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DETECTION AND SELECTION DECISIONS IN THE PRACTICE OF SCREENING 
MAMMOGRAPHY 

Thomas R. Stewart and Jeryl L. Mumpower 

A large class of problems in society requires detection or selection decisions. Exam- 
ples include: Who should receive extra scrutiny in airport screening? What personal 
characteristics, if any, should patrolling police attend to? What blood alcohol levels 
constitute driving while intoxicated? What thresholds should be used for issuing 
severe weather warnings or terrorist-related security alerts? At what age, if any, 
should men routinely receive PSA testing for prostate cancer, and what thresholds 
should be established for treatment? 

In this paper we focus on an important member of this class-the practice of 
screening mammography. Substantial uncertainty and disagreement persist con- 
cerning the value of regular mammogram screenings for women, particularly 
those between the ages of 40 and 49. For example, the National Breast Cancer 
Coalition (2003) has concluded that there is insufficient evidence to recommend 
for or against screening mammography for any age group of women. Conversely, 
the U.S. Preventive Services Task Force (2002) has recommended screening mam- 
mography, with or without clinical breast examination, every 1 to 2 years for 
women aged 40 and older.' 

The results of seven controlled clinical trials on the effectiveness of screening mam- 
mography remain controversial ( e g ,  de Koning, 2003; Olsen and Gotzsche, 2001). 
Critics argue that the studies are flawed and inconclusive. Taken as a whole, data from 
these trials indicate a 24 percent decline in breast cancer mortality associated with 

' As an anonymous reviewer noted, the Task Force was rather tepid in its endorsement. Their summary 
of recommendations concluded: "For women age 40-49, the evidence that screening mammography 
reduced mortality from breast cancer is weaker, and the absolute benefit of mammography is smaller 
than it is for older women." 
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mammography. Despite the large number of women enrolled in clinical studies of 
mammography effectiveness, meta-analysis indicates that the estimated protective 
effects of mammography depend strongly upon the inclusion or exclusion of specific 
contested studies. Olsen and Gotszche (2001) argue that the principal studies most 
favorable to mammography display systematic prior differences between the mam- 
mography and non-mammography comparison group that undermine study validity. 
The exclusion of such studies leads to no statistically significant benefit associated 
with the intervention. Most discouraging, large increases in the proportion of women 
receiving mammography have not resulted in large declines in breast cancer mortality. 

OVERVIEW O F  MAMMOGRAPHY SCREENING AND PRACTICE 

Figure 1 provides a framework for describing the relations among three domains of 
decision making about mammography screening: decisions by women and their 
doctors to obtain screening, decisions by radiologists to recommend biopsy, and 
decisions by policymaking bodies to recommend and support screening for certain 
sub-zrou~s of women. 

~ e & & n ~  at the left, some fraction of the eligible women voluntarily decides to 
be ~creened.~ Their decision may be influenced by the recommendations of influ- 
ential organizations, by their doctor, by their families and friends, and by informa- 
tion they receive about mammography. Recently there has been substantial effort to 
increase the proportion of women who decide to be screened. Some studies suggest 
that many women are confused and are not well-informed decisionmakers (Rimer 
et al., 2002; Schwartz et al., 1997). 

Next, screening takes place, and the radiologist's decisions are either positive (biopsy 
recommended) or negative (normal follow-up).3 At this stage, the base rate of women 
with malignancies, the accuracy of interpretation of mammograms, and the thresholds 
for choosing between a positive or negative finding are important considerations. 

There are four aossible outcomes of the radioloeist's decision. If the areliminarv u 

diagnosis is positive, a biopsy is obtained; the biopsy result may then indicate a 
malignant (true positive) or benign (false positive) condition. Data show that there 
are about three false positives for every true positive. If the finding is negative, there 
is no bioasv. While most of the women who are not recommended for b io~sv do not 

A < 

have a &a&gnant mass (true negative), some do (false negative). 
Each of the outcomes has associated costs and benefits. A true positive may mean 

earlier identification and treatment of cancer, possibly resulting in a better out- 
come. Mammographers want to avoid false negatives because undetected and 
untreated cancer is the worst possible outcome. Because of the high uncertainty, 
avoiding false negatives results in many false positives (biopsies that turn out to be 
negative). The appropriate tradeoff between false positives and false negatives is an 
important factor in the mammography debate. 

