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General introduction
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te
r 11.1 breasT cancer epidemiology

Breast cancer is an important public health problem. It is the most common cancer among 

women both in developed and developing regions of the world.1 In 2008 there were an 

estimated number of 1.38 million breast cancer cases and 458,000 deaths from the disease 

worldwide.2 Breast cancer incidence and mortality increase with age (Figure 1.1) and with the 

projected growth and aging of many populations, the absolute number of cases and deaths 

is expected to increase in the future.3

Factors that strongly increase the risk of breast cancer include female sex and older age, 

as well as some genetic mutations, in particular BRCA1 and BRCA2 mutations.4 Besides these 

well-established strong risk factors, two factors that increase risk by considerable amounts 

are breast density 5 and family history, especially when more than one family member has 

been diagnosed or when the relative was diagnosed at a young age.6,7 In addition to these 

strong and moderate risk factors, there are numerous factors that increase risk by smaller 

amounts, with relative risks (RR’s) in the range of 1.2 – 1.7, for example alcohol consumption,8 

physical inactivity 9 and many menstrual and reproductive factors such as parity, and ages 

at menarche, first birth, and menopause.10 In addition, hormone replacement therapy (HRT), 

in particular use of estrogen plus progestin, has found to be associated with an increased 

risk for developing breast cancer.11 Obesity decreases risk in premenopausal women, but 
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figure 1.1. Worldwide breast cancer incidence and mortality by age in 2008. Source: GLOBOCAN



Chapter 1

10

increases risk in postmenopausal women.12 Risk of breast cancer has also been found to vary 

by race and ethnicity.13 Non-Hispanic White women have higher risk of developing breast 

cancer than Black and Hispanic women,13,14 although a part of the differences between race/

ethnicity groups can be explained by differences in risk factor distribution.15

Partly due to changes in risk factor prevalence, for example, later age at first birth and 

increasing prevalence of obesity, the age-adjusted incidence rates have increased over 

time in many countries, for example in the United States (U.S.). At the same time, the age-

standardized mortality rates have been found to decline since the early 1990’s due to mam-

mography screening and adjuvant therapy 16 (Figure 1.2). The decline was, however, not the 

same for all race groups. Among White women breast cancer mortality declined by 2.4% per 

year since 1990, while among Black women the decline was only 1.1% per year since 1991.13 

The chance of surviving breast cancer has greatly improved over time. The chance of 

surviving invasive breast cancer is most strongly related to tumor size,17 which is  related 

to the extent of axillary lymph node involvement.18 When tumors are diagnosed in their lo-

cal stage (and are confined to the breast), in the U.S. the 5-year relative survival is 99%; the 

5-year relative survival is 84% for regional disease (tumors that have spread to surrounding 

tissue or nearby lymph nodes) and only 23% for distant-stage disease (when the cancer has 

metastasized to distant organs).19 
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figure 1.2. Age-adjusted (age 25+) breast cancer incidence and mortality in the U.S. from 1973-2009. 
Source: Surveillance, Epidemiology and End Results (SEER) Program
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r 11.2 inTervenTions To reduce The number of breasT cancer deaThs

primary prevention

There are few modifiable risk factors for breast cancer. Furthermore, the exceptions, such as 

obesity, alcohol consumption and physical inactivity, increase risk only modestly.8,9,12 Tamoxi-

fen has been found to decrease the incidence of breast cancer, and has been proposed as a 

breast cancer preventive agent, in particular for women at increased risk for the disease.20 

Its use has, however, serious side effects, which possibly leads to reluctance of physicians 

to prescribe it and a reluctance of women to take it.21 The potential for primary prevention 

seems therefore unfortunately limited. 

screening

Secondary prevention (screening or early detection of the disease) has been first proposed 

in the 1950’s.22 Screening entails the examination of a group of asymptomatic individuals to 

detect disease at an earlier stage. The rationale behind screening is that if disease is detected 

earlier, the prognosis might be better and mortality might be decreased. 

Screening for breast cancer can be performed using several tests, for example clinical 

and self breast exams, mammography, ultrasound, and magnetic resonance imaging. Mam-

mography, which is an X-ray image of the breasts (Figure 1.3), is considered to be the most 

suitable test for screening, because of its relatively high sensitivity and specificity,23 and 

relatively low cost.24

The first randomized controlled trial (RCT) of screening mammography was performed in 

New York in the 1960’s, and has been referred to as the Health Insurance Plan (HIP) study.25 

Subsequently, several RCT’s were performed in the 1970’s and 1980’s in Sweden 26, the United 

figure 1.3. Mammogram (X-ray image of the breasts)
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Kingdom 27 and Canada.28,29 In those trials the breast cancer mortality in a group of women 

offered screening was compared with the breast cancer mortality in a group of women 

not invited to screening. Overall in a meta-analyses the breast cancer mortality reduction 

due to breast cancer screening was estimated to be 20% in women invited for screening.30 

Case-control studies have also shown a reduction in breast cancer mortality due to screening 

in nationwide programs, usually larger than the reduction found in randomized controlled 

trials. A recent meta-analysis found a 49% reduction in breast cancer mortality for women 

who are screened.31 In addition to the lives that are saved due to screening there are also 

benefits for women who are diagnosed at an earlier stage, whose advanced disease is pre-

vented and who might undergo less invasive treatment because of the earlier detection of 

their tumor.32,33  

Besides the well-established benefits of mammography screening, there are unfortunate-

ly also harms. The harms vary widely in severity and occurrence. Harms include undergoing 

an uncomfortable and sometimes painful test,34 and experiencing anxiety and undergoing 

biopsy from false-positive test results.35,36 There is also a chance that the radiation from the 

mammogram causes a cancer to develop. This risk is, however, much smaller than the prob-

ability of having one’s life saved because of screening.37 In addition, it has been suggested 

that women attending screening might delay a visit to the doctor if they have symptoms 

in between screens, because of false reassurance. The risk has, however, been found to be 

small.38 The most widely debated harm of breast cancer screening is overdiagnosis, i.e., the 

detection of tumors that would not have been detected in a woman’s lifetime in the absence 

of screening. Although there is generally consensus that overdiagnosis occurs, the extent to 

which it happens is heavily debated and widely varying estimates of up to 54% have been 

published.39-41 When only studies that adequately adjust for lead time and changes in breast 

cancer risk are included, the range of overdiagnosis estimates is considerably smaller (1% to 

10%).39 

Based on the findings of RCT’s and a favorable cost-effectiveness ratio,42,43 breast cancer 

screening has been implemented in many countries. In the Netherlands there has been a 

nationwide screening program since 1989. Since that year women between the age of 50 

and 69 years old have been invited for mammography screening. Around the year 2000 the 

program has been extended to include 70-75 year-old women. In addition, the program 

began implementing digital mammography in 2004 in pilot regions, reaching nationwide 

coverage in 2010.44  

In the U.S. there is no organised nationwide screening program. Breast cancer screening 

began to diffuse in the population in the early 1980’s.45 Some women are screened annually 

and start at an early age, while others get screened less frequently or start later.45 Predic-

tors of screening use have been found to be health insurance, income, age, family history 

of breast cancer, education, perceived risk, and receiving a physician recommendation.46-48 

The primary care physicians are advised by several groups about which screening scenario 
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as well as the recommended screening interval vary between the various groups that issue 

recommendations. For example, the U.S. Preventive Services Task Force recommends biennial 

screening between age 50 and 74,49 while the American Cancer Society recommends annual 

screening starting at age 40 with no upper age limit as long as the woman is in good health.50  

Treatment

In addition to these preventive measures, breast cancer mortality has been greatly reduced 

by advances in the treatment of breast cancer. Undergoing surgery, radiotherapy, and adju-

vant treatment, i.e., chemotherapy and hormonal therapy, have all been found to decrease 

breast cancer mortality.51-53

Adjuvant therapy began diffusing in the population in the 1980’s after the results of 

several randomized controlled trials that showed an improved survival for chemotherapy 
54 and hormonal therapy.55 The most recent meta-analysis showed that chemotherapy can 

reduce breast cancer mortality by about one third, depending on the type and duration of 

therapy.56 Hormonal therapy (tamoxifen) has been found to reduce breast cancer mortality 

by approximately the same amount, but only in women with estrogen receptor (ER) positive 

disease.57 

1.3 microsimulaTion of breasT cancer screening 

It is not easy to estimate the effects of different mammography screening scenarios and 

compare them to different interventions to reduce the number of breast cancer deaths. Com-

paring multiple screening scenarios would require a very large number of women included 

in trials, which would become very expensive, while comparing the effects of screening vs. 

treatment would ideally require a control group without screening and treatment, which 

would be considered unethical. In these situations, models are considered especially valu-

able and can be used to make predictions. Models can be seen as a way to synthesize avail-

able data from different sources and project the findings of one study to another population, 

policy, or other conditions.58 

In this thesis the MIcrosimulation SCreening ANalysis – Fatal Diameter (MISCAN-Fadia) 

model is used. The MISCAN model was developed in the 1980’s to evaluate the effects of mass 

screening for cancer. It is a microsimulation model with continuous time and discrete events 

that simulates a dynamic population.59 Several versions exist for different cancer types, for 

example for colorectal cancer 60, cervical cancer 61, lung cancer 62 and prostate cancer.63 

MISCAN-Fadia was developed within the Cancer Intervention and Surveillance Modeling 

Network (CISNET).64 CISNET is a consortium of investigators that use statistical modeling to 

improve our understanding of cancer control interventions in prevention, screening, and 
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treatment and their effects on population trends in incidence and mortality (www.cisnet.

cancer.gov). 

