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Abstract
Screening for early detection is a primary way to control breast cancer. The choice of e ective
screening policies involves substantial uncertainty and dicult tradeo s among medical costs
and the duration and quality of life. In this paper, we study the choice of the age at which
screening should begin and the frequency of screening tests. These have been issues of important
debate in the health policy community. We address these questions using the framework of costutility analysis, as we consider it important to evaluate the outcomes of preventive care in terms
of morbidity and quality of life, in addition to survival. After a brief review of background
information on breast cancer screening, we introduce cost-utility analysis and its relation with
Bayesian decision-making. We then discuss modelling and prior speci cations, and carry out a
cost-utility evaluation of the currently recommended policy. Finally we compare those to the
the Bayes-optimal decision for various values of the exchange rate between dollars and quality
of life. We discuss the implications of the results for actual policy decisions.

1 Introduction
In the United States, it is projected that one in ten women will contract breast cancer in
their lives. This represents approximately 150; 000 new cases every year. At present, 35%
of all cases of breast cancer are fatal, which makes breast cancer second only to lung cancer
as the leading cause of death from cancer in women (Silverberg, Boring and Squire, 1990).
Even though signi cant progress has been made in recent years, increased understanding of
the etiology has not proven sucient to result in a substantial reduction in incidence. Early
detection through mammographic screening, however, can improve prognosis substantially, both
in terms of mortality and morbidity. Therefore, mass screening for early detection is currently,
and will be in the foreseeable future, the most e ective way to control breast cancer.
Whereas most of the scienti c, professional and governmental organizations recommend
screening examinations, recommendations di er with regard to the suggested timing. For example, the American Cancer Society and the National Cancer Institute recommend a baseline test
in women aged 35 to 40 years, annual or biannual tests from 40 to 49 years and annual tests
in older women. On the other hand, the U.S. Preventive Services Task Force and the Council
of Scienti c A airs of the American Medical Association are more cautious in recommending
screening in women aged 40 to 49, withholding the judgment until more evidence about screening women under 50 years of age becomes available. The frequency of exams has also been
the subject of controversy and in countries like Sweden and the Netherlands the recommended
frequency is two years, while in the U.S. the frequency is annual. In this paper we analyze the
cost-e ectiveness of the proposed strategies and compare it to that of the Bayes-optimal solution
in various di erent scenarios.
Screening is typically analysed in terms of reduction in mortality (Eddy et. al., 1988). We
carry out an evaluation that accounts, in addition to mortality, for morbidity and other aspects
of quality of life. To this purpose, the health bene ts that result from a given screening schedule
must be converted into measures that are meaningful in terms of the quality and length of life
for the individuals receiving maintenance treatment. Additionally, the costs associated with
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screening must be identi ed and measured. Finally, a comparison must be made between the
costs and the net health impacts that result from them. To do this, we adopt a cost-utility
analysis (CUA) approach. CUA evaluates a health intervention by comparing the incremental
societal costs of a health intervention and the incremental health bene ts that result from it.
Typically, the outcome of a CUA is expressed as a ratio, with the units being dollars per quality
adjusted life years ($/QALY's). CUA represents a natural methodology for applied decision
problems in preventive medicine, drug design and assessment, reliability engineering, regulatory
decisions and so on, where abundance of prior expertise mandates a Bayesian treatment, but
where standard expected utility and cost-bene t analysis are unlikely to provide a completely
satisfactory answer. In this sense, CUA can be regarded as a very important extension of the
set of tools available to Bayesian analysts.
An important advantage of Bayesian analyses in the screening problem derives from the need
for policy indications before the e ects of the various policies can be studied empirically. In
breast cancer screening, the outcome of large scale clinical trials regarding screening of woman
aged 40 to 49 has been considered by some as a necessary condition to make any policy recommendation. From the point of view of Bayesian analysis, such availability is obviously desirable,
but by no means necessary, to reach a decision. The same applies to the use of mammographic
techniques of unprecedented sensitivity.
The discussion proceeds as follows. In Section 2 we provide a brief description of CUA and
outline its relation to subjective expected utility theory. Then, in Section 3, we discuss the
modelling of the natural history of breast cancer. We also derive analytic expression for costs
and QALY as a function of the possible decisions. In Section 4 we discuss the elicitation of
probabilities and utilities and nally, in Section 5 we present the results of the analysis.

