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Abstract. Lifetime and age-conditional risk estimates of developing cancer provide a useful summary to the
public of the current cancer risk and how this risk compares with earlier periods and among select subgroups of
society. These reported estimates, commonly quoted in the popular press, have the potential to promote early
detection efforts, to increase cancer awareness, and to serve as an aid in study planning. However, they can also
be easily misunderstood and frightening to the general public.

The Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute and
the American Cancer Society have recently begun including in annual reports lifetime and age-conditional risk
estimates of developing cancer. These risk estimates are based on incidence rates that reflect new cases of the
cancer in a population free of the cancer. To compute these estimates involves a cancer prevalence adjustment
that is computed cross-sectionally from current incidence and mortality data derived within a multiple decrement
life table. This paper presents a detailed description of the methodology for deriving lifetime and age-conditional
risk estimates of developing cancer. In addition, an extension is made which, using a triple decrement life table,
adjusts for a surgical procedure that removes individuals from the risk of developing a given cancer. Two important
results which provide insights into the basic methodology are included in the discussion. First, the lifetime risk
estimate does not depend on the cancer prevalence adjustment, although this is not the case for age-conditional
risk estimates. Second, the lifetime risk estimate is always smaller when it is corrected for a surgical procedure
that takes people out of the risk pool to develop the cancer. The methodology is applied to corpus and uterus NOS
cancers, with a correction made for hysterectomy prevalence. The interpretation and limitations of risk estimates
are also discussed.
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1. Introduction

Cancer risk estimates, commonly quoted in the popular press, have the potential to promote
greater cancer awareness, early detection efforts, and may be useful in study planning
(e.g., Schwab, 1991; One in nine, 1992). However, they can also be easily misunderstood
and create an unrealistically frightening perception of risk (Blakeslee, 1992). Thus, it is
important that the statistical community understand the dertvation of these risk estimates
so that these statistics can be properly computed and interpreted for the general public.
Risk estimates of developing cancer are derived utilizing a three state stochastic process
where the transient state represents persons alive and cancer free, and two absorbing states
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represent developing cancer and death from other causes in the absence of cancer. The
lifetime risk of developing cancer represents the ultimate probability of being absorbed in
the cancer state. The age-conditional risk of developing cancer from age x to x +k represents
the probability of being absorbed in the cancer state during this interval, conditional on not
being absorbed prior to age x. This stochastic process is represented using a multiple
decrement life table.

The derivation of the life table used to estimate lifetime and age-conditional risk estimates
of disease has a long history (Goldberg et al., 1956; Zdeb, 1977; Seidman et al., 1978; and
Kramer et al., 1980). However, criticism of the standard lifetime risk methodology has
arisen when based on incidence rates that are derived using more than just the first instance
of a given cancer and which reflect rates among the total rather than the population free of the
cancer (Bender et al., 1992). Standard reports of incidence rates (e.g., Ries et al., 1997) do
not adjust for either of these two factors. The methodology presenied by Feuer et al. (1993)
for deriving lifetime and age-conditional risk estimates addresses these concerns, and is
currently used to derive risk estimates annually reported by the Surveillance, Epidemiology,
and End Results (SEER) Program of the National Cancer Institute (Ries et al., 1997) and the
American Cancer Society (Parker et al., 1996). This methodology has been accompanied
by software for estimating the probability of developing cancer (Feuer and Wun, 1994).

The purpose of this paper is to give a more mathematical description of the Feuer et al.
(1993) methodology, along with an extension which considers the case where a surgical
procedure removes a person from the cancer risk population (i.e., a third absorbing state is
added to the process). Two new results which provide insights into the basic methodology
are included in the discussion. First, the lifetime risk estimate does not depend on the cancer
prevalence adjustment, although this is not the case for age-conditional risk estimates.
Second, the lifetime risk estimate is always smaller when it is corrected for a surgical
procedure that takes people out of the risk pool to develop the cancer. Interpretation and
limitations of lifetime and age-conditional risk estimates are also considered.

