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HSPH’s Marvin Zelen dies at 87
Was considered a ‘tremendous force’ in biostatistics
November 19, 2014 | Editor's Pick
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Harvard Professor Marvin Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer trials, in
which experimental drugs are tested for toxicity, effectiveness, and proper dosage.

HSPH Communications

Professor Marvin Zelen of the Department of Biostatistics at the Harvard T.H. Chan School of Public Health
(HSPH) died on Nov. 15 after a battle with cancer. He was 87.

Zelen was the Lemuel Shattuck Research Professor of Statistical Science, as well as a member of the Faculty
of Arts and Sciences Emeritus at Harvard University. He served for a decade in the 1980s as chair of HSPH’s
Department of Biostatistics. He was known as a giant in his field, and as a man of vision, generosity, and
warmth.

Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer
trials, in which experimental drugs are tested for toxicity, effectiveness, and proper dosage. He introduced
measures to ensure that data from the trials were as free as possible of errors and biases — measures that are
now standard practice. Zelen helped transform clinical trial research into a well-managed and statistically
sophisticated branch of medical science. His work in this area led to significant medical advances, such as
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SUMMARY

It is assumed that a chronic disease progresses from a pre-clinical state to a clinical state.
If an individual, having pre-clinical disease, participates in an early detection programme,
the disease may be detected in the pre-clinical state. The potential benefit of a screening
programme is related to the lead time gained by early diagnosis. A stochastic model is
developed for early detection programmes which leads to an estimate of the mean lead
time as a function of observable variables. An investigation is also made of a non-progressive
disease model in which individuals in a pre-clinical state may not neoessarily advance to
the clinical state.

1. INTRODUCTION

At the present time special diagnostic procedures are available for early detection of some
chronic diseases. For example, chest X-rays have long been used to detect tuberculosis.
Currently, there are many public health programmes to detect women having cancer of the
uterine cervix by using Papanicolaou smears; other programmes designed to test for
glaucoma and diabetes are in wide use. An especially interesting programme for early
detection of breast cancer using soft tissue X-rays, mammography, is now being conducted
by the Health Insurance Plan of Greater New York; see Shapiro, Strax & Venet (1967).

The aim of all such programmes is to detect the disease earlier than it normally would be
detected, the motivation being that earlier detection may result in a cure or better prognosis.
Unfortunately, with only a few exceptions we know of no chronic disease in which unam-
biguous evidence has been collected showing that early detection has resulted in significantly
improved prognosis. Even in cancer of the uterine cervix, the results are not without
question, because the survival rate had been increasing before the widespread introduction
of the Papanicolaou smear.

I t is the purpose of this paper to discuss statistical considerations associated with the
evaluation of such early detection programmes. Attention is confined to screening pro-
grammes where an individual is examined only once. In a future paper, we shall examine
problems associated with screening programmes where an individual is examined
periodically.

It will be assumed that a person having a particular chronic disease can be regarded as
being in a pre-clinical state SP, or a clinical state, Sc. The disease-free state will be denoted
by So. I t will also be assumed that the pre-clinical disease eventually progresses to clinical
disease if not detected and treated. The explicit definition of these states will depend on
the particular disease. However, the pro-clinical state is regarded as a state where clinical
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SUMMARY

The lack of statistical theory for the planning of early detection trials has resulted in
current trials being sub-optimal. We develop probability models that address three charac-
teristics of early detection trials: (i) the optimal time of analysis and length of follow-up,
(ii) the optimal spacing between examinations, and (iii) the planning of trials where the
numbers of examinations versus sample size are balanced for fixed costs. The optimisation
criterion is to maximise the power of the statistical test for comparing mortality.
Application is made to breast cancer early detection trials.

Some key words: Breast cancer; Clinical trial; Design of experiments; Early detection; Screening.

1. INTRODUCTION
Screening for cancer is based on the expectation that early detection combined with

available therapy may decrease the risk of death and improve the long-term prognosis.
For example, it was demonstrated in a randomised trial carried out by the Health
Insurance Plan of Greater New York that mortality from breast cancer was reduced as a
result of periodic screening for breast cancer utilising both mammography and a clinical
examination (Shapiro et al, 1982). This was followed by evidence from seven other trials
(Tabar et al., 1985; Andersson et al., 1988; Frisell et al., 1991; Miller et al., 1992a,b;
Roberts et al., 1990; O'Neill, Tallis & Leppard, 1995), summarised in Fletcher et al. (1993)
and on the Internet (http.//www.arc.com/cgi-bin/Cancernet.sh?english/support = Screening_
for_breast_cancer).

