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A stochastic model for a screening program is presented in which the

natural history of the disease is assumed to progress through a set of

stages before detection. A model of the whole process is developed

which addresses the interaction of the disease process and screening process.

The purpose of the model is to develop insight into the disease process

and to derive policies which are optimal relative to the particular

objectives chosen.

The model is implemented for neuroblastoma and breast cancer and, in

the latter case, a comparison is made between the model's output with that

of an actual study group. An investigation is also made of the special

cases when there is dependency between screening results, when the true

positive rate of screening is a function of time from onset, when

multiple tests may be employed in each screening and/or when the prevalence

oool has a transient period.

To determine the "best" policy, an attempt is made to solve the

optimization problem, but to avoid an extensive computation time a

IX



"heuristic" method is also developed which determines "good" policies

efficiently. It is shown that a number of screening strategies yield

objective function values close to the minimum value for the example

studied.



CHAPTER ONE

INTRODUCTION

The fact that some diseases may reach an advanced state without

obvious symptoms, coupled with potentially better cure rates associated

with early detection, indicates the potential benefits of early detection

of the disease. The probability of detection can be increased by the

process of screening. While screening programs continue to attract an

increasing numoer of researchers from all fields of science, most of the

work done is primarily medically oriented and, generally, there remains

a lack of a unifying theory relative to the timing and type of screening

used.

The analysis of screening processes centers around determination of

an optimal number of examinations at specific ages. This objective is

of interest for its theoretical and applied consideration. Theoretically

it is a challenging problem which can be difficult to model. Less than

perfect predictability, which is a characteristic of screening proce-

dures, plus variability of the characteristics of the disease in differ-

ent individuals makes the problem difficult to analyze. The real life

situations involving different costs and benefits associated with differ-

ent screening plans provide practical interest in determining good

screening strategies. There is general agreement that significant

differences exist in the use of one screening policy over another

[32,35,49,52,73.89,98,99], and in some cases, such as pap smear and x-ray

examinations, the screening itself may not be harmless [35] . Both cost
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and health effect factors motivate the need to evaluate alternative

screening patterns in a systematic manner.

1 .1 Objectives of This Research

A few investigators have presented heuristic procedures for screen-

ing of a specified disease. One reason for the lack of a good mathemat-

ical model for screening is the lack of understanding of the disease

process itself. If a particular disease could be modeled mathematically,

with its parameters realistically estimated, then the problem of screen-

ing would be easier to analyze. In order to present a "good" screening

policy, there is a strong need for a basic mathematical model of the

disease.

This research is directed toward the development of optimal screen-

ing policies. To accomplish this task for any specific disease it is

necessary to decide 1) who should be screened, 2) how often they should

be screened and 3) what combination of test methods should be used at

each examination. A model of the whole process will be developed, which

addresses the interaction of the disease process and screening process.

The purpose of the model is to develop insight into the disease process

and to derive policies which are optimal relative to the particular

objectives chosen. Some of these objectives are: minimization of the

total cost of medical care (including the cost of screening and treat-

ment), maximization of life expectancy, maximization of the probability

of detection of the disease in a favorable stage and minimization of the

delay in time between onset of the disease and its detection.

Increasing the number of examinations increases the screening cost,

but hopefully, to some extent, it also increases the chance of earlier

detection of the disease. Age of the individual at the time of examina-



tion is a basic factor and depending on the disease under consideration,

it can play a major role. Screening at an age in which disease is not

likely to be active will increase the cost and may introduce some side

effects; screening at the proper age helps the physician detect the

disease before its natural detection time and therefore increases the

chance of survival and may decrease the cost of treatment. Also using

different combinations of screening methods might increase the screening

cost, but it decreases the chance of false negative results. Determina-

tion of basic factors affecting a screening program, presentation of a

mathematical model for that particular disease with estimation of its

parameters, validation of the model and selection of the best screening

policy depend on the objectives chosen.

Therefore the objective of this research is to develop a general

model of cancer screening, specialize it for Neuroblastoma and breast

cancer, investigate model sensitivity to changes in parameters or

assumptions, and derive good screening policies by use of optimization

theory.

Chapter Three provides a general formulation of screening programs

and presents a model of the screening process superimposed on the disease

process. Restrictive assumptions on the process as well as a discussion

of relevant optimal ity criteria are presented. This chapter is intended

to provide a general model applicable to any disease. It consists of

four parts: part A presents a stochastic model of disease progress in

an individual, part B postulates the probability structure for the

progress of the disease and employs available data to estimate the

elements of a transition probability matrix, part C presents different



objective functions of interest and estimates the terms, part D contains

the basic idea of screening and develops different strategies of

screenings.

Chapter Four is based on the development of the previous section

and extends the results to the case of Neuroblastoma which is a cancer

of early childhood.

In Chapter Five several assumptions of the model are altered and

a sensitivity analysis is employed to determine the robustness of the

model to changes in some parameters. In the first three sections the

assumption of constant screening accuracy is relaxed and the expected

total cost of screening is expressed as a function of screening policy

for different cases. In the last two sections, the initial effect of a

screening program on population prevalence pool is investigated and the

model is implemented for the case of breast cancer.

In Chapter Six an attempt is made to solve the optimization

problem efficiently and determine the "best" policy. Finally a "heuristic"

method is presented which determines "good" policies.



CHAPTER TWO

LITERATURE REVIEW

The problem of screening progressive diseases has received

considerable attention in the recent years due to the impact it has

on society as a whole. Daniel G. Miller [71] under the topic "What

Is Early Diaqnosis Doing?" looks at cancer as a very peculiar disease

. . .Cancer affects the health of other members of society
as well as the patient. A disease, the cost of which is
fifteen billion dollars a year, one half of the annual
budget deficit, has to be considered a matter which affects
the health of the nation, if only because it diverts medical
manpower and facilities which could be used for other
urgent health care needs. Furthermore, a disease which
disrupts families,. . . must be considered in terms of its
total impact on the society. Currently one in e\/ery six
dollars spent in health care is spent on cancer, . . .the
cost of surgery, radiation therapy, and terminal care is

estimated to be at twenty-thousand dollars per case, . . .

Miller points out the importance of early detection and mentions

that the use of an appropriate screening policy might reduce the cost

associated with cancer.

Gilbertsen [36] in his report on 14,978 cases of cancer claims

that his studies suggest that the majority of commonly occuring cancers

can be detected on periodic examination far earlier than is likely when

the patient waits until his symptoms force him to see the physician and

prompt the physician to undertake examination and eventual diagnosis.

The result of his studies also suggest that when cancers so detected are

treated promptly and adequately, substantial improvement in prognosis



for survival can be anticipated for patients with most of the common

cancers which occur today. This concept has been pointed out by many

other investigators [4,19,27,45,69,83].

Early diagnosis, which is possible through screening at-risk

individuals, is an important concept in aborting or ameliorating the

consequences of such diseases as cancers. Considerable funds and

effort are being expended for the purpose of the early detection of

cancers. The investigations are mostly concerned with the comparison

of the costs and benefits of alternative individual screening strategies

for selected site-specific cancers and with the selection of preferred

strategies. An individual screening strategy is defined [98,99] as the

specification of the number and type of screens to be given to an

individual in a particular at-risk group and the ages at which the tests

are to be given. Screening is operationally defined [99] as the Drocess

of selecting those asymptomatic persons who would benefit from further

diagnostic studies. The selection of one screening strategy over

another depends on the criteria by which the strategy is evaluated and

the constraints placed on alternative screening schedule.

Before reviewing the literature a set of definitions related to the

screening will be presented.

1) The true positive rate of screening is the probability the

test indicates an affected individual, given that the individual has

that particular cancer.

2) The false positive rate of screening is the probability the

test indicates the disease is present when the disease is not present.

3) The true negative rate of screening is the probability the

test indicates the disease is not present when the disease is not

oresent.



4) The false negative rate of screening is the probability the

test fails to indicate the presence of the disease in an affected

individual .

5) Onset time is the first age at which some recognizable

biological change occurs.

6) The pre-clinical state of the disease is regarded as a state

where clinical symptoms have not been exhibited and the individual is

unaware of the disease.

7 ) The clinical state of the disease is a state where clinical

symptoms are exhibited.

3) Clinical surfacing : If the disease is not detected by a

scheduled screening examination, the disease will be said to surface

cl inically.

9) Lead time for a screening program is the difference between

time of diagnosis by the screen and that later time when the disease

would be clinically apparent and detectable.

To make a cost-effectiveness analysis, the following requirements

would have to be specified by the analyst.

1) The necessary data on the nature of the disease—including

detection rates, onset rate, and survival rate.

2) A decision as to what assumptions are to be accepted concerning

the disease progression in the occult part.

3) A specification of the accuracy and reliability of the different

screening methods, including false-negative rates, false-positive rates

and the degree of the uniformity of the test results.

4) A specification of the constraints on the number of screens and

their interval per lifetime of an at-risk individual.



5) A specification of the effectiveness measures of interest.

To imDlement a model to a site-specific cancer there is a strong

need for the appropriate data. Unfortunately for most types of cancer,

data do not exist and/or are not in a useful form, which makes it

extremely difficult to estimate most of the epidemiologic parameters.

For data to be useful, it should carry information on the individual's

age, sex, race, social level, education, age at each screen, mode of

screening, result of screens, whether or not the individual was eventually

found with disease through screening, the cause and date of his/her death.

Recently there has been some effort to collect data in a more useful

manner. For instance, in the case of breast cancer, in December 1963,

the Health Insurance Program of Greater New York (HIP) started a long

term randomized trial directed at the question "Does periodic breast

cancer screening with mammography and clinical examination result in a

reduction in mortality from breast cancer in the female population."

Two systematic random samples, each consisting of 31,000 women aged 40 to

64 were selected. Each woman in the study group was offered a screening

examination and three additional examinations at annual intervals each

consisting of a clinical examination, mammography, and an interview.

The women in the control group were matched to the study women for date

of entry and continued to receive their ordinary medical care

[85,86,87,95,101]. These data have been used extensively by many inves-

tigators for the purpose of modeling the behavior of breast cancers

[39,89,90], estimation of epidemiologic parameters [49,55,56,87],

estimation of false negative rates in medical screening [39], estimation

of the effect of screening on 5-year mortality rates [85,86,87,95,101]



and detenni nation of factors that correlate with promptness in seeking

diagnosis [31].

The accuracy and reliability of the different screening methods are

important factors in early detection of the disease and for any

particular type of screen an estimate of the false positive rate and

false negative rate of screening has to be made.* In 1942 Sawitz and

Karpinos [82] proved that when each individual in a group receives the

same number of examinations, estimation of the efficiency-true positive

rate of screening - F, and of the prevalence rate, P, are given by

F = Rn-(1-F)
n
l . p =

_R_
a

K

n K '

nNF N-[1-(1-F)
n
]

where R is the total number of positive test results, n is the number

of examinations given to each individual, K is the number of individuals

with any positive test results, and N is the number of individuals in

the group. In this formulation F is the adjusted ratio of positive

examinations to the number of examinations on detected diseased indi-

viduals and P is the adjusted ratio of detected diseased individuals to

the number of individuals examined. Therefore knowing R, n, N and K, the

procedure can be used to get an estimate of true positive rate of screening

and prevalence.

Later, in 1951 Mantel [68] modified these estimates for the

case of unequal number of examinations given to different suspects.

Although the literature on estimating the prevalence and true positive
rate of screening is cited here, these techniques are not used in the
development of the model.
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Wittes and Side! [112] presented a method for estimation of

population size from the simple capture-recapture model and showed how

to obtain estimates when there are more than two independent sources of

notification. They defined

K = the number of notification sources

E.j = probability that a member of the population is identified

by i-th source

N = the total size of the population

n. = the number of members of the population identified by the

i-th source

n. . = the total number of members of the population identified by

the i-th and j-th source

n = the total number of different population members identified.

They found that E-, is the solution of the following polynomial of degree

K-l

X
n

1
-n

]

• || (l-n.-E^n-j) - n-E
]

=

Estimate of E
2
,..., E are obtained from E,

n n

E
s

=^ E
l

s = 2,...,n

The population size is estimated as

K

N = n/[l- Tf (1-E.)]
i=l

1

They gave an approximation to ihe variance of N and tabulated it for some

values of E
7 , E

2
and n.



Goldberg and Wittes [39] proposed a similar capture-recapture method

[109,110,111] to estimate the sensitivity of the screen, the false

negative rate, the population prevalence, the population incidence,

their means, variances, and covariances, and their properties in small

strata. They used HIP findings [87] to illustrate the model. They

defined

i = number of the screens i=0,...,S

M. = number of individuals attending the i-th screen

d. = number of cases of disease detected at the i-th screen

N
Q

= true population prevalence at the 0-th, or initial screen

N. = true population incidence between the (i-l)-st and the i-th

screen (i>0)

0. = the number of false negatives

$. = the number of false positives.

Suppressing the subscript i, at any screen <j>
= »pw, 6 = - where and 9

are false positive rate and false negative rate. They assumed that false

positives have been removed and considered a screening program in which

subjects are screened S+l times by K different screening methods. Let

d.. = number of cases of disease detected at the i-th screen by the

j-th screening mechanism. (i=0, ..S, j=l, ..K) An unbiased estimate of

the total number of diseased individuals at the i-th screen, N., is

TT (N -d )
= (N.+1)

K_1
• (N.-d.) i=0,...,S

i
-

1 ' ' J * I'

They also computed the variance of N for the case K=2.

It is seen that the general limitation of all these procedures

is that, for some diseases, the assumption that examination efficiency
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is the same for all infected individuals may not be realistic, and

instead examination efficiency may vary from individual to individual,

depending on the nature and stage of the disease.

It is generally agreed that many cancers can be modeled as progressing

through different stages [5]. The staging of the disease is useful,

because of its importance in treatment and its effect on prognosis.

In December 1965, the American Joint Committee on Cancer Staging [16]

offered the TNM system which was based upon the three capital letters;

T - Tumor or primary lesion and its extent; N - lymph nodes of the region

and their condition; M - distant metastasis. Within each letter element,

increasing involvement was categorized by the combination of the capital

letter with a numerical suffix. But this staging was too general to be

used for all types of cancer. In fact, depending on the type of cancer

under consideration different investigators employed different staging

methods.

Eker [22] introduced a method of staging for Carcinomas of the

colon and rectum in 1963.

Cutler and Myers [17] introduced a method of staging for breast

cancer in 1967.

Barron and Richart [6] introduced a method of staging for the cancer

of cervical carcinoma in 1968.

Evans et al . [27] introduced a method of staging for Neuroblastoma

in 1971.

Aside from the fact that the importance of early detection is known,

there are only a few mathematical models for screening, none of which

is general enough to cover all forms of the disease. In what follows,

the literature on screening models is reviewed and general concepts of
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screening programs as a tool for early diagnosis of malignant diseases

are pointed out.

In 1963 Lincoln and Weiss [65] derived properties of the time with

disease before detection in recurrent screening and investigated the

consequences of these properties with respect to the interval between

screens. They considered the efficiency of different policies for

scheduling medical examinations, and treated both periodic and random

examinations allowing for imperfect diagnosis depending on how long the

disease had been present. Working with that portion of the population

in which a tumor appears, they defined

U(t) = Probability density for the time at which one can
first observe the presence of a tumor.

a(t) = Probability that a diagnosis made at a time t after
the appearance of the first observable signs of tumor,
will be incorrect.

Let examinations occur at times t.,t
2
,..., such that the intervals

A, = t,,Ag = Tp-t,,... are independent identically distributed random

variables with probability density function $(A). Then under the

assumption that a tumor is discovered only by examination, they used the

idea that the examination times {t.} form a renewal process, and if the

tumor first becomes observable at t, the time to detection is

ja
= J*\ + T-, + T. + ... + T

d 1 2 3 n

where n is the number of tests before detection, T, is the forward delay,

or time to first test following the initiation of the disease, and T.
J

is the time between the j-lst and jth test. Then

n(t,x) = D-a(x)]f(t,x)
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where n(t,x) = probability density for the time to discovery of the

tumor conditional on its having become observable at

time t,

and f(t,x) = probability density for the event that a test occurs at

t and that any diagnostic made in (t,t+x) were incorrect.

Also,

n(x) = u(t)n(t,x)dt

where n(x) = probability density of tumor age at discovery.

They found the expression for moments of n(x) as functions of a(t) and

$(A). Using the quantities shown and employing the following two

optimality criteria they developed an optimal schedule:

Criterion 1: No more than a fraction e<l of those people who eventually

have a tumor will have an undetected tumor for more than

a specified time T.

Criterion 2: Mean undetected time of tumor growth does not exceed a

given time T .J e

Weiss and Lincoln [106] used the model in [65] for the case of

cervical cancer. They used a gamma distribution for u(t) and a negative

exponential for A. where A, = t. - t. -, . Neglecting death from other

causes, they obtained some characteristics for screening period by using

an (a,b) policy, where a is time and b is a probability. The (a,b) policy

is one in which the probability that any tumor is of age a or older at

the time of discovery is b.

In 1967 Feinleib [29] presented the mathematical justification and

restrictions for the well-known epidemiologic relation that the prevalence

of a disease is proportional to its incidence and mean duration. Let P(t)
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be the prevalence of a disease at time t; i(t) the incidence of disease

at t; and g(d|t) the conditional probability density function of

durations of incident cases where d is the duration from time of onset,

then if P(0) = 0,

i(y)-g(x|y) dxdy
t-y

P(t) =

'0

For the stable disease model, he imposed the following three

restrictions

1) i(t)=i for all t - and is zero for t<0.

2) g(d|t)=g(d) for all t - 0.

3) g(d)=0 for d>M.

For this model he proved that P(t) = i • a for t>M, where "d is the

mean duration.

In 1968 Hutchison and Shapiro [49] published their work on the

estimation of some parameters of preclinical breast cancer. They used

preliminary findings of a clinical program of screening for breast cancer

to estimate average duration of preclinical disease (early stages of the

disease, in which tumor may be detected only in a screening program).

They assumed that in any large population there are some individuals

with preclinical disease. The number of such women (prevalence) depends

on the rate with which new preclinical disease develops (incidence) and

the length of time (duration) it persists before clinical diagnosis.

Then if the number of preclinical cases remains constant during the long

run, the rate of new cases must be the same as the rate at which old

cases are passing over to clinical disease. In general a prevalence P

p
and an incidence I imply that the average duration is d = j .
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Moreover if, in the absence of screening, the duration of pre-

clinical disease were the same for all individuals, then duration-to-date

of those detected at screening would be uniformly distributed between

(0,t), average duration-to-date would be half the total duration, and

this would be equal to average lead time. In their mathematical model,

the only input was

I . = incidence of cases of duration d. I . is expressed as a
00

discrete distribution function with I I, = 1.

d=0
d

Where d = duration, or interval of time during which an individual case

is diagnosable by screening but not diagnosed under usual practice. Then

they gave functional form for prevalence, incidence, mean duration and

lead time as a function of I ..

d

For instance,

n oo

n
d=0

d
. d=n+l

d

where P
n

= prevalence at time n of cases detectable by screening but

not diagnosed under usual practice.

Also

'(»)
=

X '< <n
-d)

where I, » = total incidence in interval n following screening.

Using preliminary HIP findings [84,85], they estimated the average

duration of preclinical breast cancer in absence of special screening to

be 20 months. This will give an average lead time of 10 months for a



completely homogenous population. Later on it will be seen that there

are some assumptions inherent in this model which makes their analysis

restricted.

In 1969 Blumenson and Bross [11] presented a mathematical analysis

of the growth and spread of breast cancer. They developed a mathematical

model which describes the development of the cancer from the appearance

of the first cell to the possible occurrence of a distant metastasis.

Their model also accounts for limitation on the minimum size of the tumor

before it can be detected and for the effect of surgical intervention

by the physician on the development of a recurrence of the disease. They

used a deductive method and constrained the progress of breast cancer to

the contribution of the following parameters (1) the tumor doubling time,

(2) patient's delay in reporting her disease to the physician, (3) the

chance that the disease will spread to nearby lymph nodes, and (4) the

chance of spreading to more distant parts of the body. A patient is

classified as having a small primary tumor (S) - average diameter less

than 5 centimeters, or a large primary tumor (L). A patient either has

negative nodes (0), 1-3 positive nodes (2), or more than three positive

nodes (4). After surgery the patients are followed for at least 18 months.

At the end of this period a patient is classified as (N) or (R) depending

on whether she had no clinically detectable recurrence. This introduces

12 stages; SOR, S2R, S4R, They presented a method for calculating

the probability of being in any of these states as a function of the

parameters introduced. Once the twelve probabilities have been calculated.

2
they are compared with the data and a

>;

-test is used to determine those

2
values of the parameters which minimize the x -value.



Calling their model a deep mathematical model* for human breast

cancer, interestingly, they found out [14] that the only way to get

an acceptable x -value is to employ a two-disease hypothesis for breast

cancer, i.e., the population of patients consists of two groups with

different rate of doubling time.

In 1969 Zelen and Feinleib [116] presented a model of a chronic

disease which progresses from a pre-clinical state to a clinical state

and related the potential benefit of the screening program to the

lead time gained by early diagnosis. They developed a stochastic model

for early detection programs which led to an estimate of the mean lead

time as a function of observable variables. They considered a screening

program where an individual was examined only once. In their model,

transitions are from a disease-free state (S
Q

) to a preclinical disease

state (S ), and then to a clinical disease state (S ). They assume that
P c

(S ) eventually progresses to (S ) if not detected and treated. They
P <-

define

q(t) = p.d.f. of sojourn time in S

Q(t) =
j

q(x) dx

P(t) = probability of being in S at time t

Q f
(t) = unconditional forward recurrence time (lead time)

distribution

r
m = mean sojourn time in S_ = Q(x) dx

P )q

'a deep model describes an underlying process which in theory,

generates the surface events.
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and assume that

Q(y) dy

Q.(t) -
' t

m
2
+

2
2

L = mean lead time = "V ~ 2 ^ +^ ^

o

where C = - , and m and a are the mean and variance of the sojourn time
m

distribution in S . They mentioned that L>y is because of the length-
P z

biased sampling which means the screen does not detect people at random,

but detects people with longer preclinical sojourn times. They also

mentioned that particular care must be exercised if one is comparing the

survival of the individuals detected early by a test with a comparable

group of individuals detected at a clinical state because those found

in S tend to have longer preclinical sojourn times in S„ than the
p

3
P

general population. This might be synonomous with a slow growing disease

in the preclinical state. Zelen and Feinleib consider different

conditions under which the following relationship referred to by

Hutchison and Shapiro [49] and Feinleib [29] is valid:

P = m • I

where P, I and m are prevalence, incidence and mean duration of the

disease. They proved that even if prevalence and incidence are time

dependent, P(t)/I(t) is equal to the mean sojourn time in S provided

the sojourn time follows an exponential distribution. In general

Kt) =^ + >5(C
2
-1) P'(t) + ... where C =

J

They developed relationships among age, prevalence and incidence

and employing data from HIP [87] found an estimate of 1.34 years for m.
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Finally they relaxed the assumption that every individual eventually

leaves the (S ) and developed some relationships which depend on the

ratio of those who eventually will surface to the total population

and is a generalization of their model to non-progressive diseases.

In 1972 Kodlin [57] used a series of biometric arguments and very

simple cost estimates to attack the cost-benefit problem in screening

for breast cancer and found that survival results would justify the

increased costs that might result from mass screening. To do this he

claimed that in the case of breast cancer, one is faced with essentially

two alternative basic strategies:

1) To screen and bring the positives to therapeutic intervention-

associated total cost is called C,

.

2) To let the cases come to diagnosis and treatment through the

traditional pathway of recognition—associated total cost is

called C
?

.