2. Methods

Cross-sectional incidence, mortality, and population vital statistics data are required to
derive lifetime and age-conditional risk estimates of developing cancer. The incident cases
consist of only the first occurrence of a given cancer; the mortality cases consist of deaths
attributed to cancer and non-cancer causes; and the population consists of the mid-year
population, which is assumed to represent the person-years at risk in a cohort of individuals
aging through successive five-year age intervals. Incidence and mortality rates obtained
from this data are converted to probabilities using an exponential model, and applied to a
hypothetical cohort of 10 mullion live births. Estimates are then derived for each five-year
age group in the hypothetical cohort of the number alive and cancer free at the beginning
of the interval; the number of newly developed cancers in the interval; and the number
of non-cancer deaths in the interval among the cancer free population. Lifetime and age-
conditional probabilities of developing cancer are also computed. Herein the term “cancer”
refers to a specified cancer of interest and the term “develop cancer” refers to diagnosed
cancers only, and does not include cancers that have not yet been detected.
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Exponential survival with a constant hazard is assumed in each age interval (i.e., piecewise
exponential survival), where the probability of an event in an interval of length i is

1 —exp(—id), (1)

where A is the rate of the event. Although many life table calculations are constructed
utilizing the assumption that the probability of an event occurs in the interval which follows
an uniform distribution, we utilize the exponential assumption because calculations for the
last open-ended age interval become tractable, with results differing only slightly from the
uniform in the earlier intervals.

2.1. Notation

Notation used in the computations of lifetime and age-conditional risk estimates of devel-
oping cancer are presented in Table 1. Capital letters are used to represent observed vital
statistics data. Lower case letters are used to represent derived quantities computed by
applying the vital statistics data to the hypothetical cohort.

Tuble 1. Letter definitions.

Letter Definition

Vital Statistics Data

L = mid-year population is assumed to represent the average population at risk of a
cohort of individuals aging through the interval (e.g., if deaths are assumed to
occur uniformly over a one year time period, the mid-year population for a §
year age interval can be interpreted as the person-years at risk of a single cohort
observed for S years);

number of first occurrences of cancer of a certain type; and

number of deaths.

C
D

Derived Quantities

! = population at the beginning of the interval in the hypothetical cohort;
p =  person years at risk during the interval in the hypothetical cohort;
d = number of non-cancer deaths in the interval among those cancer free when they

die;

number of newly developed cancers in the interval;
incidence rate;

probability of developing cancer;

death rate; and

probability of dying in the interval.

(Lo}

© 3% YR
I

Subscripts and superscripts are defined following the notation of Seidman et al. (1978).
The left subscript denotes the number of years in the interval, if relevant. The right subscript

denotes the age at the start of the interval. Superscripts denote cancer status, as defined in
Table 2.
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Table 2. Superscript definitions.

Superscript Definition

The left superscript denotes the following:

0- persons cancer free at the beginning of the interval, and
Blank - total persons at the start of the interval, if relevant.

The right superscript denotes the following:

0- died due to causes other than cancer, and
Blank -  total who died, if relevant.

2.2. Computation

The computational steps presented in this section are applied to nineteen five-year age
intervals 0-4, 5-9, ..., 90-94 and, using a modification of these steps, the final open
interval 95+. The number of cancer free survivors at age x is based on a hypothetical cohort
of lp = 10 million live births. In the first interval, because everyone is cancer free at birth,
%1y = ly. The number alive and cancer free at the beginning of successive age intervals is
denoted by %I, 5; the number of newly developed cancers through the interval is denoted by
say; and the number of non-cancer deaths in the interval among the cancer free population
is denoted by sd,. Based on the standard resuits from the theory of competing risks (Gail,
1975):

O vs = Clo)Eexp(=5Cm° + 3., 2)

sar = CLo(l — exp(=5Cm? + o Cre/Cm® + 9.y, (3)
and

sdy = (CL)(1 — exp(=5Cm° + ) Cm®/Gm® 4 %)), )

where Im? is the non-cancer related death rate among persons cancer free at the beginning
of the five-year age interval, and g’rx is the incidence rate among persons cancer free at the
beginning of the five-year age interval. These equations apply to the first nineteen five-year
age intervals. For the last open ended age interval, the estimates are computed:

agsy = %lgsi {1 — expl—0o(rosy + Omds ) (%ross /Cross + Omds )]
= %5y Cross /Cross +°mds,)) )
and
doss = los CmYs, /Crosy +°m3s, ). ©)