Cost-effectiveness analyses (e.g., Salzmann, Kerlikowske, and Phillips, 1997) use 
information about uncertainty, costs, and effectiveness of various outcomes to eval- 
uate alternative options, and these analyses influence recommendations made by 
organizations such as the National Cancer Society and the National Breast Cancer 

This is simplified, of course; women actually have a wider range of options for detecting breast cancer. 
Again, this is a simplification because radiologists have other options as well. We use the term "radiol- 

ogist" rather than "mammographer" because not all radiologists who read mammograms are board cer- 
tified mammographers. 
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Figure 1. Schematic view of mammography screening. 

Coalition and advisory bodies such as the U.S. Preventive Services Task Force. Cost 
effectiveness analyses, along with other information, influence the doctor's recom- 
mendations regarding mammography for their patients, as well as the decisions 
that radiologists make. 

The focus of this paper is the decisions made by radiologists in their practice. 
These decisions not only occupy a central location in Figure 1, they are central to 
all issues surrounding screening mammography. While cost-effectiveness analyses 
and policy debates often assume that the accuracy of radiologists' judgments is 
fixed, research results strongly suggest that the interpretation of mammograms is 
less accurate than it could be and that there is wide variation among radiologists 
regarding the appropriate tradeoff between false positive and false negatives. 

Addressing two critical "what if' questions can help inform the crucial decision 
makers: women, their doctors, and radiologists: 

1. What if radiologists selected more or fewer women for biopsy? 
2. What if interpretation of mammographic images was more accurate? 

A MODEL FOR ADDRESSING DETECTION AND SELECTION PROBLEMS 

Selection and detection problems often involve high-consequence decisions under 
substantial uncertainty. Decisionmakers face two kinds of errors, each with poten- 
tially serious consequences: false positives (falsely selecting a case) and false neg- 
atives (missing a correct selection). Since uncertainty creates an inevitable trade- 
off between these two errors, the decision strategy must be based on values. 
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Analysis alone cannot solve the problem, but it exposes the nature of the tradeoffs 
involved and can assure that decisionmakers consider all the possible outcomes. 
For related discussions see, for example, Hammond, Harvey, and Hastie (1992); 
Mumpower, Nath, and Stewart (2002); and Swets, Dawes, and Monahan (2000). 
The critical elements of these problems are base rate, uncertainty, decision thresh- 
old, and outcomes. 

Base Rate 

Among a group of women who have screening mammography, what proportion has 
malignancies? The base rate depends on age and on the time period considered. The 
relevant base rate for screening decisions is the probability of a malignancy among 
undiagnosed women at the time of screening (rather than the lifetime probability of 
breast cancer). The relevant base rate is for a period of 1 to about 5 years, depending 
on the screening interval. For any given screening technology, the base rate is critical 
in shaping the positive predictive value (proportion of true positives to all positives) 
and the negative predictive value (proportion of true negatives to false negatives) of 
the screening. All else being equal, low base rates imply low positive predictive values. 
Even very specific tests yield a large number of false negatives when compared with 
the small number of true detected cases of breast cancer within the population. 

It is difficult to obtain an accurate base rate for a specific population, but we 
know it is low. Annual incidence of breast cancer is 0.001 to 0.006, depending on 
age and other factors (Ries et al., 2003). 

Uncertainty 

Uncertainty is introduced by the inaccuracy of screening mammography. Images vary 
in quality depending on breast density and other factors, and features that can suggest 
cancer are often small or difficult to distinguish from normal tissue. Radiologists must 
therefore make judgments when they evaluate mammograms. Mushlin, Kouides, and 
Shapiro (1998) conducted a meta-analysis of published studies on the accuracy of 
screening mammography. They reported true positive rates (correct positive 
resultsltotal number of patients with cancer), ranging from 0.83 to 0.95; the medical 
decision-making literature typically refers to the true positive rate as the sensitivity of 
a test. False positive rates (incorrect positive resultsltotal number of patients without 
cancer) were reported from 0.009 to 0.065; the medical decision-making literature typ- 
ically refers to one minus the false positive rate as the specificity of a test. A review by 
Woolf (2001) found that mammograms miss 0.12 to 0.37 of cancers, depending on the 
type and stage of cancer, the density of breast tissue, and other factors. 