Let t = treatment cost for those picked up by screen

t' = treatment cost for those not picked up by screen

W = Wg (physical exam) + (biopsy fee) W,

S = screen cost

b = biopsy rate amongst false positives

Then true positive false negative

c, = p • n-,-(t+w+s) + PO-n-jHt'+w+s) +

false positive true negative

(i-P)-(i-n
2
)-(w +b-w

1
+s) + (i-p)-(n

2
)-s

where P = presumed frequency of breast cancer in the population

IT, = conditional probability of identifying a case correctly

by mammography and palpation
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IL = conditional probability of identifying a non-case correctly.

Also

C
2

= P-(t'+W) +*-(l-P)-[m+(l-H)-(W +b-W
1
)]

where

tp = fraction of the non-diseased who demand a breast check-up,

and

m = mammography cost.

Using some estimate of the parameters P, 11. , U_, tj> and costs, he found

that C| is usually greater than C-. Then he attempted to assess the

total cost per case cured and using this objective found that it would

be beneficial to choose the first strategy, screening.

Shapiro, Goldberg and Hutchison [84] used the experience in the HIP

Study [87] to estimate the average time gained through screening in

the detection of breast cancer among the women who were aged 40-64 years

at the start of the screening program. They used the model presented

by Hutchison and Shapiro [49] which says d = P/I and found a mean

duration of 1.3 years for a prevalence of 2.73 and incidence of 2.09

as calculated from HIP data. The statistical models that were applied

suggested that the average lead time was about a year.

In 1974 Kirch and Klein [53] developed methods for determining

the optimal screening policy using the criterion of detection delay

which is time from first point at which disease is detectable to the

point of actual detection. They started with an age-dependent disease

and showed that, under certain conditions in an optimal schedule, the

interval between examinations is proportional to the square root of the

ace-specific incidence of the disease. They were interested in possible
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advantages of nonperiodic policies in mass screening, and tried to

find out whether a nonperiodic schedule, involving the same expected

tests per patient as a periodic schedule, could reduce the average time

to detect a given disease, or, whether a nonperiodic schedule involving

fewer expected tests per patient could lead to detection of the disease

as early as a given periodic schedule.

They divided population into two groups, those who will eventually

get the disease and those who will not. For the first group, interest

was centered on early detection. For the second group, interest was

centered on minimization of the expected number of tests, and found a

class of optimal schedules by varying the number of screenings. They

assumed

1) The age span consists of "equal length periods" in which

incidence rate is usually tabulated in the literature.

2) Each such period starts with an examination and all examinations

within a period are at equal intervals.

3) Examinations are error-free.

Define: T = Earliest time at which the disease could be detected, if

an examination took place (they assumed T is uniformly

distributed over the interval).

x. = Number of tests scheduled for i-th period.

D = Length of time between T and examination time.

Q(x.,D) = Detection delay if the disease becomes detectable in

the i-th period.

S. = Probability that patient survives to the start of Deriod i.

Assuming that T has a uniform distribution, they found the expression

for E[Q (x. ,D)] as a function of D and x. for two different cases:
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1

.

D is a constant.

2. D is a random variable with probability density function

p„<t).

They used the optimization model

n

Minimize G(x, .... ,x :D) = V P.-E [Q(x. ,D)]
I n

i=1
i i

n

S.T. I x. -S. - K (K is a constant-n)

x. * 1

J

where P. represents the conditional probability that the detectability

point occurs in period i, given that it will occur sometime within the

n periods of interest.

Kirch and Klein [52] applied this model to breast cancer and found

that there is a slight economic advantage (2% to 3%) if examination

frequency is taken to be a function of age rather than fixed throughout

life. Their model has some basic assumptions (such as screening is

error- free) which are not always true, and consequently restrict the

application of their model.

In 1974 Tall is and Sarfaty [97] presented a model for the distri-

bution of the time to reporting cancer, called T. The basic assumption

of their model was that the infinitesimal conditional probability of

reporting the disease is proportional to the rate of tumor growth. Let

the distribution function of T be F(t) = P[T - t] with derivative

F'(t) = f(t), then the force of reporting function is

ftt) .... J °
oSt <*0

l-F(t) " * lt) "
(

a-V'(t) t - t„
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where V(t) is the tumor volume t time units after onset, a is a

constant of proportionality and t« is defined by the equation

V(t
Q

) = v
Q

. For instance, v
Q

may be the minimum clinically detectable

tumor size. Then

(0 * t < tn
F(t) °

( l-exp(-a-V(t)) t * t
Q

They defined R=T-t
Q
[T - t

Q
, and used a staging method similar to TNM [16]

which consisted of four stages S-, , S-,, S
3

and S, in such a way that each

stage is associated with certain volumes of tumor growth, i.e.,

v
i_l

" v K v
i

1S classified as S . , i=l,...4.

Let r. be such that V(t
Q
+r.)=v

i
, i=0,l,2,3, (r.=0), then if P.

is the probability of reporting the disease in S.,

P-| = P[R < r
1
] = l-exp(-a-v

1

+a-v
Q

)

P
2

= P[r
1

^R<r
2
] = [exp(-a-v

1

)-exp(-a-v
2
)]exp(a-v

Q
)

P
3

= P ^ r2" R<r3^
= Cexp(-a-v

2
)-exp(-a-v

3
)]exp(a-v

Q
)

p 4
= p C r

3
" R ]

= exp[-a-v
3
+a-v

Q
]

They used a standard model for tumor growth V(t
n
+r)=v

n
-e^

r
where 6 is

the rate of growth and found E(R) and E[V(R)] as functions of a and S,

E(R) = e^V 1

f y"Vy .dy
Ja-v

Q

E[V(R)] = expected tumor volume at reporting

1+a ' v
Q -1

= ~ a



Knox [55,56] in his simulation studies of breast cancer screening

programs postulated a model for the natural history of the disease

which consisted of a set of stages. A statement of the natural history

of the disease was then provided in the form of a transition matrix

which gave estimated transfer rates between the various stages. This

set of values was adjusted iteratively until an output was provided

which matched available data on incidence, prevalence and mortality.

He used HIP findings as his data [87].

The full set of stages for the simulation included 26 defined

stages and the general sequence of the transfer pattern was held constant.

The simulation was developed in four steps.

1) Some specifications for the natural history of the disease

were developed which make the model capable of explaining available

incidence, prevalence, mortality and case-fatality data.

2) Sensitivities and specificities for palpation and mammography

were developed that make the model capable of explaining the results

of HIP.

3) The results were extrapolated to predict the benefits of

extended screening services.

4) The scope of Urinary-Steroid prescreening tests was examined.

He points out that mortality savings are not to be seen as the

sole criterion and it is possible to provide short but useful prolon-

gations of life without grossly affecting the cumulative death statistics.

He also mentions that

. . .results of the HIP experiment are not the results
that we shall be needing. We would need to know quite

accurately, for each age group, the effectiveness, hazards
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and costs of an extended palpation program using staff
other than doctors, together with the teaching of self-
palpation, and the marginal benefits, risks and costs of
a selective and limited use of mammography, superimposed
upon this background. . . .Having regard to the limited
acceptability of screening procedures, their high costs,
. . .

, a reasonable service target may be a reduction of
breast cancer mortality by about one-tenth.

In 1976, a significant amount of research was completed. Prorok

[78,79] presented a stochastic model for a periodic screening policy

in the case of a chronic disease whose natural history is assumed to

follow a progressive path from a preclinical state to a clinical state.

The distribution of the forward recurrence time (time interval from

initiation of the disease to its detection) is derived and used to

obtain the distribution and mean of the lead time (time interval between

the point at which early diagnosis occurs as a result of a screening

test and the point when disease would have been detected in the absence

of screening), and the relationships for calculating the proportion of

preclinical cases detected. Prorok defines (S ) to be disease-free

state, (S ) preclinical state and (S ) the clinical disease state. He

develops a model for the interaction of the disease process with an

independent screening process. Assuming that screening time is

independent of the time at which the preclinical state is entered

and the duration of stay therein, and allowing for the possibility of

imperfect detection, he derives all necessary distributions.

Prorok also measures the number or fraction of preclinical cases

which are actually detected earlier than usual as a result of screening.

His model is a generalization of the model presented by Zelen and

Feinleib [116] for the case of multiple screening. The restriction

on his model and models similar to it is due to the method of staging
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used, and the assumption of periodic screening. The staging (S
n

, S ,

S ) is very general in nature and by using it, we lose the information

available from data. Periodic screening is also a restriction which

is not necessarily optimal, since there are some indications that, in

the case of age-dependent diseases, the optimal screening policy would

not be periodic [53].

Gall i her [35] has raised the question of how soon a repeat pap

smear should be scheduled in the case of a woman who has had no test

or has received negative smears up to date in her life. He used cost-

effectiveness analysis to determine optimal frequencies of such schedules,

Normally, there is a trade off between the amount of effort at pre-

vention and the resulting amount of advanced disease if not screened.

To analyze this problem there is a strong need for data on the occult

part of the disease, but, in almost all cases, the early disease has

always been treated when detected. Therefore, due to the lack of

appropriate data, he bounded the objective by obtaining two extreme

sets of objectives, between which the true evaluation of objective should

lie. He introduced two extreme levels, (L) and (M). Under L one

assumes: 1) carcinoma-in-situ could come to detection between the

scheduled preventive smears in more than 50% of all affected individuals;

2) only 40% or so of all carcinoma-in-situ would ever progress to

invasive disease if not treated. Therefore under (L) one obtains a

minimal role to the periodic screening. Under M one assumes:

1) carcinoma-in-situ would never come to detection except at the

scheduled preventive examinations; 2) carcinoma-in-situ, if untreated,

would always eventually progress to invasive cancer, and that invasive

cancer is always preceeded by carcinoma-in-situ. Therefore (M) provides
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a maximal role to the periodic screening. In his paper, Gall i her only

worked out level (M), because it offered certain simplicities in the

task of producing a cost-effectiveness analysis.

Galliher assumed a course based upon four possible stages of

diagnosis at screening, and defined them as

H = Healthy

U = Carcinoma-in-situ

V-C = (Micro) invasive disease, curable at detection

V-F = (Micro) invasive disease, fatal even though treated.

Figure 1 is a flow chart for the onset and course of the disease in an

individual

.

Gall i her 's main assumptions are

1) Carcinoma-in-situ does not regress spontaneously.

2) Duration from onset of carcinoma-in-situ to onset of invasion

is negative exponentially distributed (he used a mean duration of

ten years in his computations).

3) Carcinoma-in-situ alone will not be detected by discomfort

of the woman.

4) Carcinoma-in-situ is completely curable at diagnosis.

5) There is a sharp transition to invasion at the end of the

duration of carcinoma-in-situ.

6) When the stage of invasion is entered, two competing processes

commence and operate concurrently; these are

a) tendency to surface clinically,

b) tendency to make the transition to fatal disease.

7) The rate for transition to fatal disease and clinical surfacing

are constants g and c, independent of how long invasion has been in
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Birth

Microscopic

detection

and cure

Clinical

detection

and cure

Stage H

Stage U

Stage V-C

n-arly all females
take this route

Death

from

other

Stage V-F

Clinical

detection

and death

Fiaure 1: Flow chart for onset and course of the disease.
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process. Therefore if the invasive condition is not first diagnosed >

the chance that it remains curable for at least the next t years is

equal to e -
, and the chance that the invasive condition remains

clinically occult for at least t years is equal to e"
ct

.

8) Initially, the individual starts at 20 years old and has

no risk for previous cervical cancer.

He employed the following measures of effectiveness in his

computations.

1) The minimization of the total medical care.

2) The minimization of sum of 1) plus the economic loss to

the society if the patient dies.

3) The minimization of premature death.

Gall i her used data to estimate incidence of onset, g, c and

different elements of cost. For the numerical task of finding optimal

schedules he needed the probabilities

P(i. j» m, t) = The probability that an individual who is in

stage i of the disease at the end of the m-th time interval will be

in stage j of the disease at age t if she does not have a pap smear

between the two stages. This quantity could be easily computed from the

above mentioned assumptions.

A mathematical model of breast cancer which is similar to the work

of Galliher [35] was developed by Shwartz [88,89,90,91,92,93]. His model

was based upon the hypothesis that breast cancer is a "time dependent"

disease, and if it is detected and treated earlier, the prognosis will

be more favorable. However, due to the potential high cost of screening

(in terms of dollars, psychological effects, and physical side-effects),

it is important to establish estimates of the benefits of screening so



31

that one might better evaluate if the benefits appear worth the

costs.

Literature on breast cancer shows [88] that tumor size and extent

of lymph node involvement are the most important prognostic variables

that affect prognosis. Employing this, Shwartz: assumed tumor growth

rate is exponentially distributed, and the rate of lymph node involve-

ment is a function of the size of the tumor and its growth rate. Using

these functional forms, he compared the results with available data and

computed the parameters. Therefore his model consisted of a set of

hypotheses on the incidence of the disease, its progression, its tendency

to be detected without benefits of any scheduled screening examinations

and the relationship between stage of the disease and survival. Using

this model he found, for a woman in a given at-risk level, the level of

effectiveness as a function of the number of tests, the corresponding ages

at examinations, the reliability of the tests, and whether or not the

individual had performed self examinations between scheduled screening

examinations. Modifications in the model were made and a second model

was proposed so that the two models bracketed relevant hypotheses about

the rate of disease progression. The two models differed in their hypo-

thesis about the rate at which lymph nodes become involved.

Due to the lack of appropriate data, Shwartz vaired the assumptions

over the entire range and computed the benefits, with the hope that

actual process lies somewhere in between. For instance, he parameterized

the distribution of tumor growth rates, threat of death from breast cancer,

the false negative rate and the correlation between the false negative

probability on successive examinations.
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Using heuristic techniques rather than optimization techniques,

he determined the best ages at which screening examinations should be

given to each individual.

The three benefit measures employed by Shwartz were

1) the life expectancy of a women from her current age,

2) the probability that detection occurs before nodal involvement,

and

3) the probability that there is no recurrence of breast cancer.

D.E. Thompson and T.C. Doyle [99] proposed an approach to the

selection of screening policy for cancer of the colon and rectum. They

presented an approach to analyzing the question of how often a person

should be screened for colorectal cancer to achieve a desired cost-

benefit outcome. To do this they reviewed and analyzed data on the

incidence and prevalence of the disease, the course of the disease, the

cost and ability of detecting the disease at various stages of progression,

the cost and effectiveness of treating the disease in any stage and

benefits of treatment.

Thompson and Doyle offered two approaches to modeling the disease.

1) A continuous model, based on tumor size and growth data.

2) A discrete state model, based on progress of the disease

through several stages.

In this paper they emphasized the second model, which, in the absence

of data reflecting the true progress of the disease, has been structured

in the context of available data and is relatively simple in design.

This simplified version of the discrete model was used to perform

Darametric analvsis.
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Their model has two principal functions:

1) It provides a basis for determining the relative values of

different screening policies.

2) It provides a means of analyzing the sensitivity of screening

policies to variations of the onset and progress of the disease, the

efficiency of screens, costs associated and/or benefits.

Their discrete model can be viewed as consisting of

1) A set of discrete states, and

2) A set of probability distributions, which describe the length

of time that an individual remains in a particular state.

The model consisted of the following stages:

H : Health

A : Lesion confined to the mucosa but undetected

A': Lesion confined to the mucosa and detected

8 : Cancer into the muscularis propria with negative ly^ft

nodes but undetected

B': Cancer into the muscularis propria with negative lymph

nodes and detected

C : Cancer with nodal involvement but undetected

C: Cancer with nodal involvement and detected

D : Distant metastases present but undetected

D' : Distant metastases present but detected

M : Death.

Due to the unavailability of appropriate data, they proposed a

particular staging and obtained few primary conclusions. In this model

the status of an individual is related to whether disease, when detected

and treated, is curable or not, i.e.,
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Health

Occult Colorectal Cancer, pre-fatal, i.e., curable if

detected

Colorectal Cancer, detected by clinical surfacing or

screening, curable

Occult Colorectal Cancer, fatal

Colorectal Cancer, detected and fatal

Death.

They assumed that the death rate (u(a)), onset rate (P(a)), rate

of progression from pre-fatal to fatal stages (A), rate of clinical

surfacing of pre-fatal U> )» rate of clinical surfacing of fatal

colorectal cancer (^) and rate of death associated with detected fatal

cancer (u
1

) were constants (i.e., they are assumed to have negative

exponential distribution). This assumption resulted in a Markov process

Let P. (t) = the probability that an individual is in stage i

at age t.

Then

P.(t+s) =
I PjU) • Bj^t.t+s)

or

P(t+s) = P(t) • B(t,t+s)

where B..(t,t+s) = probability of a change from j to i in the ti me

interval from t to t+s.

Then screening was introduced into the model by means of the probability

of detecting occult cancer, i.e.,

a. = P(Detection of occult cancer, given that the
K

disease is in stage k}



They considered a screen at time t, , and denoted the time immediately

after the screen by t, ; then

P, (tt) = P, (t,) • a. + P. (tj

P
1
(t|)=P , ( t] ) • (1-a )

where i
Q

, i

Q
correspond to occult and detected stages of the disease.

Then

P(t*) = P(t
1

)
• A

where

10

for i=j and i corresponds to a

detected stage of the disease

for i=j and i corresponds to an
occult stage of the disease

i and j correspond respectively to
occult and detected stages of the
disease

otherwise

Therefore for time t.

P(t
2

) = P^) • B(tr t
2

)

= P^) • A • B(tr t
2

)

and so on.

They examined their model using the following three measures:

1) Oncological: More effective strategies are characterized by

porportionately higher detection in earlier stages.

2) Medical costs: This includes the cost of the screening program

itself, the cost of diagnosis associated with false positives, the



cost of treatment and the costs attributed to the period of disability

of a patient.

3) Life expectancy: More effective strategies are characterized

by longer expected length of time prior to death.

D.E. Thompson and R. Disney [98] introduced a general mathematical

model of progressive diseases and screening. Conceptually, the disease

history could be represented as progressing through a series of stages

whose durations are random variables and whose meaning could be inter-

preted in terms of the individual's prognosis and the sensitivity of the

disease to detection in that stage through clinical surfacing and/or

screening. Their model was a mathematical model of the interaction of

two independent random processes, namely, the disease process and the

screening process. The purpose of the disease portion of the model was

to predict a person's status at any age t. The model can compute the

probability that an individual is healthy or in some stage of the disease

and, if he has had the disease, the length of time he had been in the

particular stage.

They assumed that the screening methods could produce false negative

or correct results, and the probability of these results could depend

on the stage of the disease, the length of time in the current stage and

the particular method used for screening. In their model, as soon as

an individual dies of other causes or is detected as having the disease,

the process terminates. Moreover, the time from birth to death from other

causes is assumed to be a random variable independent of the disease

process. This assumption makes the analysis much simpler, because it

makes it possible to model the disease portion as a semi-Markov process
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whose transition matrix is independent of the age of the person.

This assumption allows them to use the existing theory of Semi-Markov

processes.

Let E = {0,1,2,...,S,S+1,...,N} be the state space of the disease.

State indicates absence of disease, and state 1 through S indicate

that the individual is in one of the S occult stages of the disease.

Stages S+l through N indicate that the disease has surfaced clinically,

or been detected by screening. Let Y be the state of the individual,

given that he is alive at age t.

T = age of the individual when he changes stage for the

n-th time

X = Length of time that an individual will spend in the

state he entered when he was T , years old.

They assume that everybody starts life free of disease. This is

not generally true (for example in the case of Neuroblastoma), and the

analysis can be modified to take care of this possibility.

Thompson and Disney propose the following assumption:

i- J » A " XT t
= 1,Y ,...,Y ,X t 5 .... A

n n ' n-1 n-2 o n-1 o

= p{y = j.X - x |Y , = i 1= A..(x)
{ n

d
' n 'n-1 J "ij

where
1 if j=0

P(Y =:i)
) if j?Q

P(X
Q
=0) = 1
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and compute the probability of the event

B=(Z
t

: Y
t
.j. U

t
>x, V

t
>y}

where V. and U. are foreward and backward recurrence times of the

process.*

They define quantity Q
t
(j,x) to be: Qt

(j,x) = P(Y
t

= j, U
t

- x}

,

and consider the screen given at the time T = t. Assuming Qt
(j,x)

denotes the distribution of (y
t

»
u
t

) immediately after this screen, they

evaluate Qt
(j,x) as a function of Q.(j,x). So given the initial condition

(Y
Q

= 0, U
Q

= 0) at birth, the equation P{Y
t

= j , U
t

- y|

Y

$
= i , U = x}

can take the distribution of (Y
t
,U.) up to the time of the first screen

+
at age Ty Then Qt

(j,x) = f[CL(j,x)] modifies this distribution at

the time of the first screen, as individuals are taken from the occult

part of the disease to the detected states. A similar analysis is

applicable for the interval T, to T
?

and to the screen given at age

T„, etc.

This model is restricted to the case of diseases which are

stationary in time and are not age dependent. Unfortunately, the

literature on most of the cancers shows that there is a significant

difference in relative survival statistics among young and old indivi-

duals [5]. Therefore, in those cases this model has to be modified to

take care of time dependence of the disease.

The forward recurrence time at age t is defined as the interval from
age t to the epoch of the next state change of {Y }, that is

V, = T -t, if T , * t<T . Similarly, the backward recurrence time

at age t is U + = t-T , if T . - t<T .3
t n-1 n-1 n
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Albert and Louis [2,3,66] have done very broad research on the

subject of screening of progressive diseases in the last two years.

In their first paper [2] on screening for the early detection of cancer,

they have characterized the natural history of a chronic disease state

in terms of the distribution of X (a person's age at the time of entering

the disease state), Y (the sojourn time in that disease state), and

A (a person's present age) over a population of individuals. Then,

they have defined age specific incidence, prevalence, life time attack

rate, mean duration of the disease state, cohort effect, etc., in terms

of the joint distribution (X, Y, A), which for known (X, Y, A) gives a

method for estimation of those parameters. In their second and third

papers [3,66] they have found the impact of screening on the natural

history of the disease and presented a method for estimation of the

disease natural history. A brief review of their work follows.

They define

1) f
xyA

(. ,.,. ;t) = joint distribution for (X,Y,A) at any instant t.

2) A person is nonsusceptible if X = °°.

3) A person is a chronic habitue of S if, for that person

X<«> and Y = °°.

•• proportion of chronic habitue = Pr.{X<«>, Y = °°}

4) A cohort effect is said to exist if the distribution of

(X,Y) varies over age strata.

5) The lifetime attack rate of disease state S is

P [X < •] ;

*X> /*» yOO

•'• P [X < «] = P [ x <», Y = »] +
j j

f
XYA

(x,y,a) dx dy da
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6) I$U) = The age specific incidence of S among those aged a:

" V a) = f
X,A

(a,a)/f
A
(a) = f

X|A
(a

'

a)

7) I- = The overall incidence of S:

I
s

-
j o

I
s
(a) • f

A
(i) da

8)
s
(a) = The age specific prevalence of the disease state

among those aged a.

i

s
(a]

a r°°

;

f
YY /A( x ^/a) dy dx

x=0 iy=a-x
XY/A

9) i_ = The overall prevalence of S:

*S
=

j *S'
a

^ ' V a
^

da

10) If there is no cohort effect and if E [X|X<«] is finite,

then |*°

*
s
(a) da

E [Y|X<co] = °

fQ V a
>

da

This equation is a generalization of d-P/I used by other investigators

[29,49,116]. They define S, to be the state which is entered upon

leaving S, and show that I_ = I~, which is used by other researchers,

is true if the age distribution is flat and there is no chronic habitue.

They also present a method for construction of (X,Y) distribution

from prevalence and incidence information.

If there is no cohort effect

f
x
(x) - I (x) +£*s

(x)
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If there is no cohort effect and X and Y are independent, then

T
s

(s)

f
Y
(S) -

[s-<j>
s
(s)+I

s
(s)]

where f, I and $ are laplace transforms.

Then using counter examples they prove that without the assumption of

independence (between X and Y), the Y distribution is not unique.