2 Cost-Utility Analysis and Bayesian Decisions
CUA has roots both in economic analysis and decision analysis. Its earliest development grew
out of cost-bene t analysis in economics, under the rubric of "cost-e ectiveness analysis" (CEA).
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The concept of cost-e ectiveness has taken on a multiple of meanings over time, however. These
range from "saving money while not impairing health," to "the lowest cost way of achieving a
given set of health outcomes" (Gramlich, 1981; Oce of Technology Assessment, 1980; Rapopart,
Robertson, and Stuart, 1982), to "the best way to achieve whatever objectives a decisionmaker
is pursuing" (Warner, 1983; Hatziandreu et al., 1989).
A more formal decision-theoretic formulation of cost-e ectiveness, using the $/QALY framework is proposed by Pliskin, Shepard and Weinstein (1980). See also Weinstein and Fineberg
(1980). In this formulation, quality of life is formally equivalent to (von Neumann - Morgenstern) utility. A utility value of 1 is assigned to "full health" and a utility value of 0 to "death."
Intermediate values are interpreted accordingly. An individual is assigned a utility value in this
fashion as a function of his or her health state at each point in time. The quality-adjusted life
year measure for a health intervention is then determined by integrating this utility-weighted
utility over an individual's life subsequent to the health intervention.
Weinstein et al. (1982) provide the formal conditions under which such a $/QALY outcome
measure is consistent with subjective expected utility theory. In order for CUA and its outcome
measure, $/QALY, to be consistent with a utility-based decision analytic framework, several
properties must be ful lled concerning utility functions over health states. First, utility over
health states must display utility independence between length of life and quality of life. This
means that tradeo s between length of life are not a ected by the quality of life experienced
by the individual. Similarly, tradeo s among levels of morbidity are not a ected by the length
of life that the individual will live. Second, utility over health states must display proportional
trade-o s. This means the following. Suppose a person is indi erent between X years of life in
health state A and Y years of life in health state B , where X is less than Y and A is a better
health state than B . Then he or she must also be indi erent between spending aX years of life
in health state A and aY years of life in health state B . Finally, the individual must display
risk neutrality with respect to years of life.
Following the lead of Anderson et al. (1985), Torrance (1986), and Drummond et al. (1987),
we use the term "cost-utility analysis" to distinguish that approach from the other meanings of
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CEA. Nonetheless, as shorthand we will sometimes use the term "cost-e ective" to mean that a
given screening schedule is desirable from a CUA perspective. Similarly, we will sometimes use
the term "cost-e ectiveness ratio" to refer to the ratio of costs to health impacts.
While CUA has evolved over time towards a well-de ned set of methodological procedures for
analyzing the ecacy of health interventions from an economic perspective, several important
controversies remain in the literature. One concerns the use of discount rates. The issue is not
only what discount rate to use but also whether health outcomes and costs should be discounted
or only the latter. We choose several discount rates, 0%, 3%, and 5%, and examine the results
obtained when discounting both costs and health outcomes and when discounting only costs.
Another controversy in the CUA literature occurs when, as is the case here, the impact of
a health intervention involves more than direct medical costs and more than health narrowly
conceived. Here, there are impacts of breast cancer on the social functioning of the individual, her
work, her family life, and so forth. As discussed in Kamlet (1991), these impacts can in principle
either be costed out and included in the costs of the health intervention (the numerator of the
CUA cost-e ectiveness ratio), or measured in terms of their quality of life impact and included
in the quality of life measure (the denominator of the cost-e ectiveness ratio). We include direct
medical costs and the money equivalent of leisure devoted to treatment (measured in terms of
the willingness to pay of the individual for the time involved) as costs in the numerator of the
cost-e ectiveness ratio. We therefore consider the remaining impacts, including the so-called
indirect costs of the illness on ability to work and productivity at work, in terms of quality of
life in the denominator of the cost e ectiveness ratio.

