t)/6t. One could certainly
envision other cases of hypothesized mortality reduction, as well. Once dp;(s, t)/8t is
evaluated in this new context, the same methodology developed in Section 2 applies.

4 Concluding Remarks

In this paper, we develop two important results. First, we provide a unifying framework for
assessing the change in life expectancy given a change in age and cause-specific mortality.
Two conceptualizations of mortality change are possible: a counterfactual assessment of a
hypothetical change or a retrospective assessment of an observed change. Our framework,
developed in Sections 2.3 and 2.4, shows how these conceptualizations can be easily
implemented to assess changes in life expectancy with respect to time, both for all-cause and
multiple cause of death. In doing so, we thus connect previous demographic research into a
sound and parsimonious formulation.

Second, when we apply our methodology to a particular case of targeted age and cause-
specific mortality reductions, we obtain an especially useful byproduct: the maximum
potential years of life lost, specific to each age and cause, given current mortality. This
quantity provides an estimate of the theoretical maximum years of life that could be
potentially recovered if all deaths in this age and cause could be averted. In a particular case,
only a proportion of deaths would be averted; then only this proportion of years of life
would be recovered. For example, the estimated maximum years of life lost due to male 20—
24 year old motor vehicle accidents is 0.11 years in 2005. If we could decline mortality in
this cause and age group by 65%, we would recover 0.07 years of life expectancy at birth.

An important limitation in this area of demographic research is the assumption of
independence among causes of death. Whereas the assumption may hold for violent deaths
among young adults, it is far more tenuous for other causes of death among older adults. For
age groups 15 to 34, which we study in Section 3.3, violent deaths are the leading cause of
death. The risk of death from other causes, notably leading causes among the elderly
(cardiovascular disease, cancer, and stroke) is considerably smaller. For example, if a young
adult’s motor vehicle accident death could have been averted, the decedent’s risk of death
from other causes would likely changed very little. On the other hand, if an older adult’s
diabetes death could have been averted, this decedent’s risk of death from other causes will
likely change because of diabetes-related comorbidities.

Tsiatis (1975) showed in the absence of specified joint distribution of potential survival
times, the model of potential survival times is not identifiable. Tsiatis (1975) further
identified the problem and challenges of directly verifying a particular specification. The
multiple-decrement life table model follows a competing risks framework (see Preston et al.,
2001, Ch. 4) and the identification problem is a core concern. Thusfar, three approaches
have been developed to solve the identification problem in competing risks models, but all
of them require additional assumptions regarding the duration until death from different
causes of death and a functional form for the mortality process (Honoré and Lleras-Muney,
2006). For example, Yashin et al. (1986) developed a multivariate stochastic process in
which the different cause specific hazards were jointly dependent to formulate a solution for
the dependent competing risk model of longitudinal data. Yashin et al. (2009) assumed a
multivariate log-normal frailty model in their approach of a dependent competing risks
model capturing negative correlations between causes of death. Llorca and Delgado-
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Rodriguez (2001) developed a Markov chain model to study the association between
cardiovascular disease, coronary heart disease and cancer in Spain. Honoré and Lleras-
Muney (2006) developed a solution for the competing risk model in a semi-parametric
accelerated failure time model with grouped durations. All these approaches, however,
require additional information that is unavailable from cross-sectional data at the population
level. However, the unifying framework we present addresses the contribution of a cause of
death to a change in life expectancy, and as noted by Yashin et al. (1986): “adjustment for
cause dependency is more important ... when estimating the resulting population life
expectancy after elimination than when producing an estimate of the effect of a given
disease (p.135).”

Our methodological and substantive results have immediate implications for health
demography. Health demographers often require an assessment of possible gains in life
expectancy that could result from a public health campaign aimed at reducing mortality for
specific ages and causes of death. We provide a theoretical framework and simple tools2
that inform these important health policy decisions.

A Appendix

A.1 First Derivations
After applying the chain rule, the first term of equation 5 is equivalent to:
6Glou] = f S expl Flull da= | 228 sE 54 da
0

0
o0 a

=— fexp[F]féu(s, t)ds da

& a 0
== fl’(a, Hou(s,t) ds da
g, 0 -

= —f&,u(s, t)fp(a, f)da ds

0

[ee)

=— f&/.l(s, 1) p(s,t) e(s, 1) ds.
0 (A-1)

The second term of equation 5 is equivalent to:

5G[51)= — Beg;, Dst. -

Substituting equations A-1 and A-2 into equation 5 we obtain:

o0

0=— f& u(s, 1) p(s,t) e(s,t)ds —

0

ot.