Since Y denotes the preclinical latency and X denotes the age

at time of entering the disease state, then at the instant of time

X
Q
+Y the patient surfaces. Now, consider a population of individuals at

a certain instant of time, t, each person has an associated vector of

sojourn time Z = (X
Q

, X-j , . . . , X.,Y). This plus the person's age, A(t),

describe the natural course of the disease in that individual. Denote

the density of (Z, A(t)) over the study population f, .(t) and the total

population size by N(t).

In the absence of screening, they allow people to leave the study

population for two reasons:

a) Death from competing risk

b) By reason of surfacing with the type of cancer under study

and assume that

a) A clinically surfaced individual leaves the study population

forever,

b) False positives are eventually discovered and returned to the

study population. They actually take this probability to be zero.

Then if n^ (Z,a) -dA-dZ is the number of individuals in the popul

at time t that occupy the cell (Z,Z+dZ)
•
(a,a+da) , they show that
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sn
(t) „(t) (t) ft)^— (Z,a+t) = M(t)-f

z>A
(Z,a+t)-f (Z,a+t)V (Z,a+t)

provided < a+t < X
n
+Y

and of course in the complementary region, n' '(Z,a+t) = 0.

Here

M(t) is the immigration rate,

~(t)
f
Z A^ is the J°int density of 1 and A among those who immigrate

in at time t,

and

^
(t)

(Z,a) = r(Z,a,t)-(j>(Z,a) + d(Z,a,t)

where

r(z_,a,t) is the screening rate at time t in the stratum Z_=z_,

A(t)=a, 4>(z_,a) is the probability of a positive screen if Z=z_ and A(t)=a,

and d(Z_,a,t) is the death rate at time t in the stratum Z_=z and A(t)=a.

Therefore i/r (Z,a) is the instantaneous net rate of removal of indi-

viduals from the above mentioned stratum.

The solution to the above differential equation is

(t) (
[n

(0)
(z,a-t)+K

(t)
(z,a-t)]-exp[-q

(t)
(z,a-t)j

( otherwise if < a < X
Q
+Y

where

'o

Q
vw

(z,a) = i^
u>

(z,a+u) du
Jn

and

•t „(v)(T) f* ~^ V; (m\
K^ ;

(z,a)
j

M(v)-f
z>A

(z,a+v)-exp Q
lvj

(z,a) dv



To find the joint density of Z and A in the study population at

time t, n^ (z,a) should be normalized

(t) n
(t)

(z,a)

f
7 A

(z,a) = —
Z ' A ft ft)

n
lw

(z,a) dz da

(t)

Therefore the effect of screening on f-, .(•) can be computed which gives

a means to predict the temporal behavior of epidemiologic parameters in

the presence of screening.

In order to answer the question of "what is a better strategy of

screening?" they introduce the concept of "critical point." Treatment

that is begun before this time point has a relatively high probability

of success, whereas treatment begun after this point has a markedly

lower probability of success. Their objectives are

1) The discovery of rate of less-favorable-prognosis disease,

1 f ( t ) ; lf(t) dt is expected number of cases with less favorable prognosis

that are diagnosed in the interval (t, t+dt).

2) The salvage rate s(t); s(t) dt is the expected number of cases

discovered by screening in (t, t+dt), who have favorable prognosis, but

have Y> Xr
The following data are required as input to their computations.

1) Age specific death rate d(a,t)

2) Immigration rate, M(t)

3) Initial population size, N(0)

4) Age specific screening rate, r(a,t), as a function of time

5) The screening detectabi li ty function, $(z_,a)

(0)

6) The initial distribution for (X
Q

, X
]

, Y, A)--f
z A

(z,a).
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7) The (possibly time varying) distribution for (X
Q

, X,, Y, A)

among lmmigrants—f^ .U,a).

In their third paper [66] Louis, Albert and Heghinian present a non-

parametric method for estimation of f„
Y n (•>•» ; t) . To observe the

accuracy of their estimates, they generated data, used it to find the

estimates of certain epidemiologic parameters and compared these

estimated values with their corresponding theoretical values and the

usual epidemiologic estimates. Several points should be noted about

their work:

1) The method of staging employed is very restrictive and the fact

that there is a unique passage from S
Q

to S, . . to S. makes it impossible

to employ their model to the case of diseases such as Neuroblastoma where

from Sq, the individual can either go to S. or $,..

2) Their objective function is not strong enough to use all

information on survival. In fact it picks a point—critical point t —

and weights eyery point t<t with value one and e^/ery point t>t with

value zero.

3) The effect associated with immigrates is not well defined and

since the distribution is assumed to be known, in most cases it decreases

the accuracy. It would be much better to neglect its effect than to

bring it in at an unknown level of effectiveness. They mention that 20%

immigration did not change the screening policy significantly. This is

why other investigators neglect its effect and assume a closed population.

Having reviewed the literature on the topic of screening processes,

we observe that the main issues on this complicated subject are

1) An understandinq of the natural behavior of the disease
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2) Presentation of a method for estimation of the disease

parameters.

3) Investigation of the impacts of screening procedures on

performance measures of interest such as the probability of detection,

the probability of recurrence and the probability of survival (in an

individual ).

4) Investigation of the impacts of screening on the whole society.

No single model has been able to answer all these issues rigorously. Some

unanswered questions are related to the last subject. Most investigators

have tried to find the benefits of lead time on the total population.

It has been claimed that those who are detected by the screening pro-

cedure have a longer preclinical time and are considered to be slow

developing disease individuals. Therefore any measurement solely based

on this group would be biased and determination of the benefit of lead time

for the general population would oe imperfect.

From a modeling point of view, the most general models are those

of Lincoln and Weiss [65,106], Klein and Kirch [52,53], Zelen and Feinleib

[29,113,114,115,116], Bross and Biumenson [10,11,14,15], Prorok [78,79],

Galliher [35], Shwartz [88,89,90,91,92,93], Thompson, Disney and Doyle

[98,99] and Albert [2,3,66]. These models cover a variety of methods,

some of which are similar in the direction of their conclusions but some

are not. The structure of the model developed in this research is similar

to the models developed by Albert, Thompson and Disney, Shwartz and

Galliher but the specific formulation and general conclusions differ.

The following pages summarize the material review in this chapter.
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CHAPTER THREE

MODEL DEVELOPMENT

In this chapter, a general model of cancer screening will be

developed which incorporates the stochastic nature of the disease

process with the viewpoint common to most of the cancer literature —

that cancer disease process can be represented as progressing through

a series of stages whose durations are random variables.

3. 1 A General Model of Cancer Screening

The literature review reveals that almost any site specific cancer

could be represented as a process that progresses through a series of

stages [16,27,35,85]. The staging of the disease can be done in

alternative ways, and there has been a continual argument concerning

the choice of one method over another. Staging of cancer found its

initial importance in reporting the end results. The "American Joint

Committee on Cancer Staging And End Results Reporting" was organized on

January 9, 1959, to develop a system of clinical staging of cancer by sites,

acceptable to the American medical profession. The committee has completed

and published different brochures for clinical staging of different

site specific cancers. The main objective for clinical staging, to be

useful, is that it should be relatively simple and should yield mean-

ingful information as to prognosis. In the case of modeling a specific

cancer, the choice of one method of staging over another depends on

52
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1) The availability of needed information. There are cases where

a staging method seems to be easy to apply, but there are no data to

support it. In such a case, data must be gathered by employing the

staging method under consideration which needs time and the cooperation

of different investigative groups.

2) The Complexity of staging versus usefulness of the results.

It might be possible to combine data in different manners and design

different staging methods, in which case there is a trade-off between

complexity of the staging, accuracy of the result and its usefulness.

In the model developed, the disease process is looked upon as if

it passes through a series of stages before the individual is clinically

surfaced by coming to medical attention through signs and symptoms. At

any time, the disease process may be terminated by death from cancer or

from causes other than cancer. Throughout this research, attention will

be restricted to the disease process and the results will be conditioned

on the individual's surviving to the age of interest. The model makes it

possible to predict an individual's status at any desired age. It will

be possible to compute the probability that a person is free of disease

and, if he has the disease, the stage he might be in.

Then the interaction of the disease process with a random process

called the screening process will be considered. The screening process

is a process in which the individual who is suspected of having the

disease is examined by one or more of several screening methods at

specific points in time. Based on the result of the screening procedure,

the person under consideration will be categorized as "free of disease"

or "having the disease." In the first case he will not be considered

until the next scheduled examination time. In the second case more
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specific examinations are performed to verify initial results and

identify the stage of disease. To allow for all possible situations,

screening methods are permitted to produce false negative and false

positive results. Under a false negative result, the individual is

classified as healthy, whereas in reality he is in some stage of the

disease. Under a false positive result, the individual is classified

as being in some stage of the disease, whereas he is healthy. This

introduces some extra costs, due to additional examinations necessary,

but eventually it will confirm that the individual is healthy. In the

development of the model it will be assumed that the screened population

is closed. There is no allowance for emigration from the population

under consideration, and death from other causes is independent of the

death from cancer. A competing risk approach can be used to tie these

two processes together.

3.2 The Disease Process

Data analysis [5,9] shows that for several cancer sites of interest

in this research the relative survival statistics are strongly age-

dependent and that the distribution of the time from detection of the

disease to death from the disease depends upon the individual's age at

the time the disease is detected. Therefore, the age of an individual

is incorporated as a dimension in the state space of the model. The

basic elements of the model are the age of the individual and the stage

of the disease he is in.

Suppose that an individual of age t can be in one of (2N+3) < °°

states with respect to a given disease. Let

S- t[0
t
,l

t
,...,N

t
,l

i
,2;,...,NM 0'.D)

te{T}
T = 0,1,2,...,T

max
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be the state space of the disease, where T is the set of discrete times

which are the ages of interest in ascendinq order and T is the
max

maximum age under consideration. Depending on the nature of the disease,

t could be weeks, months, quarters or years and T should be large

enough to cover screening of any individual carrying the disease.

State is assumed to indicate that the individual of age t is

free of disease. States l

t
through N

t
indicate that the individual of

age t is in one of N occult stages of the disease. Stages 1' through

H'
t

indicate that the disease has surfaced clinically or been detected

by examination for an individual of age t, when he was in one of

stages 1 through N, respectively. States 0' and D indicate that the

individual has been "cured" or "died," respectively. In Figure 2,

the stages of the disease are depicted schematically.

An individual may start life healthy and remain in that state

until he dies of other causes, or he might start life healthy and develop

the disease sometime during his course of life. Then he will be classified

as in one of the stages 1 through N. The disease may progress from

one state to another until he is surfaced clinically (through signs

or symptoms) or is detected by screening. Then he goes from state n

(1 - n - N) to state n'. In this simplified model, regardless of the

progression of the disease in the detected stages, the individual is

assumed to die from the disease or be cured. That is, depending on the

age of the individual and the stage he was detected in, whether or not

the disease progresses through the detected states, he has a certain

chance of going to states 0' and D. In Figure 3, the transitions that

are permitted in the model are illustrated in more detail.
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Healthy

Onset of the disease

0» « Cure

Occult Stages

W 1,? N 1
Detection

Screening

or

clinical surfacing

» t

1 .2

Detected stages
13 D*ath

*4 3

Figure 2: A schematic diagram of the stages of the disease.

Fiqure 3: Structure of the disease.
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There is no restriction on the condition at birth, which means

that a newborn infant could be healthy (with respect to the special

disease under consideration) or possibly in any one of the occult stages.

This modification plus "time dependency" of the disease would be

necessary in the case of some kinds of site specific cancers such as

Neuroblastoma.

At any time the disease process can be terminated by death from

causes other than the disease, therefore the attention is restricted to

the disease process and the results are conditioned on the individual

surviving to the age of interest. For modeling purposes, the possibility

of death from the disease prior to recognition of the disease is included

in the model with clinical surfacing from the disease. This is because

death from the cancers is unlikely prior to clinical surfacing of the

disease. Therefore, there is no one step transition from occult stages

of the disease to the state "death from the disease." The process

terminates when the individual dies of any cause or is cured through

the process of treatment. The re-examination of the individual after

the treatment is done will not be considered. This is because the risk

of a second cancer is usually high enough that screening of former

patients cannot be considered routine screening.

Let X
t

by the state of the individual of age t, given that he is

alive. For instance 2,
Q

would mean a 10 periods (weeks, months,...)

old person is in stage 2 of the disease. Let the disease process be

tracked only at the end of fixed intervals of time. Conceptually, the

random process (X) can be pictured as a process that goes from one state

to another. As soon as a new state is reached, the process randomly

chooses the next stage to be visited. After choosing this next stage
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and depending on which stage the process is currently in and will next

go in, the process randomly chooses a time required to make that

transition. Therefore the resulting process {X} is a Semi-Markov

process and the sequence {X } would be a Markov chain discrete time

process. The one-step transition probability

P
ij

= P{X
n+l =JI Xn" ,}

has a very special structure, which consists of upper diagonal blocks.

This can be seen from Figure 4.

It is seen that the only possible transition for an individual

of age t is to go to age t+1 , regardless of progression of the disease.

To clarify the process, a sample function of the disease process is shown,

in which the individual is detected in stage 2 at age 6 and gets cured.

See Figure 5.

3.3 The Screening Process

The disease process goes from one stage to another until it is

clinically surfaced through the nature of the disease itself. If the

disease is a time-dependent process, it usually surfaces at a stage

in which there is a relatively poor chance of survival. Therefore,

there is an interest in detecting the disease in its early stages of

progress, which can be done through screening process. The screening

process is a process in which, at specific points in time, the individual

who is suspected to have the disease, is examined by one or more of

several screening methods. In order to screen for a disease, one needs

a simple, rapid, relatively accurate test to select from a general

population those persons who would benefit from further diagnostic

studies [45]. A screening method has several characteristics, which in
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general make it possible to choose one method over another, if any one

is to be chosen. For instance, a screening method may be harmful [89]

because of the unreliability of the technique used, resulting in

increased psychological trauma because of high false-positive rates and

perhaps decreased surveillance and an unwarranted sense of security

because of the high false-negative rates and because of possible

deleterious side-effects of screening. In general an ideal screening

test must have an acceptable false-negative rate and false-positive

rate.

An individual should be screened under a screening policy which

determines the ages at which the individual is to be screened, and the

method which is going to be used for screening. Assume that there are

M different examination methods and that screening examinations are given

at ages Tj < T^ < 1^ For modeling purposes assume that no more than

one screening test per each time interval is done and the screening

examination for the period (t,t+l) is done at t
+

, which is a time

very close to t but greater than t. A sample function of the process

with and without screening is shown in Figure 6.

It is assumed that when an individual in state i (1 - i - N)

is screened he will stay in the state i (if test gives a false-negative

result) or go to state V (if the test gives a correct result), and

therefore there would be no error in stage recognition of the screening

method. In the following material, the effect of screening on the

process will be determined.

Let b-
t

= Probability of transition from stage i to i
1

in the t-th interval with screening.

bj
t

= Probability of transition from stage i to i
1

in the t-th interval without screening.
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Without screening
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Define f^(t) to be the probability that a person who has been in state i

at age t is properly classified as diseased. Then screening will affect

b.. in the following manner:

b.j
t

- P[test is done in the t-th interval] •

P[individual being in state i at the time of test] •

P[test gives correct result] +

P[test is done in the t-th interval] •

P[test qives false-negative result] • b' +
J

it

P[test is not done in the t-th interval] b'J it

Define Z
t

as a zero-one variable, which takes value one if the test is

done in the t-th interval and zero otherwise, i.e.,

h-
If test is not done in the t-th interval

1 If test is done in the t-th interval.

Then

b
1t

= P[z
t
^o] • f.(t) • P[x

t+
=i|x

t
=i] + |p[z

t
=o] +

+ [P[Z
t
tf>] • (1-f^t))]} • b!

t

b
it

= Z
t

• f1<*> • p tX
t+

=i|X
t
=i] + |(l-Z

t
)

+ Z
t
-[l-f.(t)]j • b!

t

b
it

= z
t

• f.(t) • P[x
t+

=i|x
t
=i] + [i.z

t
.f.(t)] • bi

t

Later, the system will be assumed to be discrete so that the process

can jump only at the end of a discrete interval. This assumption is

equivalent to saying

P[X
t+

* 1|X
t

= i] = 1
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in which case b.. reduces further to

bu -z
t

• f,(t) ti-z
t
-f,(t)] bj

This means

it

it
If screening is not done in

the (t,t+l) interval

If screeninq is done in the
(t,t+l) interval

f
i
(t)+[l-f

i
(t)]-b!

t

A simple way to see this is by the use of the following argument

it

b'.. If test is not done

1 If test is done and gives true-positive result

b^
t

If test is done but gives false-negative result.

But the following probabilities are associated with the above events:

P[test not done in the (t,t+l) interval] = 1 - Z.

P[test is done in the (t,t+l) interval and gives true-positive

result] = Z
t

• f.(t)

PCtest is done in the (t,t+l) interval but gives false-negative

result] = Z
t
[l-f. (t)]

Therefore

bn

b' with probability (1-Z.)

1 with probability Z. • f.(t)

b!
t

with probability Z
fc

• [l-f.(t)]
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bu - b
i t

• 0-z
t ) + i • z

t
• f

t
(t) + bj

t
• z

t
[i-f,(t)]

=> b.
t

- Z
t

• f,(t) [l-Z
t
-f.(t)] • b:

t

A similar argument can be employed in the case of other elements of

the transition probability matrix. Define

ajj
t

= Transition probability of going from i to j in the t-th

period without screening

a.j -

t
= Transition probability of going from i to j in the t-th

period.

Then

a - -

1
= ai ^{probability that the test is not done} +

a! .^.{probability that test is done} •

{probability that test gives false-negative result}

a
,-jt

a
; Jt •

{
prV°J + prV« • n-vt)]}

a
ijt = a

ijt '

{(i-z
t )

+ ¥ , - f
i(

t »]}

A simple way to see this is by the use of the following argument:

f,,

a. .,

ijt
If the test is not done in the (t,t+l)
interval

If the test is done in the (t,t+l) interval
and gives true-positive result

„.. If the test is done in the (t,t+l) interval
*-

J but gives false-negative result.
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'ijt

l

ijt

l

a
ijt

with probability (1-Z )

with probability Z • f.(t)

with probability Z • [l-f.(t)]

This gives

*ijt • V-V f
i
(t,]

Let U' = Probability of staying in state i in the t-th period

without screening

U
it

= Probability of staying in state i in the t-th period.

The same analysis reveals that

U. + = U'
it it

[i-z
t
-f.(t)]

This analysis shows that all elements of the one-step transition

probability are affected by screening in the following manner:

Probability element
No screening in Screening done in

Notation (t,t+l)th int. (t,t+l)th int.

Probability of detection b.

Probability of stay

Probability of jump

it

it

l

ijt

b
it

U
it

a
ijt

f
i

(t)+[i-f
i

(t)].b:
t

u^Ci-Vt)]

Vi-Vt)]

Note that U , and a ,
.

, which are related to the "Healthy" state, are not
ot olt J

dependent on the screening procedure and regardless of the screening method
used, they will remain unchanged.
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It is seen that U
1

.. and a! ., are decreased and b' is increased through
it ljt it 3

the process of screening. Later on, in this research, this analysis will

be employed to develop a general form for the probability transition

matrix.

3.4 Estimation of Transition Probabilities

Any model has certain associated parameters, the realistic estimation

of which should be a primary goal of the analyst. In the model employed

in this research there are four types of parameters.

1) Probability of staying in the occult stage i in the

interval (t,t+l).

2) Probability of going from stage i to j (in the occult part

of the disease) in the interval (t,t+l).

3) Probability of detection of an individual in state i at age t.

4) Probability of survival of an individual in state i at age t.

The probability of going from i to j includes onset of the disease

as a special case. In order to have a realistic estimate of these para-

meters, data available in the literature should be employed consistently.

The survival probabilities are given in the literature on cancer and a

realistic estimate of these probabilities for each stage and age group

is not that difficult (although lead time effects are difficult to

estimate), but the first three sets of parameters mentioned above are

extremely difficult to estimate. This is due to the fact that there is

no consistent data on the occult part of the disease, and there is no

simple way to estimate those parameters. It is known [35,89,98,99]

that the unavailability of data on the occult stages is due to the fact

that almost all detected individuals go under treatment as soon as they
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are screened and found to be in some stages of the disease. Then

it remains to be clarified what are those statistics presented in the

literature, say the percentage of the people in each age and stage

group. A close look at those data reveals that they are on the

detected stages of the disease, because there is no way to gather

data unless a diseased individual is detected. For instance, assume

there are data indicating that a% of people who eventually get the

disease are found in state i at age t. The only way to interpret these

data is that in the long run, assuming no trend of the disease in time,

the steady state probability of being in state i' at time t is a.

If these data are available for a system in which there has been

no scheduled screening policy in the process of data collection, then

this information would be ^ery useful in estimation of the parameters

of the model, i.e., a'..,, b' and U' . To do this, it is necessary toIJUlL It J

hypothesize a model structure for the occult part of the disease and

then check the model's output with data. The model which gives the

closest match between output and data would be the one which has more

chance of representing the actual phenomenon of the disease in the

population.*

The following approach is employed in estimation of the model's

parameters. It is decided to use the data as the probabilities of

being in the detected states (call them P[X =i'])** and compare them with

In the use of this distribution, it is assumed that irrespective of
the screening time and interval, the population probability of natural
detection remains unchanged.

**
In this development the prime denoting the probability of natural
detection has been dropped. It will be reintroduced later.



the corresponding theoretical values. Due to the dependence of the

process on the initial state occupied and time dependency of the disease,

there is no long-run distribution. Therefore another concept will be

employed in which lim P... gives the steady state probability of being

in state j after t time intervals, given that the individual started life

in state i at time 0; P.-
t

could be computed from postmulti plication

of matrix P
" by matrix P.

Assume that there is no more than one transition per unit interval.

This is possible by making the interval small enough to cover the

possibility of any short duration transition. Let P[X = i'l denote the
n

probability of an individual of age n being detected in state i'. The

following observations are used to establish a mathematical form for

P[X
t
=i'].

Observation 1

:

p[x =sjx =s] = TT u .

n ' o
J

,'J-, sj :d

Proof: The only possible way for an individual to stay in the state

he was in n periods ago, is to stay there at each and every interval,

which means the product of the probability of being there at the end

of his first, second, ..., and n-th age period.

Observation 2 : If there is only one step in going from S to T

(i.e., one arc) , then

n-
| j

'[X =T|X =S] = y tT U .

j=0 i=l
S1 ST 'J +1 ik=j+2

Tki

JJ

S r *-<!&

(II
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Proof: If the individual wants to be at T by age n, he has to jump

from S to T sometime during (0,n). Thus he has an extra time of n-1

periods to spend in any possible combination of states S and T.

Observation 3 : If there are two steps in going from S to T (i.e., two

arcs), then

n-2 n-2

P[X
n
-T|X -S] =

I I
j=0 *=j

J
WT,£+2

IT u
si

i=l
b1

l

SW,j+l

n

IT u

m=£+3
Tm

f Jl+1

^ u
wk

k=j+2
Wk

(in;

sw
a
WT

Proof: If the individual is to be at T by age n, he has to jump from S

to W and from W to T sometime during (0,n). The rest of the time

(n-2 remaining periods) has to be spent bystayingin any possible

combination of states S, W and T. The same type of discussion could be

used to generalize the observation for cases of higher order.

Observation 4:

P[X =i'] = P[X ,=1'] • b.L
n

L
n-1

J
in

IV]

Proof: Due to the assumption employed before (there is no mistake

in stage recognition in the detection techniques), there is only one

way to be detected in stage i at time n; the individual should have been

in state i at time n-1

.



The same equality could be derived by using the definition of

conditional probability

P[X
n
=T] =

I P[X
n
=T|X

t
-S] • P[X

t
-S] S t < noo

all possible S's

(1)

because for the special case when t = n-1
o

f[x
n
=i' ] -

I P[X
n
=i'|X

n
.,=u] P[x

n
.,=u ] . b

1n
• P[X

n
.,-1]

y

This analysis shows that for P[X =i'], the lim P
n

converges to the

n-*»

limit for n=t. The reason behind this is that nobody who is in any

occult stage after t-1 can be detected at t, and if somebody has been

detected before time t, he would not account for P[X = i
1

].