Various statistical models for evaluating screening programmes have been proposed
(Albert et al., 1978; Baker & Chu, 1990; Eddy, 1980, 1983; Oortmarssen & Habbema,
1995; Prorok, 1976a,b; Schwartz, 1978; Shahani & Crease, 1977; Walter & Day, 1983;
Zelen & Feinleib, 1969; Zelen, 1993). The paper by Etzioni et al. (1995) addresses issues
of the design of cancer screening trials. It is of some concern that most screening trials
are not based on optimal planning. Furthermore, there is almost no statistical theory to
serve as a basis for the planning of early detection studies which take advantage of the
special features of such studies. The purpose of this paper is to develop a general theory
for planning early detection clinical trials.

Randomised clinical trials which evaluate the benefit of early detection programmes for
chronic diseases ordinarily assign participants into two groups, a study group and a
control group. The study group is offered a number of periodic examinations which utilise
early detection techniques, while the control group receives its usual medical care. Both
groups are followed beyond the time of the last scheduled examination for disease specific
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Summary. Consider a group of subjects who are offered an opportunity to receive a sequence of periodic
special examinations for the purpose of diagnosing a chronic disease earlier relative to usual care. The
mortality for the early detection group is to be compared with a group receiving usual care. Benefit is
reflected in a potential reduction in mortality. This article develops a general probability model that can
be used to predict cumulative mortality for each of these groups. The elements of the model assume (i) a
four-state progressive disease model in which a subject may be in a disease-free state (or a disease state that
cannot be detected), preclinical disease state (capable of being diagnosed by a special exam), clinical state
(diagnosis by usual care), and a death state; (ii) age-dependent transitions into the states; (iii) age-dependent
examination sensitivity; (iv) age-dependent sojourn time in each state; and (v) the distribution of disease
stages on diagnosis conditional on modality of detection. The model may be used to (i) compare mortality
rates for different screening schedules; (ii) explore potential benefit of subpopulations; and (iii) compare
relative reductions in disease-specific mortality due to advances and dissemination of both treatment and
early detection screening programs.
Key words: Breast cancer; Clinical trials; Early detection of disease; Probability models; Stochastic
modeling.

1. Introduction

There is a growing interest in public health programs tar-
geted at diagnosing chronic diseases earlier. This is especially
true in cancer where there are expanding public health pro-
grams to diagnose breast, cervical, colorectal, ovarian, and
prostate cancers. The goal is to diagnose disease in an earlier
stage relative to the disease stage at diagnosis under usual
care. The expectation is that disease-specific mortality will
be reduced when the disease is diagnosed in a more favor-
able prognostic stage. In addition, there is the possibility that
beneficial treatment may be enhanced. These considerations
have led to the initiation of randomized trials to evaluate
the diagnostic methods for the early detection of disease.
There have been randomized screening trials for the early
detection of breast, colorectal, ovarian, prostate, and lung
cancer.

These screening trials are difficult to implement compared
to therapeutic trials. They require a very large number of sub-
jects, as the basic eligibility requirement is that subjects are
disease free. However, only a relatively small proportion of
subjects will ultimately be diagnosed with the disease. Sub-
jects without disease carry no information of the benefits as-
sociated with the earlier detection of disease. Compliance is
a major issue. Long-term follow-up in the neighborhood of
10–15 years is necessary in order to have a sufficient number
of disease-related deaths to compare mortalities. Yet without
empirical evidence of the magnitude of benefit, it would be
difficult to initiate widespread early detection public health
programs. For example, there is a controversy about the age

for women to begin having mammographic examinations to
detect breast cancer. Current trials have not consistently sup-
ported significant benefits for younger women. However, both
the American Cancer Society (ACS) and the National Can-
cer Institute (NCI) recommend that women aged 40–49 be
screened; ACS recommends annual screening (for women at
average risk) and NCI every 1 to 2 years. Decisions on the age
to begin screening and the frequency of exams carry signifi-
cant costs.

Randomized screening clinical trials are important in as-
sessing the benefit of screening. In addition, mathematical
models may be used to help answer questions for which em-
pirical evidence is scanty or unattainable. For example, mod-
els may be used to compare different schedules of screening
for public health programs. Screening schedules in which spe-
cial examinations are given to a population are characterized
by (i) the age to begin special examinations, (ii) the number
of examinations, and (iii) the spacing between examinations.
The number of permutations of these variables is so large
that it is not feasible to carry out clinical trials to determine
optimal examination schedules. Another issue is whether sub-
populations defined by age benefit from screening. As noted
above, there is a great deal of controversy about the benefit of
using mammography to diagnose breast cancer in women un-
der the age of 50 years. The incidence of breast cancer is low
for this age group. Consequently a clinical trial would require
very large numbers of participants, initially free of disease,
in order to have reliable estimates of mortality. Such a trial
would be costly and difficult to implement.
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stages on diagnosis conditional on modality of detection. The model may be used to (i) compare mortality
rates for different screening schedules; (ii) explore potential benefit of subpopulations; and (iii) compare
relative reductions in disease-specific mortality due to advances and dissemination of both treatment and
early detection screening programs.
Key words: Breast cancer; Clinical trials; Early detection of disease; Probability models; Stochastic
modeling.