In MISCAN-Fadia, individual life histories are simulated, and the consequences of intro-

ducing a screening program on these life histories are assessed. A certain percentage of the 

modeled population develops pre-clinical disease. The natural history of breast cancer is 

modeled as a continuously growing tumor. Each tumor has a size (the fatal diameter, which 

differs between tumors) at which diagnosis and treatment will no longer result in cure given 

available treatment options. If the tumor is diagnosed and treated before it reaches the fatal 

diameter, the woman will be cured and will die of non-breast cancer causes. The times at 

which these events occur are determined by sampling from probability distributions  (Figure 

1.4).64
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figure 1.4. Schematic overview of the MISCAN-Fadia natural history model 
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ing. Each simulated tumor has a diameter at which it will be clinically diagnosed as well as a 

screen-detection threshold diameter. For the latter, screening test sensitivity is 0% below and 

100% above this diameter. The threshold diameter is assumed to be age and period depen-

dent. The model can incorporate the implementation of a nationwide organized screening 

program and its characteristics, such as screening ages, screening interval and attendance, as 

well as the dissemination of screening in a population.

MISCAN-Fadia includes a sub model for ductal carcinoma in situ (DCIS), with three differ-

ent types of preclinical DCIS: regressive DCIS, DCIS that will be diagnosed clinically, and DCIS 

that will progress to invasive disease.  

The model was developed using detailed data from the Two County Study.65,66 Subse-

quently, several parameters were calibrated to U.S. data concerning the stage distribution 

and survival of breast cancer diagnosed in the period 1975-1979, before widespread use of 

adjuvant therapy and mammography screening.67 

1.4 research quesTions and ouTline of This Thesis

The overarching goal of this thesis is to gain insights into the effects of mammography 

screening. The thesis consists of two parts. The first part describes the effects of screening 

in the population as well as in specific population subgroups and compares these effects 

to the effects of other interventions. In the second part the benefits and harms of different 

screening scenarios are evaluated. 

In the following chapter, one of the main challenges in measuring the effects of breast 

cancer screening is described. Many recent observational studies might be looking for effects 

too early after implementation of the screening program. We highlight this issue by simulat-

ing the effects of a recent observational study, mimicking the study design and follow-up 

period and, subsequently, estimate the effect of a longer follow-up period on the estimated 

breast cancer mortality reduction (Chapter 2).

Next, the effects of several interventions aimed at reducing breast cancer incidence and/

or mortality are assessed. The hypothetical effects of optimal adjuvant therapy use, optimal 

screening use (defined as annual screening between age 40-54 and biennial between age 

55-99 years) and elimination of obesity are estimated for the U.S. population in future years 

up to 2025 (Chapter 3).

In Chapter 4 we estimate the impact of natural history, screening use, and adjuvant 

therapy use on the racial disparity in breast cancer mortality in the U.S. Subsequently, we 

extend this work by also including obesity and evaluating the impact of obesity on breast 

cancer incidence and mortality rates for U.S. White and Black women and assess its effect on 

the racial disparity in breast cancer mortality (Chapter 5).
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The second part addresses questions around the optimal screening policy by predicting 

the effects of different screening strategies. In chapter 6, the effects of 20 screening strate-

gies with varying starting and stopping ages applied annually or biennially were evaluated. 

Subsequently, the benefits and harms of breast cancer screening were evaluated in more 

detail for different starting ages (Chapter 7), stopping ages (Chapter 8 and Chapter 9), and 

screening intervals (Chapter 10). In addition, we investigated the costs and effects of screen-

ing using film vs. digital mammography and the implications of replacing film by digital 

mammography for a program for low-income, uninsured women in the U.S. (Chapter 11). 

The thesis ends with a discussion section in which the research questions are answered 

and discussed. In addition, implications and directions for future research are presented. 
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Measuring breast cancer mortality reduction: effect of longer follow-up

Kalager et al. find a smaller effect of breast-cancer screening on breast-cancer mortality 

than previously reported estimates.1-2 We think that their approach, although well executed, 

underestimates the true effect of breast-cancer screening considerably. 

If we use U.S. data on incidence, survival, and mortality, and we use the exact same 

method, with a 77% attendance and a follow-up time of an average 2.2 years, we also find an 

identical 10% effect of screening on incidence-based mortality among who were between 

the ages of 50 and 69 years at diagnosis. The microsimulation model known as “microsimula-

tion of screening analysis–fatal diameter” (MISCAN-Fadia),3 which was developed to estimate 

screening and treatment effects in the United States,1,3,4 enables us to simulate a longer 

follow-up time. When the follow-up time is prolonged by 5 years, the effect of screening 

is predicted to increase to 16% (Table 2.1). Furthermore, an additional benefit is expected 

for women 70 years of age or older, since screening reduces the incidence and thus the 

incidence-based mortality in this age group.

The reported modest reduction in mortality is associated with the very short follow-up 

time. The actual effect of the Norwegian breast program is predicted to be larger. 

Table 2.1. Rate ratios for death from breast cancer among women between the ages of 50 and 69 years at 
diagnosis*

Study and Input Assumption Rate Ratio† Screening Effect‡

No Screening Screening
percent

Kalager et al. 77% attendance and follow-up time (average, 2.2 yr) 0.82 0.72 9.9%

MISCAN-Fadia 77% attendance and short follow-up time 0.88 0.78 9.9%

100% attendance and short follow-up time 0.88 0.75 13.4%

77% attendance and 5 yr longer follow-up time 0.88 0.72 16.2%

100% attendance and 5 yr longer follow-up time 0.88 0.68 20.3%

* MISCAN-Fadia denotes microsimulation of screening analysis–fatal diameter.
† The rate ratios are calculated by dividing the rate of death in the current group by the rate of death in the 
historical group.
‡ For the screening effect, the value shown is the difference between the rate ratio for death among women 
in the screening group and the rate ratio for death among women in the nonscreening group.
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absTracT

background: US breast cancer mortality is declining but thousands of women still die each 

year.

methods: Two established simulation models examine 6 strategies that include increased 

screening and/or treatment or elimination of obesity vs. continuation of current patterns. The 

models use common national data on incidence and obesity prevalence, competing causes 

of death, mammography characteristics, treatment effects and survival/cure. Parameters 

are modified based on obesity (defined as BMI > 30kg/m2). Outcomes are presented for the 

year 2025 among women age 25+ and include numbers of cases, deaths, mammograms and 

false positives; age-adjusted incidence and mortality; breast cancer mortality reduction and 

deaths averted; and probability of dying of breast cancer.

results: If current patterns continue, the models project that there would be about 50,100-

57,400 (range across models) annual breast cancer deaths in 2025. If 90% of women were 

screened annually from ages 40-54 and biennially from ages 55-99 (or death) then 5,100-

6,100 fewer deaths would occur vs. current patterns, but incidence, mammograms and 

false-positives increase. If all women receive indicated systemic treatment (with no screen-

ing change) then 11,400-14,500 more deaths would be averted vs. current patterns, but 

increased toxicity could occur. If 100% receive screening plus indicated therapy, there would 

be 18,100-20,400 fewer deaths. Eliminating obesity yields 3,300-5,700 fewer breast cancer 

deaths vs. continuation of current obesity levels.

conclusions: Maximal reductions in breast cancer deaths could be achieved through opti-

mizing treatment use, followed by increasing screening use and obesity prevention.
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inTroducTion

Breast cancer mortality continues to decrease in the United States largely due to improved 

treatment and screening,1 but it remains the most commonly diagnosed non-skin cancer and 

the second leading female cause of cancer death, with about 40,000 dying each year.2 Rea-

sons for the continuing burden of breast cancer are multi-factorial and include the “graying of 

America”, high rates of obesity that affect incidence and complicate treatment, sub-optimal 

access to screening and timely diagnostic follow-up, non-standard and/or delayed treatment, 

limits in existing screening and therapeutic paradigms, socio-economic factors that diminish 

survival, and unknown aspects of this disease.3-9 Evaluating the impact of these factors on 

breast cancer mortality across the population separately and jointly is not feasible through 

empirical research.

Modeling can be used as a population laboratory to estimate the impact of changing 

a number of these contributing factors alone or in combination.10-12 In this paper, we use 

two well-established models 1,11-15 to evaluate combinations of screening and treatment 

strategies16 or elimination of obesity to decrease breast cancer deaths beyond what would 

be expected if current patterns persist.

meThods

The two models (MISCAN-Fadia and SPECTRUM) were developed independently within the 

Cancer Intervention and Surveillance Modeling Network (CISNET) 11,12,17 and were exempt 

from institutional review board approval. The models estimate the impact of applying six 

strategies in the US female population from 2012 to 2025 vs. maintaining current patterns: 

1) 90% of women screen annually from ages 40-54 and biennially from ages 55-99 (or death) 

and the remaining 10% do not screen at all; women receive treatment based on current 

patterns; 2) current screening, but 100% receive treatment indicated by age, stage and ER/

HER2 status;18 3) 90% screening and 100% receipt of indicated treatment; 4) 100% screening 

and current patterns of treatment; 5) 100% screening and 100% indicated treatment; and 6) 

eliminate obesity but maintain current screening and treatment. While we will never achieve 

100% compliance or eliminate obesity, these strategies demonstrate upper bounds of pos-

sible known approaches. We examined a hybrid strategy of more frequent screening intervals 

at younger ages than at older ages since there are shorter age-dependent sojourn times prior 

vs. after menopause. We did not impose an upper age limit to provide an estimate of the 

impact of screening and treatment over the entire life-course.