Use of Observations 1 through 4 plus a special case of equation 1

(where t = 0) makes it possible to find a mathematical form for

P[X =i] and P[X =i
'
] as a function of U's, b's and a's.L

n p

As an example, consider a disease which has been postulated to

have the following structure:

P[X =T] = b, -P[X ,=11L
n

J
in L

n-1

= b
ln-{

pCVl =1 IV0]P[V0l +

where P{X ,=1|X =0} and P{X =1|X =1} could be found from Observations 2
n-1 ' o n-1 ' o

and 1 respectively.

P[X
n
=2'] = b

2n
• PCX^-2]

f

= b, --(PCX t=2[X =0] P[X =0] + P[X T=2iX =1] P[X =1] +
2n \

L n-1 ' o
J

o
L n-1 ' o

L
o

PTX t=2|X =2] P[X =2]
- n-1 ' o o



where P[X ,=2|X =0] is the sum of two different conditional probabilitiesL
n-1 ' o

a) going from to 2 straight (one arc)

b) going from to 2 through 1 (two arcs)

Observations 2 and 3 give expressions for these probabilities

respectively. Moreover P[X -|»1 ' |X =1] and P[X
n
_-

]

=2 l

|
X
Q
=2] are found

from Observations 2 and 1. Therefore having initial conditions P[X =0],

P[X =1] and P[X =2], it would be easy to find the steady state

orobabilities as functions of the elements of the probability transition

matrix.

The question is how can P[X =i
'
] be used to estimate the model

parameters? A close look at the structure of the transition probability

matrix reveals that depending on how the occult part of the disease is

to be modeled, a different number of parameters are to be estimated.

Assume that the number of parameters of the model of interest is M. Using

the methodology developed, the following algorithm will give the unknown

parameters uniquely or as functions of other parameters whose estimates

would be necessary. The following three concepts are employed in the

establishment of the algorithm

1) For each time interval (say n) there are N equations (one for

each occult stage) of the form PCX =1' ] = <Xj , where otj is the value

obtained from data and P[X =1'] is the mathematical function developed

in this section.

2) For each time interval (say n) there are N+l equations of the

form y P.. = 1 ; one for state "healthy" and N for N occult stages.

J
1

J

n



3) For each time interval (say n) there are M unknowns of the

form a. . , b. and U. .

ijn in in

Therefore there are a total of 2N+1 equations and (M*2N+1) unknowns.

Algorithm

Step 1 : Start with t=l

.

Step 2: a) There are 2N+1 equations and m unknowns. Depending on

the number of arcs (transitions possible) there may or may

not be a unique solution. If not M-(2N+1) of the parameters

must be realistically estimated.*

b) Solve the system of equations for the remaining unknowns.

Step 3: Let t = t+1 , go back to step 2, unless t = T , in which case

stop. Therefore starting with first period and going in steps

of one period, the algorithm gives systematically the value

of parameters uniquely or as functions of M-(2N+1) other

parameters. Therefore, the algorithm solves the system of

equations and determines the remaining unknown parameters,

uniquely.

3.5 Objective Functions

Having structured an analytic model of the disease, policy selection

can be approached in a straightforward fashion. It should be noted

that there are several possible measures of performance; different

measures may lead to different "optimal" screening policies. The most

common objectives used in the policy selection of cancer screening are

One way to get an estimate of these parameters is to find a bound on

them by estimating the corresponding parameter in the detected stage.

This method will be discussed later in this research.



1) Minimization of the total cost—Cost of screening, cost of

treatment and cost of losing a patient due to death.

2) Maximization of life expectancy.

3) Maximization of the probability of detection of the disease

in a favorable stage.

4) Maximization of the lead time—Time between the detection of

the disease under screening and the time that disease would have been

discovered under no screening program.

Cost-effectiveness measures of screening policies are an objective

of much interest, because if screening is to be used nationwide, there

should be a net positive benefit (measured in dollars) of doing so. The

total cost of a screening program consists of the cost of screening, the

cost of treatment, the cost attributed to the period of disability of a

patient and the cost to the society of losing an individual. Therefore

Expected total cost of a screening program = E(S)+E(T)+E(D)

where E(S) = Expected total cost of screening

E(T) = Expected total cost of treatment

E(D) = Expected total cost of death due to disease.

In this section, each of these cost elements is expressed mathematically.

In order to do this, an undiscounted analysis is employed and later on a

discounted version is used to transform all the costs to present worth.

a) Screening Cost

Assume that M screenings are scheduled for ages T, ,T„,. . . ,TW .

I c. M

The expected total screening cost is the sum of the expected costs of

screening at r,,T ,..., and TM . However, since an individual will be
I 2 M

screened at age t only if he is in an occult stage (including state

"healthy"), the following expected value analysis is used.
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Expected cost of screening at age t =

(cost of screening at age t) (probabil ity of being in an occult

stage at age t) (probabil ity of test done at age t)

Let C (t) = screening cost at age t

P[X
t
=i] = probability of being in an occult stage i at age t.

Then

Expected cost of screening at age t =
I C (t) • P[X =i] • Z.

ieO
s l z

where is the set of occult stages, i.e., = {0,1 ,2, . .
. ,N}.

The expected total screening cost is the sum of this quantity over

all intervals, i.e.,

T
max r

1

E(S) • I I C (t) • P[X -1] • Z.

t=0 HeO s z l
>

b) Treatment Cost

Treatment cost will occur whenever the disease is diagnosed on

the screening tests or clinically surfaced. At a specific interval

(t,t+l) the expected treatment cost E(t) is

E(t) = (cost of treatment of an individual in stage i
1

at age t)

(probability of being in a detected stage i' at age t)

(probability of accepting the treatment)

Assume that every individual when detected accepts treatment, and define

Cj(t,i') = Treatment cost of an individual who is in stage i' at

age t.

P[X =i
'
] = Probability of being in a detected stage i' at age t.
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Then

E(t) =
I C-(t,i') • P[X =i']

i'eD
' t

where D is the set of detected stages, i.e., De{T ,2' ,. . . ,N'}.

The expected total treatment cost is the sum of this quantity oyer

all intervals, i.e.,

maxmax
f

,,

E(T) =11 C (t,i') • P[X =i']
t=0 M'eD ' t

J

c) Mortality Cost

In the simplified model, there is no possibility of death due to

disease before detection, and any individual who is in a detected stats i
1

at age t may die with probability d!(t) and/or be cured with

probability [1 - d!(t)]. This transition is assumed to happen one interval

after he gets into the detected stage. (This is not what happens in

reality, but it is a good approximation of the actual process and is

employed here because most of the data on survival are given by age at

diagnosis.

)

Expected cost of death due to disease at age t = (cost of death at

age t) (probability of being in a detected stage i' at age t) (probability

of death at age t in stage i
1

)

Let C
d
(t) = Cost of death at age t (present worth of future income)

d.,(t) = Probability of death due to disease for an individual

who is in stage i ' at age t.

Expected cost of death due to disease at age t -

I C At) • PCX =i '] • d.,(t)
i'eD

a z ]
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The expected total mortality cost due to disease is the sum of this

quantity over all intervals, i.e.,

T
max r >

E(D) =11 C (t) • P[X =i'] • d.,(t)
t=0 M'eD a Z 1

J

Since this model is based on the assumption that the individual does

not die due to any other causes up to age t, let P. (t) represent the

probability of this event, then P.(t) has to be incorporated in the

objective function. Therefore

Expected discounted total cost =

t
max r

I I c (t) • p[x -i] • z + l CcT
(t,i')+c,(t)-d.

t (t)] •

t=0 'ieO
s z z

i'eD '

d i

PCX
f
=i'] N=—

r

Z
> (r+])

Z

where r = discount rate

P. (t) = probability of not dying of other causes up to age t.

It is shown in Section 3.4 that P[X =i] and P[X =i'] are known in terms

of the parameters of the model and the decision variables Z . It remains

to give a realistic estimate of quantities C (t), C(t,i'), C.(t),

d.,(t) and P (t).

3.6 An Alternative Expression for the Objective Function

The criterion of minimization of the expected total cost resulted

in an objective function derived in the previous section and repeated

below.
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t
maxmax (

O.F. =11 C (t)-PCX -i] • Z.

t=0 l ieO
s z z

+ I [c
T
(t,i')+c

d
(t)-d;.(t)] • pcx -1 •

3}
-p, (t)

leO '
a

1 - z -J (r+1
it

where C
s
(t), C

T
( t ,

i

' ) , C
d
(t), dl(t), P,(t) and r are the known parameters

of the optimization problem and P[X =i] and P[X =i
'
] are functions of

the decision variables Z. - 0-t-t
t max

For any site-specific disease, the methodology developed in Section 3.4

could be employed to write P[X =i] and P[X =i'].,
Q

as functions of

the disease parameters a.., U., b. and the decision variables Z . To do

this in the formulation of P[X =i] and P[X =i'], the parameters are

written as functions of Z in the following manner:

un '"it' n-z
t
-f,.(t)] m

b
it

z
t
-f,(t) [i-z

t
-f.(t)]-b:

t

where a!.,, U' and b' stand for the probability elements estimated for

the case of no screening program available and a..., U., and b.. are33
i jt it it

the corresponding values for any specific screening policy. In other

words, prime indicates measurement of elements of the disease when the

nature of the disease is unchanged by having no external screening test.

This reduces the objective function to a function of !,_, 0-t-t ,

t max

where 1 can take one of the two integer values zero or one. Therefore

the optimization problem is an integer program but because of the

multiplication of variables.-- to see this look at any one of the
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expressions for P[X =i] when a.., U. and b.'s are functions of Z --
L i j i i t

it is not an integer linear program and the classic methods of

solution to "integer programming" are not applicable. It remains to

evaluate all possible policies or use some branch and bound procedure

to omit any policy as soon as it is dominated by another policy already

computed.

The optimization problem is whether or not to screen the individual

at any time t. Therefore if t is a discrete time interval and varies

from 1 to t
(nax

, there would be (2)
mx

solutions, because at any time

t either there should be a test or should not; of which the best one

is to be chosen.

There may be constraints on the total number of tests permitted

per each individual and on the interval between two successive tests

due to the fact that certain tests are dangerous in nature and/or might

introduce some side effects. The constraints are mathematically shown

as

Constraint 1: Maximum number of tests permitted for an individual

is S . .

max

t
max

t
fs t max

Constraint 2: The interval between two screens should be at least

t . .mm

j+t
min

I
Z

i
~ ] j

= 1.2 t -t. nji,- i max min
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Depending on the values of S and t . , Constraint 2 may imply
max mi n J r J

Constraint 1. For instance if t
max

= 72, S
max

= 10, t
min

= 9, then

there is no way to do ten tests or more and keep the interval between

two successive tests as desired, which means in this case Constraint 1

is implicitly satisfied by the second set of constraints.

3.6.1 Alternative Form 1

If it is assumed that f.(t) which is the probability that a person

who has been in state i at age t is properly classified as diseased, is

a constant independent of age and stage, then it is possible to simplify

the objective function and reduce the computational aspects of the

problem significantly. The assumption of constant true positive rate of

detection is valid in the case of some of the diseases such as Neuro-

blastoma and, in general, the range of variation of f.(t) is sufficiently

small that a constant could be used to represent the true positive rate

of detection of the test. Later on the constant could be varied over its

possible domain and a sensitivity analysis could be used to determine the

validity of the assumption.

The assumption f.(t) = F is basic to the following analysis and is

used to write

a
ijt

a
ijt

(1 - z
t-

F
> 1«

!n " U
it

(, - Z
t-

F) w
"it ' >j t

<l-Z
t
-F) + V F

A close look at the mathematical form of P[X =i] and P[X =i ' 1 derived in
n

L
n

Section 3.4 shows that each of these terms is the sum of several terms,

each of which is in the form of multiplication of n elements. The terms
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are such that there exists exactly one element corresponding to each

time interval t; l-t : n. To explain this in more detail, take the

following simple case:

Observation 2, Section 3.3 gives

n-2 \ f j n-1

P[Xn-r^„^=J |^U
s1
ja

STJ+l[k TT
2

U
Tk

and Observation 1 gives

n-1

P[X ,=T IX =T] = TT U_.
n-1 I o

J

yj-j Tj

Therefore

n-2 u J

pCVT '3- I J[
u
Si

j=o Ui=i si
'

ST 'J +l ik.y+2

n-1

TT u
Tk

}\ P[X =S] +

n-1

JT L'
r .; p[x„-tj
Tj '

L
o

• b
T,n

P[X =T'] =
L

n
J a

ST,r U
T,2---

U
T,n-l

+U
S,r a

ST,2-
U
T,3---

U
T,n-l

+

U c ,...UC -a CT , P[X =S] +
S,l S,n-2 ST, n-1 L

o
J

'

UTr U
T2-"

U
T,n-,»

P [ X„^ T,n

In this particular example P[X =T'] is the sum of n+1 terms, each of

which consists of multiplications of n elements of the form a.., U. and

b.. In each term, say a CT ,-UT „-lL Q ...UT . •

b

T , there exists one
i bl,l I ,c 1 , J I, n-1 l,n

and only one element corresponding to any time interval 1-t-n (for t-1

,

a<-
T ^

is the only parameter that carries the time subscript "1"). This

concept plus the assumption of constant f.(t) will be employed to derive

a simpler form for the objective function.
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Assume that the screenino program is scheduled for Te{T,<T„<. . .<T»},12 M

which means the individual will be screened at ages T, ,T
?
,..., and T ,

and use the following notation

P'[X
t
=i] = Probability of being in the occult stage i at

age t under no screening program.

P[X
t
=i] = Probability of being in the occult stage i at

age t under any screening program.

P'[X
t
=i'] = Probability of being in the detected stage i

1

at

age t under no screening program.

P[X =i'] = Probability of being in the detected stage i' at

age t under any screening program.

Then P'[X
t
=i'] is known from the data and P'[X =i] could be found from

data as a function of b^
t+1

by the use of Observation 4

P'CX =i] -—-r£3
z D

i,t+1

For any time interval 0-t<T, , there is no screening. Therefore

P'[X
t
=i] = P[X

t
=i] O^t^

P'[X
t
=i'] = P[X

t
=i'] O^t^

Temporarily, assume that every individual who will eventually get

the disease has the disease by the time of the first screening. Later

this analysis is used to modify the model to cover every possible case.

At time t = T,

P[X
T

=i] = (1-F) P'[X, »i]
'l 'l
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This is because the last element of P[XT =i] carries time T, and is

'l
'

modified by (1-F).

For t in the interval T,- t<T
2

, one and only one element in

P[X
t
=i] corresponds to time T and is therefore modified by (1-F).

Therefore the whole expression is modified by (1-F).

At time L,, under the same assumption (everybody has the disease

by the time of the first screening), in each term of quantity P[X =i]

there is one element corresponding to time T, and one element

corresponding to time T^. These two elements are the only ones that

are modified by the factor (1-F). Therefore the whole expression is

2
modified by (1-F) , i.e.

,

PCX =i] = (1-F)
2

P'[XT =i]

This assumes that the outcome of each screen is independent of previous

results. The same analysis holds through for T
2
<t<T

3
and could be

generalized to establish that under the assumption that everybody who

eventually gets the disease has it by time T, , the screening cost will

be

I C (t) •

I P[X -1] =
I C (t) • P'[X =0] +

teT
s

ieO
z

teT
s t

:^- F )C
s
(T

1
)

l
P'[X

T
=i]+(l-F)

2
C
s
(T

2
)

I
P'[X

T
-1] + ... +

(1-F)
M

C
s
(T

M
) I

P'[X
T

=i]

i M

This is because the P|X=0] is not effected by the screening program;

(it is written separately).
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Observation 4 can be employed to replace P'[X
T

=i] by its

J
equivalent quantity P'[X

T + -,

si']/b'
T +1

. Therefore

Screening cost =
J C (t) • P[X =0] +

teT
s t

P'[X
T ,.1'J

I
|

C
s
(T

k
)-(l-F)

k
•

I

'

k

k=1
1 *' b

i,T)+ l

k

where M is the total number of tests.

To show the relationship between P[X =i
'
] and P'[X =i'] it is

necessary to investigate the changes due to b.. in addition to those of

a.j and U. and to consider the effect of screening on each individual

element of P[X =i '].

Taking into account only those individuals who get the disease

before time T, it is obvious that for 0-t<T. there is no difference

between P[X
t
=i'] and P' [X =i ']—simply because there is nc test in this

interval and therefore a.., U. and b.'s remain unchanqed.

At time t = T, , according to Observation 4

P[X

'l 'l
'

l5
'l

But from the previous analysis P[XT ,=i] = P'[X_ i
3 i], because thereV 1

'r 1

has been no test up to T, . Moreover, since a screening is done at time T,

b
1 T

= b! • (1-F) + F
i,i

1
1,1-,

Substitution for P[XT ,=i] and b. T in P[XT =i
' ] givesV 1

^'l 'l

p[xT
=i'] = p'[x =i] • [b:

T
-(i-f)+f]
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But according to Observation 4

P'[X
T

,«1] = P'[XT=i']/b' T
'l

' ^'l

P'[X
T

-1']

P[ X =i'] = ]

[b
. (1-FJ+F]

1 b
i T '1
1,1-,

= P'[XT
=i'] • [1-F+ —F—}

For T
1

<t<T
2

one and only one element in P[X =i'] corresponds to time

t=T
]

and this element is either of the set a or U. Therefore the whole

expression is modified by factor (1-F), i.e.,

P[X
t
=i'] (1-F) • P'[X

t
-1'] T^^Tg

At time t = Tp, under the assumption that everybody has the disease by

the time of the first test, in each term of the quantity P[X =i
'
] there

is one element corresponding to time T, and the term b. _ corresponding

to time Tg. The element corresponding to time t=T, is of the set a or U

and is therefore modified by factor (1-F) and the element b. - is

modified by

b
i,T

2

* b
i,T

2
•

(1-F) F

Therefore

P[X
T

=i'] = (1-F) P'[XT =i'] [1-F+ t^—]

2
T
2

b
i,T

2

For T
2
<t<T

3
there are two elements of the form a and U corresponding to

times T
1

and T
2

and each of them is modified by the factor (1-F).
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Therefore

P[X
t
=i'] = (l-F^ • P'[X

t
=i'] T

2
<t<T

3

In a similar manner the whole treatment cost and death cost can

be shown to be

Treatment cost + death cost =
I 1 I C . ,

• P'[X =i
'
] +

i'eD l
t=0

I * 1 z

CT ,, 1-F+
Y 1

A- • P'Cx =i'] + I c .,
•

i,T, J
'l t*T,+l

z^
(1-F)

P'CX
t
M'] + Cvil • (1-F) (1-F+bT^ P'[XT =i'] + .

where C^., = C
T

( t , i
'

) + C
d
(t) • ^.(t)

Therefore under the main assumption that all of those individuals who

will eventually get the disease are involved at or before time T,

,

the expected total cost will be

max

:««>, j
jz

t
-c

s
(t:

t'
b
i,t+ i j

P[X
t
-0] h- (1-F

max
+ MI

t=l i'eD

t

k=l
K

't,i

1-P+ rr- ]

Z
P'[X.=i'j

i,t

-I

(1-F)

t-1

k=l
'

j

Not everybody has the disease at or before T, and, in fact, only

a known percentage of them may have the described situation. To find
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this percentage, assume that onset time (the time that the individual

gets the disease), has a negative exponential distribution with rate A

Then

P[X
t
J»0] = A

o
e~
V

and

P[X^0]dt = 1 - e °

-A -T,

Therefore (1-e ) percent of all the individuals who eventually get

the disease have had it at or before T, , and their contribution to

objective function is

1-e ° ' • (cost)
]

Using this argument, let us divide the population into M+l groups-

M is the total number of test scheduled—in the following manner:

Group 1 consists of those individuals who have the disease at

or before T,

.

Group m consists of those individuals who get the disease

between T , and T . m=2,...,M
m- 1 m

Group M+l consists of those individuals who get the disease

after last screening.

From assumption of negative exponential distribution of time of onset,

it is clear that

-A -T. -A -T ,

P[T .^T. ,] = e ° ' - e ° 1+1
L

i i+l
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Considering the second group it is clear that for any individual

in this group there would be no benefits from the first screening,

but from then on they get the benefit of any other screening.

Therefore, using the same analysis as that of group one, it is clear

that their contribution to the objective function is

e
-V T

l
. e

"VT2 max I I

k=Ts+l
i o-Fr'i

k r

t-T^+l
J V C

s
(t)

'

i'eD
Z S
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t+1

=i']'

b!

max

i,t+l _ t=T,+l U'eD
I

C
t i

t-1

'l-F)
k=T

l

+1

1-F+
F )h
i,t

p'[x -1']

A similar analysis could be used for other groups.

The expected total cost is the sum of all contributions from different

groups:

O.F. =
I e

T.sT t

f
-X -T. . -X -T. max
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t=T
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+1

y
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I, h V*

where T = {T
k

; k = M+l } and T
Q

= 0, T
M+1

= t^.



In this formulation Z. is the decision variable which takes on zero

or one, F is the true positive rate of the test, X is the rate of onset

of the disease and b. . is the conditional probability of transition
i , c

from state i to i' during time (t-l,t). In the objective function X ,

and therefore P[X
t
=Q], and b. . are the only parameters that are not

explicitly known from data but the method of Section 3.4 could be used

to estimate them.

If, instead of negative exponential, the onset time has a general

distribution function F
T

(t), the objective function would be

o

r -\ I max
F. -

I F (T )-F (T ) I
T.eT I 'o

J
o

J J U=T. ,+1M

l Z
t

' Cs^
P'[x

t+1
-i']

'i,t+l

k=T .+1

1-F) J" 1

t-1

k=T. ,+1
K

+ (i-f:
j-1

1-F+
b!
i,t

C
t,i

* P^ X
t
=i

'

]

max
+

I
Z
t

t=l
Z

c (t;
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3.6.2 Alternative Form 2

This method is also used to determine the value of P[X =i] and

P[X.=i'] as a function of Z.. The basic idea is the same as the first

method and the population is grouped according to the time of onset of

the disease. Therefore at each screening time different categories are

considered each of which gets a different benefit from screening tests.

For instance, for time t - T, there is only one group which gets a
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benefit from screening and the cost associated with them at any time

t is

t

r

I \ ,

I kit) z
t

• 0-F)
k=1

P'[X
t
=i] I +

{Ki 1-F+rr— ] * • P'CX =i'] t<- T n

For any time t (T,<t<T
2
), there are two groups of individuals

Group 1: Those who had the disease at screening time T-j

.

Group 2: Those who had not had the disease at screening time T-j

The cost associated with the first group at any time t is

l C
s
(t) • Z

t
• (1-F)

K
'

I
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t
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2

where j is the set of occult stages.

The cost associated with the second group at any time t is

t

k=T,+i
k r i

I C (t) • Z
t

• (1-F) ' I
P'[X =i,X =0]| + I C

i
z
t r

^bfTj " l?
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i.t' [_j i J
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2

In a similar manner for any time t(T
2
<t-T.) there are three groups of

people:
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Group 1: Those who were carrying the disease at screening time T,

Group 2: Those who were healthy at T, but carried the disease by

V
Group 3: Those who had not had the disease at time T,.

The cost associated with these three groups at any time t is

a)
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The total



If the distribution function for the occult part of the disease is

known, it would not be difficult to find the general form of these

joint probability distributions, but, due to the complexity of the

form of objective functions, this model is not implemented.



CHAPTER FOUR

NEUROBLASTOMA

The analysis developed in Chapter Three is based on the fact that

in the case of some diseases such as cancer the age of the individual

and the stage of the disease at the time of detection are very important

and, generally, the younger the individual and the earlier the detection,

the better are the results of treatment.

In order to implement the model to a particular disease it was

necessary to gather data which support the idea of age and stage effect.