A study by Beam, Layde, and Sullivan (1996) of 108 radiologists from 50 centers 
found a range of at least 0.53 (0.47 to 1.00) among radiologists in screening sensi- 
tivity (the ability to detect cancer when it is in fact present). ROC curve areas (A,- 
a measure of accuracy for which a value of 1 indicates perfect accuracy and 0.5 
indicates accuracy no better than chance) ranged from 0.74 to 0.95. 

Decision Threshold 

After examining mammographic images, the radiologist forms an opinion of "sus- 
picion" or "likelihood of malignancy on some continuum. In other words, the radi- 
ologist makes a continuous judgment, but the decision options are discrete (e.g., 
normal follow-up, return for screening in three months, obtain biopsy). Some way 
of converting continuous judgments to discrete actions is needed. Generally, it is 
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assumed that this conversion involves one or more thresholds. If the judgment is 
higher than some threshold, then biopsy is recommended. Otherwise, no biopsy is 
recommended. This model is described in detail by Pauker and Kassirer (1980). The 
threshold may not be determined or even stated explicitly, but it is implicit in the 
radiologist's decisions. 

In effect, the radiologist has to decide what level of suspicion warrants action. The 
threshold determines the selection rate, that is, the number of mammograms that 
are selected for biopsy or more frequent screening. A lower threshold means that 
more mammograms are selected. Furthermore, as is demonstrated below, the 
threshold influences the relative numbers of false positives and false negatives. 
Hence, thresholds should reflect the relative costs of these errors. 

Different mammographers have different thresholds. Beam, Layde, and Sullivan 
(1996) found a range of at least 0.45 among mammographers in the proportion of 
women without breast cancer who were recommended for biopsy. Berg et al. (2000, 
2002) found substantial disagreement both about features and about management 
decisions, and Elmore et al. (2002) found a wide range of false positive rates among 
mammographers. It is unclear whether this variation indicates differences in val- 
ues, differences in base rates, differences in accuracy, use of inappropriate thresh- 
olds, or a combination of these factors. 

Outcomes 

Screening mammography is a detection problem with a low base rate, high uncer- 
tainty, and varying decision thresholds determined by physicians. These interact to 
determine the outcomes. The four possible outcomes of screening mammography 
were shown in Figure 1. 

False positives-defined as women who are referred for biopsies or other addi- 
tional diagnostic treatments but who are later found not to have tumors-are 
clearly the most frequent error. After 10 years, 50 percent of women who have 
annual screening could have a false positive result (Elmore et al., 1998). More than 
80 percent of women who have suspicious mammograms have no cancer (National 
Breast Cancer Coalition, 2003). This leads to many negative biopsies and possibly 
to over-treatment, because, for example, a positive biopsy indicates the presence of 
cancer, but does not mean it will spread. False negatives are much less frequent, but 
potentially more serious, because they may result in an aggressive malignancy 
going untreated. Both false positives and false negatives depend on the selection 
rate, but they change in different directions. Figure 2 illustrates the tradeoff 
between false positives and false negatives. 

This is an example based on the data presented in Table 1. Different base rates 
and different levels of uncertainty will result in different graphs, but the basic rela- 
tions remain the same. 

As the selection rate (the percentage of screened women who are diagnosed as 
positive) increases, the false negative proportion drops, but the false positive pro- 
portion increases. By increasing the selection rate, a certain number of false nega- 
tives are eliminated, at a cost of creating a number of false  positive^.^ 

The present analysis relies on a key assumption that mammograms can be ranked by mammographers 
in terms of their suspiciousness, so that increasing the selection rate implies that the marnmographer 
will refer an increasing proportion of the "next-most suspicious" mammograms for biopsy or other diag- 
nostic treatment. Decisions about whether, for whom, and how often mammography should be deployed 
will result in changes in the frequency and relative proportions of the four possible outcome cells. 
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This is an example based on the data presented in Table 1. Different base rates and different levels of 
uncertainty will result in different graphs, but the basic relations remain the same. 

Figure 2. Proportion of error as a function of selection rate. 

Table 1. Results for women under 50. 

Decision 
Negative Positive Total 

Biopsy Malignant 36 50 86 
result Non-malignant 9,360 554 9,914 

Total 9,396 604 10,000 

Based on Kolb, Lichy, and Newhouse (2002). Sample size adjusted to 10,000 for ease of interpretation. 