The lifetime probability of developing cancer from birth through age x + 5, where x (i.e.,
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x=0,5,...,90,95+) indexes the age at the beginning of the interval, is

x/5
> sasi / %lo. 7
i=0

The probability of developing cancer by age x + 5, given that the person is currently cancer
free at age J, is

x/5
Z 505i/01j (8)

i=j/5

where j = 0,5, ..., 90, 95+.

2.3. Derivation of Key Quantities in the Computation of °l, s, sa;, and sd,

We begin by assuming that the following data is available in a specified population based
catchment area: the number of first occurrences of cancer of a certain type, sC,; the mid-
year population, sL,; the total number of deaths, s D,; and the number of deaths due to
non-cancer causes, s D?. The cancer incidence rate among the cancer free population, (5)rx,
cannot be calculated directly because the number cancer free, 9L, is not usually available.
Instead, we first derive the probability of developing cancer among the total population,
s&x, from the incidence rate, sry, through equation (1).

r. o= SCx
57x SLx
sgx = 1 —exp(—=5 X srx) )]

Because the first occurrences of cancer come only from the cancer free population,

0 L
58x =58« | g~ | » (10)
X

where [, /%1, can be thought of as a prevalence correction factor. Replacing sg, with 3g,
and sr, with gr, in equation (9), and solving for the cancer free incidence rate gives

e = (—1/5) log(1 - 2g,).

Assuming the birth and death rates are constant over calendar time, the death rate can be
computed directly from the data as

SDx
= . 11
L. (1D

5y

The death rate is converted into the probability of death through (1); that is,

5qx = 1 —exp(—35 x sm,).
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The number of persons at the beginning of successive five-year age intervals is computed
as

lx+5 = lx(l - qu)-

The death rate due to non-cancer causes sm? is also computed directly from the data

0

0 5Dx
sm, = .
SLx

Thus the prevalence correction factor is recursively defined, being known in the first
interval (i.e., [o/%ly = 1) with 58, computed from sr, and ‘S’gx, which is required to derive
‘S’rx, obtained using the correction factor. The values sm, and 5mg are derived directly from
the data. In the second and later intervals, the prevalence correction factor (i.e., [, /°L,) is a
function of values in the preceding interval.

Because death rates are generally not available for the site-specific cancer free population,
we assume that the rate of non-cancer death is the same in the total population as in the
cancer free population (i.e., (5)"1(5) = smg). This may be a reasonable assumption because the
total population is comprised mostly of the cancer free population. (Relative survival rates,
as annually reported by the National Cancer Institute, make the even stronger assumption
that mortality rates for the total population can be applied to the cancer population. For
some cancers this is a reasonable approximation, whereas for others (e.g., lung cancer), the
assumption is questionable (Brown et al., 1993).) Hence, 290 = 549 because

(5)q2 =1 —exp(—5 x gmg) and 5qg =1 —exp(—5 x 5m2).

To compute ags, and dgs in equations (5) and (6) require some modifications. While
%%, and OmJ, are computed in the same manner as in the younger age intervals, %rgs.,
cannot be, but is computed as follows:

Orgss = (w/1 — @))°m® (12)

where

w = [loss/(Moss x losy)]res.

The derivation of equation (12) is shown in Appendix A, Part 1.

3. Extended Method: Correction for a Surgical Procedure

An additional adjustment to the total population is required for certain cancers to correct for
prevalent cases of a surgical procedure that removes individuals from risk of developing the
cancer. For example, the development of uterine cancers is influenced by the fact that many
women are not at risk for this cancer because of a prior hysterectomy. We focus on hys-
terectomy, although other surgical procedures could be considered (e.g., cholocystectomy,
due to cholelithiasts gallstones).
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3.1. Extended Notation

Notation used in the computations of lifetime and age-conditional risk estimates of de-
veloping cancer are extended to incorporate a hysterectomy correction. Additional letters

and modified superscript definitions specific to analyses for uterine cancer are presented in
Table 3.