During this investigation process it was noted that Neuroblastoma is a

disease which is ^ery much age and stage dependent and has other charac-

teristics — such as its duration which is mostly for children below four

years old— which makes it a good choice for modeling from a computa-

tional point of view. Therefore it was decided to implement the model

forthis particular disease. The problem with this choice was the rare

incidence of Neuroblastoma which made it almost impossible to work with

a reasonable amount of data. In most instances, it was necessary to

combine different sources of data to get estimates of the parameters.

During the period of data collection, it was found that in the past

little attention has been paid to collecting enough information for each

case. Even in some of the cases the date of birth and sex are unknown

[74]. It is surprising that for such a malignant disease as Neuroblas-

toma, which fortunately has a yery low incidence rate, there has been no

interest in recording all of the important aspects of the disease such

93
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as,

a) A biography of the case including age, sex, race, family situa-

tion and location.

b) The progression of the disease including the stage and time of

transition.

c) Follow up procedure up to death of the case.

Even though this research uses the primary data, the model presented

is general in nature and it is hoped that the future investigators will

gather data in a standard manner such as the one established in this paper.

Section 4.1 is a review of literature on Neuroblastoma. Section 4.2

develops the equations for the unconditional probability of being in a

detected stage at age t. Section 4.3 presents the cost-effectiveness

objective function. Section 4.4 is on the subject of computerizing the

model by using available estimates for the elements of the objective

function. Section 4.5 uses sensitivity analysis to vary the unknown

parameters over their entire range and study their effects on the optimal

policy chosen, and Section 4.6 presents the results and conclusions of

the implemented model.

4.1 Literature on Neuroblastoma

According to Miller [72], cancer is the second most common cause of

death in childhood in the United States, and among the fifty-two forms of

childhood cancer, Neuroblastoma is ranked "the third," Leukemia and

Limphoma being the first two. Neuroblastoma is a tumor of childhood,

which develops from neural crest tissue and may arise from any anatomic

site along the craniospinal axis. It may be present as a large "silent"

intra-abdominal mass [72,73,108], which unfortunately metastasizes
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rapidly, so that up to 70% -of the patients have metastasis at the time of

diagnosis [33,42]. Fortner et al . [33] says that Neuroblastoma is seldom

manifested before its extent is massive or metastases are distant from

the primary site.

Signs and symptoms produced by Neuroblastoma are largely attributable

to compression of other structures by the primary tumor or by metastatic

deposits [108]. Usually the initial evidence of the disease is a mass

[108]. In about 55% of the cases the tumor arises in the abdomen and 37%

of all Neuroblastomas arise from an adrenal gland; an additional 18%

arise from nonadrenal intra-abdominal sites [12,18,30,33,42,61,73,81].

Figure 7 shows the site of the primary tumor along with cure rates as

given by Williams and Donaldson [108].

Although the etiology of Neuroblastoma is unknown, it is known that

it is the most common malignant solid tumor in childhood [12,18,108].

Daregon [18] in a review of 1833 cases of childhood malginancies found

205 examples of Neuroblastoma for an incidence of 11%, whereas Bodian

[12] noted 129 examples among 907 children (14%) with malignancies, in

England and Wales.

About half of the cases occur in children two years of age and

younger, and about three-fourths of all cases occur during the first four

years of life [108]. Leonard and coworkers believe that about one-third

of Neuroblastoma occurs in the first year of life and 15% yearly' there-

after until 6 or 7 years of age [64]. Wilson from England claims that

41% of patients are below two years of age and 91% below ten years [51],

which is comparable with the data of Breslow and McCann [13], Stella et

al. [94], Gross et al. [42] and De Lorimier et al. [20].
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The incidence of Neuroblastoma is not yet known and different

researchers have different ideas. According to Leonard et al . [64],

among a birth cohort of three million children there are 31 Neuroblastoma

deaths per year or 155 deaths by the fifth birthday, which is comparable

to data from Beckwith and Martin [7] and Peterson et al . [74]. Miller [72]

estimated the average annual death rate to be 10 per million for children

to 4 years of age and 4 per million for those 5 to 9 years of age. Williams

and Donaldson [108] claim that it is possible that true incidence of Neuro-

blastoma is greater than that reported. Beckwith and Perrin [3] show that

based on studies of random sections of the adrenal glands of autopsied

infants under three months of age, the incidence of Neuroblastoma is

between 1:179 and 1:259. Guin et al . [43] obtained deliberate serial

sections of the adrenals and found the incidence to be 1:39, which implies

that many infants may have an innate ability to induce spontaneous

regression. Everson and Cole have published a book on spontaneous

regression of cancer [28], and Neuroblastoma is one of those rare neoplasms

in which spontaneous regression is possible [108]. In general, these

data show that incidence of Neuroblastoma may be greater than indicated

by the statistics, and most likely is in the range of one in 30,000-40,000

infants.

Those researchers, who have been interested in determining factors

effective in Neuroblastoma, have searched variation in sex, race, season,

year, space-clustering and familial disease. Their conclusion shows that sex

is the only effective factor from those mentioned. The male: female ratio

of Neuroblastoma death varies from 1.1:1.0 (Miller, [73]), to 1.22:1

(Kinnier Wilson, [51]), which is gathered from data in England and is

comparable to 1.29:1 (Makinen, [67]), and 1.26:1 (De Lorimer, [20]).
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Even though Lee [63] noted an increased incidence of Neuroblastoma

death in England during the summer months, the remaining researchers,

including Miller [73] found no seasonal variation in death occurring in

the United States. However, Miller noticed a statistically significant

year-to-year variation in a few geographic subdivisions, including Texas.

There have been no unequivocal reports of Neuroblastoma in parent

and child data [108], and Dinicola and Movassaghi [21] found no signifi-

cant differences between the white and black children in regard to median

duration of survival or percentage of long-term survivors.

It would appear that there has been little improvement in diagnosis

and treatment of Neuroblastoma. The subcommittee on Childhood solid

tumors, National Cancer Institute (N.C.I.), with Sutow as chairman [96]

reported on comparison of survival rates in 1956 versus 1962. They noted

that the median age at diagnosis was two years eight months in 1956, two

years in 1962, and there were no statistically significant difference in

survival curves for children first seen in 1956, as compared to those

first seen in 1962. This implies that if the child is detected clinic-

ally, he has a little chance of survival. This emphasizes the potential

importance of screening.

It has been seen that survival from Neuroblastoma depends on age of

the individual and extent of the disease at time of diagnosis. Sutow [96]

noted that best survival occurs among those under one year and decreases

with increase in age. In general, although a favorable prognosis is seen

in children under one to two years of age, according to Williams and

Donaldson [108], the overall mortality is high. One reason for high rate

of mortality is that disease is metastasized at time of diagnosis. Up to

70% of patients have metastasis at that time (Leonard [64], Sutow [96],
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Gross [42]). Sutow [96] found that there is a highly significant differ-

ence (P < 0.005) in survival rate favoring the patients without metasta-

sis under two years of age, over those older and without metastasis.

Sutow also found that the survival curve for the regional disease

group was intermediate between the survival curve for localized and

metastatic groups, which shows that extension beyond the organ involved

by the primary tumor mass is definitely associated with a less favorable

outcome.

Evans [23,24,25,26] showed that in all age categories, survival in

children with metastatic disease is significantly inferior to survival

among children without metastases.

This general information about the disease helps to model the

disease as progressing through different stages. There are at least

three different modeling a oroaches for Neuroblastoma.

In December 1965, the American Joint Committee on Cancer Staging [16]

offered the TNM system. This system was based upon the use of the three

capital letter: T - Tumor or primary lesion and its extent; N - lymph

nodes of the region and their condition; M - distant metastasis. Within

each letter element, increasing involvement was categorized oy the combi-

nation of the capital letter with a numerical suffix. According to Evans

[27], in the case of Neuroblastoma TNM seems to be inappl icalbe, because

it is well recognized that age is an important prognostic criterion, so

that irrespective o* the location of the tumor, the younger the child,

the better the prognosis (Daregon [18]).

In November 1967, D. H. James [50] published his model, which con-

sists of four different stages,



Stage I, "localized - resectable

Stage II, regional - unresectable

Stage III, generalized - without bone or bone marrow involvement

Stage IV, generalized - with bone or bone marrow involvement.

This method of staging has been used by a few investigators, such

as Pinkel et al. [76].

In February 1971, A. E. Evans et al. [27] offered a model for

Neuroblastoma which, they believed, more reliably described the extent

of the disease present. Their model does not require reference to

resectability, which itself requires surgical judgment [23,27]. The

Evans method is

Stage I: Tumor confined to the organ or structure of origin.

Stage II: Tumors extending in continuity beyond the organ or

structure of origin but not crossing the midline.

Regional lymph nodes on the homolateral side may be

involved.

Stage III: Tumors extending in continuity beyond the midline.

Regional lymph nodes may be involved bilaterally.

Stage IV: Remote disease involving skeleton, organs, soft

tissues, or distant lymph node groups, etc. (see IV-S).

Stage IV-S: Patients who would otherwise be stage I or II, but who

have remote disease confined only to one or more of

the following sites: liver, skin, or bone marrow

(without radiological evidence of bone metastases on

complete skeletal survey).

In proposing this method of staging Evans and D'Angio suggest investiga-

tions necessary for the staging of a patient with localized Neuroblastoma,



investigations desirable but not mandatory for staging a patient with

Neuroblastoma and additional necessary investigations depending on the

tumor size [27].

Significant progress in treatment and screening of Neuroblastoma is

due to the discovery of the increased excretion of urinary metabolites

of the catecholamines in patients with tumors of the neural crest. The

determination of Vani 1 lylmandel ic acid (VMA), Homovanillic acid (HVA),

Norepinephrine (NE) and Dopamine helps physicians to diagnose Neuroblas-

toma more easily and gives them an idea in judging the therapeutic effect

of surgery, radiotherapy, and chemotherapy [25,44,64,108]. The quantita-

tive measurement of VMA on 24-hour urine collection is the most accurate

approach to biochemical diagnosis (Voorhess [102,103,104], Greenberg and

Gardner [40], Labrosse [62], Gitlow et al. [37,38]).

The problem with quantitative measurement of VMA is that it is not

easy to use it for mass screening and it is difficult to collect a 24-hour

urine sample. Therefore the need for a better screening test led

Labrosse to develop the VMA spot test [44,64], which could be done with

a drop of urine. Evans et al. [25], give two reasons for the superiority

of the Labrosse spot test over quantitative VMA tests, which includes

simplicity and its good interpretation. They suggest, "When a questionable

result is obtained, the patient must be placed on a restricted diet and

the test be repeated in 24 hours and again if necessary in 48 hours.

If consistently a 'questionable' reaction was shown, a quantitative test

should be done" (page 914).

Helson [46] believes that examinations or procedures used in diag-

nostic screening for Neuroblastoma should be those that are most specific,

sensitive and least injurious to the child. No single test fulfills all
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these requirements, but Labrosse [62] says that in spite of VMA spot test

limitations, the simplicity and speed of this test encourage its applica-

tion as a screening test on the urine of patients who are suspected of

having tumors.

It should be noted that no false sense of security can be derived

from negative results since not every patient with Neuroblastoma excretes

increased amounts of VMA. This lowers the reliability of the tests.

There have been some investigations to measure this factor in the case

of Neuroblastoma (Williams and Donaldson [108]). The data in the litera-

ture show a reliability factor of 30%. This means that an average of

only 80% of those patients having Neuroblastoma will be detected by

quantitative VMA.

Leonard and other investigators [64] used the fact that up to 80%

of children with Neuroblastoma excrete excess Catecholamine or one of its

metabolites, 3-methoxy, 4-hydroxymandel ic acide (VMA) in the urine to

develop a VMA test strip. The test is based, in part, on the chemical

reaction and color change of the spot test to measure its false positive

incidence. Leonard used an extensive clinical trial on 20,000 patients.

Of 50 patients with positive results, 30 were rejected on the next test.

Of the 20 patients remaining, 15 were cancer patients on some type of

chemotherapy. The test, therefore, has a false-positive incidence of
50 1 _

20,000 " 400 •
lhey su 99est tnat massive screening be carried out in

the following manner: at birth and during each physician visit, six

times the first year, three times the second year, twice a year thereafter

until the child reaches 6 or 7 years of age.

Host of the literature in Neuroblastoma examines the medical charac-

teristics of the disease— its origin, diagnosis, treatment, and survival
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rate [1,7,33,41,42,43,47,48,51,58,60,67,70,76,77,81,96,100,107]. The

only statistical investigation in this area is done by Norman Breslow

and Barbara McCann [13]. They used variant of a linear logistic model

to analyze two years survival proportions for 245 children treated for

Neuroblastoma. Their analysis showed that age and stage of the disease

at diagnosis are important factors in determination of chance of survival

They used Evans 1 method of staging [27] and treated age as a continuous

variable.

Breslow and McCann used data from two different sources, and there-

fore had to "smooth" them. The smoothing was based on the logistic

transformation of the survival probability, P, associated with any parti-

cular age, stage category. The model is

Zn{~) = y + a + 3

=> P = [l+exp(-M-a-6)]
-1

where u is a constant, and a and 8 are the additive stage and age effects.

a and 8 are assumed to add up to zero over stage and age categories,

respectively. They used the method of maximum likelihood to estimate a,

3 and u. The results are presented in Table 1.

The equation used for smoothing assumes that the effect of age and

stage on survival probabilities is additive in logistic scale, which

means there is no interaction between a and 3. The smoothed survival

proportions for the data are presented in Table 2. This analysis

adjusted for the effects of age by means of grouping into three broad

categories. Treating age as a continuous variable t, measured in months,

they obtained a refined analysis which could result in more accurate



Table 1: Maximum likelihood estimate of the parameters in

model

*n(^p) - m + a + 6

Overall mean
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prognosis. They tested six different models shown in Table 3. Models

A and D gave better results and were therefore preferred.

The probability of survival for two years free of disease estimated

on the basis of Models A and D are presented in Figure 8.

The only cost analysis is done by George Hallett [44] in a brief

letter to the editor of the Journal of Pediatric Surgery . He uses a

rough estimate of the cost per patient using the screening policy

mentioned by Leonard et al . [64] and comes up with $200,000 cost of

detecting one patient. He asks whether or not this screening policy is to

the benefit of society. This brings out the question of what is a better

way of doing screening, which is the purpose of this research.

4 . 2 Devel opment of Un conditional Probabilities

Earlier in this chapter some of the different staging methods used

in the process of staging Neuroblastoma were mentioned. In this

research Evans' method of staging is used, according to which, there are

five different stages of the disease:

Stage I: Tumor confined to the organ or structure of origin.

Stage II: Tumors extending in continuity beyond the organ or structure

of origin but not crossing the midline.

Stage, I II: Tumors extending in continuity beyond the midline.

Stage IV: Remote disease involving skeleton, organs, soft tissues

or distant lymph node group, etc.

Stage IV-S: Patients who would otherwise be stage I or II, but who

have remote disease confined only to one or more of the

following sites: liver, skin, or bone marrow.

Each of these stages could be occult of detected. In addition, there
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Table 3: Different models for continuous age.

x is age in months at diagnosis while

1*1, II, III, IV, IVS

|

MODEL

<
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are three states corresponding to "free of disease," "cured" and "death.

Therefore for any age under consideration there are 13 stages.

The model shown in Figure 9 is postulated to represent the disease

progression in an individual. As in the general model, regardless of

the actual progression of the disease in the detected stages, the

individual is assumed to die from the disease or be "cured."*

In what follows a.., b. and U. are defined as in the qeneral case

and P' is used to indicate the probability under consideration in the

case of no screening policy. To clarify this notation it should be

mentioned that in most of the diseases, including Neuroblastoma, the

probability elements of the model are known for the case when there has

been no external action such as screening applied to the system. For

each time interval t, there are 16 unknowns as follows,

V u
i>

uir uur u
iv Vs

h K h K h
r if "iir -iv "iv-s

a
Q1

, a
12

, a
23

, a
34

, a
35

all of which are in the occult part of the disease and an explicit

estimation of which is impossible. Therefore the method developed in

Section 3.4 is employed to write P[X * i] and P[X = i'j i = I, II, III,

IV, IV-S as a function of a.., U. and b.'s. The analysis is as follows.

Let

P[X
Q

- 0] = 5

o
, P[X

Q
= I] = 4,, .... P[X

Q
= IV-S] -«

5

In the case of Neuroblastoma as well as in the general case, the spontaneous
regression of the disease has not been considered—due to the difficulty
of obtaininq data en this phenomenon.
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"Death"

Figure 9: Model of the disease (NEUROBLASTOMA), representing
progression of the disease in an individual.
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A similar analysis could be used to write P[X =111'], P[X =IV] and
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It is seen that if 6. is zero for any i, then the form of P[X =i'l reduces
i

L
n

J

significantly. For the time being, there are not enough data to support

the idea that 5. = for some i. Therefore it is necessary to account

for any possible condition at birth.
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Using the algorithm presented in Section 3.4, it is possible to go

in steps of one and get the value of a.., b. and U.'s as functions of

P'[X
t
=i']. This is because for each time interval (t-l,t) there are 11

equations of the form,

P'[X
t
=i'] = a., i

1

= {IMIMIIUVMV-S'}

U
ot

+ a
olt

=
1

U
lt

+ a
12t

+ b
lt

=1

U
2t

+ a
23t

+ b
2t

=
]

U
3t

+ a
34t

+ a
35t

+ b
3t

=
]

U
4t

+ b
4t

=
]

U
5t

+ b
5t

=
]

and therefore there is a system of 11 equations and 16 unknowns. It is

seen that unless there is an accurate estimate for at least 5 = 16-11 of

the unknowns (say b's) the system of equations has more than one solution

and in fact there are infinite sets of parameters that could be chosen to

produce the desired P'[X =i'].

4.3 Objective Function

The objective function is the same as the general case developed

in Section 3.5, i.e.,

t
max

o.f. " I \ I C ft) • P[X =1] • Z. + I [CT (t,i') +

t=0 icO
s z t

i'eD

P, (t

CH (t) • d.(t)] • P[X =i']' -

'

J Lt Jf 'r^
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where Oe{0,I,II,III,IV,IV-S}

Ded'jr.iir.iv.iv-s'}

Also P[X
t
=i] and P[X

t
=i'] were developed as functions of probability

elements in the last section.

In order to make the O.F. an explicit function of l.> the probability

elements a..,b.. and U. 's are substituted by their equivalent values, i.e.,

a
ijt

a
'ijt

[, - zf f
i
(t)

] w

This reduces the objective function to only a function of Z*. l<t<t
t max

If the true positive rate of the test is taken to be a constant indepen-

dent of age and stage, then the analysis of Section 3.5 could be

employed to write the objective function in a more compact form as,

O.F. =
I

•a T. .

o j-1
-X T.

t

max .\T
. k

(l I (l-F)
k "T

j-l
+1

I Z
t *

c
s«> * -F-

P'[X
t+1

=i']

i , t+1

t-1

I Z
k

* d-F)
k=T

j-l
+1

^^•c
tji

max
P'[X =i'] + I Z. • C (t)

t=l

p[x
t
=o]

where C^, = C
T
(t,i'l + C

d
(t) • d'..(t). The optimization problem can

be solved by enumerating all possible cases - by evaluating the value of
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O.F. using the policy under consideration and then selecting the policy

which gives minimum expected total cost of screening.

4.4 Parameter Estimation and Determination of Optimal Policies

The cost-effectiveness measure is not always the best measure to

use, but it gives an idea of how much cost will be saved by optimizing

the number of screens. A major controversy over the use of the cost-

effectiveness measure results from associating a fixed cost to the death

of an individual. Determination of this cost is "/Qry difficult and

depending on the analyst's point of view the value varies drastically.

The U. S. Department of Health, Education and Welfare has published a

book [80] on the estimation of the cost of illness and has developed an

estimate of the present worth of the lifetime earnings for males and

females using 4% and 6% rates on the data for year 1963. Table 4 shows

the present worth of the future earnings. These data were used as the

cost of death at any age t.

The range of ages of interest for Neuroblastoma is between and 10

years and, as shown in Figure 10, in this range the cost of death C,(t)

behaves linearly. Therefore, a least square model is fitted through the

first seventeen years.

Y
T

= [59063 64789 79333 96736 114613]

X
T "iiii r

25 2.5 7 12 17

where Y is the cost vector and X is the age matrix.



Table 4: Estimation of the present worth of the lifetime
earning (extracted from reference 80).
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C.(t) 80000
a

6 8 10 12 ^ 16 lS^T(7ears )

Figure 10: Least square linear model fitted through data
on C,(t).

io is in 16 Ag« (years)

Figure 11: Age distribution of 1027 children with Neuroblas toma.
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The slope of the line is,

3 = (X
T
X)

_1
(X
T
Y) = (59,558.97 3,376.19)

T

and the relationship as a function of time is,

C
d
(t) = 56,558.97 + 3,376.19t

where t is in years.

In order to get a form for P[X
t
=i '], the data gathered by Voute et

al . [105] are used to provide the age distribution at diagnosis for a

total of 1027 cases. Figure 11 shows the age distribution of 1027

children with Neuroblastoma.

The data seem to be generated by a negative exponential distribu-

tion. Therefore, in order to estimate the expected age at diagnosis the

following analysis is used,

14 14

E[Age of diagnosis] = l N + -t/ 7 N+ = 2.9883 years
t=l

z
t=l

V = Rate 0f detecti™ = ELAge at diagnosis ]

= °- 3346 ^ears

To see the validity of the assumption of a negative exponential distribu-

tion for the age at detection, the empirical distribution is compared

with the theoretical one in Table 5.

The data presented do not specifically determine the probability of

being in any state i'. Instead, they indicate the probability of being

in the detected state at time t. In order to find the probability of

being in any specific detected state i' it is necessary to have additional

information on the way this quantity is distributed between different



Table 5: Comparison of empirical and theoretical distribution,

t
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a
IV

= 1.73

a
IV-S

= 5J5

d = -1.36

This reveals that,

d..(t) = 1 - [l+exp(-(a
i
+d-£n(t+6)))]"

1

The incidence rate of Neuroblastoma is not known accurately but the

range of its variation is between (1/30,000) to (1/100,000). In the

analysis the incidence rate was taken to be (1/30,000) children, which

means one out of every 30,000 children will be involved with this disease

The program used in analysis performs the following tasks:

1) It generates different policies with the following constraint on

the number of tests done and the interval between them:

a) Total number of tests done for an individual is less than or equal to

three.

b) Minimum interval between two screening tests is,

1 month for 0<t<24 months

6 months for 24<t<48 months

12 months for t>48 months.

2) It computes and prints different elements of cost for each

policy.

3) It finds the best policy.

4.5 Sensitivity Analysis

Due to the fact that Neuroblastoma is not a well-known disease-- its

structure, progression, onset rate, cure rate and regression are not com-

pletely known to date— it is impossible to use a single number to



represent any of the above mentioned quantities and find the best policy

for screening the disease. Therefore, it remains to vary the unknown

parameters over their entire range and find the optimal policy under any

of those situations. Then it might be possible to find certain patterns

and/or to show that policy selection is not sensitive to a particular

parameter.,

In the program the following values are used as the best estimate

of their corresponding quantities,

1) Treatment cost for an individual who is diagnosed in state

I = $7,000

Treatment cost for an individual who is diagnosed in state

II = $8,000

Treatment cost for an individual who is diagnosed in state

III = $9,000

Treatment cost for an individual who is diagnosed in state

IV = $10,000

Treatment cost for an individual who is diagnosed in state

IV-S = $7,500.

2) The screening cost per individual is the cost of one VMA strip

test which according to Leonard et al. [64] is 15<£.

3) The true positive rate of VMA test is not known accurately, but

its range of variation is believed to be 0.70<F<0.9 [44,46,64,108].

Therefore, in the computation, different runs are made by varying F in

steps of 0.10 over its entire range.