Chapter 3

30

Chapter 3

30

model overview

Both models begin with estimates of incidence and mortality trends without screening and 

systemic treatment and then overlay screening use and improvements in survival associated 

with systemic therapy.19 We overlay actual dissemination of screening and systemic treat-

ments as our “base case”, carrying these rates forward into the future. We superimpose the 

six strategies beginning in 2012 through 2025. Women are followed until death, even if that 

date is after 2025.

Breast cancer is depicted as having a preclinical screening-detectable period and a 

clinical detection point. On the basis of mammography sensitivity (or thresholds of detec-

tion), screening identifies disease in the preclinical period and results in the identification of 

earlier-stage or smaller tumors than occur via clinical detection. In MISCAN-Fadia, treatment 

results in cure for some women and in SPECTRUM results in reductions in the hazards of 

death. Obesity (body mass index (BMI) of ≥30kg/m2) affects outcomes based on its age- and 

cohort-specific prevalence 20-23 through its impact on multiple model parameters.15 Current 

obesity prevalence is projected forward.24

model parameters

Both models use a common set of age-specific variables along with model-specific inputs 

to represent disease history (e.g., incidence, stage shifts or tumor growth).1,10-12 For instance, 

based on the varying model structures, SPECTRUM uses an age–period–cohort (APC) model 
25 to represent incidence from 1975-2000 without screening, while MISCAN-Fadia only uses 

it to estimate tumor onset. Consequently, the models have slightly different incidence 

rates beginning in 1975, but comparable results for trends over time.11,12,14 Both extrapolate 

age-specific incidence rates forward based on rates in 2000. Obesity increases the risk for 

breast cancer in postmenopausal women (relative risk [RR] =1.25) but decreases the risk in 

premenopausal women (RR=0.60).7,8 

The current dissemination of mammography is depicted based on the age of receipt of 

the first mammography and the interval between subsequent mammograms using data from 

the National Health Interview Survey and the Breast Cancer Surveillance Consortium (BCSC), 

respectively; current rates are carried forward to 2025 for each cohort and age-group.26,27 

Because mammography use does not vary by BMI except at extremes values,28 we assume 

that obesity has no effect on mammography use. We use age- and BMI-specific mammog-

raphy sensitivity and specificity observed in the BCSC (unpublished data) to develop model 

inputs15,29 and with other data11 to define thresholds of detection. The impact of digital mam-

mography is evaluated in sensitivity analyses. 

The American Joint Committee on Cancer (AJCC) stage distribution in the absence of 

screening is estimated from Surveillance, Epidemiology, and End Results (SEER) data in 1975-

79.30 After 1979 we phase in distributions among clinically detected women using BCSC data. 

Stage distributions among screened women are estimated using unpublished BCSC data 
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from 1996-2007. Since obesity is associated with more advanced tumors at diagnosis,31,32 we 

use BCSC data on stage by BMI- and age-group for unscreened and screened women. 

The joint distribution of ER and HER2 status by age, year, and stage is estimated from 

women diagnosed from 1997-2005.14,33 Since obesity affects the rate of ER-positive tumors 

differentially by menopausal status,34 we apply a RR of 0.86 and 1.78 to the probability of 

ER-positive cancer among obese pre- and post-menopausal women, respectively. We assume 

that obesity has no impact on HER2 status. 

Dissemination of systemic chemo- and hormonal-therapy from 1975 to 2000 is estimated 

using NCI Patterns of Care data by age, year, stage, and ER status 35,36 and updated through 

2010 (including trastuzumab for HER2-positive cases) using unpublished data from the 

National Comprehensive Cancer Network (NCCN) Outcomes Database; these data are carried 

forward. Strategies that include 100% indicated treatment assume: 1) ER-positive invasive 

cases receive chemotherapy and hormonal treatment based on age and year (tamoxifen 

between 1980 and 1999; tamoxifen <50 years and anastrozole if ≥50 years from 2000-2010); 

DCIS cases only receive hormonal therapy; 2) ER-negative invasive cases receive chemo-

therapy; and 3) HER2-positive tumors diagnosed in 2005 or later receive trastuzamab.18,35,36 

We assume treatment patterns do not vary by obesity. Treatment effectiveness is based on 

a synthesis of clinical trials.37-40 Chemotherapy effectiveness is reduced in ~30% of obese 

ER-negative women based on dose reductions.3,5,6 We assume obesity has no impact on hor-

monal or trastuzumab effectiveness.8 SEER data from 1975-1979 are used to estimate breast 

cancer survival before screening and adjuvant treatment were available.30 Non-breast cancer 

mortality is calculated by subtracting breast cancer from all-cause mortality.41-43 The impact 

of obesity was incorporated using NHANES-mortality linked data.21 

benefits and burden

The models project the probability of breast cancer death and age-adjusted mortality rates 

from age 25 years to death based on continuing current patterns of screening and treatment 

and each of the six alternative strategies in 2025. The number of breast cancer deaths averted 

is calculated by applying model projections of age-specific mortality rates to the age-specific 

US population projections for 2025.44 False positive mammograms are a proxy for burden and 

are defined as the number of mammograms read as needing further follow-up in women 

without cancer. Results are presented in absolute terms and incremental numbers compared 

to current patterns.
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resulTs

Observed incidence and mortality rates (Figures 3.1 and 3.2) and stage distributions (not 

shown) from 2000-2009 are accurately reproduced by both models. If current patterns 

continue to 2025, the models project that breast cancer mortality rates would be 31.8-36.3 

(range across the models) per 100,000 women, or 50,000-57,400 breast cancer deaths in 

women age 25 or older (Table 3.1).
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figure 3.1. Age-adjusted breast cancer incidence rates from 2000-2025 predicted by the models for 
alternative screening strategies1 vs. reported to SEER 2 for women 25 years and older (panel A SPECTRUM; 
panel B MISCAN-Fadia)
1 Strategies that include treatment are not included since they do not affect incidence.
2 Breast cancer incidence reported to SEER from 2000 to 2009. 
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increased screening or indicated treatment vs. continuation of current patterns

If screening rates increase in 2012 from current patterns to 90% of women screened annually 

from age 40 to 54 and then biennially from age 55 onward (with no change in treatment pat-

terns), incidence rates would have a transient increase at the start, followed by a leveling off 

at a higher rate than seen presently (Figure 3.1). The higher incidence would be accompanied 

by mortality reductions of 10.7% -11.5% in 2025 compared to continuing current screening, 

or about 5,100- 6,100 deaths averted among women >25 years (Table 3.2 and Figure 3.2). 

These benefits would require more than 140 additional mammograms per 1,000 women in 

2025, including about 20 more false positive tests per 1,000 women than would occur if cur-

rent patterns continue (Table 3.2).

If 100% of women are screened, incidence increases further (Figure 3.1), but mortality 

could be reduced (Figure 3.2) by 13.4%-16.3% in 2025 vs. continuation of current screening 

use. This translates into almost 6,500-8,900 more deaths averted than continuation of current 

patterns, but with an even greater increase in mammograms and false positives (Table 3.2). 

However, if screening continues at current levels, but all women receive indicated therapy, 

then mortality rates could be decreased by 19.8%-27.5% vs. continuation of current treat-

ment patterns and 11,400-14,500 deaths could be avoided (Table 3.2; Figure 3.2).

Table 3.2. Predicted incremental outcomes in 2025 by model and alternative screening and treatment 
scenario vs. continuation of current patterns for women 25 years and older1

Strategy (each compared 
incrementally to current)

Mammograms/1,000 False Positives/1,000 Percent Mortality 
Reduction 

Breast Cancer Deaths 
Averted 4

Spectrum MISCAN-
Fadia

Spectrum MISCAN-
Fadia

Spectrum MISCAN-
Fadia

Spectrum MISCAN-
Fadia

Current screening and Rx 
patterns 1

- - - - - - - -

Current screening and 
100% Rx 2 

NA NA NA NA 19.8 27.5 11,400 14,500

90% screening 
and current Rx 1,3 

156.3 141.6 20.9 19.8 11.5 10.7 6,100 5,100

90% screening 
and 100% Rx 2,3

156.1 141.3 21.0 19.7 28.1 37.9 15,700 19,400

100% screening and 
current Rx 1,3

202.6 187.8 26.7 25.1 16.3 13.4 8,900 6,500

100% screening and 
100% Rx 2,3

202.3 187.5 26.6 25.1 32.1 39.9 18,100 20,400

1 Current refers to screening and/or treatment as actually disseminated in the US population. 
2 All women receive indicated treatment based on age, stage and ER/HER2 status. 
3  90% or 100% schedules are annual screening from age 40-54 and biennially from 55-99 (or death). In the 

90% strategy, the remaining 10% are assumed to not have any screening.
4 Rounded to the nearest hundred. 
NA=not applicable, since no change in screening
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figure 3.2. Predicted age-adjusted breast cancer mortality from 2000-2025 by alternative screening and 
treatment strategies vs. reported to SEER1 for women 25 years and older (panel A SPECTRUM; panel B 
MISCAN-Fadia)
1 Breast cancer mortality reported in SEER from 2000 to 2009

A
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100% screening and 100% indicated treatment vs. continuation of current 
patterns

Optimizing screening and treatment could reduce mortality by less than the sum of each 

approach because they interact (e.g., the better treatment is, the less screening contributes 

to mortality reduction). Thus, the maximum aggregate reductions that could be achieved 

under optimal conditions are about 18,100- 20,400 more deaths averted in 2025 vs. maintain-

ing current patterns (Table 3.2; Figure 3.2). This corresponds to reducing a woman’s lifetime 

probability of dying of breast cancer after age 25 years from 2.9% to 1.7-2.0% (range across 

models) (Table 3.1). However, even under these idealized circumstances, there would still be 

29,700-39,300 breast cancer deaths.

elimination of obesity

Obesity increases the incidence of breast cancer; 5.4%-5.6% of cases expected to occur in 

2025 would be attributable to obesity if current rates are maintained (Table 3.3). If we could 

eradicate obesity, there could be about 3,300-5,700 fewer breast cancer deaths in 2025 in 

women ≥ 25 years.