3 Model
Consider a patient, with either no cancer or undetectable cancer, facing the choice of what
screening recommendations to follow. A convenient and adequately general way to model the
natural history of chronic diseases for the purpose of screening is discussed in detail in Parmigiani
(1990). In brief, we consider a stochastic process with four states: one with no cancer, or
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undetectable cancer (termed, for brevity, pre-detectable); one with detectable asymptomatic
cancer (called pre-clinical); one with symptomatic cancer (called clinical), and one representing
death. Transitions can occur from pre-detectable to pre-clinical, from pre-clinical to clinical
and from any state to death. The time spent in the various states is random. Let Y be the
the sojourn time in the pre-detectable state, beginning at birth, and U the sojourn time in the
pre-clinical state. If no screening takes place, Y + U is the age of the patient at the time of
the surfacing of symptoms, and consequent treatment. Also, let f (y ) represent the density of
transitions from pre-detectable to pre-clinical, h(y ) the density of transitions from pre-detectable
to death and g (ujy ) and the conditional transition density from pre-clinical to clinical, given an
arrival in the pre-clinical state at time y . It is important to allow for a dependence between Y
and U as younger women tend to contract faster growing tumors. Transitions from pre-clinical
to death are not considered in this model. The probability of dying from a cause other than
breast cancer while in the pre-clinical state is between :01 and :02 depending on the age of the
patient, (Parmigiani, 1991). Therefore, such omission should have negligible consequences on
the conclusions.
The sensitivity of mammographies will be denoted by . The probabilities of a false negative
result in successive mammographies on the same patient are, somewhat restrictively, assumed
to be independent. Speci city is easier to handle, as it can be factored in as part of the cost of
examination. Usually, positive mammograms are followed by a highly speci c biopsy. Therefore,
screening does not terminate unless the illness is actually present. False positives of the initial
mammogram that lead to biopsies will, however, represent an additional cost.
Screening examinations are scheduled for asymptomatic patients, and terminate as soon as
the clinical stage is reached (interval detection), the disease is detected by screening in the preclinical stage (screen detection), or the patient dies. An examination strategy (or schedule) will
consist of an age at which examinations begin, and of an interval  at which rate examinations
continue. So the i-th screening examination takes place at age +(i ? 1) . We con ne attention
to periodic schedules (i.e. constant  ). Policies with age-dependent  have been studied by
Kirch and Klein (1974) and Parmigiani (1991), who showed that the additional bene ts of
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age-dependence probably do not outweigh, at least in the case of breast cancer, the additional
operational diculties.
The main advantage associated with screening is the ability to detect the disease at an early
stage. This has been documented to entail longer life expectancy (see Habbema et al., 1986). In
addition there are gains in quality of life in case of early detection. Here we assume that patients
are treated according to the guidelines developed by the NIH Consensus Conference on Early
Breast Cancer (1991). The main di erence in treatment resulting from an early detection stems
from the fact that screen detected cases present a much lower percentage of cases with positive
axillary node involvement. While adjuvant chemoterapy is recommended in case of positive node
involvment, there is still not enough evidence to make a clear recommendation in case of negative
node involvment and the choice regarding chemoterapy is left to the patient. Consequently,
screen detected cases will receive chemoteratpy less often, with a resulting improvement in
quality of life. Most other treatment decisions will not depend decisevely on screen detection,
and therefore will not be considered.
We assume that each examination has a xed cost Cm . This amount includes the direct
medical costs of mammography as well as the opportunity cost value of the patient's time.
There is a small loss in quality of life due to false positive examinations which can be neglected.
Also, Let Ce (for early) and Cl (for late) be the total costs of treatment in case of screen detection
and interval detection respectively.
The quality of life enjoyed by the patient while in the pre-detectable state is not a ected by
the decisions about screening. Therefore, for the purpose of comparing strategies, we only need
to consider quality of life from Y on. Let Qe (y; u) and Ql (y; u) be the expected QALY given a
transition to the pre-clinical state at age y , and a sojourn time in the pre-clinical stage of u, in
case of screen detection and interval detection respectively. Finally, let r1 and r2 be the discount
rates for monetary payments and health outcome respectively.
In the remainder of the section we give analytic expression for three critical quantities in
the analysis: the expected number of examinations, I ; , the expected treatment cost, C ; and
the expected QALY, Q ; , for a xed choice of and  . If C0 and Q0 are the cost and QALY
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associated with no screening, the cost-utility ratio is the given by (Cm I ; +C ; ?C0 )=(Q ; ?Q0 ).
A standard expected utility analysis can be carried out based on a linear combination of the three
quantities. Let pi0 (y ) = G( + i ? y jy ), pij (y ) = G( +(i + j ) ? y jy ) ? G( +(i + j ? 1) ? y jy )
and qij (y ) = 1 ? G( + (i + j ) ? y jy ); where G is the c.d.f. of g . Then:
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The derivation of the above expectations follows Parmigiani (1992).