4) It was mentioned before that to qive an estimate of a.., U. and
"ij i

b^.'s, the system of 11 equations and 16 unknowns should be solved for

each time interval. It is clear that 5 of the unknowns must be estimated
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using some other methods. Temporarily, it was decided not to use the

procedure of estimating a.., b. and U.'s, but to give a value to b and

find the optimal policy by varying b over a reasonable range. By defini-

tion,

P[X
t+1

- i']

b
i,t+1

=
P[X

t
= ij

In the case of Neuroblastoma there is no idea what the duration of stay

in the occult stages is; therefore, in the program a range of b ' =0.04

to b
1 =0.07 was used, which means duration of stay in the occult stages

varies from 15 months to 25 months (these are values of the detection rate

under the natural progression of the disease).

5) There is no report on the distribution of onset of the Neuroblas-

toma ; there are some reports presenting data and claiming that the data

is on the age at onset but in fact it is the age at detection. Therefore

it was decided to assume the onset of the disease is negative exponential

distributed with rate X . Then by varying X from 0.07 to 0.15 in steps

of 0.02 the sensitivity of the optimal solution versus X was investigated.

To see the effect of varying X on the progression of the disease, the

probability of being free of disease at age t is computed for two different

cases - only those individuals are considered that eventually will get the

disease,

For X
Q

= 0.03 P[X
12

=0] = 0.697, P[X
24

=0] = 0.486, P[X
36

=0] = 0.339

For X
Q

= 0.06 P[X
12

=0] = 0.486, P[X
?4

=0] = 0.236, P[X
36

=0] = 0.115

Table 6 shows the output of computer runs including different costs

of the optimal policy for different values of parameters.



124

4.6 Results and Conclusions

The following primary conclusions can be obtained by looking at the

graphs:

1) Table 6 shows that assuming that the cost of one test per indi-

vidual is fifteen cents, it is always optimal to have the child tested at

least once during his life. The time of screening varies with parameters

but it is mostly during the second year of life.

2) The optimal solution is not ^/ery sensitive to F, the true-positive

rate of test. In fact, increasing F decreases the cost of screening but

mostly does not change the time of screening. Figure 12 shows the effect

of F on the cost of screening for different values of onset rate and con-

ditional probability of detection. Insensitivity of the optimal policy

to F shows that in the case of Neuroblastoma, the assumption of constant

F-- irrespective of age and stage— is a relatively valid assumption.

3) Increasing X
q

(onset rate) decreases the expected total cost of

screening and shifts the optimal screening time toward date of birth.

This is because higher values of X
Q
correspond to earlier involvement

with the disease and a higher probability of survival if detection occurs.

Figure 13 shows the effect of onset rate on total cost of screening for

different values of F and b.

4) Increasing b (the conditional probability of detection) decreases

the total cost of screening and the optimal policy tries to postpone the

time of screening until the child gets older. This is because of the

fact that higher values of b correspond to better natural detection of

the disease which reduces the benefits from screening. Figure 14 shows

the effect of conditional probability of detection on total cost for

different values of F and X .

o
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Tab! e 6: The cost of the optimal policy for different values
of the model parameters.

""
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o
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Figure 12: The effect of true positive rate of test on
total cost.
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Figure 13: The effect of the onset rate on the total cost

of screening.
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Figure 14: The effect of the conditional probability of

detection on the total cost of screening.
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5) The general format of the different elements of screening costs

as a function of time of the test is shown in Figure 15. It is seen that

due to the chosen estimates of costs of treatment and death, the only

major element is cost of death at age t which governs the shape of the

curve. In general, expected total cost of screening decreases up to age

t and increases afterwards. The curve is for a single test and could be

modified for the case of more than one test per lifetime.

6) Figure 16 shows the sensitivity of optimal cost to variation of

different parameters. It is seen that,

a) Increasing b is generally associated with lower estimate of total cost.

b) Increasing X decreases the cost of screening up to age t and increases

it afterwards. This is because if everybody gets the disease early in

life, it is not optimal to screen them late in life when the disease has

progressed to its final stages.

7) Table 7 shows the optimal screening age and associated cost for

a fixed number of screens. It is used to decide on the future screening

of a child who has already been screened once. It gives the best choice

of future time of screening as a function of number of desired screenings.

It is seen that in this particular case it is optimal to screen the

child twice, at ages 9 and 21 months.
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Expected total
cost

Expected death
cost

Expected
treatment cost

TA e , T (months) .

Time of screening —

^

Figure 15: The elements of screening cost for a single
screening at month T.



131

F=0.7 ,b»O.0fc ,i,=0.15

?=0.7 ,b=0.<* , A. =0.07

F=0.7 ,b=0.07

FsO.7 ,b=0.07

, A =0.15

,A,=0.07

No screening

15 18 21 2l+ 30 36 W

? (months)Time of screening

Figure 16: Comparison of the total cost of a single screening

at different ages.
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Table 7: Cost of optimal screening for a fixed number of screens.

For ^=0.07 , b =0.06 , and F =0.8 the optimal cost of screening tinder

following conditions is t

A - Having no screen i 34247 $

B - Earing one screen t27152 $ (at age 15 months)

C - Having two screens: 26986 $ (at ages 9 and 21 months)

D - Having three screens i 29009 $ (at ages 6 , 15 and 30 months)

For two screens ;

If the first one



133

CHAPTER FIVE

SPECIAL CASES

In this chapter a variety of subjects related to reformulation of

the problem under different conditions is considered. In fact, the main

assumptions of the model are altered and a sensitivity analysis is

employed to determine the robustness of the model relative to changes

in some of the parameters. In the first three sections the assumption

of constant true positive rate of screening, used in arguments up to now,

is relaxed and the general expression for expected total cost of

screening is derived for each of the following cases:

1) The true positive rate of screening on two successive

examinations are dependent.

2) The true positive rate of screening is a function of preclinical

time which is time from the onset of the disease.

3) Each screening examination consists of a sequence of tests and

there is a transition from false positive groups to true positive groups

through time.

Up to this point, all derivations have been based on the assumption

of steady state condition. Section 5.4 investigates the situation in

which a new screening program has just started (as a function of time

from establishment of the program), and the expression for expected total

cost of screening is derived.

In Section 5.5 the model is investigated for the case of breast

cancer. To do so, data from the control group of the HIP study on breast
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cancer is used as input and the model's output is compared with that

of the study group.

5.1 Dependency of True Positive Rate of Two Successive Examinations

In the case of some diseases, it is possible that if a diseased

individual is screened for the first time and gives a false negative

response to the examination, he has a higher chance of responding

negatively from then on. Therefore a more difficult question, perhaps,

is that of the relationship between the false negative (or equivalently

true positive) probability on successive examinations of the same

individual. The case of complete independence was derived by letting F

be a constant independent of how many times the individual has falsely

responded negative. Under that assumption, if the probability that

the disease is missed on one examination is (1-F), then the probability

M
that it is missed on M screens would be (1-F) . In this section there will

be a correlation between the probability of true positive in two

successive screening examinations.

Assume that true positive incidence rate of the (i+k)-th screen,

given that the individual, who got the disease at or before T. , was not

detected at T
.

, T.
+]

, . . .T.^ be F
fe+1

.

This means a diseased individual will respond to the sequence of

tests with probabilities F , F
2

» F-, To develop a cost-effectiveness

objective function, consider the first group—those who have had the disease

by the time of the first screening. For this group, at any time t in

the interval

:

* t < T
1

: P[X
t
=i] = P'[X

t
=i]

P[X
t
=i'] - P'[X

t
=i']
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P[X
T

=i] = (1-F )-P'[X
T

=i]

'l
'

'l

P[XT =i'] = (1-F +F /b )-P'[X =i']

'l
'

' 'l h

This is because at t=T. , the individual has participated in the first

examination. For t in the interval T, < t < Ty.

At time T„ :

P[X
t
=i] = (l-F

1

)-P'[X
t
=i]

P[X
t
=i'] = (T-F

1

)-P'[X
t
=i *J

P[X
T

=i] = (1-F
2
)(1-F

1
) P

1

[X
T

=i]

P[X
T

=i'] = (l-F
1

)(l-F
2
+F

2
/b

T
) P'[X

T
=i']

This is because the remaining individuals (1-F, )-P' [X =i] will be

detected with rate ?
2

and (1-F
2

)
(1-F

]

)P' [X
T

=i] will remain in the

occult state.

The same type of analysis holds through for T?
< t < T

3
and can be

generalized to establish that for the first group the contribution to

the cost is

'max

I I
t=l 1

£=1 *

TT d-F
k

;

t
"-
k=l

c
s
(t;

p'Cx^-1']

b'.
i,t+l

t-1

.- I h
1=]

TT (1-FJ (1-F, +
F
k *t

k=l i,t

C
ti

,
P'[X M-]

For the second group--those who get the disease at sometime between T,

and T
?
--the analysis is
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For T^ t<T
2

: P[X
t
=i] = P'[X

t
*1]

P[X
t
-1'] = P'[X

t
=i']

at t=T
2

: P[X
T

=i] = (1-F
1
)P'[X

T
-1]

'2 ' '2

P[XT =i'] = (l-F
]

+F
1

/b
i)T

)P'[X
T

=i']X

T

This is because at this time they undergo their first screening

examination.

Considering the contribution of all the groups, the general

expression for the expected total cost of screening is

M+l

j=l

O.F. =
I \ I W(j,t) I

t

I 1

ri=T. .+1 '

r J" 1

rj-i
+ '

jr. (i-f
u jj

-z
t
-c

s
(t:

b
i't+l

t-1

r-£=T r .+1 l
-

1 F z*

A (l-F )(1-F +-£-) Z

u=l
u u b

it

C
ti'-

P
'

[X
t
=i'l!

max

I z • C (t) • (P[X =0]+I}
t=l

r s z

where I = number of population per one patient.

5.2 True Positive rate as a Function of Time from Onset of the Disease

In the case of some progressive diseases such as breas-t cancer,

the true positive rate of screening test could be a function of the

tumor size, which is a function of preclinical time. In such a case,

it is reasonable to assume true positive rate of a test is a function of

the time that individual has had the disease.
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In order to bring this generalization into account, the model should

be modified, because of the particular structure of the model (there

are M+l groups, the i-th group of which has an onset time sometime

between (i-l)th and i-th examination) there is no problem in generalization

of the expression. To see this for the first group, the true positive

rate would be f(t) where t is age, whereas for the second group, it

would be f(t-T, ) and for the third group f(t-T
2

) and so forth. The general

expression would simply be

M+i *» , fj-i
+1 " -,

I \ I W(j,t) (l-f(t-T ) [I Z
t
-C

s
(t)-P'[X

t=i]J
+

t-1

k-T^+1 K f

I W(j.t) [l-f(t-T )]
J "'

I
|l-f(t-T )+

=T. ,+1
J L i

'

l

J'-1

f(t-T .)
1

Z
dZl !

°

b!
it

max
C
ti

,-P'[X
t
=i'] + I Z

t
• C

s
(t) • {P[X

t
=0]+I}

In order to see the effect of variation of F with time from onset,

a computer program was run for the following functional forms of F:

Case 1: f(t) = F
Q

+ a.t.

Case 2: f(t) = F
Q

+ a.t/

Case 3: f(t) = l-exp(-Xt;

for F
Q

= 0,.2,.4,.6,.i

for F
Q

= 0,.4

for X =1/12

The comparison between different cases can be seen from Table 8 in which

the optimal screening policy along with the associated expected total

cost is oresented.



138

S_ <-
rO u
a. o
£ co

O 10

~te



139

Figures 17 and 18 show the expected total cost as a function of

time of screening for the case of one screening per life time for

cases 1, 2 and 3. It is seen that there is no significant change in

the optimal policy but the expected total cost decreases as F
n

increases.

It can be concluded that in the case of Neuroblastoma, as far as

determination of the optimal policy is concerned, the assumption of a

constant true positive rate of screening is a reasonable one.

5.3 Screening Examination Consists of a Sequence of Tests

In a mass screening program the primary test is not usually the

most sophisticated test used, due to time limitations and cost considerations.

Therefore an individual who shows a positive response is only a potential

carrier of the disease and a more sophisticated series of tests is

required before the individual begins treatment. In most cases a person

who responds positively to the primary examination, but negatively to

the more specific sequences of tests, is considered a high risk indi-

vidual and might be urged to be screened more often.

Under these circumstances it is interesting to see how the elements

of cost differ from the simpler main model. The model should be related

to the dynamics of the disease in the individual and should be modeled

as a function of time. Any reasonable assumption on the dynamic behavior

of the disease in an individual could be employed to build the model.

In what follows, one possible set of assumptions is mentioned. Based on

these assumptions, a model is developed which considers an individual

who starts the disease with certain probability of being detected by a

scheduled examination. As time passes his chances of detection increase

with certain rates until he is clinically surfaced.
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Figure 17: Comparison for the case of one screen per life-time.
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Figure 18: Comparison for the case of one screen per lifetime.
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In order to analyze the model the following notation is employed:

a) An individual who will never get the disease is denoted by

i-'d-

b) An individual who will eventually get the disease is denoted

by (+-)
d

.

c) An individual who has the disease is denoted by (
++

) d
-

d) An individual who responds negatively to all examinations

is denoted by (-) .

e) An individual who responds positively but reveals no evidence

of the disease in subsequent tests is denoted by (
+-L-

f) An individual who responds positively to all the tests is

denoted by (++) .

To clarify the notation, Figure 19 is presented. At any particular

time t an undetected—probably heal thy— indi vidua! has to be in a

particular block with respect to the nature of the disease [(),, (
+
")h'

(++),] and the result of the screen [(-) , (+-) , (
++

)
SL For instance

an individual in block C carries the disease at time t but can't be

detected through screening. The values in each block represent the

ratio of the population in each category at any particular time t.

The assumptions are as follows

1) A (-). individual will always give the same response to a test.

I.e., if he responds (-) , he will respond (-) to all screening

examinations of the same type in his lifetime.

2) For a (-) . individual the probability of being in any of the

(-) , (+-) and (++) categories is 1-(F.+F
2
); F. ; and F~ respectively,

where F, and F
9

are constants.
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5
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5

P
t'

F
6

P
t
-P[x

t
-d]

Figure 19: Categorization of population into 9 groups —
A through K--according to the nature of the
disease and result of the screen.
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3) A (+-)j individual will always give the same response to the

4) For a (
+-)

d
individual let the probability of responding (-)..

(+-) , and or (++) be 1-(F^+F.); F-; and F. respectively, where F
3

and F. are constants.

5) A (++L individual starts the disease in one of the (-)_; (
+ ~)

s
>

and (++)_ categories. Corresponding probability is l-(F
g
+F

g
); F

g
;

and or F c respectively. Moreover
o

5.1) A (-) individual may switch to (+-) , (or (++) ) category

with probability X,t, (X„t), where t is time from onset. Therefore this

individual has the following probabilities of being in (-) , (+-) , or

(++) categories:

l-(F
5
+F

6
)-(\

1
+A

2
)-t j \

}

t; X
2
t

5.2) A (+-) individual may switch to (++) category with

probability X~t, where t is time from onset. Therefore this individual

has the following probabilities of being in (+-) and (
++

) categories;

F
5

+ \
}

t - A
3
t ; X

3
t

Putting all the assumptions together, the following observations are

made:

1) The probability of a response being (-) as a function of time

is

R
l

=
1
" (F

5
+F

6
) " (VV'*

1-(F 5+ F
5

)
- X t

X„t -r r- X-,t
'3 L

~]
X t + -U '

J

2 1
V
FC+X,t .

this goes to (
+-)

s
this goes to
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ii) The probability of a response being (+-) as a function of

time is

FL = F. + X.t - X,t
2 o 1 3

r ^
VP-ir

this comes from (-) this goes to (++)

iii) The probability of a response being (++) as a function of

time is

R
3

F5+ (X 2+X
3

) t

— A^t —

r

|

—

A,t —
F, + X,t+X,t ( c T. r ) U,tl- g ^ i
6 L 2 1 'F

5
+X

1
t'J 3 [_ F

5
+A

1

t_

this comes from (-) this comes from (+-)

Note that R,+R
?
+R_=l, which means an individual has to be in one of the

three mutually exclusive categories.

To find an expression for the cost-effectiveness objective function,

the following analysis is developed. For the first group, who have

the disease by the time of the first screen, for

)<t<T
1

: P[X
t
=i'] = (R

1

+R
2
+R

3
) P'tX^i'] = P'CX^i']

it t=T
1

: P[XT =i'] = |(R
1
+R9 )+ r-±- • P'[XT -1']

1 ^2- b-v 1

F +(X
?
+XjT

[l-F
6
-(V A

3
) Tl ]

+
6 ^ 3 I - P'C^-1']

i-CV(x2+x 3
)T

1
](i- F

l-) P'CX -1-]

1T
1

J

]

Of course at time T,--just after the test is done—the (++) category
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becomes empty but it gradually builds up by those switching from (-)

and (+-) categories. At any time t this pool contains S,=(A
2
+A

3
)(t-T,

)

individuals in (++) . Therefore for T, < t <

T

?

P[X
t
=i'] = (R^R^) P'[X

t
=i']

[[l-F
5
-(yX

3
)t] + (A

2
+X

3
)(t-T

1
)} P'[X

t
=i']

[i-[F
6
+(yx

3
)T

1
]}

• P'[X
t
=T']

At t=T
2

PEx
rz
-i'].(R

1
+R

2
+s

1
/b

1T2
).P'[x

T2
.i']

[l-F
6
-(X2+ X

3
)T

2
] + (W^VT

l)/
b
iT

2

}- P '^T
2

-1,]

= [l-F
6
-(yX

3
)(T

2
-(T

2
-T

1

)/b
iT )] • P'[X

T
=i']

Once more at time T
?
--just after the test is done--the (++) category

becomes empty, but it builds up by those switching from (-) and (+-)

categories. At any time t this pool contains S =( A +X
) (t-l\) individuals

in (++) . Therefore for T
?
< t < T-

P[X
t
=i'] = (R

1

+R
2
+S

2
) • P'[X

t
=i']

[i-F
6
-(yx

3
)t] + (x

2
+\j)(t-T

2
)|- P'[X

t
=i']

1-[F
6
+(A

2
+.\

3
)T

2
]}- P'[X

t
=i']

At t-T
3

P[X7 =i'] = (R
1
+R.+S„/b. T )

• P'[XT
-1«]

3
c

3 '3

l,[F6+(yA
3
)T

3
] + (A2+A

3
)(T

3
-T

2
)/b

1T
}-P'CX

T
=i']

- Cl-F
6
-(yX )(T

2
-(T -T

2
)/b • )] • p.[x

T
=i']

3 '3
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Generalization of this expression gives the contribution of the first

group to the expected total probability of detection as

V P'[X
t
-1'] + {l-[F6+ (A2+X 3 ) Tl ](l- ^-)}- P'C^-1'] +

I{[1-F-(X +X )T ] I P'CX-1']UZ •

= 1
l ° c J K lt=T, +1

r J 'k+1k=l *• " J N
^t=T

k
+l

L
^ 'k+1

l>VW [Vl "^~-J" ^T =^
lT

k+l
k+1

For the second group--those whose onset time is somewhere between

the first and the second screening examination—the analysis is \/ery

similar:

For T
1

< t< T
2

P[X
t
=i'] = (R

1
+R

2
+R

3
)P'[X

t
=i'] = P'[X

t
=i']

At t»T
2

P[

V' ,lM,
l

tW biT/ P, [ :<

T;-
il]

F +(.\ +X )(T -T ),

[1-F
6
-(X

2
H

3
)(T

2
-T

1
)] t

6

b'
T

h'Cy]

'-[V'VV<vT,» (1 -dr'} '

p
'

cx
t,

=1 '

]

For T
?
< t< T

P[X
t
=i'] = (R

1
+R

2
+S

2
)-P'CX

t
=i']
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=
|
CT-F

5
-F

6
-(X

1

+X
2
)(t-T

1

)]+[F
5
+(.\

1

-X
3
)(t-T

1

) +

C(x
2
n

3
)(t-T

2 )]|
• P'[X

t
=i']

At t=T_

lT
3

3

In general, the contribution of the second group to the expected total

probability of detection is

V
fAi

p,[x
t
=i
"

] n'-fvyvvvc- 5£-»- p,cv ,] +

M f ,
T
k+l

_1

I [1-F -(.\ U
3
)(T -T ) J P'[X -1'] +Z

T
.

k=2 l b
'

J " ' I t=T +1 ' '
T
k+1

The expression for the expected total treatment and death cost consists

of the contribution of M+l groups and is as follows

M+l r

T
j

_1

J

• c
tl

,

p'[x
T

=i'] + J.{[i-f6-<¥V<YVi>}
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W
t=T

k
+l k+1

E'-ff(¥Wj.i R-pD •
cw p[\+r"

]

k

To find cost associated with the test itself, the cost associated

with screening the categories (-L; (
+
~)h ; and ^

++
^d

snoulcl be acided -

Def i ne

C = Cost of a single primary test used for mass screen.

C ,

= Cost of secondary tests used/per individual.

C, = Treatment cost/per patient.

C. ,

= Treatment cost/per suspect— a (-), individual who responds

I
= Number of population/per one patient.

The screening cost associated with (-) ,
group is

IC1-(F
1

+F
2
)]C

s
+I-F

1

(C
s
+C

s!
)+I-F

2
(C

s
+C

s
,+C

t
, )

=

I-CC
s+

(F1+F
2
).C

s
,
+F

z
.C

t
,]

At any time t, the screening cost associated with the (
+-L group is

PCX
t
-0]{ci-(F3+F4

)].C
s+

F
3
-(C

s+
C
sI )

+ F
4
.(C

s+
Csl+Ctl

PCX
t
=0]-[C

s+
(F 3+ F

4
)-C

s
,

+ F
4
-C

t
,]

For the (
++

)
ri

group at t=T, , the screening cost is

P[X
T^0] (Cl-(F5+F

6
)-(A

1
U

2
)T

1

]C
s+

CF5+ (Xr X
3
)T

1
]-(C

s+
C
sl )

+

[F6+ (X
2
n3) Tl ].(C

s+
C
s
,)}

=
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P[X
T

7*0] |C
s
+[F

5
+F

6
+(A

1

+X
2
)T

1

]C
c

At t=T„, the screening cost is

P[X
T

fO] j[l-(F
5
+F

6
)-(X

1
+X

2
)T

2
]C +

s

[F
5
+(Ar A

3
)T

2
](C

s
+C

s
l)+[(VA

3
)(YV ] (C

s
+C

<

P[X
T m |C1-F

6
-(X

2
+\

3
)T

1
3C

S
+[F

5
+(X

1

+X
2
)T

2
-(X

1

+X
3
)T

1

]C
S

Therefore the general expression for the expected total cost is

M.I.[C
S+

(F +F
2
)C +F -C ] [C

s+
(F + F

4
)C + F .C

t
J J

P[X -0]

k=l k

F
6
-(C

s+
C
s
,)-P[X

Tii
<0] ^ P[yo] {tl-F

6
-(A

2
+*

3
)T

k . 1
IC

s

[F5+ (X
1

H
2
)T

k
-(V A

3
)T

k .
1

]C
s

It should be mentioned that usually the first term is the only significant

term. The expected total cost is composed of the test cost plus

treatment and death cost.

In order to see the effect of using a double procedure to identify

the diseased individuals in the optimal policy, a computer program was

run in which the following probabilities, rates and costs were assumed

to be known with their numerical values given as

F,=.002 F 9 =.001 F = 04 F =02 F c
= .1 F = 7

I L 3 4 5 5

X-| = .001 X
2
=.002 A

3
=.002 rates/quarter

C =.15 C ,=4.00 C, ,=100.00 dollars
s s t
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The cost associated with different screening strategies was computed

and the optimal policy was determined. To see the effect of variation

in the probability of being in (++) , F
fi

and associated rates were

varied simultaneously over their range and results were compared with

the case of constant F
fi

and no rates of transition, which is the

ordinary process studied before. This procedure was repeated for

different disease parameters A and b. The results are shown in Figures 20

and 21.