1. Introduction

There is a growing interest in public health programs tar-
geted at diagnosing chronic diseases earlier. This is especially
true in cancer where there are expanding public health pro-
grams to diagnose breast, cervical, colorectal, ovarian, and
prostate cancers. The goal is to diagnose disease in an earlier
stage relative to the disease stage at diagnosis under usual
care. The expectation is that disease-specific mortality will
be reduced when the disease is diagnosed in a more favor-
able prognostic stage. In addition, there is the possibility that
beneficial treatment may be enhanced. These considerations
have led to the initiation of randomized trials to evaluate
the diagnostic methods for the early detection of disease.
There have been randomized screening trials for the early
detection of breast, colorectal, ovarian, prostate, and lung
cancer.

These screening trials are difficult to implement compared
to therapeutic trials. They require a very large number of sub-
jects, as the basic eligibility requirement is that subjects are
disease free. However, only a relatively small proportion of
subjects will ultimately be diagnosed with the disease. Sub-
jects without disease carry no information of the benefits as-
sociated with the earlier detection of disease. Compliance is
a major issue. Long-term follow-up in the neighborhood of
10–15 years is necessary in order to have a sufficient number
of disease-related deaths to compare mortalities. Yet without
empirical evidence of the magnitude of benefit, it would be
difficult to initiate widespread early detection public health
programs. For example, there is a controversy about the age

for women to begin having mammographic examinations to
detect breast cancer. Current trials have not consistently sup-
ported significant benefits for younger women. However, both
the American Cancer Society (ACS) and the National Can-
cer Institute (NCI) recommend that women aged 40–49 be
screened; ACS recommends annual screening (for women at
average risk) and NCI every 1 to 2 years. Decisions on the age
to begin screening and the frequency of exams carry signifi-
cant costs.

Randomized screening clinical trials are important in as-
sessing the benefit of screening. In addition, mathematical
models may be used to help answer questions for which em-
pirical evidence is scanty or unattainable. For example, mod-
els may be used to compare different schedules of screening
for public health programs. Screening schedules in which spe-
cial examinations are given to a population are characterized
by (i) the age to begin special examinations, (ii) the number
of examinations, and (iii) the spacing between examinations.
The number of permutations of these variables is so large
that it is not feasible to carry out clinical trials to determine
optimal examination schedules. Another issue is whether sub-
populations defined by age benefit from screening. As noted
above, there is a great deal of controversy about the benefit of
using mammography to diagnose breast cancer in women un-
der the age of 50 years. The incidence of breast cancer is low
for this age group. Consequently a clinical trial would require
very large numbers of participants, initially free of disease,
in order to have reliable estimates of mortality. Such a trial
would be costly and difficult to implement.

386 C⃝ 2008, The International Biometric Society

Biometrics 2008



Dedication

Campus & Community  >  Obituaries

HSPH’s Marvin Zelen dies at 87
Was considered a ‘tremendous force’ in biostatistics
November 19, 2014 | Editor's Pick
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Harvard Professor Marvin Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer trials, in
which experimental drugs are tested for toxicity, effectiveness, and proper dosage.

HSPH Communications

Professor Marvin Zelen of the Department of Biostatistics at the Harvard T.H. Chan School of Public Health
(HSPH) died on Nov. 15 after a battle with cancer. He was 87.

Zelen was the Lemuel Shattuck Research Professor of Statistical Science, as well as a member of the Faculty
of Arts and Sciences Emeritus at Harvard University. He served for a decade in the 1980s as chair of HSPH’s
Department of Biostatistics. He was known as a giant in his field, and as a man of vision, generosity, and
warmth.

Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer
trials, in which experimental drugs are tested for toxicity, effectiveness, and proper dosage. He introduced
measures to ensure that data from the trials were as free as possible of errors and biases — measures that are
now standard practice. Zelen helped transform clinical trial research into a well-managed and statistically
sophisticated branch of medical science. His work in this area led to significant medical advances, such as
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SUMMARY

It is assumed that a chronic disease progresses from a pre-clinical state to a clinical state.
If an individual, having pre-clinical disease, participates in an early detection programme,
the disease may be detected in the pre-clinical state. The potential benefit of a screening
programme is related to the lead time gained by early diagnosis. A stochastic model is
developed for early detection programmes which leads to an estimate of the mean lead
time as a function of observable variables. An investigation is also made of a non-progressive
disease model in which individuals in a pre-clinical state may not neoessarily advance to
the clinical state.

1. INTRODUCTION

At the present time special diagnostic procedures are available for early detection of some
chronic diseases. For example, chest X-rays have long been used to detect tuberculosis.
Currently, there are many public health programmes to detect women having cancer of the
uterine cervix by using Papanicolaou smears; other programmes designed to test for
glaucoma and diabetes are in wide use. An especially interesting programme for early
detection of breast cancer using soft tissue X-rays, mammography, is now being conducted
by the Health Insurance Plan of Greater New York; see Shapiro, Strax & Venet (1967).