The rate at which false positives are substituted for true positives at a given selec- 
tion rate is called the marginal substitution rate. The optimal selection rate is found 
when the marginal substitution rate equals the ratio of the benefit of a true positive 
to the cost of a false positive. The optimal selection rate depends on the benefits of 
true positives (e.g., the health benefits of early detection and treatment) and true 
negatives (e.g., the psychological benefits of correct disease-free diagnoses) and the 
costs of false positives (e.g., costly and painful biopsies and other diagnostic treat- 
ments of healthy women) and false negatives (e.g., all the costs associated with fail- 
ure to treat non-detected tumors). 
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THE PRACTICE O F  MAMMOGRAPHY: DATA FROM ONE MAMMOGRAPHER 

During a study that lasted almost 6 years (January 15, 1995 to September 30, 
2000), Kolb, Lichy, and Newhouse (2002) recorded data on 27,825 screenings of 
11,130 asymptomatic women (women were screened more than once) at New 
York's Columbia-Presbyterian Medical Center. All were patients of one doctor 
(Kolb). The patients underwent mammography, physical exam, and ultrasound. 
Presence of breast cancer was determined by biopsy. Absence was determined by 
negative results for all screenings. Table 1 is based on 5826 screenings of women 
under 50. 

From Table 1, we can calculate a base rate of 0.0086 and a selection rate of 0.0604. 
The false positive proportion is 55419914 = 0.056 and the false negative proportion 
is 36/86 = 0.419. The vertical line in Figure 2 roughly represents these data. Note 
that although the false negative proportion is higher than for false positives, there 
are many more negatives than positives (due to the low base rate), resulting in over 
15 false positives for every false negative. 

The imputed marginal rate of substitution for this case is 33.2.5 A small increase 
in the selection rate would result in about 33 additional false positives for every true 
positive added. If this ratio is unacceptable, then the selection rate should not be 
increased and consideration might be given to decreasing it. This doctor is behav- 
ing as if 33 were the ideal substitution rate. This would be optimal if the benefit of 
an additional true positive were 33 times greater than the cost of a false positive. 
We will not argue whether this benefit-cost ratio is correct or incorrect, because 
that is not a technical matter. The substitution rate is, however, a meaningful num- 
ber, and informed social policy requires consideration of the substitution rate in the 
practice of mammography. 

Mammography for women aged 50 or older is more accurate than for younger 
women (due to reduced breast density), and they have a higher base rate. This 
can result in a decrease in both false positives and false negatives, as shown in 
Table 2. 

Table 3 compares the results for women under 50 and over 50, clearly showing 
why it is easier to recommend screening mammography for the over-50 group. Even 
with fewer women selected for biopsy, both the false positive and false negative 
proportions are substantially lower for the older study sample. 

Table 3 raises a question for this mammographer: Why should the marginal sub- 
stitution rate be lower for women 50 and older than for women under 50? If the 
selection rate for women 50 and older were increased to 0.036, the marginal sub- 
stitution rate would be approximately equal to that for women under 50 (33.2) and 
the false negative proportion would drop to 0.135, although the false positive pro- 
portion would increase to 0.029. This is not to say that different marginal substitu- 
tion rates for different age groups are necessarily inappropriate. For instance, more 
aggressive tumors or more life years at risk for younger women might justify more 
aggressive diagnostic practice for younger women. The point is that the substitu- 
tion rate is almost certainly the result of intuitive processes. If these results were 
found to generalize to a larger sample of mammographers, health care consumers 
should decide, as a personal matter, and society should decide, as a policy matter, 
what tradeoffs are acceptable. 

This calculation is based on signal detection theory and assumes that the distributions of the mam- 
mographer's judgments for both malignant and non-malignant cases are normal and both have the same 
standard deviation. For details of the calculation, contact the authors. 
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Table 2. Results for women 50 years of age or older. 

Decision 
Negative Positive Total 

Biopsy Malignant 15 74 89 
result Non-malignant 9,704 207 9,911 

Total 9,719 28 1 10,000 

Based on Kolb, Lichy, and Newhouse (2002). Sample size adjusted to 10,000 for ease of interpretation. 