Table 3. Hysterectomy and superscript definitions.

Letter and Definition
Superscript Symbols

Vital Statistics Data

H = number of hysterectomies; and
ch number of new cancer cases treated by a hysterectomy.

Derived Quantities

h = hysterectomy rate;

h* = hysterectomy rate among diagnosed cancer cases;

f = probability of having hysterectomy;

s = number of hysterectomies performed among those cancer free at the time of surgery; and
a’? = number of newly developed cancers in the interval, corrected for hysterectomy.
Superscripts

The left superscript denotes the following:

0- persons cancer free at the beginning of the interval, and
Blank - total persons at the start of the interval, if relevant.

The right superscript denotes the following:

0- died or had a hysterectomy due to causes other than cancer, and
Blank - total who died or had a hysterectomy, if relevant.

3.2. Extended Computation

A triple decrement life table is used to subtract out the number who develop cancer, have
a hysterectomy (for non-cancer causes), or die of other causes than cancer. This process
yields the cancer and hysterectomy free population at the start of each age interval. In
the case of a hysterectomy correction, equations (2) through (4) are modified to include
the hysterectomy rate among women cancer and hysterectomy free at the beginning of the
five-year age interval, who had a hysterectomy for non-cancer causes, 2h2. Again, using
the standard results from the theory of competing risks (Gail, 1975):

s = Clo(exp(=5Cm? + I, + 310)),

sax = CLo( - exp(=5Cm® + % + 2000 Cre/Cm 4 9r, + 210y,
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and
sdx = CL)(1 = exp(=5(5my + §re + ShIN) G/ GmS + §re + ShD).

In addition, the number of hysterectomies performed among those cancer free at the time
of diagnosis is computed as

sse = CL(1 ~ exp(=5Cm? + I, + 212 Ch%/Cm® + %r, +210)).

These equations apply to the first nineteen five-year age intervals. For the last open ended
age interval

agsy = %losi{1 —exp[—ocCros; + Oms, + hs MM ross/Cross + °mds, + °hSs )]
= g5 Crosy /Crosy +°mds, +°hds,)), (13)
dosy = os OmYs, /Cros— +mYs. + %35, ), (14)
and
595+ = Yoss s, [ Cros— +Oms, -+ Ohls,)). (15)

For those cancers influenced by hysterectomy, a women who is cancer free is considered at
risk of developing cancer, of dying from non-cancer causes, and of having a hysterectomy
for non-cancer causes. As before, we assume that the following data is available: the
number of new cases of cancer, sC,; the mid-year population, sL,; the total number of
deaths, s D, ; and the number of deaths due to non-cancer causes, 5D2. We also assume that
data is available on the number of new hysterectomies performed, s H,, and the number
of new cases of cancer which are treated by a hysterectomy, sC?. The derivation of 3h°
involves four steps. First, the hysterectomy rate was computed as

SHX
5Lx’

th =

and the hysterectomy rate due to diagnosed uterine cancer was computed as

h
c 5Cx
shy = —.
5Lx
Second, to determine the rate of hysterectomies for non-cancer causes,
0
shy, = shy_shS.

Third, the probability of having a hysterectomy for non-cancer causes was computed with
sh? through equation (1), as

sfo =1—exp(=5 x sh?). (16)
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Fourth, we adjust s f; by a prevalence correction factor I, /%, derived recursively for each
successive age interval in the life table, in order to obtain J f;; that is

Iz
Yfe=sfe [W] : an

Replacing s f; with 3 £, and sh? with 229 in equation (16), and solving for the cancer free
hysterectomy rate gives

90 = (=1/5)log(1 = %f0).

To compute agsy., dys+, and sgs, in equations (13) through (15) requires modifications,
such that %ros.. and °h), are

%rose = [0/(1 — @ = ¥)P’mds, , (18)

and

%hYs, = (W/(1 —w—¥)°mds,, (19)

where

w = (loss X ross)/(mosy x Olgsi), W = (losy X hs,)/(mosy x ®losy).