The aim of all such programmes is to detect the disease earlier than it normally would be
detected, the motivation being that earlier detection may result in a cure or better prognosis.
Unfortunately, with only a few exceptions we know of no chronic disease in which unam-
biguous evidence has been collected showing that early detection has resulted in significantly
improved prognosis. Even in cancer of the uterine cervix, the results are not without
question, because the survival rate had been increasing before the widespread introduction
of the Papanicolaou smear.

I t is the purpose of this paper to discuss statistical considerations associated with the
evaluation of such early detection programmes. Attention is confined to screening pro-
grammes where an individual is examined only once. In a future paper, we shall examine
problems associated with screening programmes where an individual is examined
periodically.

It will be assumed that a person having a particular chronic disease can be regarded as
being in a pre-clinical state SP, or a clinical state, Sc. The disease-free state will be denoted
by So. I t will also be assumed that the pre-clinical disease eventually progresses to clinical
disease if not detected and treated. The explicit definition of these states will depend on
the particular disease. However, the pro-clinical state is regarded as a state where clinical
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SUMMARY

The lack of statistical theory for the planning of early detection trials has resulted in
current trials being sub-optimal. We develop probability models that address three charac-
teristics of early detection trials: (i) the optimal time of analysis and length of follow-up,
(ii) the optimal spacing between examinations, and (iii) the planning of trials where the
numbers of examinations versus sample size are balanced for fixed costs. The optimisation
criterion is to maximise the power of the statistical test for comparing mortality.
Application is made to breast cancer early detection trials.

Some key words: Breast cancer; Clinical trial; Design of experiments; Early detection; Screening.

1. INTRODUCTION
Screening for cancer is based on the expectation that early detection combined with

available therapy may decrease the risk of death and improve the long-term prognosis.
For example, it was demonstrated in a randomised trial carried out by the Health
Insurance Plan of Greater New York that mortality from breast cancer was reduced as a
result of periodic screening for breast cancer utilising both mammography and a clinical
examination (Shapiro et al, 1982). This was followed by evidence from seven other trials
(Tabar et al., 1985; Andersson et al., 1988; Frisell et al., 1991; Miller et al., 1992a,b;
Roberts et al., 1990; O'Neill, Tallis & Leppard, 1995), summarised in Fletcher et al. (1993)
and on the Internet (http.//www.arc.com/cgi-bin/Cancernet.sh?english/support = Screening_
for_breast_cancer).

Various statistical models for evaluating screening programmes have been proposed
(Albert et al., 1978; Baker & Chu, 1990; Eddy, 1980, 1983; Oortmarssen & Habbema,
1995; Prorok, 1976a,b; Schwartz, 1978; Shahani & Crease, 1977; Walter & Day, 1983;
Zelen & Feinleib, 1969; Zelen, 1993). The paper by Etzioni et al. (1995) addresses issues
of the design of cancer screening trials. It is of some concern that most screening trials
are not based on optimal planning. Furthermore, there is almost no statistical theory to
serve as a basis for the planning of early detection studies which take advantage of the
special features of such studies. The purpose of this paper is to develop a general theory
for planning early detection clinical trials.

Randomised clinical trials which evaluate the benefit of early detection programmes for
chronic diseases ordinarily assign participants into two groups, a study group and a
control group. The study group is offered a number of periodic examinations which utilise
early detection techniques, while the control group receives its usual medical care. Both
groups are followed beyond the time of the last scheduled examination for disease specific
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Summary. Consider a group of subjects who are offered an opportunity to receive a sequence of periodic
special examinations for the purpose of diagnosing a chronic disease earlier relative to usual care. The
mortality for the early detection group is to be compared with a group receiving usual care. Benefit is
reflected in a potential reduction in mortality. This article develops a general probability model that can
be used to predict cumulative mortality for each of these groups. The elements of the model assume (i) a
four-state progressive disease model in which a subject may be in a disease-free state (or a disease state that
cannot be detected), preclinical disease state (capable of being diagnosed by a special exam), clinical state
(diagnosis by usual care), and a death state; (ii) age-dependent transitions into the states; (iii) age-dependent
examination sensitivity; (iv) age-dependent sojourn time in each state; and (v) the distribution of disease
stages on diagnosis conditional on modality of detection. The model may be used to (i) compare mortality
rates for different screening schedules; (ii) explore potential benefit of subpopulations; and (iii) compare
relative reductions in disease-specific mortality due to advances and dissemination of both treatment and
early detection screening programs.
Key words: Breast cancer; Clinical trials; Early detection of disease; Probability models; Stochastic
modeling.