Table 3. Comparison of women under 50 and those 50 years or older. 

Age Base rate Az  Selection False False Imputed 
Rate Positive Negative Marginal 

Proportion Proportion Substitution 
Rate 

< 50 years 0.0086 0.90 0.0604 0.0559 0.4186 33.2 
2 50 years 0.0089 0.98 0.0281 0.0209 0.1685 21.9 

"WHAT-IF QUESTIONS 

Table 4 examines two critical what-if questions regarding the practice of mammog- 
raphy: 

1. What if the decision threshold/selection rate were changed? This is under the 
control of the radiologist, yet has important policy implications and implica- 
tions for women and their families that are rarely discussed. 

2. What if the accuracy of screening mammography were increased? Ways of 
increasing the accuracy of mammography are discussed below. 

Rows 1 and 2 address the consequences of lowering the threshold (Question 1). 
In this case, the number of false positives doubles while the false negatives are 
reduced by one-third. The substitution rate doubles. Comparing rows 1 and 3 shows 
what happens when the threshold is increased. False positives decrease but false 
negatives increase, and the substitution rate decreases. Comparing row 2 with 4 and 
row 3 with 5 shows the effect of increasing the accuracy of mammography (Ques- 
tion 2). Both false positives and false negatives decrease. Rows 4 and 5 again illus- 
trate the effect of raising the threshold. False positives decrease but false negatives 
increase. The substitution rate drops substantially. 

As Table 4 illustrates, changing the threshold alone only trades one kind of error 
for another, and the marginal substitution rate quantifies that tradeoff. The analy- 
sis presents decisionmakers with a difficult dilemma: What is the appropriate sub- 
stitution rate? Surveys might be one source of guidance. For example, a survey by 
Schwartz et al. (2000) found that 63 percent of the women sampled would accept 
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Table 4. Comparison of mammographer performance under various what-if conditions for 
women under 50. 

Base rate A, Selection False False Imputed 
Rate Positive Negative Marginal 

(out of (out of Substitution 
10,000) 10,000) Rate 

1. Kolb et al. data 
2. Lower threshold 
3. Higher threshold 
4. Lower threshold 

and more accurate 
5. Higher threshold 

and more accurate 

500 false positives to save one life. (This is not the same as our substitution rate 
because a true positive does not necessarily result in a life saved.) 

Current practice might be another guide. Humphrey et al. (2002) calculated that 
"over 10 years of biennial screening among 40-year-old women invited to be 
screened, approximately 400 women would have false-positive results on mam- 
mography and 100 women would undergo biopsy or fine-needle aspiration for each 
death from breast cancer prevented (p. 356). It is noteworthy that these results are 
consistent with the preferences expressed in the survey described above. Determi- 
nation of the substitution rate should be a matter for policy debate. 

Explicit recognition and discussion of the tradeoff between false positives and 
false negatives could give women greater control over the outcomes of mammogra- 
phy. Screening might be tailored to the values and risk preferences of specific 
patients or at least patient subgroups. If patients in group X are more disturbed by 
biopsy than patients in group Y, one might want to adopt more aggressive screen- 
ing policies in group Y.6 

Increasing the accuracy of mammography reduces both kinds of error. There is 
no need to consider tradeoffs in choosing between rows 2 and 3 or between rows 1 
and 4 above. In decision analvtic terms, row 3 "dominates" row 2: that is. row 3 is 
better in all respects. ~imilarfi, row 4 dominates row 1. 

A number of studies have investigated ways of improving the accuracy of mam- 
mographers' judgments. For example, Getty et al. (1988) found that by using a sim- 
-ole checklist that directed their attention to 12 im~ortant features in a mammogram. - .  
general radiologists could match the accuracy ofkxperienced mammographers. 

Accuracy may increase with the volume of mammograms read. Esserman et al. 
(2002) compared results in the United States with other countries, such as the 
United Kingdom and Sweden, that have high-volume, centralized screening pro- 
grams. They found that for a fixed level of specificity, sensitivity was higher for U.K. 
radiologists than for U.S. radiologists, and the sensitivity of U.S. radiologists 
declined as the volume of mammorrrams read declined. Thev concluded that " 
"reader volume is an important determinant of mammogram sensitivity and speci- 
ficity." In an international study of mammography, Elmore et al. (2003) found that 

Thanks to an anonymous reviewer for this insight. 
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North American radiologists judged 2 to 4 percent more mammograms as abnor- 
mal than in other countries, without an increase in the number of cancers detected. 
A recent U.S.-U.K. comparison (Smith-Bindman et al., 2003) found similar results. 
Beam, Conant, and Sickles (2003), on the other hand, did not find this effect. 