4 Evaluation of Probabilities, Utilities and Costs
The densities described in this section represent our marginal prior densities on the sojourn
times for a generic patient with no information available about risk factors. Such information
can, however, be incorporated by changing densities when risk factors, such as history of breast
cancer in the family, become known.
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The evaluation of the transition densities is based on several existing studies. Moolgavkar,
Stevens and Lee (1979) developed estimates of the the incidence of breast cancer, accounting for
both age and cohort e ect. Based on these one can estimate the density of Y + U . Deaths from
other causes can be derived from life tables and used to evaluate the density h. We assumed
? 
? 
h to be a Weibull density, that is: h(y) = ab yb a?1 expf? yb ag Least squares yield parameter
estimates of a = 7:233 and b = 82:651.
Spratt, Greenberg and Heuser (1986) obtained estimates of the sojourn time in the pre-clinical
stage that depend on the age of the patient, of great importance in this problem. At each xed
age, the authors postulated a lognormal distribution, given by: p(u) = p21su expf? 21s2 (log u ?
m)2g The choice of the lognormal is motivated by knowledge regarding growth patterns of
breast tumours. The authors obtained evaluations at 8 di erent ages. It is convenient to specify
a sojourn time distribution indexed by an arbitrary age. To this end, we modelled the location
parameter m of the lognormal as a logistic function of the age y , that is: log(m0 ? m(y )) = m1 +
m2 y. We speci ed m0 to approach linearity and constant variance in the regression; a convenient
choice was m0 = 1:4. This yields least squares estimates of m1 = 1:6 and m2 = ?0:038. Due to
the highly noisy information, a second stage prior distribution was assigned to the parameter
S . We chose a Inverse Gamma density with parameters a = 6:33 and b = 3:36, determined
based on evidence from Spratt, Greenberg and Heuser (1986). After marginalization over S , the
distribution of U given Y = y is a scale mixture of lognormals, given by:
s


 2a+1
?
 ? 2
b
b
B
(
a;
:
5)
m
+m2 y
1
:
g(ujy) = u
2 1 + 2 log u ? m0 + e

Further, this density can be used for estimating the number of individuals moving from the
pre-detectable to the pre-clinical stage at any given age. First, the number of cases was estimated
using a cubic spline curve. Then a Weibull curve was tted to the derived table. The resulting
values of the parameters are a = 4:48 and b = 65:52. Further details on the procedure followed
in tting can be found in Parmigiani (1991).
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As of errors in mammography-based diagnosis, the probability of a false positive is about
:03 ? :05 (Eddy et. al. 1988). Estimates of the sensitivity based on technology of the late
1970's give an expected value around :8 (Brookmeyer, Day and Moss, 1986). New and much
more sensitive technologies have been developed since then, and we nd it of interest to consider
the case of sensitivity equal to 1. Using data from Shapiro et. al. (1988), the probabilities of
axillary node involvement are estimated to be :227 in case of screen detection versus :424 in
case of interval detection. The improvement in life expectancy due to early detection is taken
to be 22%, based on data from the HIP (Health Insurance Plan of Greater New York) study;
(see Habbema et al., 1986). These estimates are based on the therapy choices prevalent when
the HIP study was carried out, and may need to be revised when evidence regarding screening
under the new NIH recommendations becomes available.
Moving to nancial charges, a mammography can cost from $50 to $200, and the biopsy that
follows it in case of positive outcome costs around $1000. Therefore, a reasonable choice for Cm
is $200. Following Hillner and Smith (1991), the cost of adjuvant chemoterapy is evaluated to be
$13.000, inclusive of treatment cost as well as costs related to complications. We assumed that
80% of node negative women will recieve adjuvant chemoterapy, but the nal results are not
sensitive to the choice of this number in a range from 40% to 95%. Patients saved from cancer
by early detection may incur further medical expenses later on in their lives. This additional
cost implied by screening is not factored into the present analysis.
Despite the important quality of life/morbidity e ects associated with breast cancer, there
has been relatively little attention devoted in the literature to quality-of-life measures for breast
cancer outcomes, at least with regard to measures that can be interpreted as utility in a decisiontheoretic sense. Eddy et. al. (1988), for instance, focuses only on the mortality consequences of
screening in examining the value of mammography screening in women under age 50. Similarly,
Miller (1991), in a recent review of the literature on mammography screening with an express
intent of determining whether such screening is appropriate for women in their forties, restricted
attention purely to mortality reduction. The loss of quality of life in health states following the
detection of breast cancer has been recently discussed in deHaes et al. (1991) (see also Sackett
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and Torrance, 1978). We have used estimates adapted from deHaes et al. Patients will be
assumed to experience some ongoing reduction in quality of life: quality of life is :2 during two
months of perioperative period, :5 during the remaining of the the rst year if chemoterapy is
administered, and :9 for the remainder of disease free survival.