The derivation of equations (18) and (19) are given in Appendix A, Part II.

4. Example—Corpus and Uterus NOS Cancers

We apply this methodology using corpus and uterus NOS cancers incidence data from the
nine standard registries of the National Cancer Institute’s SEER Program (San Francisco-
Oakland, Connecticut, Metropolitan Detroit, Hawaii, Iowa, New Mexico, Utah, Seattle
(Puget Sound), and Metropolitan Atlanta), from 1990 to 1992. We also use the National
Center for Health Statistics’ mortality data and the Bureau of the Census’ population data,
both taken from the SEER geographic areas for the same time period. The method used for
obtaining only the first occurrence of a given cancer type is described elsewhere (Merrill
and Feuer, 1996). Hysterectomy data was obtained from the National Hospital Discharge
Survey (Graves, 1992). U.S. hysterectomy rates from 1990 to 1992 for all races combined
were used to derive lifetime risk because the rates by race and region were not available.
We assume the U.S. hysterectomy rates are representative of the SEER area hysterectomy
rates.

A large portion of the female population is not at risk of developing corpus and uterus NOS
cancers because they have had their uterus removed by a hysterectomy. Non-preganancy
related hysterectomy is the most frequently performed surgical procedure in U.S. women;
about one-third of women receive a hysterectomy by age 65 (Pokras, 1989). Hence, it
is important to adjust for hysterectomy so the population reflects those at risk of devel-
oping corpus and uterus NOS cancers (Lyon and Gardner, 1977). A modification of the
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standard software used to compute lifetime and age-conditional probability estimates (i.e.,
the National Cancer Institute’s program DEVCAN (Feuer and Wun, 1994)) allows us to
estimate lifetime and age-conditional risks of developing cancer adjusted by the prevalence
of hysterectomies, as derived in the life table by the cross-sectional hysterectomy rates.

Table 4 summarizes the probability of developing in situ and invasive corpus and uterus
NOS cancers for all races combined, from 1990 to 1992. The number who develop the
cancer peaks in the 70-74 age group. The hysterectomy rate peaks in the 45-49 age group
(data not shown), whereas the number having a hysterectomy peaks in the 70-74 age group
because of the larger number at risk in this age group. The number of hysterectomies in
this hypothetical cohort is sufficiently large to substantially affect the size of the population
at risk. With the exception for a relatively large number of infant deaths, the number that
die of other causes rises through age group 85-89, and then falls. The lifetime probability
of developing cancer from birth represents the cumulative number of developed corpus and
uterus NOS cancer cases divided by the hypothetical population of 10 million live births.
At age 70, over half that lifetime risk is realized. The lifetime risk of developing corpus
and uterus NOS cancers is 2.34 percent, or 1 in 43,

The percent developing in situ and invasive corpus and uterus NOS cancers before a
specified age (Z), given they are cancer free at current age (Y), is reported in Table 5.
This age-conditional risk estimate represents the cumulative number of developed cases
divided by the total population at the beginning of the age interval. For example, the risk
from 50 to 60 is 0.6 percent, the risk from 60 to 70 is 1.1 percent, and from 70 to 80
1s 1.27 percent. These age-conditional risks provide more relevant information than do
lifetime risk estimates for a women at an older age when corpus and uterine cancer rates
rise significantly.

5. Discussion

This article presents a complete derivation of the methodology for deriving lifetime and
age-conditional risk estimates of developing cancer. These risk estimates are calculated for
persons free of the specific cancer at the beginning of the age interval, and reflect the risks
that prevail in the current population. They do not take into account individual behaviors
and risk factors, but are based on population-based data. Risk estimates for individuals with
specific risk profiles have been considered elsewhere (Gail et al., 1986). Conventionally
reported incidence rates in the US reflect, in some sense, ‘risk,” but the numerator in these
rate calculations may include multiple diagnosed cases of the cancer in the same person and
the population may include persons not at risk of developing the disease (e.g., those already
diagnosed with the cancer or those not at risk of developing the disease because they have
had the organ in question removed (Merrill and Feuer, 1996). In addition, an extension is
developed which, using a triple decrement life table, adjusts for a surgical procedure that
removes individuals from the risk of developing a given cancer. The primary aim of the
extended methodology is to provide lifetime and age-conditional risk estimates based on
the cancer free, at risk population.