Taking C , =C , =0 is the same as assuming there is no extra charge

for the secondary examination which is the same as ordinary system of

screening seen before. Figure 20 shows that under the same conditions,

any nonzero rate of transition to (++) reduces the expected total cost

of screening but has no effect on the optimal policy.

In some situations it might be a good idea for those individuals

in (+-) to be screened more often— they might be considered as high

risk individuals— in which case a different analysis is needed.

Assuming that they are screened once more between each two

scheduled screenings, the expression for P[X =i'] is

M+1
!

V 1

i

I W. I P'[X =i']+Z n-(F, + (A
?
+Aj(T.-T .)(1- j-i-)]-

j=1 J t=T. .+1
Z

j

b d 6 J J_l D
iT.

M r fV-1
•P'[X

T
=i']+ I [1-F -(A +A )(T -T )]

| I P'[X=i'] +
ij

k=j I 6 < 3 k j- 1 t
t3Tk+1

t j

r (T
k
i_T

k \^\-\
.Z

Tk|
[l-F

6
-(VA

3
)(T

kl
-T.,

l)+ ^ ^
J-P-[X

Tk|
-i-]

+ [l-F
6
-A

2
(V T

j
_

1

)-A
3
(T

k
,-T._

1
)

[
I P«[X

t=i']J
+

k
1
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Figure 20: Comparison between different rates and
probabilities of being in(++)
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Figure 21: Comparison with ordinary system.
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+ Z
T
'k+1

*l-F
6
-(A

2
n

3
)(Tk+rT._r

(V 2

^
k+1

"V
}iT

k+ l

•P'[x
T

=i']

'k+1

where T. ,
=

k - k+1

V 2

5.4 Transient Problem

Up to now, in any analysis, a population was considered which had

been under a scheduled screening program for a long period of time

—

long enough to make sure that every individual has had the opportunity

of participating in all examinations. In such a case, it was mentioned

that objective function consists of contributions from M+l groups and

every individual has participated in all M examinations but those who

were in group i had M+l-i times the chance of being detected. As

Albert, et al

.

mention [2,3,66] when a screening strategy is established

the process goes through a transient period during which steady state

analysis is not valid. To extend the analysis to such a case, the

following argument is employed.

Assume

1) M screenings are done at ages T , T =T,+dT, T=T
2
+dT, . . .

,T =

T
M

,+dT (extension to the case of unequal screening interval is not

difficult).

2) As soon as an individual reaches ages T, , T„,...,T , he is

screened.

In this analysis, the time from the beginning of the screening program,

denoted by T, plays a role so that expected screening cost at any time T
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is a function of T. Figure 22 is a sketch which represents the situation.

In this plot the horizontal lines are representative of ages at

screening and the 45° lines represent growth of an individual. It is

seen that as T increases to T+dT, age t increases to t+dT too.

There are M+l intervals of interest. The 1-th interval is defined to

be all T's such that T.-T^T - T.^-T^ or equivalents T.<T+T, - T.
+
,.

In each interval there is a certain pattern that changes from interval

to interval. For instance, in the first interval the pattern is (0,1),

which means

1) At any time 0<T<T
2
-T

1> an individual of age t < T, has had no

tests in his lifetime,

2) An individual of age T
]

- t - T +T has had one test in his

lifetime,

3) An individual of age T
]

+T<t<T
2

has had no test in his lifetime,

4) An individual of age T
2

- t - T
2
+T has had one test in his

lifetime.

This is because an individual of age T, - t - T +T has been T. years old

after the beginning of the screening program and therefore has participated

in the first examination at age T, , whereas an individual of age

T
1

+T<t<T
2

has been older than T-j and yet younger than T
2

and therefore

has had no chance of being screened.

In the second interval the pattern is (0,1,2), which means

1) At any time T
2
-T

]
<T * T

3
-T

]
, an individual of age t < T, has

had no test, but

2) An individual of age T^ - t < Tp has had one test.

3) An individual of age Tg - t - f
2
+T has had two tests.
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a.

T
l

Figure 22: A sketch of the transient problem.
T is the time measured from the start of

the screening program.
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4) An individual of age T,+T<t<T., has had one test.

This argument is only for the number of tests given to an individual.

To see the benefit of screening, it is essential to look at each group

as a separate entity and find the contribution of all M+l groups.

Obviously for the first group--those who have the disease before the first

screening time--the benefit is the same as the number of screens, as

shown in Figure 22. For second, third, fourth and ... group the sketch

is shown in Figure 23.

The derivation of the general expression is given in the Appendix.

It is seen that objective function depends on T and changes from interval

to interval .

It is seen that steady state is reached for T - t -T, , because for any

T in this interval every individual in the original population has been

screened M+l times and there is no further transient effect. This can

be seen from the mathematical expression for the transient problem for

the case j=M+l. In this case (j=M+l) the objective function reduces to

O.F.(M+l
M+l

I w,

1=1
n

M
T,

=

3+1

I
~t=T

(e+i-i)
+1

(1-F) -A
t]

which is exactly the same as that derived for the steady state situation.

To see the effect of the transient time from the date that the

screening program has started, a computer program was run in which time T

was varied from zero to a point when steady state conditions were reached.

Figures 24 and 25 are plots of the expected total cost of screening per

one patient for the case of one and two screenings per lifetime.

It is seen that as time increases, expected total cost of screening

increases continuously until it reaches its steady state value at
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A

b) Second group c) Third group

«Iillb
^

d) Fourth group e) Fifth group

Figure 23: A sample problem for case f M=4, t =9,
'

i max
1 J

}

< t dT=l
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Figure 24: The expected total cost of screening per one patient
as a function of time T for one screen per lifetime.
T is the time measured from the date that the screening
program was started.
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Figure 25: The expected total cost of screening per one patient
as a function of T for two tests per lifetime , the
first one of which is done at aae 3 months.



T=t
max"

T
T This is ex P lained by the fact that at the beginning of the

transient period there are more diseased individuals and therefore

screening is more beneficial. As time increases, the prevalence

decreases until at 1=1;-"^ it reaches its steady state value.

A very similar expression exists for the case of unequal screening

intervals. The only difference in analysis is in the definition of the

intervals. In the case of unequal screening intervals, it would be

necessary to look at such intervals as: (0,T -T ), (T
?
-T, , T -T„),

(YV VV' (YV. VV' (vv vv»--

5
• 5 Application of th e Model to the Case of Breast Cancer Using

the Results of HIP Study

In order to validate any mathematical screening model, there is a

need for a set of data on a progressive disease that can be used as input

so that the model's output can be compared with that data to check for

any discrepancy. In case of Neuroblastoma there are no such data. In fact

in the case of most progressive diseases there is little that can be said

about a complete set of data. As was mentioned in the literature review,

it is not possible to gather complete data on the nature of any malignant

disease such as cancer, because some detected diseased individuals would

have to go untreated. Therefore it remains to base the analysis on certain

assumptions on the behavior of the disease in the occult part. Having

assumed the pattern of the behavior of the disease in the occult part, it

would be easy to get an estimate of the parameters by varying them until

the system's output matches the available data. Then under those specific

assumptions, the values of the parameters are known. This type of analysis

has been used by different investigators including Knox [55,56] in his
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simulation model and Shwartz [88,89,90,91,92,93] in validation of his

model through use of the HIP data for breast cancer.

In the case of our model, the HIP study which has gathered data

on 62,000 women in two groups, a study group and a control group, can be

employed for the breast cancer. The model needs some information on the

natural probability of detection which has to be gathered while the

system has been under no scheduled external screening program. Luckily

HIP data on the control group are gathered in the manner that the model

requires. Therefore the application of the model to the breast cancer

using the HIP study is relatively simple. The procedure is to use data on

the control group as that of the population under no scheduled screening

program. Then by introducing a scheduled screening program similar to

that of HIP the methodology is implemented to the control group and a set of

effectiveness measures are recorded. These outputs are then compared

with corresponding data on the study group and some conclusions are made.

The HIP screening schedule was to go through four annual screening

examinations but not everybody in the study group participated in the

program. Even some of those who participated in the initial examination

did not participate all or part of the rest of the program. The actual

screening pattern and percentage of women in each category is shown in

Table 9, extracted from reference [29].

In order to simplify the procedure, all patterns with the same number

of examinations were added up and therefore it was assumed that there are

five patterns as follows:

1

)

No screen (5-35)

2) One screen ' {% 8) assumed to be done at initial examination.

3) Two screens (% 8) assumed to be done at initial examination

and one year after that.
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Table 9: The percentage of individuals in each pattern of screening,

First exam Third exam

Second exam

t=t

rourth exam

f

V

No screen ratio: .3495

One screen ratio: .0852

Two screens ratio: .0468

Two screens ratio: .0136

Two screens ratio: .0136

Three screens ratio: .0553

Three screens ratio: .0214

Three screens ratio: .0261

Four screens ratio: .3864

Table 10: Data on P'[X =D]

Age at diagnosis
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4) Three screens (%11) assumed to be done in first three

consecutive years.

5) Four screens (%38) assumed to be done in all years.

Of course in reality a woman who participated in two annual

examinations might have had an interval of up to three years between the

two tests. In the model it is assumed that the interval between two

successive exams is fixed at one year. This might reduce the efficiency

of screening but the reduction should not be significant.

In the HIP study only women in the age group 40-64 were selected.

This type of selection makes it possible for a case to go into screening

at ages 40, 41, 42 and 43 whereas another case might go into screening

at ages 61, 52, 63 and 64. But the model used assumes that everybody in

the population is screened at specific ages T, , T„,...,T . One way to

handle this situation is to introduce different age groups, say 40-44,

45-49,... and to find the expression for each age group. The weighted

sum of all the age groups reveals the quantity of interest. Another way

is to assume that e^ery individual has an average age 52=(40+64)/2 and

is screened at ages 52, 53, 54 and 55. This procedure is more of an

approximation but needs less calculation and is, therefore, preferred.

In our analysis both methods were employed and some sensitivity analysis

was done on the results.

According to the data, it is necessary to consider cases that did

not participate in all the scheduled examinations. Therefore the

following analysis was employed. It considers different screening

patterns:

Define R(2,k) tc be the ratio of population who have completed

U-k) examinations up to 2-th interval (the i-th interval is the time
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between the (i-l)st and the i-th exam).

Then for t < J
}

: P[X
t
=D] = wJr(1 J ) -P' [X

t
=D]

where R(l,l)=l.

At t=T
1

: P[X
T

=D]=W
1
|r(2J)(1-F+ ^—)+R( 2 , 2 )|p

' [X
T

=D]

where R(2,1) = percent of participants in the first exam,

and R(2,2) = percent of those who never participated in the screening

program.

For T
T

< t<T
2

: P[X
t
=D] « WJ R(2,l )(1-F)+R(2,2U P'CX^O]

+ wJR(2,l)+R(2,2)j P'[X
t
=D]

where W, and W
?

are the weights associated with first and second groups.

It is seen that for the first group only a percent (1-F) of the partici-

pants remain undetected after the first exam, whereas for the second group,

irrespective of whether or not they participated in the first exam, they

are detected under their natural probability of detection—simply because

they were not yet sick at the time of the first exam. A similar

analysis for other time intervals is valid:

i.e. at t=T
2

: P[X
y

=D] = |W
]

[R(3,l ) (1-F)(1-F+ ^— ) +

C 9

R(3,2)(l-F)+R(3,3)] +

W
2
[R(3,1)(1-F+ ^-)+R(3,2)+R(3,3)]}p'[X

t
=0]

iT
2

- 2

At t=T
3

: P[X
T

=0] = |w
i

[R(3,l)(l-F)
2
+R(3,2)(l-F)+R(3,3) +

W
2
[R(3,1)(1-F)+R(3,2)+R(3,3)] +

W
7
[R(3,1)+R(3,2)+R(3,3)](- P'^-O]
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For T
3
<t<T

4
: P[X

t
=D] = (w

]

[R(4,l )(1-F)
3
+R(4,2) (1-F)

2
+R(4,3)(1-F)+R(4,4)]

W
2
[R(4,1)(1-F)

2
+R(4,2)(1-F)+R(4,3)+R(4,4)]

+ W
3
[R(4,1)(1-F)+R(4,2)+R(4,3)+R(4,4)]

+ W
/1
[R(4,1)+R(4,2)+R(4,3)+R(4,4)] P'[X =D]

and so on.

Therefore the general expression would be

itl 1

t rt • Z

P[X -0] =
I W. { I R(1,k)-0-F)

S(j ' k ' t) -(l-F+
h
—-) H -P'[X =0]

z
j=l J l k=l

D
it J

z

where

if k=l

t-1

1
i=l

1

h =

i
l 1

V lsV z
t

and S(j,k,t) = Max! { £ Z.-k+l , } if k=l

I { l Z.-k+l , 1 if k/1

lV
It should be mentioned that to get an expression for cost

effectiveness measurements, the expression for P[X^=D] is modified by

the corresponding cost factors and summed over all time intervals.

The expression for P[X =D] is a generalization of the original

expression for expected total cost under the condition that some individuals

skip some of the scheduled screening tests. If every individual

participates in every examination, then R(i,l)=l and R(i,j)=0 ¥ jfl

.
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Under these circumstances the general expression reduces to

t-1 7m
t $1 t Z

P[X
t
=D] =

I
W. (1-F)

t=T
j

+1
(1-F+ ^~) ' • P'[X

t
=D]

j = l

which is the same as the original expression.

The general expression could be employed to the case of any type of

screening program in which some individuals do not participate in all the

scheduled examinations regularly. In particular data [29] show that in

the case of HIP study the R(A,k) matrix looks like the following:

R(l,l)=1.0

R(2,l)=.65 R(2,2)=.35 .

R(;.,k) - R(3,l ) = . 57 R(3,2) = .08 R(3,3) = .35

R(4,l)=.49 R(4,2)=.08 R(4,3)=.08 R(4,4)=.35

R(5,l)=.39 R(5,2)=.10 R(5,3)=.08 R(5,4)=.08 R(5,5)=.35

It is seen that R(Z,1) is always divided into RU+1,1) and R(£+2,2),

i.e.

R(MH(£+l,l)+R(£+2,2)

and R(£+l,k+l)=R(£,k) ¥ Z> k >1

which makes it \/ery easy to construct the R(2,k) matrix—start from

last row.

One essential input of the model is the natural probability of

being in the detected state, P'[X =D], which is a characteristic of the

disease under no scheduled external interference. In the case of HIP

study data in Zelen and Feinleib [116] or [2] could be used. The

difficulty in the use of this data is in its nonspecific!' ty. Data as



seen in Table 10 are presented in a very broad range. Therefore in order

to employ it, some assumptions on the form of behavior of P'[X =D] versus

age has to be made.

Since data are only for ages 40-64, it is assumed that a woman is

naturally detected only in this age group. In fact, the process is

truncated on both sides. As a result, a probability distribution for

P'[X =D] is found by calculating P'[X =D] for each interval and fitting

a least square line through the points.

Total incidence = (1 .01+. . .+2.11 )

•

(10)" 3
=7.6

'[X
t
=D] for age group 40-44 =1.01(10)" /7.6

1

[X =D] for age group 45-49 =1 . 20( 1
)

"

3
/7 .

6

'[X =D] for age group 50-54 =1 .29(10)~
3
/7.6

' [X =D] for age group 55-59 =2.00(10)"
3
/7.6

'[X=D] for age group 60-64 =2. 1 1
(10)" 3

/7.6

io:

(10

(10

(10

(10

(10

-3 _



rur

To find an estimate of the true positive rate of screening, data

on the study group of HIP were employed. In the process of examination,

each individual has been screened by two different and independent

methods--mammoqraphy and clinical palpation. Any positive result would

have brought the patient into attention. Assuming that the true

positive rate of those two methods is F, and F and letting F,„ be the

probability that a patient gives positive responses to both examinations

reveals : F = F, + F„ - F,

HIP data [87] show that for 40 < t < 49 F=19. 4+61 .3=80.7

for 50< t< 59 F=41.5+40.0=81.5

for 60> t F=30.6+38.9=69.5

In the calculation, F was chosen to be a constant F=0.8. Later, F was

varied to see the effect of reducing the test sensitivity on the

screening effectiveness measures.

The incidence rate--number of population which gets the disease in

the age range 40-64--was established using data on HIP [2,3] for the

control group.

Incidence = 1.6 per thousand per year = 8/1000 (5 years). Other

estimates are available. For instance Shwartz [88,89,90,91,92,93] gives

Incidence = (102.8+156+168. 4+188. 3+221 . 5 )/ 1 00000=8 . 37/1 000 (5 years)

As an estimate it was assumed that in five years (the time in which the

HIP data were collected) the incidence of breast cancer in the women of

age range 40-64 is one in every 104 individuals. This value was varied

to see its effect on the estimation of the effectiveness measurements.

A common problem in the analysis of all the progressive diseases is

the lack of understandina of the behavior of the disease in the occult
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part. In particular there is no way to find the distribution of the

onset. Therefore it remains to assume a reasonable distribution for

onset. Reasonable here means it should be so that the cumulative onset

at a time t is always greater than the cumulative probability of natural

detection at t.

In the model, it is necessary to have an estimate of the onset

distribution and b., which is the natural probability of transition from

the occult state to the detected state. They are not independent

quantities. In fact as will be shown, determination of one of them fixes

the value of the other. The argument is based on the structure of the

model

.

The disease has the following structure:

where = Healthy state ^/

d = Occult state to

D = Detected state

At any time t : IL +a=l

U
dt

+b
t
=1

But P[X
t
=D]=P[X

t
=0|X O] P[X =0]+P[X

t
=0|X =d] P[X

Q
=d]

Define 5 to be P[X
n
=0] which is probability of being healthy at age zero.

Employing observations 1-4, it is easy to show that

't-1 j-1 t-1 t-1

P[X
t
=0] H M u

0i
)a.-( T7 u

k
)6 +(TT u

d
. 1-6 b.

But

U .=l-a.
ot t

U
dt

=1 " b
t



Therefore

ft-i i-j t-i t-i
1

p[x
t
=D] = I (TT(i-a.))-a •( ]T (i-b

k
))«_ + (TTd-bJjn-a ) b

t lj=1 t-1
1 J k=j+l

K ° j=1 J ° >
Z

This is a system of equations in which the a's and b's are unknown and

P'[X =0] is a known quantity, i.e.,

For t=l P' [X
1

=D] = (1-5 )-b
1

=C
1
-b

1
* b^P' [X-j-Dl/C,

For t=2 P'[X
2
=0]=[a

1
o
o
+(l-b

1

)(l-6
o
)]-b

2
=C

2
b
2
^ b

2
=P' [X

2
=D]/C

2

For t=3 P'[X
3
=0]={[a

1

(l-b
2
)+{l-a

1

)a
2
]6

o
+(l-b

1

)(i-b
2
)(l-6

o
)} b

3

- b
3
=P'[X3=0]/C

3

Therefore knowing P[X,=D], the above analysis can be employed to generate

the values for the probability of transition from d to D. In the case of

breast cancer it remains to find an appropriate distribution for the onset

time.

In order to see the implications of the model to the case of breast

cancer, two computer programs were written:

PROGRAM I : Every individual has an average age of 52 at the

beginning of the program and her age at scheduled annual examinations

is 52, 53, 54 and 55.

PROGRAM 2 : The population is divided into the following five

groups

40-44, 45-49, 50-54, 55-59, and 60-64.
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5.1.1 Program 1

In the primary analysis, a set of legitimate onset distributions

were used and the output parameters of interest were recorded. These

parameters are

1) The probability of natural detection at any age t--known from

data on control group.

2) The probability of detection (under screening program) at any

age t.

3) The cumulative probability of natural detection.

4) The cumulative probability of detection (under screening program).

5) The number of individuals detected at any time t under

natural detection.

6) The number of individuals detected at any time t under

screening program.

7) The number of individuals detected up to time t under

natural detection.

8) The number of individuals detected up to time t under

screening program.

Table 11 summarizes the computer output for different values of

onset distribution. In this table

1) Onset distribution is given by five numbers, the i-th number

representing the cumulative onset rate in the i-th interval. For instance

(a,, a os a-, a„, a c ) means a. percent get the disease somewhere between
] C 3 4 D 1

(i-1 )st and i-th test.

2) Number of women detected due to the initial test = N-j

.

3) Number of women detected due to annual exams = N~.

4) Total number of women detected in the control group = N .
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Table 11: Comparison of model's output with HIP,

Model
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5) Total number of women detected in the study group = N .

It is seen that within some range all the cases generated values which

are comparable with the corresponding values of HIP study. To see this

better, consider case 1 and find some parameters of interest, using

this particular case study, and compare them with corresponding values

of HIP.

1) Data show detection due to initial exam = 55

The model shows detection due to initial exam = 53.17 (% error=3)

2) Data show detection due to annual exam = 77

The model shows detection due to annual exam = 69.79 (% error=9)

3) Data show 296 were diagnosed among 31000 study group

The model shows 307.22 were diagnosed among 31000 study group [% error=3)

4) Data show 284 were diagnosed among 31000 control group

The model shows 283.17 were diagnosed among 31000 control group (% error=0)

5) Data show detected people in initial exam had prevalence

2.72/1000=55/20200

The model shows detected people in initial exam had prevalence

2.64/1000=53.17/20200 U error=2)

6) Data show detected women in rescreen exam = 1.51/1000 person/year

The model shows detected women in rescreen exam = 1.55/1000 person/year

(% error=2)

7) Data show incidence rate among control group = 1.86/1000

The model shows incidence rate among control group = 1.83/1000 (% error=l)

8) Data show the number of study women refused test who got cancer = 73.

Unfortunately, the model does not consider biasness in acceptance or

rejection of program. Therefore a very rough estimate would be to assume
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that they had a detection probability similar to control group (this

is not true [31]). Therefore the number of study women refused test

and contracted cancer = 99. This gives an average incidence rate of

1.83/1000 for study women refusing test, whereas data show average

incidence rate of 1.37/1000. The discrepancy is in the biasness in

selection process which is not incorporated in the model.

9) Data give the average age of the screened group at diagnosis =54.4

The average age of the study group refusing test =53.3

The average age of the control group =54.5

Unfortunately the assumptions of Program 1 make it impossible to

compute this quantity. Therefore it was decided to modify the program

to increase its ability to compute average age at detection—the new

modified program is called Program 2.

5.5.2 Program 2

In this program the total contribution to any effectiveness measure

is the weighted sum of the contribution from each category where the

weighting factor is the percentaoe of women in each age group deter-

mined from HIP data [39]. Data show that the copulation age is not

uniform and has the distribution wnich is shown below:

Aae HIP sample size Weight

40-44
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This says 21% of the women who were in the study group were assumed to

be in the 40-44 age group.

The incidence rate for all age groups was taken to be the same as

that of Program 1

.

Moreover in this program the same quantities as that of Program 1

were computed for all age groups. Then using the weighted sum of

quantities the corresponding values for the general population was

calculated.

Table 12 summarizes the computer output for different onset distributions.

Table 13 gives a comparison between the model's output and that of the

study group in the HIP study for case number 1.

To compare the model's ability to predict a process with that of

other investigators, a comparison is done with the Shwartz model (he

has presented two models which differ in their distribution of tumor

growth). Table 14 shows the HIP findings along with our model's and

the Shwartz predictions.
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Table 12: Summarization of the computer output for different
onset distributions.

HIP finding ]

\
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Table 13: Comparison between the model's output and data
on HIP study (case no. 1

)

No. Subject of comparison Data Model % error

i Detection due to initial exam

2 Detection due to annual exam

3 Women diagnosed (control group]

! Women diagnosed (study group)

Prevalence of the detected
women in initial exam

6 Incidence of women in rescreen

exam (person-year)

Incidence rate among control
group

Number of women diagnosed in

the study group

Initial exam

First annual

Second annual

Third annual

Average age of the screened

group at diagnosis

10 Average age of those detected
by screen in the study group

1 : Average age of those surfaced
between screens in study group
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Table 14: Comparison between our model and Shwartz model
on predicting the HIP findings.