Table 3.3. Projected impact of obesity on breast cancer outcomes for US women ages 25 and older in 
2025 assuming current patterns of care are maintained 

Obese Non-obese All Women

incidence
Spectrum

MISCAN-
Fadia

Spectrum
MISCAN-

Fadia
Spectrum

MISCAN-
Fadia

Age adjusted incidence rate per 100,000 270.7 287.0 241.9 252.5 251.5 263.4

# of breast cancer cases (invasive and in-situ) 1 157,200 167,100 228,700 245,600 385,900 412,700

Attributable fraction of breast cancer cases due 
to obesity 2                                       -- -- -- -- 5.4% 5.6%

# of cases that could be avoided if obesity were 
eliminated 1 -- -- -- -- 20,700 23,000

mortality

Age adjusted mortality rate per 100,000 40.3 35.2 30.8 29.8 33.8 31.6

% Mortality Reduction 3 9.1% 6.4%

# of breast cancer deaths 1 23,100 20,100 32,700 30,000 55,900 50,100

Attributable fraction of breast cancer deaths due 
to obesity 4                                     -- -- -- -- 10.2% 6.6%

# of deaths that could be averted if obesity were 
eliminated 1 -- -- -- -- 5,700 3,300

1 Rounded to the nearest hundred.
2  Attributable fraction of incident cases based on formula: p*(i_O – i_N) / (p*i_O+(1-p)*i_N), where 

p=prevalence of obesity, i_O = incidence in obese, and i_N= incidence in non-obese
3  Percent mortality reduction is calculated as the difference in the age-adjusted breast cancer mortality in 

2025 between the current pattern and non-obese scenario divided by the age-adjusted mortality in the 
current pattern scenario.  

4  Attributable fraction of deaths based on formula: p*(m_O – m_N) / (p*m_O+(1-p)*m_N), where 
p=prevalence of obesity, m_O = mortality in obese, and m_N= mortality in non-obese
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sensitivity analysis

Improving test sensitivity or switching to digital mammography does not change the results 

substantially (not shown), since most lesions are slow growing and if missed on one exam are 

detected on the subsequent screen without much impact on mortality. 

discussion

Maximal reductions in US deaths from breast cancer might be achieved through ensuring 

that all women have clinically indicated systemic therapy, followed by increasing screening, 

then obesity prevention after age 50, although greater screening could exacerbate false posi-

tives and increase incidence. Even if optimal deployment of these currently available breast 

cancer control strategies were achievable, the number of projected future breast cancer 

deaths remains high.

Optimizing use of currently available systemic therapies results in nearly double the 

number of deaths averted than enhancing screening levels compared to current patterns. 

But greater uptake of systemic therapy could lead to more therapy-related toxicity and there 

are barriers to use at the system, provider, and patient level. For instance, sub-optimal com-

pliance with the full course of hormonal therapy has been noted in other research, so that 

modeled mortality reductions may not be realized.45,46

In past research, we examined differences between lifetime screening annually or bien-

nially starting at age 40 or 50.13 In the current study, we extend those results by examining a 

hybrid approach of screening annually starting at age 40 and changing to a biennial schedule 

at age 55 and including different rates of use. The results suggest that the majority of added 

benefit of increased screening use is from increasing screening levels to 90% of women using 

regular screening compared to current patterns, even though 100% compliance could avoid 

additional deaths. However, recommendations for and compliance with 90-100% regular 

screening at all ages will be difficult to achieve,47,48 so that fewer deaths will be averted than 

projected by the models. Additional screening also imposes a burden of added false positive 

results and increased incidence (and over-diagnosis).13,49,50 

Greater program efficiencies might be achieved by using a community-based approach 

in populations where screening and treatment services are suboptimal, as well as “personal-

ized” risk-based approaches to target screening and treatment. The latter approach could 

result in more intensive screening of women with the highest risk of developing disease 

and deployment of therapies by women most likely to benefit and decreased use by women 

unlikely to benefit, minimizing harm and toxicity. However, to date, there is only a limited 

empiric database to support personalized approaches.51,52 Future modeling should consider 

the impact of individual risk-based cancer control strategies as well as targeting geographic 

areas and communities with the highest burden of cancer and the least resources.
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The models estimate that obesity, which presently occurs in about one-third of the fe-

male population over age 50 20 accounts for only a modest number of breast cancer cases and 

deaths. Moreover, these estimates are an upper bound on what is achievable with intensive 

campaigns to lower obesity rates. As more data become available, it will be interesting to re-

examine how strategies to reduce obesity will affect breast cancer outcomes via influences 

on the immune and metabolic systems that are implicated in breast cancer risk or probability 

of recurrence.53

Overall, the collaboration of two groups with different modeling approaches and struc-

tures to estimate the same endpoints by using common data provides a reasonable range 

of expected results. Despite these strengths and our consistent results, our study has limita-

tions. We do not capture decrements in quality of life associated with false positive results, 

living with earlier knowledge of a cancer diagnosis and possible side-effects of treatment, 

or over-diagnosis.50,54 We extrapolate current data forward and patterns may not continue 

as projected. We include mammography resources and do not include resources associated 

with increased use of therapy. The models also do not consider other primary prevention 

approaches beyond obesity reduction (e.g., tamoxifen use by high-risk women) or improve-

ments in multimodality local therapy over time.

In summary, our results suggest that substantial improvements in US breast cancer 

control can be made by ensuring that all women receive indicated systemic therapy, use 

regular screening and avoid obesity after age 50. Multiple leverage points will be required 

to realize these improvements, but increasing the use of indicated systemic therapy is a 

necessary component of strategies for women diagnosed with breast cancer. Combinations 

of other approaches and new paradigms, guided by evidence from modeling, novel trials, 

and new scientific discovery will be needed for further reductions in the future burden of 

breast cancer.
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absTracT

background: U.S. Black women have higher breast cancer mortality rates than White women 

despite lower incidence. The aim of this study is to investigate how much of the mortality 

disparity can be attributed to racial differences in natural history, uptake of mammography 

screening, and use of adjuvant therapy.

methods: Two simulation models use common national race-, and age-specific data for 

incidence, screening and treatment dissemination, stage distributions, survival, and compet-

ing mortality from 1975 to 2010. Treatment effectiveness and mammography sensitivity are 

assumed to be the same for both races. We sequentially substituted Black parameters into 

the White model to identify parameters that drive the higher mortality for Black women in 

the current time period.

results: Both models accurately reproduced observed breast cancer incidence, stage and 

tumor size distributions, and breast cancer mortality for White women. The higher mortality 

for Black women could be attributed to differences in natural history parameters (26-44%), 

use of adjuvant therapy (11-19%) and uptake of mammography screening (7-8%), leaving 38 

to 46% unexplained. 

conclusion: Black women appear to have benefited less from cancer control advances than 

White women, with a greater race-related gap in the use of adjuvant therapy than screening. 

However, a greater portion of the disparity in mortality appears to be due to differences in 

natural history and undetermined factors.

impact: Breast cancer mortality may be reduced substantially by ensuring that Black women 

receive equal adjuvant treatment and screening as White women. More research on racial 

variation in breast cancer biology and treatment utilization is needed. 



45

Racial disparities in breast cancer mortality

ch
ap

te
r 4

45

inTroducTion

In 2009, an estimated 192,370 women in the United States were diagnosed with invasive 

breast cancer and approximately 40,170 women were expected to die of this disease.1 After 

remaining relatively constant for many years, breast cancer mortality in the United States 

decreased by 24% from 1990 to 2000 because of diffusion of  mammography screening and 

improved adjuvant breast cancer treatment.2 However, trends show a growing disparity in 

breast cancer mortality between Black and White women. While the breast cancer mortal-

ity rates for White women steadily decreased from 1990 onward at an average annual rate 

of 2.4%, the rates in Black women have only decreased by 1.1% per year during this same 

period.3 The higher mortality rate for Black women (i.e., in 2006, 49 per 100,000 vs. 35 per 

100,000 for White women 25 years and older) is particularly striking since breast cancer 

incidence is lower for Black than White women.3

Several factors are thought to contribute to the observed race disparity in breast cancer 

mortality. Black women are more likely to present with breast cancer at a later stage than 

White women.4-6 This difference has been hypothesized to be due to low or irregular rates of 

use of mammography screening,7 delays in follow-up after an abnormal mammogram,8 and/

or cultural beliefs and attitudes that may lead to delayed presentation of clinically diagnosed 

cases.9 Even within stage categories, Black women have significantly worse survival than White 

women after controlling for age and tumor markers.10 This racial difference in stage-specific 

survival has been hypothesized to be due to underuse of appropriate adjuvant therapy 11 and 

delays in treatment initiation.12,13 Also, higher rates of comorbidities, including cardiovascular 

disease and diabetes may affect Black women’s ability to tolerate chemotherapy and lead 

to dose reductions that diminish treatment effectiveness.14 In addition, differences in tumor 

biology, such as higher rates of poor-prognosis triple-negative tumors in Blacks have been 

hypothesized to contribute to the Black-White disparities in breast cancer mortality.15,16 

In the present study, the impact of natural history, screening use and adjuvant therapy 

use on the disparity in breast cancer mortality between U.S. Black and White women is 

estimated using 2 established, independent population simulation models.17,18 Modeling 

provides an excellent “laboratory” for the evaluation of the separate contribution of these 

factors, because hypothetical scenarios can be simulated (e.g., changing 1 factor at a time). 