5 Results
Consider a person who is known to be in the pre-detectable state at age 35, with no information
available on risk factors. Suppose that mammographies have sensitivity equal to unity |we will
move to the case of smaller sensitivity later.
We begin with the evaluation of the cost per QALY of the four screening policies obtained
by setting equal to 40 and 50, and  equal to 1 and 2. Table 1 summarizes the results when
both r1 and r2 are zero. Costs are expressed in thousands of 1989 dollars. The results show
that the di erence in $/QALY between annual and biannual policies in substantial. However,
all strategies have a $/QALY well below the typical cuto for a cost-utility value of $ 50.000
(see for example Frybeck and Thornbury, 1991) typically used in the literature to judge wether
a given health intervention represents a reasonable use of resources.
Additional Cost
Gain in QALY
Ratio

= 40,  = 1
6.976
0.219
31.772

= 40,  = 2
3.508
0.191
18.302

= 50,  = 1
5.073
0.170
29.702

= 50,  = 2
2.558
0.154
16.576

Table 1: $/QALY evaluation for four basic strategies. r1 = r2 = 0.
Table 2 shows how the result change depending on the assumptions on the interest rates.
Discounting both dollars payments and health outcomes increases the $/QALY ratio, as health
outcomes are expected to occur at a later time.
We move now to the consideration of the case in which the sensitivity of mammographies is
:8. Table 3 summarizes the results. In general, sensitivity of mammographies has an impact on
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r1 = :03, r2 = 0
r1 = :05, r2 = 0
r1 = :03, r2 = :03

= 40,  = 1
8.586
3.821
34.073

= 40,  = 2
4.932
2.188
19.774

= 50,  = 1
7.599
3.217
30.756

= 50,  = 2
4.229
1.785
17.264

Table 2: $/QALY ratios for four basic strategies at varying discount rates.
cost-e ectiveness, mostly through a lower gain in QALY. Also, when the sensitivity is lower, the
cost-e ectiveness gap between strategies with = 50 and = 40 is substantially reduced, as
frequent examination contribute to the detection of cases missed by previous examinations.
Additional Cost
Gain in QALY
Ratio

= 40,  = 1
6.983
0.203
34.370

= 40,  = 2
3.521
0.159
22.056

= 50,  = 1
5.079
0.159
31.829

= 50,  = 2
2.568
0.129
19.834

Table 3: $/QALY evaluation for four basic strategies.r1 = r2 = 0 r1 = r2 = 0 = :8.
Finally, we consider the choice of and  , with = 1. Combining costs and QALY into a
single objective function requires speci cation of an exchange rate  between dollars and QALY
units. Figure 1 displays the trade-o curves for varying .
One way to interpret the curves is the following. For a xed value of the expected cost of
examination and treatment on the vertical axis, the curve gives the highest QALY that can be
obtained within the class of policies considered. Likewise, for a xed value of QALY on the
horizontal axis, the curve gives the lowest cost at which that can be reached. For example, the
optimal way to spend 3.65 thousand additional dollars is to start screening at age = 38:7 and
continue every  = 1:98 years.
The advantage of optimal schedules over some of the current recommendations may be signi cant. In particular, it appears that biannual policies approach optimality at both = 40
and = 50 for appropriate values of . On the other hand, annual policies show a signi cantly
higher cost not rewarded by an adequate increase in QALY. For example if = 40 and exams
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are annual, the marginal cost |that is the cost of a very small additional increment in QALY|
is over $300.000/QALY. Also, moving from = 40 and biannual exams to = 40 and annual
exams implies a spending of $3,470 for an increase of .028 QALY, or well over $100,000/QALY.
Finally, early screening seems to be worthwile, as the incremental cost of moving from = 50
to = 40 with biannual exams is around $25/QALY.

6 Conclusions
Screening for breast cancer is e ective in improving quality of life as well as in reducing mortality.
Skepticism towards mammographic screening of women aged 40 to 49 has been supported by
studies where the endpoint of the analysis is mortality. When evaluated in terms of QALY,
screening of women aged 40 to 49 appears to be cost-e ective. Early gains in quality of life,
stretching over a long period of time, account for this result.
A further controversial issue is the frequency of examinations. According to our analysis,
if mammographic technology with high sensitivity is available, annual examinations may be
unnecessary (re ecting in the high marginal cost). Thus a higher sensitivity makes e ective
screening more a ordable and easier to implement on a large scale than it has been in the past.
Finally, sensitivity analysis is necessary to corroborate the validity of the conclusions of this
study. The number of parameters and assumptions involved makes it prohibitive to attempt
a systematic account of our ndings. In summary, some of the numerical evaluations can be
sensitive to important parameters |like the QALY measurement, and assumptions |like the
form of the sojourn time distribution. Assumptions on treatment are also crucial. In a scenario
in which early detection implies milder surgery and and persistent gain in quality of life, the
cost-e ectiveness is greater. However, we found that the relative ranking of the strategies, the
form of the trade-o curves and therefore the main qualitative conclusions of this study, appear
to be robust.
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Figure 1: Trade-o analysis (1989 dollars).
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