Several studies of computer aids for decision making in mammography have 
found promising results both for improving accuracy and reducing variability 
among radiologists (Chan et al., 1999; Floyd, Lo, and Tourassi, 2000; Haque, Mital, 
and Srinivasan, 2002; Jiang et al., 2001; Roque and Andre, 2002). There is also a 
strong likelihood that digital mammography will replace film in the future, and some 
evidence this will result in improved accuracy (Fischer et al., 2002; Nawano, 1995). 
Further, double reading of mammograms is a generally recognized method for 
improving accuracy (Beam, Conant, and Sickles, 2003; Karssemeijer et al., 2003; 
Kopans, 2000; Kwek et al., 2003; Liston and Dall, 2003). Kleit and Ruiz (2003) found 
that availability of previous mammogram reduced false positives by 50 percent. 

Although improving accuracy reduces both kinds of error, there is still a tradeoff. 
The costs involved in methods for increasing accuracy must be justified by the ben- 
efits of reduced errors. Through a more complete analysis of the type illustrated 
here, it can be shown that methods for increasing the accuracy of mammography, 
even a little, will produce substantial benefits. Further analysis would be needed to 
determine whether the benefits justify the costs, but some of the methods described 
above, such as the use of a checklist, would seem to have low cost. 

FURTHER EXTENSIONS 

The method of analysis we have described is not new. Signal detection theory has 
been applied to many detection and selection problems, including mammography. 
Typically, such studies use the area under the ROC curve (A,) as a measure of accu- 
racy that is independent of the decision threshold. What we have illustrated, and 
are proposing, differs from current practice in two ways. 

First, performance data that include all four possible outcomes (Tables 1 and 2) 
can be used to estimate both accuracy and decision threshold. Such data are not 
routinely collected. Mammography regulations developed by the Food and Drug 
Administration under the Mammography Quality Standards Act 
(<http://www.fda.gov/cdrh/mammography/>) require audits based on only positive 
decisions (the decision to recommend biopsy). Therefore, data on false negatives 
and true negatives are not routinely available. There are good practical reasons for 
this. If a woman does not have a biopsy, follow-up is difficult. However, with 
improvements in medical record keeping, and the advent of electronic records, 
long-term follow-up becomes more feasible. 

Second, while it is generally recognized that decision thresholds vary over time 
and among individuals, accuracy is often regarded as fixed. We have argued that 
accuracy can also be changed, and that interventions that address radiologists' 
judgment are likely to be relatively cheap and effective. It is important to conduct 
what-if analysis of both accuracy and decision threshold. 

Finally, the approach that we have introduced here can be readily extended to 
address what-if questions related to mammography policy that do not focus nar- 
rowly on the practice of radiologists and mammographers. We can illustrate with 
two obvious extensions; many more examples could be generated: 

1. What if the base rate for those who seek screening mammography were 
changed? The base rate might be changed in various ways, including recom- 
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mending mammography only for older women, recommending mammogra- 
phy less frequently, and recommending mammography only for women with 
a family history of breast cancer. 
What if we could reduce the costs of false positive results or increase the bene- 
fits of true positive diagnoses? If we could make biopsy less distasteful or costly, 
if we could explain the issues better to anxious women, or find other means to 
reduce the costs of false positive diagnoses, the low predictive value of screen- 
ing mammography would exact lesser costs from women and their families.' 
Improved treatment protocols that led to better prognoses with fewer noxious 
and debilitating side effects might likewise change the decision calculus. 

The present example, involving screening mammography, illustrates clearly that 
the facts rarely if ever "speak for themselves" in policy problems that involve detec- 
tion or selection decisions. Translating scientific or policy analytic studies so that 
they are made relevant to practice requires application of analytic techniques that 
are able to pose and answer counter-factual, what-if questions in meaningful ways. 

We are grateful to Christine Muller for assistance with the literature review for this paper and 
to an anonymous reviewer for many helpful suggestions. 
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