Two results follow from the adjustment for cancer prevalence and the adjustment for a
surgical procedure that removes people from the cancer risk pool. The first is that the
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Table 5. Percent developing invasive corpus and uterus NOS cancers before a specific age (Z), given cancer
free at current age (Y), standard SEER areas, 1990-92.

Current Age (Y) Develop Cancer by Age (Z)

10 20 30 40 50 60 70 80 90 Eventaully [in:
0 000 0.00 000 0.04 0.19 064 137 206 231 2.34 43
10 000 000 004 0.19 064 138 208 234 2.37 42
20 0.00 004 0.19 065 138 209 234 2.38 42
30 004 0.19 0.66 142 214 240 2.44 41
40 0.17 0.68 151 230 259 2.63 38
50 060 159 253 287 291 34
60 .11 217 256 2.60 38
70 127 173 1.78 56

derivation of the number of newly developed cancer cases, say, is independent of the cancer
prevalence correction factor, /, /°L,. The second is that the lifetime risk estimate is always
smaller when it is corrected for a surgical procedure. In the context of the second result, two
competing factors are at play. When an intervening procedure eliminates individual’s from
the risk pool for a given disease, the lifetime probability of the disease decreases. However,
at any given age interval since the denominator of at-risk individuals is reduced when
those having the procedure are removed, the estimate of risk (events/at-risk population)
will increase.

These two results hold exactly under the assumption of a uniform probability of an event
during an interval, or approximately under an exponential assumption. We choose to present
it here using the uniform assumption, which allows us to more clearly develop these two
points and to compare our results directly with those found in the past (e.g., Seidman, et
al., 1978).

Although the prevalence correction factor [, /%L, in equations (10) and (17) is presented as
an improvement over previous calculations, lifetime risk estimates are independent of this
correction. However, the prevalence correction factor is still needed for age-conditional
risk estimates. Under the uniform assumption, we compute the number of newly developed
cancer cases, sa,, in the interval [x, x + 5], as the number of cancer free persons at age x,
%/, multiplied by the probability of developing the cancer in the interval, 3g,, multiplied by
the probability of not dying of other causes prior to developing this cancer, 1 — (1/2) 2q§’;
that is,

sax = (L)1 = (1/2)8q). (20)
With the prevalence correction factor from equation (10), we can write equation (20) as
sa. = (L)(sg:) (1~ (1/2)5q), @b

Equation (21) is calculated based on the total living rather than on the cancer free population.
Seidman, et al. (1978), incorrectly calculated the number in the hypothetical cohort who
develop cancer as

sa, = Cl)Gsg) (1 — (1/2)%9),
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Because the a’s correctly calculation in equation (21) are independent of the prevalence
correction and %/ is a fixed number, the cumulative probability of developing cancer from
birth, derived using equation (7), is independent of the prevalence correction. However,
the probability of developing cancer from age j (j > 0), derived using equation (8), is not
independent of the prevalence correction because °! ; depends on the prevalence correction.

Adjusting for a surgical procedure which removes individuals from risk of developing
a given cancer leads to lifetime risk estimates which are smaller than unadjusted lifetime
risk estimates. In the example in Section 4, adjusting for the prevalence of hysterectomy
reduced the lifetime risk for corpus and uterus NOS cancers from 2.68% to 2.34%. Again,
this is demonstrated under the assumption that the probability of an event occurs in the
interval which follows an uniform distribution. When correcting for a surgical procedure
(sp), equations (20) and (21) become

CLoCe(t — (1/2%° — 1/ 3fc + (1/3)%° % 0
() (sg)(1 = (1/2)3¢° — (1/2) 3 f + (1/3) 303 0. (22)

(The derivation of equation (22) is given in Appendix B.) Thus,

sp
54,

sax —saf = (L) (8 G £ ((1/2) ~ (1/3)§a7)).
Since 290 is a probability, it will not exceed one. Therefore,
((1/2) = (1/3)%g%) > 0.
This implies that
5a; > say.