1. Introduction

There is a growing interest in public health programs tar-
geted at diagnosing chronic diseases earlier. This is especially
true in cancer where there are expanding public health pro-
grams to diagnose breast, cervical, colorectal, ovarian, and
prostate cancers. The goal is to diagnose disease in an earlier
stage relative to the disease stage at diagnosis under usual
care. The expectation is that disease-specific mortality will
be reduced when the disease is diagnosed in a more favor-
able prognostic stage. In addition, there is the possibility that
beneficial treatment may be enhanced. These considerations
have led to the initiation of randomized trials to evaluate
the diagnostic methods for the early detection of disease.
There have been randomized screening trials for the early
detection of breast, colorectal, ovarian, prostate, and lung
cancer.

These screening trials are difficult to implement compared
to therapeutic trials. They require a very large number of sub-
jects, as the basic eligibility requirement is that subjects are
disease free. However, only a relatively small proportion of
subjects will ultimately be diagnosed with the disease. Sub-
jects without disease carry no information of the benefits as-
sociated with the earlier detection of disease. Compliance is
a major issue. Long-term follow-up in the neighborhood of
10–15 years is necessary in order to have a sufficient number
of disease-related deaths to compare mortalities. Yet without
empirical evidence of the magnitude of benefit, it would be
difficult to initiate widespread early detection public health
programs. For example, there is a controversy about the age

for women to begin having mammographic examinations to
detect breast cancer. Current trials have not consistently sup-
ported significant benefits for younger women. However, both
the American Cancer Society (ACS) and the National Can-
cer Institute (NCI) recommend that women aged 40–49 be
screened; ACS recommends annual screening (for women at
average risk) and NCI every 1 to 2 years. Decisions on the age
to begin screening and the frequency of exams carry signifi-
cant costs.

Randomized screening clinical trials are important in as-
sessing the benefit of screening. In addition, mathematical
models may be used to help answer questions for which em-
pirical evidence is scanty or unattainable. For example, mod-
els may be used to compare different schedules of screening
for public health programs. Screening schedules in which spe-
cial examinations are given to a population are characterized
by (i) the age to begin special examinations, (ii) the number
of examinations, and (iii) the spacing between examinations.
The number of permutations of these variables is so large
that it is not feasible to carry out clinical trials to determine
optimal examination schedules. Another issue is whether sub-
populations defined by age benefit from screening. As noted
above, there is a great deal of controversy about the benefit of
using mammography to diagnose breast cancer in women un-
der the age of 50 years. The incidence of breast cancer is low
for this age group. Consequently a clinical trial would require
very large numbers of participants, initially free of disease,
in order to have reliable estimates of mortality. Such a trial
would be costly and difficult to implement.
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Harvard Professor Marvin Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer trials, in
which experimental drugs are tested for toxicity, effectiveness, and proper dosage.

HSPH Communications

Professor Marvin Zelen of the Department of Biostatistics at the Harvard T.H. Chan School of Public Health
(HSPH) died on Nov. 15 after a battle with cancer. He was 87.

Zelen was the Lemuel Shattuck Research Professor of Statistical Science, as well as a member of the Faculty
of Arts and Sciences Emeritus at Harvard University. He served for a decade in the 1980s as chair of HSPH’s
Department of Biostatistics. He was known as a giant in his field, and as a man of vision, generosity, and
warmth.

Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer
trials, in which experimental drugs are tested for toxicity, effectiveness, and proper dosage. He introduced
measures to ensure that data from the trials were as free as possible of errors and biases — measures that are
now standard practice. Zelen helped transform clinical trial research into a well-managed and statistically
sophisticated branch of medical science. His work in this area led to significant medical advances, such as
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SUMMARY

It is assumed that a chronic disease progresses from a pre-clinical state to a clinical state.
If an individual, having pre-clinical disease, participates in an early detection programme,
the disease may be detected in the pre-clinical state. The potential benefit of a screening
programme is related to the lead time gained by early diagnosis. A stochastic model is
developed for early detection programmes which leads to an estimate of the mean lead
time as a function of observable variables. An investigation is also made of a non-progressive
disease model in which individuals in a pre-clinical state may not neoessarily advance to
the clinical state.

1. INTRODUCTION

At the present time special diagnostic procedures are available for early detection of some
chronic diseases. For example, chest X-rays have long been used to detect tuberculosis.
Currently, there are many public health programmes to detect women having cancer of the
uterine cervix by using Papanicolaou smears; other programmes designed to test for
glaucoma and diabetes are in wide use. An especially interesting programme for early
detection of breast cancer using soft tissue X-rays, mammography, is now being conducted
by the Health Insurance Plan of Greater New York; see Shapiro, Strax & Venet (1967).

The aim of all such programmes is to detect the disease earlier than it normally would be
detected, the motivation being that earlier detection may result in a cure or better prognosis.
Unfortunately, with only a few exceptions we know of no chronic disease in which unam-
biguous evidence has been collected showing that early detection has resulted in significantly
improved prognosis. Even in cancer of the uterine cervix, the results are not without
question, because the survival rate had been increasing before the widespread introduction
of the Papanicolaou smear.