0e(0, 1)
0

2The R functions of the proposed method are available on the authors’ website: http://people.ig.harvard.edu/ssoneji/.
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Thus,
de(0,1) _ T Oopu(s, 1)
o f or p(s, 1) e(s, t) ds.
0 (A-3)

The relative change in life expectancy at birth, defined as é(0, t), is obtained by diving
equation 6 by e(0, t):

o0
— Mp(s, t)e(s,t)ds

ot
0

é00,n)= .
e(0,1) (A-4)

A.1.1 Discrete Case: Proportional Changes in Mortality

In the discrete case, the time unit change is equal to 1, 8t = 1. Then, substituting the
functional differential of p(a, t), k p(a, t), into equation A-4, the relative change in life
expectancy at birth reduces to:

. Jku(s,t) p(s,t) e(s, 1) ds
e*((), t)—e(O,t)_ 0

e(0,1) e(0,7) ' (A-5)

é(0,1)=

Thus, from equation A-5 we derive the well known result of proportional change in life
expectancy by Keyfitz (1977, p.413):

[y

f;l(s.t) p(s.t) e(s,t) ds
(0, _ 0
e(0,1) =1-k

e(0.,1)

o0
fp(s,t) In p(s.t) ds

_ 2 0
=l-k|- e(0,1)

=1-kH. (A-6)

A.1.2 Discrete Case: Absolute Change in Mortality

Let u(a, t) and u*(a, t) denote the force of mortality before and after some change in
mortality. Under this two-time period scenario, the change in p, du(a, t), is equal to u*(a, t)
— u(a, t). Similarly, let p(a, t) and p*(a, t) be the probability of surviving from birth to age a
before and after the change in the force of mortality, respectively. Recall that

pla, H)=exp [—fy(s, t)ds] p’(a,t)=exp I——fp*(s. t)a's}
0 and 0 . The change in p(a, t), 6p(a, t) is
equal to dp(a, t) = p*(a, t)—p(a, t).

Rearranging terms leads to the following:
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pian

opla,t) =p*(a,t)— pla,t)=p(a,t) e pla,t)
=p(a,t) exp |- f [u*(s,t) — u(s, D] ds| — pla, 1)
p
=p(a,t) exp —f&y(s, 1 ds|— p(a,t)
Oll
=p(a,t) [exp —f(S,u(s, 1 ds|— l]
0

f&/l(s, 1) ds]]

=p*(a,1) (1 — exp

0 (A-T)
The then change in life expectancy at birth, 5e(0, t) is equal to:
0e(0,1) =f6p(a, 1) da:fp(a, 1) [exp —f&u(s, 1) ds] - 1] da
o 0 0
= —f [exp —fé,u(s, ds|— 1] dle(a,t)pla, )]
L(’)O 0 a
=— fe(a, Hpla, t)yd |exp —f&,u(s, Hds|—1
{ o
=— fe(a, Hpla, H)ou(a,t) exp —fé,u(s, t)ds| da
0 0
For changes in cause-specific mortality, the change in life expectancy at birth is:
o0 N a
0e(0, )= — fe(a, Hp(a, Z)Z opia, t) exp —fﬁu,—(s, t)ds|| da.
0 =1 0 (A-8)

Dividing by €(0, t) yields the relative change in life expectancy at birth, é(0, t).

When the force of mortality changes continuously over time, equation A-7 converges to
equation 4, which is the basis for developing equations 6, 7, 8, and 9. We want to show:

— pla,1) | ou(s,t)ds.
0

pla, t+h) — p(a,t) _

o) = iy P

=1ty i 2= [Tu(s, t+h) — u(s, D] ds _
Recall that k! forxER. Let o . Using equation A-7, the

.. =1
limitash approacfies zero corresponds to:
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.

pla.t) [exp ‘—f[p(s.t-i—h)—p(s.f)] ds
0

. (a,t+h)—p(a,t) .
lim 2 =lim
7—0 h =0 7
exp —f[;l(s.t+h)—p(sj)] ds|-1
: 0
=p(a, t)lim
P, )h—>0 h

k

a
f[p(x t+h)—p(s.)] IL)

-1

S [
l+[ f[y(s t+h)—pu(s,t)] dc]w‘-Z

k=
h

o

=p(a, t)}im
k

f[plrt+h] —u(s.0)] (lcy

o0

f[/.t(v t+h)—u(s,1)] d?+z

=p(a, t)}'im
k

a

0 f[,u(s,Hh)—;t(s.t)] ds]
. (s,t+h)—p(s,t) . [ 0

=p(a,t) |lim — | &SEEZESD go Jim
pla,1) |lim f Z "—’0;_7 3

0

[f[y(sﬁ-h)—p(s ] ds)*
=—pla, z)f&,u(s 1 ds — p(a, t)hmz vy

(A-9)