Detection rates
per 1000



CHAPTER 6

DETERMINATION OF AN OPTIMAL POLICY

In a screening program the cost-effectiveness objective function is

a function of the decision variables I., which can take on integer

values (0,1). This reduces the optimization problem to an integer pro-

gram, but due to nonlinearity of the objective function, it is not a

linear integer program and there is no single known method for its solu-

tion. In most searches for determination of the optimal objective func-

tion in the literature and in this research up to now, the determination

of an optimal policy has been postponed and the search has been directed

at detection of a "good" policy within a set of conventional policies

doing screening every DT time units, DT=1,2,... There are some indica-

tions that an optimal screening policy need not always be in the set of

conventional solutions. In this chapter an attempt is made to solve the

optimization problem and offer an efficient methodology, if possible, to

determine the "best" policy. In section 6.1 a branch and bound approach

is employed for which 2 different lower bound approximation methods are

used. Section 6.2 presents a heuristic approach to the determination of

a "good" solution.
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6.1 Branch and Bound Method: Search for an Optimal Solution

The expression for the expected total cost of screening is

t-1

f I z

M+l t« k=T. .+1

"
k

OF = I \l W(j.t).O-F) J_1

j-1 t=Tj
. 1+ l

where C
ti

,
= C^i.t) + C

d
(t) • d.(t) and CSP = cost of screening the

population of suspects to the disease.

To determine an optimal policy to the screening program, there is

always the possibility of enumerating all possibi 1 ities i but for a

disease like breast cancer, even for a short age interval such as 40-64

and considering at most one annual screening, there are (2) - 17 x

(10) different policies to evaluate. Therefore the concept of branch

and bound seems appealing. To do so, a tree is constructed which has

the following characteristics:

1) There are M levels, where M is maximum number of tests per life

time of an individual (at least over the time span considered).

2) At any level, for each node there are two branches corresponding

to "no screening" and "screening."

3) A node at level L is denoted by the set of M values:

(A, , A«, . . . A..}, where

r

j

if screening policy is not determined

A
k

-
|

1 if Z
k
=0

i

2 if V
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Figure 26 shows the tree for the case M=3.

In order to efficiently evaluate the expected total cost of screen-

ing associated with a level L in the tree, the expression for the objec-

tive function is rederived:

Let the maximum number of screening tests per individual be M and

assume that the age at which the first test could be done be denoted as

T, . The age span of an individual could be marked with T's as

T T
l

T
2 •••• T

M-1
T
M

where at any time T. (i=l,...M) a test could be done, but it is not

necessarily optimal to do so. Therefore, irrespective of whether or not

the test is done at any of those ages, the population of suspects is

divided into M groups, i.e., i-th group has an onset time somewhere

between T. , and T.. Obviously if a test is not done at age T., then the

i-th and (i+l)st group are from the same family. Let

A, = 1 - F

B, - 1 - F + F/b.
t

Then for the first group, the contribution to the expected total cost

would be

t-1

T I Z
k

'M k=T
Q
+l

k
Z

I
W(l,t) • (A,) ° • (B.)

t
• C

t
t-yi

t-AT

T I h
M 'i k=T +AT

k
I

=
I t W(l J) • (A,) ° • (B,)

Z
• C,

j«1 t-T. t+AT
' '
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(0,0,0)

I

Zj

\ r
(2,2,2) (2,2,1) (2,1,2) (2,1,1) (1,2,2) (1,2,1) (1,1,2) (l,lTT)

Figure 26: Construction of the tree for the case M=3.
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whereas for the second group it would be:

t-1

T I Z
k

M k=T,+l
K

Z.

I W(2,t) • (A,) ' • (BJ
t

• C.
-T J.1 I

It=T
]

+1

t-AT

T I Z
k

M j k=T,+AT
K

1¥

I I W(2,j) • (A,)
]

• (B,)
t

• C,
j=2 t=T

}
+tf '

It
The objective function consists of the contribution of all the groups:

t-AT

T I Z
k

M M 'j k-T. ,+AT
K

1¥
OF =111 {W(1.J) • (A,)

1_1
• (B,)

t
• C,}+

i=l j=i t=T.
}
+tf

' It
M

CSP •
I z (,

t»l
r

This cost consists of the following terms:

1) OF, (k)=Expected total cost of screening for ages up to T. .

2) OFJk^Expected total cost of screening for ages between T, and

w
3) 0F-(k+l )=Expected total cost of screening from T. , on.

Notice that 0F
]

(k)+0F
2
(k)+0F

3
(k+l ) = OF V- < k < M. The expression for

these three cost elements are:
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t-AT

k k j i=T, t+aT
z

Z^

1) OF (k) =111 {W(1,j) • (A,)
M

• (B,)
t

• C.}
1

1-1 j=i t=T. ^AT '

'
v

t-AT

T I Z
?

k+1 'k+1 JW. ,+AT * Z+
2) 0F

2
(k) =

J J (W(1.lt+1) • (A,)
1_1

• (B,)
l

• C,}
* 1=1 t=T

k
+AT

'

'
t

M M
T
j t*T. ,+AT

£

3) OF (k+1) -II I {W(i,j) • (A,)
1=1 j=max(i,k+l ) t*T. ,+AT

t-AT

1-1

'i»

Zt

-
c
t!

The branch and bound approach consists of two fundamental procedures

Branching is the process of partitioning a problem into two subproblems,

and bounding is the process of computing a lower bound on the optimal

solution of a given subproblem.

Let P denote a policy in which there are M decisions to be made.

P could be partitioned into two subproblems P
Q

and P, where P. means

that Z, ai. Next, each of the subproblems can be partitioned into two

smaller subproblems and so on.

Suppose that at some intermediate stage a complete solution has

been obtained that has value S. Then any subproblem that has an associa-

ted lower bound LB > S, could be fathomed-- no more branches are

generated from a fathomed branch.
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The flow chart for the branch and bound procedure is shown in

Figure 27. It is seen that it starts with L=l , Z, =0; and:

1) At each level the objective function (OF) is computed and

compared to S.

a) If OF < S and L < M, L=L+1 , go to 1

.

b) If OF - S and L = M, store the new objective function as

the new value for S, go to 2.

c) If OF > S, go to 2.

2) If Z
L
=0, let Z,*l, go to 1 .

If Z
L
=1, let L=L-1, Z

L _
1

=1, go to 1 .

So it travels all the way through the tree - from its most right hand

corner - to the bottom of the tree and then moves back and forth.

In order for a branch and bound procedure to be efficient, there

must be an efficient method for computing a lower bound on the objective

function at each level. Two different approaches to this problem are

presented in the following section.

6.1.1 Method 1 - Discrete Varaibles

The cost-effectiveness objective function is

t-AT

T I Z
k

M M J k=T. ,+AT
K

Z„
OF =

I I I {W(i,j) • (A,)
1_1

• (B,)
t

• C.}
i=l j=i t=T.

}
+dJ '

It
M

csp • I z

t=l
z

In the expression for this function there are two values A-, and B,

where A, =1 -F and B,=l-F+F/b .. , . Note that A, < 1 and 3, > 1. In fact A,
I i it i i l

T
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Define

;

rf=24-

3=oo

I

Initialize
L«l
TREE(L)=1

Compute;

C7(L]

Figure 27: The flow chart for the branch and bound procedure.
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is the realized reduction in the population of occult diseased individuals

due to a screening test done in the past, whereas B-, is the modified num-

ber of individuals who are detected due to a screening test at the time

of screening.

The objective function could be written as

M M
T
j Y Z+ MIII {D

1 j t
• V • B

1

Z
) + CSP • I 1

1*1 j = i t=T. ^DT l5j ' r
'

' j=l J

t-DT

where X =
\

1.

k=T. -,+DT
Z

and D
ijjjt

= W(i,j) • C
t

.

To obtain a lower bound on this function the following quantities

could be selected optimally:

1. * 1 -V- t (corresponding to maximum X)

Z
t

B, - 1 (corresponding to minimum value for B-, )

and CSP = (corresponding to no charge for test itself)

M M
T
j

••• LB =
I I I {W(1,j) • (A,)^

1
• C

t }

1=1 j-1 t»Tj ^OT '

z

which consists of M increments associated with lower bounds on increment

if objective function on i-th level, 1*1,...M.

k
T
k

LB(k) =
I I {W(i,k) • (A,)*"

1
• C,}

i*l t=T. -,+DT '

z
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I W(i,k) • (A,
,k-i

t-T
k . 1+

DT

LB =
I LB(k)

k=l

At the beginning of the tree - no decision has yet been made - the

expected total cost is assumed to be equal to the lower bound, i.e.:

0F(level=1) = LB =
I LB(k)

i=l

At each step through the tree 0F
2
(k), which is cost associated with

k-th level, is computed and added to the value obtained for OF at a level

before - OF(k-l). But to remove the effect of the initial lower bound,

LB(k) is subtracted from the result. Mathematically,

M

At L=0 OF(0)=LB=LB(l)+...+LB(M) = £ LB ( k

)

k=l

At L=l 0F(1)=LB+0F
2
(1)-LB(1)

=OF
2
(l)+LB(2)+...+LB(M)

M

=0F,(1)+
I LB(k)

1

k=2

AT L=2 0F(2)=0F(1)+0F
2
(2)-LB(2)

=0F
2
(1 )+0F

2
(2)+LB(3) + . . .+LB(M;

M
= OF, (2)+ I LB(k)

1

k=3

Therefore in general;

0F(k)=OF(k-l)+OF
2
(k)-LB(k)
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Starting from the first node in the tree, at each level the exact

cost up to that level OF, (k) is added to a lower bound for the remaininq
t M .

'

time period \\ LB(l)j to obtain a lower bound on the objective function

using the policy under consideration. If this value happens to be greater

than a lower bound to OF already determined, the tree is fathomed.

A computer program was written that searched the tree using the above

mentioned procedure. It was found that the procedure is not efficient.

In fact, the value obtained for LB ($3563) was very low. Therefore it

forced the search to go through most branches of the tree and increased

the computational time. Table 15 shows part of computer output using

this lower bound.

In a branch and bound procedure it is important to select the lower

bound in such a manner that the tree can be fathomed at lower levels -

a lower bound closer to the real value but less than that. To do so,

it was decided to improve the lower bound. It should be noted that at

any level (say L), irrespective of the (L-l ) policies already made, the

lower bound was taken to be a constant - this means the same lower bound

is employed for policy 1 {Z.=Q, 1=1 , L) and policy 2 (Z.=l, i=l,L).

Obviously it does not employ the knowledge of the screening policy up

to present. To get the benefit of this additional information, the

following procedure was designed. Define:

LB(i,j) = Lower bound on cost going from (i-l)st to i-th level

if (j-1) tests have been missed up to present time (level i-1).

For instance LB(3,2) = Lower bound on cost of going from 2nd to 3rd

level if one test has been missed up to 2nd level. Let TLB(i,j) = Lower

bound on cost of going from (i-1 ) s t level on, when (j-1) tests have been



Table 15: Part of computer output using first method to compute
the lower bound-Policy is: NO screen up to level L.

Level
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missed up to (i-l)st level. It is seen that:

TLB(i.j) = LB(i,j) + LB(i+l,j) + ... + L3(M,j)

M

=
I LB(k,j

k=i

.-. TLB(i.j) = TLB(i+l,j) + LB(i,j)

The expression for LB(i,j) would be

i
T

i

LB(1,j) = (l M(k,i).(A
l

)

min - (1 -k » 1 -j)
].f I C,

^=1 ' ) lt="
i
_

1

+0T
t

For instance: L3(4,l )=W(1 ,4)A
1

3
C
4
+W(2,4)A-

2
C
4
Hi(3,4)A

1

C
4
+W(4,4)C

4

whereas: LB(4,2)=W(1 ,4)A
1

2
C
4
+W(2,4)A

1

2
C
4
+W(3,4)A

1

C
4
+W(4,4)C

4

LB(4,3)»W(1,4)A
1

C
4
+W(2,4)A

1
C
4
+W(3,4)A

1
C
4
+W(4 1 4)C

4

LB(4,4)=W(1,4)C
4
+W(2,4)C

4
+W(3,4)C

4
+W(4,4)C

4

The modified flow chart is very similar to the other method. Table

16 presents the new lower bounds to the objective function at each level

- depending on the number of tests missed up to now. It is seen that it

gets closer to the real value but the difference is still significant.

Therefore the search was directed at developing a different lower bound.
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Table 16: A portion of the new lower bound on objective function
as a function of I and J.

TLB(i,j; J = l 5 7 10

i = 1

2

3

4

5

9

10

3563

3491 3542

3437 3445 3511

3378 3379 3388 3470

3308 3308 3309 3321 3419

3226 3226 3226 3228 3242 3357

3133 3133 3133 3133 3135 3151 3285

3029 3029 3029 3029 3029 3031 3050 3201

2913 2913 2913 2913 2913 2913 2916 2937 3107

2786 2786 2786 2786 2786 2786 2786 2789 2812 3002
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6.1.2 Method 2 - Continuous Variables

It is known in optimization theory that in an integer program

problem a lower bound on the optimal solution is obtained by removing

the integer constraints. Employing this concept, the variables Z. were

assumed to be continuous variables between zero and one. The objective

function could be written as

t-1

M
fc

max
'

k=T. .+1
k
f , . ,

Z
t II

OF =
I I W(j,t)(l-F) J" 1

\l 1-F+ ,-£-
1 C

t
.,P'[X,=i']

J'
=1 t=T

j-l
+1

I li'
l U ' J J

I

M

+ csp I z.

j=l J

z z z z,+z
2

z

= W(1,1)B
]

•C
1

+W(1,2)A
1
•B

1
^C

2
+W(1,3)A

1

'• ^B
]

J
C
3
+

+W(2,2)B
1
h

z
+W(2,3)A

1

•

2
3

1

-
3
C
3

+.

Z
3

-W(3,3)B
1

• C
3

+ CSP (Z^Zg* +z
M )

Assuming that optimization problem under consideration is uncon-

strained, the stationary points are found by setting the derivatives of

the objective function with respect to variables Z. to zero:
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3(0F

3 Z,
=

L
\.

Z, n
I Z

k
k=2

K
Z.

£n B-j -W(l » 1)-B
1
•C

1
+ in A-, ^ • £ {W(t,j)-A

1

• B-,
J

- C .} + CSP =
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f 5
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k
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Z Z n k=3 J Z

.

B
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-
2
C
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]
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2
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" • 3
]
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J
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1
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2
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*
J W(l ,j
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I
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1

2
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k I \

i r i n ^=3 ^z. n k=3 7.1 1
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-B, k. + -^r~

L J -J J -3 j A
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1
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2
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in

in

CSP

(A,

z
+ in A,

t-1 j-i

I \ r I z
f

t £=k * n A=t+1
JU • I w(k,j) • a,

k=l ' j-t+l '

Z.

-i \

c
j

t-1

t I \
y W(k,t) • A/" k

\ • C^ • £.n 3

k=l

x

l

Since there is a possibility some of the constraints - Z. -
1 may be

active, the Kuhn - Tucker Conditions were determined:

iloa +
3Z

x
t

- xv
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Eventually it was decided to employ one of the more powerful methods

of solving nonlinear programs. To do so, the "Pierre and Lowe" algorithm

[75] which uses augmented Lagrangians was selected. This method is based

on augmented Lagrangians and presents a comprehensive algorithm and com-

puter code for solving constrained nonlinear programs. To make the compu-

tations more efficient, the algorithm was reduced to the case of interest

- subroutines that were related to constraints were omitted - and substi-

tuted in the tree in such a manner that at each call to the evaluation of

the objective function, the algorithm was called and the lower bound was

computed. Table 17 shows a part of the computer output. The result was

a ^/ery good lower bound to the objective function which caused the tree

to fathom at such levels as 14 and 15 - almost half way through - but

computation time was still large. In fact it took 30 minutes of computer

time to trace the whole tree. The optimal screening policy was found to

be

Z* = screen at ages 49,51,53,55,57,58,60,61,62,...

The associated cost was $7627.59.

6.2 Search for a "Good" Heuristic Solution

Employing different methods to specify a "good" and "efficient" lower

bound to the objective function failed to obtain solutions efficiently.

Therefore it was decided to do a "selective enumeration process" instead.

In this procedure, search for a "good" policy is done through two stages.

In the first stage, the optimal or near optimal number of screening tests

is determined. In stage 2, the optimal timing of the tests is determined.

The procedure along with an example is described for the case of Breast

Cancer.
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Table 17: A part of the computer output using "Pierre and
Lowe" algorithm - initially S was taken to be 7500.

L
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Stage I: Divide T
max>

(=24) period into two equal intervals of length

(T
max>

/2)(=12). Within each interval there are the following

(T
max y2 + 1) (=13) possibilities. No screen - Only one screen -

...-T Jl screens (=12). This produces (T /2 + I)
2

(=169)
||,aA max

.

possible policies. Evaluate all those policies and determine the

e-optimal solution. For each of those policies compute the number

of tests done in the first and second interval - say N(l) and N(2).

Figure 23 shows all possible policies to be evaluated at Stage I. For

instance assume that N(l)=5, N(2)=8 generated the best solution within

all 169 possible policies.

Stage Il-a: Divide each interval into two subintervals. This generates

a total of four subintervals of length T /4 (=6). For the first
max.

two subintervals, generate all feasible subpolicies in which there

are 1^ tests in the first subinterval and J, test(s) in the second

one - such that r-j+u\=N(l). For any such subpolicy, generate all

feasible policies in which there are I
2

test(s) in the third sub-

interval and J
2

test(s) in the fourth one - such that I
?
+J„*N(2)

.

Determine all e-optimal policies. Let the number of tests in any

subinterval in the optimal solution be L(i), i=l,...4.

Figure 29 shows the feasible policies for the example problem. It is

seen that there are a total of 6 x 5 = 30 possibilities. Assume that

L(l)=4, L(2)=l, L(3)=6, L(4)=8.

Stage Il-b: Divide each interval into two equal subintervals. This gen-

erates a total of eight subintervals of length T /8 (=3). Do the

same procedure done in Stage Il-a for L(l), L(2), L(3) and L(4).

Determine e-optimal solutions and let the optimal number of test(s)

in each subinterval be K(i ) ,i=l , . . .8.
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12 years

Id years

Figure 28: All possible policies for stage I.

H(l)-5

N(2)=8

o years

6 years

6 years

Figure 29: Stage Il-a for the example problem.
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Figure 30 shows the feasible policies for the example problem. It is

seen that there are a total of 3.2.1.3=13 possibilities. Assume that

K(i)=2,2,l,0,3,3,l and 1.

Stage II-c: Divide each interval into three subintervals of unit length

For the i-th interval generate all subpolicies that have a total of

K(i) test(s). The optimal solution to this stage could be used as

a "good" solution to the optimization problem.

In the case of the example problem all possible solutions are shown in

Figure 31. Note that for K(i)=0 or 3 there is only one policy, whereas

for K(i)«l or 2 there are three different policies.

Since the solution to this heuristic method depends on the location

of the tests within an interval in Stages I, Il- a and Il-b, in the compu-

ter runs that were made, these locations were varied in a random fashion

and different solutions were obtained. The best solution was a very

perculiar one:

Z
t

= 1 1 1 o 1 1 1 1 1 l i i i i i !

which means; do screening every three years up to age 50,

then do screening every otner year up to age 53,

and do screening annually from then on.

The pattern of screening is in agreement with the optimal solutions

obtained by other investigators.

Table 18 which compares this solution with some of the conventional

solutions and the optimal solution shows the ability of the method in

determination of a "good" policy - ]% reduction was obtained over the

best conventional solution. Comparison with optimal solution shows that

the heuristic metnod generated a solution which was within 0.07X (

*
) of
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L(l)-4

1(2).

1(3) -6

L(4)=2

Figure 30: Stage Il-b for the example problem.

K(l)-2

K(2)-2

K(3)«l

K(4)-0

K(5)-3

K(6)=3

K(7)=l

S(S)=1

? years

Figure 31: Stage II-c for the example problem.
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Table 18: Comparison between heuristic, optimal solution
and conventional solutions.

Policy
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the optimal solution - it took 29 seconds of computer time to generate

such a solution. Table 18 also shows that there are many different

policies with the same associated cost. This property of the cost-

effectiveness objective functions makes the heuristic solution a \/ery

good approximation to the optimal policy.

The same method can also be used in the case of screening of

diseases when the total number of screening tests during each age

period is taken to be a constant and only the interval between screen-

ing examinations is important.

(*) s=(7633. 13-7627. 59)/7627. 59=0. 07



CHAPTER SEVEN

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

This research presented a mathematical model of the cancer diseases

based on the hypothesis that the prognosis is a function of stage of

the disease and age of the individual at screening time. The model

employs the data on the natural probability of being in a detected

state and modifies it to the case of any screening policy. It develops

insights into the process of screening of progressive diseases. The

model described in this research provides the decision makers with a

means for deciding on the number of tests given to an individual and

the associated ages at screenings.

The model was implemented for the case of Neuroblastoma and breast

cancer. For these diseases, the benefits of different screening policies

were evaluated under different assumptions about the reliability of the

screening techniques and the form of disease progression in an individual.

The model was also validated against reported data and the results were

compared with other models.

The general conclusions were

1) Within a reasonable range of test cost, it is normally beneficial

to do screening examinations.

2) The optimal screening strategy is not usually periodic and the

screening interval is a function of the age of individual, but periodic

screenings are close to optimal.

205
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3) In determination of an optimal policy it should be noted that

there are different policies which have the same measures of effectiveness.

4) In measuring the performance of a new screening program, the

transient effect should be considered because the prevalence pool decreases

to its steady state value as a function of time.

The model presented is distinct from others in the following

respects.

1) It is built on the basis of such parameters as natural probability

of detection, whose estimation is easier than most of the other commonly

used parameters.

2) It offers values of such parameters of interest as the probability

of death due to the disease, probability of being detected at a

particular examination and probability of being surfaced between two

successive tests.

3) Finally a variety of different problems related to the screening

process such as dependency between examination results and time dependency

of the screening program can be represented.

The author would like to suggest some potentially useful topics

for future research:

1) In this research irrespective of the progression of the disease

in the detected states it was assumed that the individual either dies or

survives. An extension of this research would be investigation of an

appropriate model for the case of recurrent diseases in which treatment

of the individual may only postpone the time of death.

2) The cost-effectiveness objective function was shown to be a

nonlinear integer problem. An investigation could be made to determine
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the closed form expression for optimal solution to the linear approximation

to the objective function.

3) In this research it was assumed that the test itself is harmless,

whereas in case of breast cancer Knox [55,56] has shown that screening

may cause cancer. A generalization of the presented model could be made

to include those possibilities.

4) Another assumption employed in this research was that the test

is so designed that there is no chance of mistake in stage recognition.

It would be interesting to relax this assumption and determine the

expression under the more general case.

5) In Section 5.5 of this research the model was generalized to

take into account the fact that some of the individuals may not parti-

cipate in all the screens. An extension of this generalization would be

to consider a population which is not closed, i.e., some individuals

come from another population with different screening programs and

some individuals leave the population forever.

6) In this research there was no provision for a treated individual

to enter the population again. The model could be generalized to take

different risk level individuals with different onset distributions,

probability of natural detection, interest in being screened, self-

examination and the reliability of the test.

7) Finally it seems reasonable to modify the model to take data

from a previous screening program and modify it to the case of a new

program.



APPENDIX

DERIVATION OF THE GENERAL EXPRESSION
FOR TRANSIENT PROBLEM

Let A
t

=
l

t

(1-F+ £-)
t
-[C

T
(i,t)+C

d
(t)-d.(t)] P'[X

t
-1']

and let (i,j) denote groups i in the j-th interval, where

The ith group is composed of those individuals who had an onset
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In the second interval, j=2, (i.e., Tg-T, < T * T.-T,
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A similar analysis gives the expressions for j=4 and j=5. Therefore
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with a and the next terms from b. Moreover the upper limit of the

summation is the minimum value of c and d, i.e., stop whenever the

upper bound is reached.
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