I t is the purpose of this paper to discuss statistical considerations associated with the
evaluation of such early detection programmes. Attention is confined to screening pro-
grammes where an individual is examined only once. In a future paper, we shall examine
problems associated with screening programmes where an individual is examined
periodically.

It will be assumed that a person having a particular chronic disease can be regarded as
being in a pre-clinical state SP, or a clinical state, Sc. The disease-free state will be denoted
by So. I t will also be assumed that the pre-clinical disease eventually progresses to clinical
disease if not detected and treated. The explicit definition of these states will depend on
the particular disease. However, the pro-clinical state is regarded as a state where clinical
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SUMMARY

The lack of statistical theory for the planning of early detection trials has resulted in
current trials being sub-optimal. We develop probability models that address three charac-
teristics of early detection trials: (i) the optimal time of analysis and length of follow-up,
(ii) the optimal spacing between examinations, and (iii) the planning of trials where the
numbers of examinations versus sample size are balanced for fixed costs. The optimisation
criterion is to maximise the power of the statistical test for comparing mortality.
Application is made to breast cancer early detection trials.

Some key words: Breast cancer; Clinical trial; Design of experiments; Early detection; Screening.

1. INTRODUCTION
Screening for cancer is based on the expectation that early detection combined with

available therapy may decrease the risk of death and improve the long-term prognosis.
For example, it was demonstrated in a randomised trial carried out by the Health
Insurance Plan of Greater New York that mortality from breast cancer was reduced as a
result of periodic screening for breast cancer utilising both mammography and a clinical
examination (Shapiro et al, 1982). This was followed by evidence from seven other trials
(Tabar et al., 1985; Andersson et al., 1988; Frisell et al., 1991; Miller et al., 1992a,b;
Roberts et al., 1990; O'Neill, Tallis & Leppard, 1995), summarised in Fletcher et al. (1993)
and on the Internet (http.//www.arc.com/cgi-bin/Cancernet.sh?english/support = Screening_
for_breast_cancer).

Various statistical models for evaluating screening programmes have been proposed
(Albert et al., 1978; Baker & Chu, 1990; Eddy, 1980, 1983; Oortmarssen & Habbema,
1995; Prorok, 1976a,b; Schwartz, 1978; Shahani & Crease, 1977; Walter & Day, 1983;
Zelen & Feinleib, 1969; Zelen, 1993). The paper by Etzioni et al. (1995) addresses issues
of the design of cancer screening trials. It is of some concern that most screening trials
are not based on optimal planning. Furthermore, there is almost no statistical theory to
serve as a basis for the planning of early detection studies which take advantage of the
special features of such studies. The purpose of this paper is to develop a general theory
for planning early detection clinical trials.

Randomised clinical trials which evaluate the benefit of early detection programmes for
chronic diseases ordinarily assign participants into two groups, a study group and a
control group. The study group is offered a number of periodic examinations which utilise
early detection techniques, while the control group receives its usual medical care. Both
groups are followed beyond the time of the last scheduled examination for disease specific

 at M
cG

ill U
niversity Libraries on M

ay 22, 2016
http://biom

et.oxfordjournals.org/
D

ow
nloaded from

 

Biometrika 1997

Biometrics 64, 386–395
June 2008

DOI: 10.1111/j.1541-0420.2007.00893.x

Mortality Modeling of Early Detection Programs

Sandra J. Lee∗ and Marvin Zelen

Harvard School of Public Health and the Dana-Farber Cancer Institute,
Boston, Massachusetts 02115, U.S.A.
∗email: lee.sandra@jimmy.harvard.edu

Summary. Consider a group of subjects who are offered an opportunity to receive a sequence of periodic
special examinations for the purpose of diagnosing a chronic disease earlier relative to usual care. The
mortality for the early detection group is to be compared with a group receiving usual care. Benefit is
reflected in a potential reduction in mortality. This article develops a general probability model that can
be used to predict cumulative mortality for each of these groups. The elements of the model assume (i) a
four-state progressive disease model in which a subject may be in a disease-free state (or a disease state that
cannot be detected), preclinical disease state (capable of being diagnosed by a special exam), clinical state
(diagnosis by usual care), and a death state; (ii) age-dependent transitions into the states; (iii) age-dependent
examination sensitivity; (iv) age-dependent sojourn time in each state; and (v) the distribution of disease
stages on diagnosis conditional on modality of detection. The model may be used to (i) compare mortality
rates for different screening schedules; (ii) explore potential benefit of subpopulations; and (iii) compare
relative reductions in disease-specific mortality due to advances and dissemination of both treatment and
early detection screening programs.
Key words: Breast cancer; Clinical trials; Early detection of disease; Probability models; Stochastic
modeling.