Our results are intended to inform health policy debates about the most effective strate-

gies to reduce the disparity in breast cancer mortality between Black and White women and 

ultimately reduce the burden of breast cancer for all Americans.
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meThods

model overviews

MISCAN-Fadia (MIcrosimulation of SCreening ANalysis-Fatal diameter) and SPECTRUM (Simu-

lating Population Effects of Cancer Control inTerventions – Race and Understanding Mor-

tality) are 2 simulation models developed within the Cancer Intervention and Surveillance 

Modeling Network (CISNET). CISNET is an international collaborative modeling effort funded 

by the National Cancer Institute (NCI). Collaborative modeling provides an opportunity to 

evaluate how model differences affect results. 

The models have been described in detail elsewhere 17,18 and information about the 

models can be found online.19 Briefly, both models simulate breast cancer trends in the U.S. 

population in the absence of screening or adjuvant treatment and then overlay screening 

and adjuvant treatment diffusion over time. MISCAN-Fadia models tumor growth, where 

tumors can be detected once they are beyond a detection threshold and cured if the tumor 

diameter is below a fatal diameter. In SPECTRUM, tumors progress through stages, with 

screening effects due to age and stage shifts and adjuvant treatment reducing the hazard 

of death. In both models ductal carcinoma in situ (DCIS) is represented as a state that can 

regress, remain, and be diagnosed or progress to invasive cancer. 

model parameters

Race-specific common data inputs

MISCAN-Fadia and SPECTRUM use a common race-specific set of data inputs to model breast 

cancer mortality by race. The demographic characteristics of multiple birth cohorts of Black 

and White women born between 1890 and 1985 were based on historical data for number of 

births and deaths from the U.S. Census and the National Center for Health Statistics (NCHS).20 

The background incidence of breast cancer in the absence of screening was estimated 

from the Connecticut Tumor Registry and Surveillance, Epidemiology and End Results (SEER) 

data with the use of an age-period-cohort (APC) model.21 The original APC model was used 

for White women and adapted for Black women using an age-specific relative risk of Black 

versus White incidence.

SEER data for stage distribution and breast cancer-specific survival from the period 1975 

to 1979 were used to model the natural history of breast cancer in the absence of mammog-

raphy screening and adjuvant therapy as these cancer control interventions did not begin to 

disseminate into the population in a substantial manner until after 1980.

The dissemination of mammography in the population was estimated using a 2-part 

model described elsewhere.22,23 The first component of the model involves estimating the 

distribution of age at first mammography and the second component estimates the interval 

between successive screenings. For both components a race-specific variant has been used 
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resulting in somewhat lower screening rates for Black women.24 For example, the screening 

rates were approximately 13% lower in Black than that in White women ageing 50 to 74 years 

in the period 1995 to 2005.

Age-, year-, AJCC (American Joint Committee on Cancer) stage-, estrogen receptor (ER), 

and human epidermal growth factor receptor 2 (HER2)-specific use of adjuvant therapy 

among Black and White women from 1975 to 2000 was estimated from data from the NCI’s 

Patterns of Care (POC) studies 25,26 and updated through 2010 based on data from patients 

presenting at National Comprehensive Cancer Network (NCCN) sites. Overall, Black women 

were 22% and 15% less likely to receive multi-agent chemotherapy and hormonal therapy, 

respectively, than White women. These Black-White differences were applied to the adjuvant 

treatment dissemination curves from 1975 to 2010.  

Non-race-specific inputs

Treatment effectiveness estimates are based on meta-analyses of randomized trial results 

from the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG).27-29 We assume that 

hormonal and chemotherapy regimens are equally effective in Black and White women.30 

The sensitivity of mammography screening is based on data from screening trials and 

Breast Cancer Surveillance Consortium (BCSC), and is assumed to be equal for both race 

groups (D. Miglioretti, personal communication, January 2008).

model validation

SPECTRUM and MISCAN-Fadia have used several approaches to assess the internal reliability 

of the models and the validity of the results against external data for the U.S. population.17,18 

For the present study, we compared model predictions for incidence rates by race over time 

(1975-2006) with SEER data.31 Breast cancer incidence by race for women 25 years and older 

was directly age standardized to 2000 U.S. standard population. We also compared model 

predictions of the stage (SPECTRUM) and tumor size (MISCAN-Fadia) distribution by race 

(assuming observed race-specific dissemination of screening) with observed SEER data in 

the period 2004 to 2006 (the last year of publically available SEER data at the time of analysis).

impact of screening and adjuvant therapy on breast cancer mortality

The models were used to estimate age-adjusted breast cancer mortality rates between 1975 

and 2010 for Black and White women in the United States. We calculated percent mortality 

reductions by comparing the mortality in scenarios with screening, adjuvant treatment, and 

both with the background mortality predicted in the absence of screening and adjuvant 

treatment. Breast cancer mortality by race for women 25 years and older was directly age 

standardized to 2000 U.S. standard population. The predicted breast cancer mortality rates 

were compared to the observed rates by race.32 
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factors contributing to the observed mortality difference 

We investigated the effect of the following factors on the difference between White and Black 

women in age-adjusted breast cancer mortality in a current period (the years 2004-2006): 

demography and breast cancer incidence, natural history (defined as the stage distribution 

and survival in the absence of screening and adjuvant treatment, and ER/HER2 distribution), 

screening use, and adjuvant treatment use. To this end, we sequentially substituted parameter 

values relating to these factors in the White version of each of the 2 models by corresponding 

values from the Black version and computed the fraction of the mortality difference between 

White and Black women explained by each factor. 

resulTs

model validation

From 1975 to 2006, the observed age-adjusted breast cancer incidence rates steadily rose 

from 173 to 249 per 100,000 in White women and from 144 to 227 per 100,000 in Black 

women. These trends were accurately reproduced by both models for both races (Figure 4.1). 

The difference between the observed and predicted incidence was not more than 10% in 

either model in any year.
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figure 4.1. Age-adjusted incidence rates (3-year moving average) over time as observed (SEER) and 
predicted by MISCAN-Fadia and SPECTRUM for White and Black U.S. women 25 years and older
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The observed stage distribution at diagnosis for the period 2004 to 2006 was more favor-

able in White than in Black women (Figure 4.2). This observation was reproduced by both 

models, with a more favorable tumor size distribution (MISCAN-Fadia) and stage distribu-

tion (SPECTRUM) for White than for Black women (Figure 4.2A and 4.2B). However, for Black 

women, both models predicted a slightly more favorable stage or tumor size than actually 

observed. 
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figure 4.2 a. Age-adjusted tumor size distribution of invasive breast cancers for White and Black U.S. 
women 25 years and older as observed and predicted by MISCAN-Fadia in 2004 to 2006. b. Age-adjusted 
stage distribution for White and Black U.S. women 25 years and older as observed and predicted by 
SPECTRUM in 2004 to 2006
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impact of screening and adjuvant therapy on breast cancer mortality

There have been different trends of age-adjusted breast cancer mortality observed over time 

(1975-2006) by race [Figure 4.3A and 4.3B, i.e., (MISCAN-Fadia) and (SPECTRUM) for White and 

Figure 4.4A and 4.4B, i.e., (MISCAN-Fadia) and (SPECTRUM) for Black women]. 

For White women, the model-predicted breast cancer mortality rates with screening and 

adjuvant treatment as disseminated in the population were similar to the observed rates. The 

difference between the observed and predicted rates was less than 8% for all years between 

1975 and 2006 in both models. Both mammography screening (19-22% mortality reduction 
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figure 4.3. Age-adjusted breast cancer mortality rates (3-year moving averages) over time as observed 
and predicted in 4 scenarios for White women 25 years and older
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for MISCAN-Fadia and SPECTRUM, respectively) and adjuvant treatment (27-31% mortality 

reduction) contributed substantially to the observed reduction in breast cancer mortality 

among White women in both models (Table 4.1). The combination of mammography and 

adjuvant therapy is estimated to have resulted in substantially lower breast cancer mortality 

among White women in 2004 to 2006 (41-44% reduction) compared with a hypothetical situ-

ation without screening and adjuvant treatment.

For Black women, the model-predicted breast cancer mortality rates with screening 

and adjuvant treatment as disseminated in the population diverge from the observed rate. 