The series converges to e and the second term of equation A-9,

a k
o [ JluGs, t+h) = u(s, 0] ds]

. 0
a, t) lim Z
pla, 1) limi—o P hk! , approaches zero as h becomes smaller, so
o0 (o) 0
. Sk . -2 2
pla, t) 1171n(1) Z i =pa, t)’llln}) %Z = =p(a, t)hm
k=2 k=2 k=2

a 2
fl;l(S.Hh)—y(s‘r)J ds] exp

.2, . \o
=p(a, H)lim%e*=p(a, t)lim
P )h—>0h p( )h—>() h

2

a

[ tuts.r+iy-us.) ds
0

a

=p(a.) lim f Ly SOLE | exp f [u(s, t+h) — (s, )] ds
0

Recall p is a continuous function. The first term of the limit in the above equation
approaches zero as h approaches zero, while the exponential function approaches to one.
Thus, the second term of equation A-9 approaches zero. From equation A-9, we conclude
that when looking at continuous changes in mortality with respect to time,

opla, )= — p(a, t)fé,u(s, 1) ds
0 .

A.1.3 Continuous Case: Change in the gain in life expectancy
Both terms on the right hand side of equation 10 are particular cases of equation 6. Thus,
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‘96-;(’0’ n__ f 5“‘;_(;’ ) poi(s,1) e_i(s,1) ds=— f Op=ils, 1) poi(s, ) e_i(s, 1) ds

0 0 (A-10)

. . . o Opi(s, 1) ou_i(s,ty
because the ratio of functional differentials, s s equal to o Similarly,
© o
Lﬁ:"’ = fdﬂ(s BB (s, B)e(s, t)ds= — faﬂ((; WD (s, Be(s, ds
0 0
© )
— Opi(s,t) Op_i(s,t)
== f ar P(s, De(s, )ds — f 222 p(s, De(s, 1)ds.
0 0 (A-11)

Substituting equations A-10 and A-11 into equation 10 leads to the main result of Beltran-
Sanchez et al. (2008) for linking decomposition approaches and cause-deleted life tables:

o0 o0 o
% = fdﬂ '(")p_,(s De_i(s, t)ds+f‘)”’(”)p(s He(s, t)ds+f0” 'M)p(s De(s, 1)ds
0 0

o0 o0

o0

fd (')isr fap'(“) -i(.s, l)ds“fap 'm)p,(s f)ds
0 0

©0 o0

0

LG = pils. s - f e pi(s. 1)ds.
0

A.1.4 Varying Proportional Declines by Age and Cause of Death

SRTANES
Recall that © _H; k!. Applying equation A-8 to equation 12 leads to

e*(0,1) — e(0,1) ZZ i (/f i(s, 1) p(s, 1) e(s, 1) exp [ i, o fﬂ,(x tdx| d.

j=1li= 0

s z
—ki o fﬂ:“’af)dx]

I

ds

ZZ i </fllz(9 1) p(s, 1) e(s, 1) 1_,_2

o

Thus, we can split the change in life expectancy, e*(0, t)—e(0, t), into the sum of two parts: a
main effect and interaction.
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Main effect —ZZ i, ;/f i(s,1) p(s, 1) e(s, t)ds.

j=1i=1

_ZZ Il/f i(s, 1) 17:(5 1) pP- i(s, 1) e(s, )ds.

j=li=

Interaction —ZZZ( A'd f/li(S, 1) p(s, 1) e(s, 1) (—In[ pi(s, 1)])*ds

j=li=1z=1

-ZZZ( b f (5,0 piCs. 1) p-i(s. ) e(s. ) (<Inl pi(s., D])7ds
j=li=1z=1 o

Using life table notation, the above terms can be estimated as

+e,.
s n; LI n‘ —i u] tart “j X
Main effect = — ki oy 2 start " jstan start_“Jend
j lo n 3
m

(= /\, o ) nj inila, ia; Fea (<In[pila;, F+(=In[pia; )P
hr ! Y start JIstart Jend i\Ljstars /1) AP
Interaction =~ ZZZ - 1\1" 2 “ 2 “
j=li=1z
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Age Profiles of U.S. Male and Female Motor Vehicle Accident, Homicide, and Suicide
Mortality Rates: 1970, 2005, Case 1, and Case 2.
Note: The age profile is shown as a grey line for 1970, black line for 2005, dashed line for
Case 1, and dotted line for Case 2. Source: Mortality Detail Files, 1968—-2005 and Human

Mortality Database.
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