1. Introduction

There is a growing interest in public health programs tar-
geted at diagnosing chronic diseases earlier. This is especially
true in cancer where there are expanding public health pro-
grams to diagnose breast, cervical, colorectal, ovarian, and
prostate cancers. The goal is to diagnose disease in an earlier
stage relative to the disease stage at diagnosis under usual
care. The expectation is that disease-specific mortality will
be reduced when the disease is diagnosed in a more favor-
able prognostic stage. In addition, there is the possibility that
beneficial treatment may be enhanced. These considerations
have led to the initiation of randomized trials to evaluate
the diagnostic methods for the early detection of disease.
There have been randomized screening trials for the early
detection of breast, colorectal, ovarian, prostate, and lung
cancer.

These screening trials are difficult to implement compared
to therapeutic trials. They require a very large number of sub-
jects, as the basic eligibility requirement is that subjects are
disease free. However, only a relatively small proportion of
subjects will ultimately be diagnosed with the disease. Sub-
jects without disease carry no information of the benefits as-
sociated with the earlier detection of disease. Compliance is
a major issue. Long-term follow-up in the neighborhood of
10–15 years is necessary in order to have a sufficient number
of disease-related deaths to compare mortalities. Yet without
empirical evidence of the magnitude of benefit, it would be
difficult to initiate widespread early detection public health
programs. For example, there is a controversy about the age

for women to begin having mammographic examinations to
detect breast cancer. Current trials have not consistently sup-
ported significant benefits for younger women. However, both
the American Cancer Society (ACS) and the National Can-
cer Institute (NCI) recommend that women aged 40–49 be
screened; ACS recommends annual screening (for women at
average risk) and NCI every 1 to 2 years. Decisions on the age
to begin screening and the frequency of exams carry signifi-
cant costs.

Randomized screening clinical trials are important in as-
sessing the benefit of screening. In addition, mathematical
models may be used to help answer questions for which em-
pirical evidence is scanty or unattainable. For example, mod-
els may be used to compare different schedules of screening
for public health programs. Screening schedules in which spe-
cial examinations are given to a population are characterized
by (i) the age to begin special examinations, (ii) the number
of examinations, and (iii) the spacing between examinations.
The number of permutations of these variables is so large
that it is not feasible to carry out clinical trials to determine
optimal examination schedules. Another issue is whether sub-
populations defined by age benefit from screening. As noted
above, there is a great deal of controversy about the benefit of
using mammography to diagnose breast cancer in women un-
der the age of 50 years. The incidence of breast cancer is low
for this age group. Consequently a clinical trial would require
very large numbers of participants, initially free of disease,
in order to have reliable estimates of mortality. Such a trial
would be costly and difficult to implement.
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RE-ANALYSIS OF ERSPC DATA
using

year-specific prostate cancer mortality ratios
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Long-Term Mortality after Colorectal-Cancer Screening

n engl j med 369;12 nejm.org september 19, 2013 1109

adjusted relative-risk estimates for death from 
colorectal cancer for the annual-screening and 
biennial-screening groups were 0.65 (95% CI, 
0.52 to 0.80) and 0.76 (95% CI, 0.61 to 0.95), 
respectively.

Annual or biennial screening with fecal occult-
blood testing had no apparent effect on all-cause 
mortality. The relative risk of death from any 
cause was 1.00 (95% CI, 0.99 to 1.01) with an-
nual screening, 0.99 (95% CI, 0.98 to 1.01) with 
biennial screening, and 1.00 (95% CI, 0.98 to 
1.01) with annual and biennial screening com-
bined (Fig. 2 and Table 1). No effect was seen on 
deaths from causes other than colorectal cancer; 
the relative risk of death from causes unrelated to 
colorectal cancer was 1.00 (95% CI, 0.99 to 1.02) 
with annual screening, 1.00 (95% CI, 0.98 to 1.01) 
with biennial screening, and 1.00 (95% CI, 0.99 
to 1.01) with annual and biennial screening com-
bined (Fig. S5 in the Supplementary Appendix). 
The causes of death are provided in Table S1 in 
the Supplementary Appendix.

SUBGROUP ANALYSES
Figure 3 shows the numbers of participants who 
underwent randomization, the numbers of those 
who died from colorectal cancer, and the relative 
risks for the subgroups of age and sex, according 
to each study group and the combined screening 
groups. Graphs of cumulative colorectal-cancer 
mortality and corresponding relative risks for the 
subgroups are shown in Figures S6 and S7 in the 
Supplementary Appendix. The reduction in 
colorectal-cancer mortality was larger for men 
than for women in both screening groups and in 
the two groups combined; the relative risk of 
death from colorectal cancer was 0.61 (95% CI, 
0.47 to 0.80) for men vs. 0.75 (95% CI, 0.57 to 
0.97) for women in the annual-screening group, 
0.63 (95% CI, 0.48 to 0.82) vs. 0.92 (95% CI, 0.72 
to 1.18) in the biennial-screening group, and 0.62 
(95% CI, 0.50 to 0.78) vs. 0.83 (95% CI, 0.67 to 
1.04) in the combined screening groups. The in-
teraction between sex and screening, as mea-
sured by the ratio of the relative risk for men to 
that for women, was significant in the biennial-
screening group (P = 0.04 for interaction) but not 
in the annual-screening group or the two groups 
combined (P = 0.30 and P = 0.06, respectively, for 
interaction).