The observed breast cancer mortality decreases less and later than the predicted rates. The 
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predicted mortality reductions in both models were somewhat lower than for White women: 

mammography screening (18-20% mortality reduction), adjuvant treatment (22-24% mortal-

ity reduction), and the combination of screening and treatment (38-39% mortality reduction; 

Table 4.1).

factors contributing to the observed mortality difference 

Table 4.2 compares observed age-adjusted breast cancer mortality in 2004 to 2006 among 

White women (36.1 per 100,000 women-years) and Black women (49.8 per 100,000) to pre-

dictions from a series of models with White parameter values sequentially replaced by Black 

values. The models for the White population predict mortality correctly (37.4 and 37.5 per 

100,000 respectively, in MISCAN-Fadia and SPECTRUM). First, replacing demographic char-

acteristics and breast cancer incidence lowered mortality predictions to 32.5 and 32.2 per 

100,000, as a result of the lower incidence for Black women. Next, changing natural history 

parameters responsible for a less favorable stage distribution and survival in Black women 

raised predicted mortality to 36.9 and 40.1 per 100,000. The lower rate of screening among 

Black women raised mortality to 38.4 and 41.3 and the lower use of adjuvant therapy raised 

Table 4.1. Model predicted age-adjusted breast cancer mortality rates in 2004 to 2006 per 100,000 U.S. 
women 25 years and older

 Scenarios White Black

  MISCAN-Fadia SPECTRUM MISCAN-Fadia SPECTRUM

 

Mortality 
rate per 
100,000

Mortality 
reductiona 

(%)

Mortality 
rate per 
100,000

Mortality 
reductiona 

(%)

Mortality 
rate per 
100,000

Mortality 
reduction a 
(%)

Mortality 
rate per 
100,000

Mortality 
reductiona 

(%)

No screening or
  adjuvant therapy 67.0 - 64.0 - 68.2 - 69.5 -

Screening only 
  (as disseminated in 
  the population) 54.6 18.6% 49.9 22.0% 55.9 18.1% 55.5 20.1%

Adjuvant therapy only 
  (as disseminated in 
  the population) 46.3 30.9% 46.4 27.5% 51.7 24.2% 54.3 21.9%

Screening and adjuvant 
therapy
  (as disseminated in 
  the population) 37.5 44.0% 37.4 41.4% 41.9 38.6% 43.2 37.8%

Observed mortality rate 36.1 49.8

a Mortality reductions (%) are calculated by comparing the predicted mortality to the background mortality 
in the scenario without screening and adjuvant therapy.
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mortality to 40.3 and 42.0 per 100,000. Changing all parameters to Black values resulted in 

mortality predictions of 41.9 and 43.2 per 100,000 in MISCAN-Fadia and SPECTRUM, respec-

tively. Of the difference between observed mortality and predicted mortality after taking into 

account the lower incidence among Blacks, natural history explained 26% (44%), screening 

use 8% (7%), and use of adjuvant therapy 19% (11%), leaving 46% (38%) unexplained in 

MISCAN-Fadia (SPECTRUM).

discussion

To our knowledge, this is the first study using collaborative population modeling to evaluate 

the separate and combined impact of natural history, screening use, and adjuvant therapy 

use on race disparities in breast cancer mortality in the United States. Both models find that 

the majority of the Black-White disparities in mortality outcomes is attributable to variations 

in natural history and yet unknown factors, and to a lesser extent to differences in use of can-

cer screening or treatment services. In addition, the results suggest that racial differences in 

adjuvant treatment dissemination contribute to the racial disparity in breast cancer mortality 

to a greater extent than differences in screening uptake. 

Our results indicate that breast cancer natural history parameters were a major driver 

of race-specific differences in mortality. Also, reduced screening and treatment use in Black 

women, which might be related to the higher proportion of un(der)insured Black women,33 

contributed to the mortality disparity. However, the models also agree that a substantial part 

(38-46%) of the mortality difference by race remains unexplained, which is in line with previ-

ous work showing that several predictor variables contribute to, but do not fully explain, race 

differences in breast cancer survival.34 

Several factors might account for the unexplained part of the mortality difference. First, 

our assumptions about some inputs being equal for Blacks and Whites might be too opti-

mistic for Black women (e.g., equal sensitivity of screening by race). Although the predicted 

incidence and stage distribution for Black women fit the observed data reasonably well, both 

models predict a slightly more favorable stage or tumor size distribution than observed for 

the period 2004 to 2006. This might indicate a somewhat reduced sensitivity of mammog-

raphy screening for Black women, perhaps due to lower quality imaging or interpretation. 

In addition, the time interval between mammogram and follow-up might differ by race. For 

example, women who experienced a delay between the time of mammogram and diagnosis 

or last diagnostic test ruling out cancer were found to be more likely to be Black than White 

(odds ratio 1.45; 95% confidence interval = 1.13, 1.85).35 

Also, as observed in several randomized clinical trials, treatment efficacy was assumed 

to be equal for Blacks and Whites in our models.30 However, the higher prevalence of comor-

bidities for Black women might lead to dose reductions outside clinical trials, resulting in 
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somewhat reduced treatment effectiveness in community practice. Also, Black women have 

been found to be less likely than white women to be treated at high-quality hospitals 36 and 

experience more delays between diagnosis and the beginning of treatment.37 In addition, 

Black women have been found to be more likely than White women to have no surgery,34 to 

discontinue treatment before completion of all courses (11% vs. 7%, respectively; P = .07) 38 

and more likely to miss appointments (19% vs. 9%, respectively; P=.0002).38 Those factors are 

not captured in our models, because high-quality data on the frequency of occurrence and 

effect on breast-cancer survival by race, age, stage, and calendar year were not available in 

this level of detail.

While we modeled racial differences in the distribution of known tumor prognostic mark-

ers (ER and HER2), an alternative explanation for our inability to explain the full mortality 

disparity is that Black women have experienced an increasing amount of aggressive tumor 

types over time based on less clearly defined prognostic markers. This might, for example, 

be related to racial differences in the prevalence of obesity in the United States, which have 

been increasing over the past 3 decades, with the most pronounced increases among Black 

women.39 Obesity affects breast cancer mortality rates in several ways.40 First, obesity may 

decrease treatment efficacy, because lower doses are delivered relative to what is recom-

mended based on body surface area.41 In addition, obesity may influence breast cancer sur-

vival,42 mammography use,43 screening performance,44 and mammography follow-up [e.g., a 

higher frequency of obese women delayed return for mammography resolution compared 

with non-obese women (64.7% vs. 35.3%)].45 Including obesity directly in our models would 

help to partition the effect of race and obesity on the disparity in breast cancer mortality. 

More research on the race-specific types of tumor diagnosed over time will be critical to 

developing the knowledge base needed to refine the natural history components of our, and 

other, population surveillance models.

Both models indicate that both mammography screening and adjuvant treatment 

contributed substantially to the observed reduction in breast cancer mortality over the past 

several decades for both Black and White women. This result is consistent with conclusions 

from past modeling work for the overall U.S. female population.2 The predicted mortality re-

ductions from the present study are somewhat larger than reported in past studies, probably 

due to greater penetration of screening in recent years and our inclusion of newer treatments 

(e.g., trastuzumab and aromatase inhibitors). Also, the percent mortality reductions depend 

somewhat on what age range is evaluated. For example, the percentages due to screening 

will be somewhat larger when a smaller age range excluding women unlikely to benefit from 

screening (age 25-40 year) is evaluated. For Black women, the predicted percent mortality 

reductions were somewhat lower than for White women, in particular the mortality reduc-

tion attributed to adjuvant treatment.  

Our finding that treatment variations accounted for a greater amount of race variation 

in mortality than screening is consistent with previous research. For instance, an earlier 
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modeling study showed that efforts to ensure that Black women receive the same treatment 

as White women was a more cost-effective approach to reducing their disproportionate 

mortality than investing in increased screening use.46 The finding that the effect of reduced 

screening use was relatively small (7-8%) is also consistent with previous work showing that 

the difference in screening rates between Black and White women is not very large.47 Previous 

work showed that differences in mammography use can explain 10-12% of excess late-stage 

breast cancer among Black women compared with White women.48,49

The collaboration of 2 groups with different model assumptions and structure provides 

an excellent opportunity to cross-replicate modeling results, quantify uncertainty, and indi-

cate which results are consistent across modeling approaches and therefore less dependent 

on unverifiable model assumptions. The resulting conclusions about race-specific differences 

in the impact of natural history, screening and adjuvant treatment on breast cancer mortality 

rates were similar across the 2 models and should provide greater credibility than inferences 

based on 1 model alone.

The most important limitation of the current study is the relative paucity of data on Black 

women, especially for the use of adjuvant treatment. Several studies that assessed the use 

of treatment by Black women in comprehensive cancer centers found no difference in treat-

ment between races.50 However, data on treatment use in the population over time are sparse 

for Black women. In addition, the data that are available for Black women might suffer from 

selection bias, with Black women who participate in trials potentially not being representative 

of the overall Black population. In addition, although we used the best quality data available 

for Black and White women as input parameters for the models, this approach led to the use 

of several different data sources for different variables, with the potential problem of one (or 

more) of these data sources not  being representative of the total Black (female) population. 

Next, while we portrayed known differences in biology by race and age (e.g., distribution of 

ER- and HER2-positive tumors), some aspects of the race-specific natural history of disease 

are not known and/or cannot be fully captured. Even with these acknowledged limitations, 

the 2 models demonstrate meaningful, qualitatively similar outcomes despite variations in 

structure and assumptions.