Hence, the lifetime risk calculation through equation (7) is smaller when a correction factor
is used for a surgical procedure.

In equation (12), the calculation of the cancer free incidence rate %795, depends on the
quantity w. Here @ must be less than one for %rgs.. to be greater than zero; that is, we must
have

losy  mosy
<

Olosy  ross

Because the mortality rate mgs,. from other causes is almost always larger than the incidence
rate ros, in the final open age interval, this condition is generally satisfied.

The cancer prevalence correction factor used in the calculation is derived cross-sectionally
from current incidence and mortality data. We could have used a prevalence correction factor
derived by following cohorts from an external data source, such as the Connecticut Tumor
Registry (Connelly etal., 1968). This type of prevalence correction may better reflect rapidly
changing incidence and mortality trends in cancer data, and deserves further investigation.
However, an internal prevalence correction factor is often the only choice we have because
most population based cancer registries have not existed long enough to provide accurate
prevalence estimates. Based on Connecticut Tumor Registry data, Feldman et al. (1986)
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found that 27 years of all newly diagnosed cancer cases were required for the prevalence
proportion to be within five percent of the prevalence proportion based on a 47 year period.
In Section 2.3 we utilized the exponential assumption to define the probability of death.

Based on the likelihood that the probability of death in the age interval follows an uniform
distribution, then

_ sMy
9= S+ 5 = ske))smy
and
Omg
s4g = 2

(1/5){1 + 5(1 ~ sk,)}Im?’

In these equations sk, is the expected fraction of the 5-year-lived interval. By assuming an
approximate uniform distribution of time at death for the interval [x, x + 5], then sk, =
1/2, and q is approximately the same as when derived under the exponential assumption.
However, this assumption is perhaps an oversimplification, particularly in the first interval
{0, 5] where a large portion of the deaths are likely to occur within the first year. Previous
studies suggest that a more appropriate value for k is near 0.1 (Chiang, 1972; Elandt-Johnson
and Johnson, 1990). Referring again to the example in Section 4, we replace the g values
in the derivation of lifetime and age-conditional risk estimates with those under an uniform
distribution and sk, = 0.1. While this influences the number who die in the first interval,
it has only a negligable influence on the risk of developing cancer. In Table 4, the number
who die of other causes from age 0 to 4 changes from 92,716 to 92,374 and the lifetime
risk of developing cervical cancer changes from 0.023437571 to 0.02343838.

It is important that the derivation of lifetime and age-conditional risk estimates be well
understood by the statistical community so that these statistics can be properly computed
and interpreted for the public. It is also important that the public be aware that these risk
estimates are based on current age-specific cancer incidence, mortality, and, if applicable,
surgery rates in the population, and are limited in that many factors will change as a baby
born today ages over its lifetime. In this sense lifetime risk is simtlar to life expectancy
since it is a hypothetically constructed index derived from current vital statistics. Because
shorter-term age-conditional risk estimates are less susceptible to changes in incidence,
mortality, and surgery rates in the future, these estimates may better reflect the risk for a
person alive and cancer free in the population today.

Thus shorter-term age-conditional risk estimates better reflect people’s “true” risk expe-
rience. In addition, they are more relevant to those approaching ages when cancer rates
rise rapidly. On the other hand, lifetime risk estimates combine in a measure the current
cancer incidence, mortality, and, when applicable, surgery rates in each age interval of the
population. This measure may be useful, when compared to lifetime risk estimates from
previous time periods, as a cancer progress indicator.

Other statistics have similar, yet contrasting features to lifetime and age-conditional risks.
For example, cumulative incidence rates, which are used to approximate cumulative risk,
assume that persons remain at risk for the period of interest, and are not subject to competing
risks of death from other causes. Like lifetime risk, cumulative risk assumes that the current
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risk estimates remain stable. However, cumulative risk, as opposed to lifetime risk, is a
cancer progress measure which is free of the influence of mortality from other causes.
Nevertheless, these two statistics often provide an informative contrast. At every age, U.S.
Blacks have higher age specific incidence rates for prostate cancer than whites. Thus even
though Blacks have a larger cumulative risk than Whites, Whites have a larger lifetime risk
because fewer Blacks reach the ages where prostate cancer rates rise rapidly.