The relative risks of death from colorectal 
cancer among participants who were less than 
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Liu Model: A Fitted to Data; B Projected i.e., no interruption. 6 & 11 Rounds
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SCREENING for BREAST CANCER
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Magnitude of reductions being achieved with
contemporary mammography

Estimates from (non-experimental) population-based studies



Papers

Breast cancer mortality in Copenhagen after introduction of
mammography screening: cohort study
Anne Helene Olsen, Sisse H Njor, Ilse Vejborg, Walter Schwartz, Peter Dalgaard, Maj-Britt Jensen, Ulla Brix Tange,
Mogens Blichert-Toft, Fritz Rank, Henning Mouridsen, Elsebeth Lynge

Abstract
Objectives To evaluate the effect on breast cancer mortality
during the first 10 years of the mammography service
screening programme that was introduced in Copenhagen in
1991.
Design Cohort study.
Setting The mammography service screening programme in
Copenhagen, Denmark.
Participants All women ever invited to mammography
screening in the first 10 years of the programme. Historical,
national, and historical national control groups were used.
Main outcome measures The main outcome measure was
breast cancer mortality. We compared breast cancer mortality in
the study group with rates in the control groups, adjusting for
age, time period, and region.
Results Breast cancer mortality in the screening period was
reduced by 25% (relative risk 0.75, 95% confidence interval 0.63
to 0.89) compared with what we would expect in the absence of
screening. For women actually participating in screening, breast
cancer mortality was reduced by 37%.
Conclusions In the Copenhagen programme, breast cancer
mortality was reduced without severe negative side effects for
the participants.

Introduction
In the overview of five randomised trials from Sweden, a reduc-
tion of 29% was found in breast cancer mortality in women aged
50-69 at randomisation after a follow up of 5-13 years.1

Organised, population based, mammography service screening
was introduced on the basis of these results in Copenhagen, the
capital of Denmark, in 1991.2 Since then the validity of the trial
results and the justification of mammography screening have
been debated intensively.3 4 Furthermore, the adaptation of trial
results to routine health care is not straightforward. Examining
whether the screening programmes actually reduce mortality
due to breast cancer is therefore important.

In Denmark, mammography screening was introduced in
only three out of 16 administrative regions. The regions without
a mammography screening programme thereby provide a natu-
ral control group during the full period of follow up. In addition,
opportunistic screening has been limited.5 Taking advantage of
this “natural experiment,” and using the nationwide population
and health registers in Denmark, we developed a method to
determine the effect of mammography service screening on
breast cancer mortality.6 We present here the results of the first
10 years of screening in Copenhagen.

Methods
Model
We used a Poisson regression model with a study group, a
historical control group, a national control group, and a histori-
cal national control group (fig 1).6 We studied the effect of invita-
tion to as well as participation in screening. The end point was
mortality due to breast cancer.

The study group included women invited to screening in
Copenhagen during the first five invitation rounds from 1 April
1991 to 31 March 2001. The screening interval was two years.
The target group included about 40 000 women aged 50-69 at
the start of each invitation round. The second invitation round
included women aged 50-71, but in subsequent rounds no more
women above the age of 69 were invited. The first invitations
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1-D time-pattern of mortality deficits (HRs) if NO screening

H
A

ZA
R

D
 R

A
TI

O %
 R

E
D

U
C

TIO
N

1 0

0.8 20

0.6 40

0.4 60

0.2 80

0 100
50 55 60 65 70 75 80 85



1-D time-pattern of mortality deficits (HRs) if NO screening

H
A

ZA
R

D
 R

A
TI

O %
 R

E
D

U
C

TIO
N

1 0

0.8 20

0.6 40

0.4 60

0.2 80

0 100
50 55 60 65 70 75 80 85



1-D time-pattern of mortality deficits (HRs) if • round
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1-D HR pattern if • • • • • • • • • • rounds
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2-D [year-and- age-specific] time-pattern of mortality deficits
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2-D [year-and- age-specific] time-pattern of mortality deficits
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WHAT IF 13 yrs. of screening & F.U., and 3,600 deaths in unscreened?
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Possible ESTIMATES of the FULL IMPACT
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Info. re 2 model parameters provided by each death
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WHAT IF 20 yrs. of screening & F.U., and 7,200 deaths in unscreened?
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Possible ESTIMATES of the FULL IMPACT
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Info. re 2 model parameters provided by each death
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WHAT IF 10 yrs. of screening & F.U., and 2,300 deaths in unscreened?
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Info. re 2 model parameters provided by each death
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IMPLICATIONS

• When the impact is delayed, and eventually ceases,
deaths are not all equally informative

• May have to limit to just first half of, rather than the full
bathtub-shaped HR function

• Helps to study individual (Lexis Cell) contributions to the
Information Matrix
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