The findings of the current study have important policy implications. Our results indicate 

that breast cancer mortality may be reduced substantially by ensuring that Black women 

receive adjuvant treatment and mammography screening equal in quantity and quality to 

that which White women receive. However, a considerable portion of the observed race 

differences in mortality remains unexplained. More research on racial variation in breast 

cancer biology, racial differences in actual treatment utilization, and responses to treatment 

is needed to refine optimal strategies for eliminating disparities and ensuring that all women 

benefit equally from medical advances and public health efforts to reduce the burden of 

breast cancer. 
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absTracT

Obesity affects multiple points along the breast cancer control continuum from prevention 

to screening and treatment, often in opposing directions. Obesity is also more prevalent in 

Blacks than Whites at most ages so it might contribute to observed racial disparities in mortal-

ity. We use two established simulation models from the Cancer Intervention and Surveillance 

Modeling Network (CISNET) to evaluate the impact of obesity on race-specific breast cancer 

outcomes. The models use common national data to inform parameters for the multiple US 

birth cohorts of Black and White women, including age- and race-specific incidence, com-

peting mortality, mammography characteristics, and treatment effectiveness. Parameters 

are modified by obesity (BMI of ≥30 kg/m2) in conjunction with its age-, race-, cohort- and 

time-period-specific prevalence. We measure age-standardized breast cancer incidence and 

mortality and cases and deaths attributable to obesity. Obesity is more prevalent among 

Blacks than Whites until age 74; after age 74 it is more prevalent in Whites. The models esti-

mate that the fraction of the US breast cancer cases attributable to obesity is 3.9–4.5 % (range 

across models) for Whites and 2.5–3.6 % for Blacks. Given the protective effects of obesity on 

risk among women <50 years, elimination of obesity in this age group could increase cases 

for both the races, but decrease cases for women ≥50 years. Overall, obesity accounts for 

4.4–9.2 % and 3.1–8.4 % of the total number of breast cancer deaths in Whites and Blacks, 

respectively, across models. However, variations in obesity prevalence have no net effect on 

race disparities in breast cancer mortality because of the opposing effects of age on risk and 

patterns of age- and race-specific prevalence. Despite its modest impact on breast cancer 

control and race disparities, obesity remains one of the few known modifiable risks for cancer 

and other diseases, underlining its relevance as a public health target. 
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inTroducTion 

The burden of breast cancer has been decreasing over time,1,2 but mortality gaps between 

Black and White women have been persistent.3 The higher mortality rate for Black women is 

particularly striking now, given virtually equivalent screening rates and lower incidence than 

White women.4,5 Racial differences in breast cancer outcome are cast on a backdrop of an 

obesity epidemic that disproportionately affects Black women. Currently more than 50% of 

Black women are obese (defined as a BMI of ≥30kgm2), compared to 32.0% of White women6,7 

but there are exceptions to this overall trend, with Whites having higher rates of obesity after 

age 74.6-8

Obesity exerts numerous, often opposing effects on the chain of events leading to 

possible death from breast cancer. It increases breast cancer incidence in post-menopausal 

women, but reduces risk in pre-menopausal women.9-13 Obesity also leads to more favor-

able tumor types,13,14 greater sensitivity of detection,15 but more advanced stage,16-18 lower 

treatment effectiveness,19,20 and greater competing mortality.8,21,22 The Institute of Medicine 

recently noted that simulation modeling is particularly useful for evaluating the net impact 

of a factor such as obesity that affects multiple points in a disease process differentially.23 

Modeling is also helpful in evaluating the role obesity plays in racial disparities by providing 

a “virtual laboratory” to evaluate the impact of varying conditions that cannot be readily 

tested in the population, such as the net impact of reductions in obesity prevalence on breast 

cancer rates.24,25 

In this article, we use two established, independent simulation models to evaluate how 

obesity affects breast cancer incidence and mortality in US Black and White women. We also 

investigate how much of the disparity in breast cancer mortality is due to the differential 

prevalence of obesity. Our results are intended to inform debates about effective strategies 

to reduce racial gaps in breast cancer mortality and reduce the burden of breast cancer for 

all women.

meThods 

The two models, called MISCAN and SPECTRUM, were developed within the Cancer Inter-

vention and Surveillance Modeling Network (CISNET) 26 and were exempt from institutional 

review board approval. The models have been described in detail elsewhere.2,24,27,28 Briefly, 

both are discrete event-driven, continuous-time state transition models that project US 

breast cancer population trends in the absence of screening or treatment and then overlay 

screening and adjuvant treatment diffusion over time. Breast cancer is depicted as having 

a preclinical screen-detectable period (sojourn time) and a clinical detection point. On the 

basis of mammography sensitivity (or thresholds of tumor size detection), screening identi-
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fies disease in the preclinical screen-detectable period and results in the identification of 

earlier stage or smaller, more curable tumors than might occur via clinical detection, result-

ing in reduced breast cancer mortality. Age at diagnosis, estrogen-receptor (ER) and human 

epidermal growth factor-2 (HER2) status and tumor size- or stage-specific treatment have 

independent effects on probability of a cure (or survival). Women can die of breast cancer or 

of other causes.

MISCAN portrays tumor growth, where tumors can be detected once they are larger than 

a detection threshold and cured if the diameter at detection is below a fatal threshold. In 

SPECTRUM, tumors progress through stages, with screening effects due to age- and stage-

shifts and treatment reducing the hazard of death. In both, ductal carcinoma in situ (DCIS) 

can regress, remain and be diagnosed, or progress to invasive cancer. In previous collabora-

tions the models generated similar estimates of incidence and mortality.2,24,29

model parameters 

Using data from clinical trials and epidemiological studies, the models employ a common set 

of parameters to portray race-specific effects and then superimpose the impact of obesity on 

each parameter (Table 5.1). Each includes model-specific parameters to represent sojourn, 

lead and dwell time within stages or tumor diameter growth times and stage distribution or 

tumor size.2,24,27,28 

Demographic data and obesity

The population consists of cohorts of US Black and White women born between 1890 and 

2010.30 We start in 1890 to project prevalent cancers in the 1970s.Women are assigned to 

being obese or non-obese based on rates observed for their age, birth cohort, race and the 

calendar year using prevalence data from the National Health and Nutrition Examination 

Survey I (1970-1975),II (1976-1980), III (1988-1994), and 1999-2004.8 These data are extrapo-

lated to 2009-2010 using the most recent NHANES data .7 We do not allow transitions from 

obese to non-obese (or back again to obese) because there are insufficient data on how such 

transitions would affect all the model parameters.

Breast cancer incidence

Breast cancer incidence in the absence of screening is based on an age-period-cohort (APC) 

model.31 We extrapolate forward based on rates in 2000 so do not capture the more recent 

decrease in incidence.32 The APC model is adapted for Black women using an age-specific 

relative risk (RR) based on Black vs. White incidence.24 Based on a synthesis of studies, obesity 

is modeled as increasing breast cancer incidence in post-menopausal women by a RR of 1.25 

and decreasing rates in pre-menopausal women by a RR of 0.60.9-11,33
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Table 5.1. Common model input parameters 

Parameter Race-Specific Source Obesity-Specific Source

Births Birth cohorts born from 1890 to 2000 
by race

30 ---

Obesity prevalence Race, cohort and year-specific 74,75 --- 74,75

Incidence Age-period cohort model with age-
specific relative risk of Black versus 
White incidence

24,31 For obese (BMI > 30) vs. non-obese:
< 50:  RR 0.6 (95% CI 0.4-1.0)
50+:  RR 1.25 (95% CI 1.1-2.0)
Assume obesity effect equal by race

9-11,33

 

Mammography use Dissemination based on age- and 
race-specific rates for first and 
subsequent exams and intervals 
between screenings. 

34-37 Assume obesity does not affect rate of 
screening 

38

Mammography     
sensitivity

Age-specific rates for first and 
subsequent screening exams; equal 
by race based on unpublished BCSC 
data.

39 BMI-specific Unpub. 
BCSC data

 Sojourn time  2 years if age ≤ 40
2 + 0.2(age-40) if age 40-49
4 if age ≥ 50.
Assume equal by race 

76 Assume sojourn time is equal across BMI 
categories.

 ---

 ER/HER2 Regression model using NCCN data 
from 2,646 women 

24  Risk of ER+ breast cancer, obese vs. 
non-obese:
< 50: RR 0.86 (95% CI 0.77-0.95)
50+:  RR 0.78 (95% CI 1.50-2.11)
Assume no effect HER2 

 14

Mean stage dwell time DCIS            5 years 
Stage 1       2.60 yrs
Stage 2a    1.26 yrs
Stage 2b    1.27 yrs
Stage 3      4.08 yrs
Stage 4     N/A
Assume equal by race

27,28 Assume no effect of obesity   ---

 Stage distribution
         Unscreened
         Screened

Varies by age, race and year
Varies by age and race

 
40 

Unpub. 
BCSC 
data

BMI-specific stage Unpub. 
BCSC data

 Survival without Rx Survival by race from SEER in 1975-
1979

40 Assume no effect of obesity on breast 
cancer-specific 

 ---

Treatment 
dissemination

Blacks 22% less likely to receive 
chemo; 10% (< age 50) to 15% (age 
50+) less likely to get hormonal Rx 
than Whites 

43,44 Obesity has no effect on treatment 
dissemination

52

Treatment effectiveness Meta-analyses of randomized 
trial results; assume treatment 
effectiveness is equal by race

47-51 Reduce  hazard ratios by 0.55 for 
obese ER-negative women who  dose 
reductions; 30% of obese women have a 
dose-reduction

 19,20

Other cause mortality Age-race, and cohort-specific all-
cause mortality rates by year

    54,55 NHANES-linked mortality database 8
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Mammography

The dissemination of mammography is depicted based on the age of receipt of the first mam-

mography and the interval between subsequent mammograms using data from the Breast 

Cancer Surveillance Consortium (BCSC).34,35 This parameter was extended using BCSC data 

to include different screening rates and intervals for Blacks and Whites.36,37 Mammography 

use does not generally vary by BMI (except for the extremes for underweight and extremely 

obese),38 so we assume obesity has no effect on mammography dissemination. 