By presenting a detailed description of the methodology for deriving lifetime and age-
conditional risk estimates of developing cancer, we have attempted to clarify the interpreta-
tion and limitations of these statistics. Because of the frequency in which these risk measures
appear in the popular press and are utilized by public health and cancer researchers, actu-
aries, health activists, and so on, it is particularly important that the statistical community
understand their derivation and use.

Appendix A Derivation of °rgs.,
Part I. The Base Model

By definition

Orgss = Cost/"Losy = (Loss /" Losi)ross. (AD

When ®Lgs, is not directly available from the data, we assume that the person-years at
risk remaining in the entire 95 year old cohort, pys,, divided by the person-years at risk
remaining among the cancer free cohort, 0 Dos+. is equal to the ratio Lgs., /%Los., that is

P9s+/°poss = Losy /% Los,. (A2)
where
pos+ = los (1/mosy). (A3)

The term (1/mos, ) is the expected number of person years remaining for someone age 95,
under the exponential assumption. Similarly,

% poss = los (1/Cmgs, + °rosi)). (A4)
Substituting (A2), (A3), (A4), into (A1) gives

Orosy = (pos+/° Poss)ross
= (loss/mos)[CmYs, + %ros)/ClosiIros..
Solving for %rgs, we get
%rosy = (w/(1 — w)°m)

where

@ = [loss/(mgsy x %lgs)]ross.
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Part II. The Extended Model
By definition

Orgs+ = Cos4/%Loss = (Los+ /" Losy)ros, (AS)
and

%hSss = (Los+/*Loss)hSs,

When L5, is not directly available from the data, we have to derive both ®ros.. and %, .
We assume

Pos+/°pos+ = Losy /% Losy., (A6)
where

Oposs = los (1/Cmgs, + ross +hgs,)).
Then, using (A6) and (A3) in (A5) gives

0 0
rosy = (Pos+/ P9s+)ros+

(los+/moss ) [Cm3s, + Orosy + Ohos. ) /%los s

and similarly
OhGsy = (losy /mos)[Cmgs, + rosy + °hgs, )/ losi Mhgs .
We then solve for %rgs, and ®h) . simultaneously to get
®rose = [w/(1 —w — W)1°mds.,
and
sy = [W/(1 —w ~ W)Pm)s,
where

o = (loss X ross)/(moss x %losy), W = (losy X hds,)/(mosy x Closy).

Appendix B Derivation of %ag%,

The derivation of the number of newly developed cancers in the five-year age intervals,
corrected for hysterectomy (say’ ) is presented here. We proceed on the assumption that the
probability of an event occurs in the interval which follows an uniform distribution.
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Let a five-year time period represent a unit of time, [0, 1], and the probability density
function be denoted as f(-). In addition, let

X = the potential time a person is diagnosed with the cancer,
Y

Z = the potential time a person has a surgical procedure performed which

the potential time a person dies from causes other than the cancer , and

removes them from risk of developing the cancer, for reasons other than the car

Note that “potential time” refers to the hypothetical time an event occurs in the absence of
competing risks (Elandt-Johnson and Johnson, (1980)). Then,

58: for X € [0, 1/5g,]
otherwise

3

f(X)—{

qu for Y € [0, I/qu]
f¥) = [ otherwise

and

sfforZ €0, l/Of]
otherwise

f(2)= [

Hence, the probability that a person is diagnosed with the cancer during a time period
before death, or receiving a surgical procedure which removes them from being at risk of
developing the cancer, is

PriX <1, X <Y, X<2)

U pRe pRs 0o o
=/ / f $8x x 3q° x 2 fr dzdydx
0

1 1/24? 1/3f:
O, x %0 ngxf [ 1dy f 1dz ) dx
X X

gl — (1/2><qu 2 +(1/3)2° x 2 f)
g:(1 —(1/2)22 — (1/2) 2 fe + (1/3) 3gx x 2£0).

0
58
0
58
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