Sensitivity and specificity of mammographic screening for DCIS and invasive cancer 

were estimated by age group (under and over 50), screening round (first or subsequent), and 

obesity group using unpublished BCSC data.39 There was no difference in test characteristics 

by race. 

Stage distribution 

The tumor stage distribution in absence of screening for Black and White women was 

estimated from the SEER data in 1975-79 before widespread use of mammography 40 and 

updated over time using race-specific BCSC data for unscreened (clinically detected) women. 

Stage distributions among screened women were estimated using race-specific BCSC data 

from 1996 to 2007 by screening intervals and first versus subsequent screen detection (un-

published data). 

Obesity is associated with more advanced tumors at diagnosis overall 16,41 and in Blacks 

and Whites,17,18 even after accounting for mammography use.15 Therefore, we used BCSC data 

stratified by BMI and age group to represent the impact of obesity on stage for unscreened 

and screened women of both races. 

Tumor biomarkers

We estimated the joint distribution of ER and HER2 status by age, year, stage, and race us-

ing data from 1997 to 2005.24,42 As obesity affects the rate of ER+ tumors differentially by 

menopausal status 14, we applied RRs of 0.86 and 1.78 to the probability of having ER+ cancer 

among obese women <50 and 50+, respectively. We assumed that obesity had no direct 

impact on ER- tumors. There were insufficient data on obesity and HER2, so we assumed that 

obesity had no impact on HER2 distribution.

Treatment 

Age-, year-, AJCC stage- (or tumor size), and ER/HER2-specific use of adjuvant hormonal 

and chemotherapy as disseminated from 1975 to 2000 was estimated from NCI’s Patterns 

of Care studies 43,44 and updated through 2010 using unpublished data from the National 

Comprehensive Cancer Network Outcomes Database. Compared to White women, Black 

women were 22% less likely to receive multi-agent chemotherapy and 10% (< age 50) to 15% 

(age 50+) less likely to receive hormonal therapy. These Black-White differences were applied 
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to the treatment dissemination curves. Obese and non-obese women had similar treatment 

patterns and obesity did not modify treatment in Blacks.45

Women with ER+ invasive tumors receive hormonal treatment (tamoxifen from 1980 

to 1999; tamoxifen if <50 years and anastrozole if ≥50 years from 2000 to present) and 

non-hormonal treatment (CMF or anthracycline-based regimen from 1975 to 1999; anthra-

cycline-based plus taxanes from 2000 to present). Women with ER- invasive tumors receive 

non-hormonal therapy only. Women with DCIS and ER+ tumors receive hormonal therapy. 

Women with HER2+ tumors received trastuzumab beginning in 2005.46

Treatment effectiveness is based on RCTs.47-50 Hormonal and chemotherapy regimens are 

equally effective in Black and White women.51 We adjusted survival to reflect the fact that ~ 

30% of obese patients experience dose reductions and that ER- cases having dose-reductions 

experience decrements in survival of 55%.52,53 No adjustment was applied for ER+ patients. 

We assumed that the impact of dose reductions was the same across all race groups and that 

obesity had no effects on treatment effectiveness of hormonal or trastuzumab therapy.9

Mortality 

SEER data from 1975 to 1979 were used to estimate breast cancer survival before screening 

and adjuvant treatment was available. Age-, race- and cohort-specific non-breast cancer 

mortality were calculated by subtracting breast cancer from all-cause mortality.54,55 The 

impact of obesity on non-breast cancer mortality was derived from NHANES-mortality linked 

data.8

analysis

The models simulate 1975-2020 age-adjusted breast cancer incidence and mortality rates 

for Black and White obese and non-obese women; adjusted is based on the standard US 

million population. This common referent population allows comparisons of results, as the 

age distributions of the population differ by race and obesity status. Overall, the US rates 

were estimated using a prevalence-weighted sum of the age-adjusted rates for the obese 

and non-obese women. Age-specific rates by race are used with the projected 2010 age-

specific distribution of the respective populations 56 weighted by obesity prevalence to 

calculate numbers of cases and deaths. Additionally, we calculate the fraction of cases and 

deaths attributable to obesity. Finally, we investigate the effect of obesity on the difference in 

mortality between White and Black women, after considering the effect of race-differences in 

demography, incidence, natural history, screening use alone, adjuvant treatment use alone, 

and both screening and treatment. To this end, we sequentially substitute parameter values 

relating to these factors in the White version of the models with corresponding values from 

the Black version. In the final step, we add the prevalence of obesity among Blacks to the 

models. At each step we compute the fraction of the mortality difference between White and 
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Black women explained by each factor. The predicted breast cancer mortality rates at each 

step are also compared to the 3-year average of observed rates for Black women.3

Model validation

The model validation has been described in previous publications.27,28 Results from two mod-

els provides implicit cross-validation, a range of plausible impacts of obesity, and a measure 

of uncertainty. Internal reliability was evaluated by combining incidence and mortality rates 

for obese and non-obese women in proportion to their age- and race-specific prevalence of 

obesity to verify that we reproduced overall population rates. Reliability of the model adapta-

tions for obesity was also evaluated by comparing model outputs to observed SEER data.

resulTs

Observed incidence trends were accurately reproduced by both models. Mortality rates are 

reproduced for White women, and the shape of the curve is similar for Blacks, but lower than 

SEER (Figure 5.1). The models mirror observed data showing that stage distribution (or tumor 

size) is more favorable in White than in Black women, but the models predict a slightly more 

distribution for Blacks than actually observed (Figure 5.2).

impact of obesity on incidence

Obesity increases the incidence of breast cancer for both races and the fraction of cases 

attributable to obesity is similar for Whites (3.9-4.5%, across models) and Blacks (2.5-3.6%) 

(Table 5.2; Figure 5.3). The net impact of obesity on incidence is the result of opposing risk 

by age. The predicted incidence in obese women < 50 years is 37-47/100,000 for Whites 

and 32-44/100,000 for Blacks. Among non-obese White and Black women < 50 years, the 

corresponding rates are 47-60/100,000 and 43-60/100,000, respectively. Thus, elimination of 

obesity would actually increase the number of cases among women <50 years. For women 

aged 50+, obesity accounts for 5.5-6.4% and 5.3-8.1% of cases for White and Black women, 

respectively (data not shown). 
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figure 5.1. Model predicted age-adjusted breast cancer incidence and mortality by model, race and 
calendar year versus observed SEER Rates for US women age 25+ 
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Table 5.2.  Projected breast cancer incidence in 2012 among women 25+ by race, obesity and model 

White Black

Obese Non-obese All (weighted 
sum of obese + 

non-obese)

Obese Non-
obese

All (weighted 
sum of obese + 

non-obese)

SPECTRUM model

Age- adjusted incidence rate per 100,000a 300.3 267.4 277.4 247.6 223.7 229.8

# of casesb 91,688 175,643 267,331 11,619 17,461 29,080

Proportion of cases in the US population 
  attributable to obesityc 4.5% 3.6%

MISCAN model

Age- adjusted incidence rate per 100,000a 290.7 258.2 267.5 252.7 223.0 229.7

# of casesb 88,989 172,768 261,757 11,463 17,717 29,180

Proportion of cases in the US population 
  attributable to obesityc 3.9% 2.5%

a  For comparability the model outputs for both race groups are age adjusted using the standard US million-
population

b  The number of cases is calculated from the model projected age- and race-specific rates, the age- and 
race-specific population distribution projected for 2010, and the age and race-specific prevalence of 
obesity

c  The attributable fraction of cases in the overall US population that are due to obesity is estimated by the 
prevalence of obesity*(incidence in obese- incidence in non-obese) / (prevalence of obesity*incidence in 
obese+ (1-prevalence of obesity)*incidence in non-obese)
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figure 5.2. Model predicted age-adjusted breast cancer stage distributions and tumor sizes by model and 
race vs. observed SEER Rates in 2007-2009 for US women age 25+ (panel A SPECTRUM; panel B MISCAN)

A B



71

Impact of obesity on race-specific breast cancer incidence and mortality

ch
ap

te
r 5

71

0
50

10
0

15
0

20
0

25
0

30
0

1975 1985 1995 2005 2015 1975 1985 1995 2005 2015

SPECTRUM: White Women MISCAN: White Women

Projected incidence in the obese Projected incidence in the non-obese

Projected incidence in sum of the obese and non-obese

B
re

as
t c

an
ce

r 
in

ci
de

nc
e 

ra
te

 p
er

 1
00

,0
00

Year

0
50

10
0

15
0

20
0

25
0

30
0

1975 1985 1995 2005 2015 1975 1985 1995 2005 2015

SPECTRUM: Black Women MISCAN: Black Women

Projected incidence in the obese Projected incidence in the non-obese

Projected incidence in sum of the obese and non-obese

B
re

as
t c

an
ce

r 
in

ci
de

nc
e 

ra
te

 p
er

 1
00

,0
00

Year

figure 5.3. Model predicted age-adjusted breast cancer incidence rates over time by model, race and 
obesity for US women age 25+
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impact of obesity on breast cancer mortality 

Obesity increases mortality rates for both race groups and accounts for 4.4-9.2% and 3.1-8.4% 

of the total deaths for Whites and Blacks, respectively across models (Table 5.3; Figure 5.4). 

This translates into 1,400-3,552 deaths in Whites and 148-412 deaths in Blacks that could be 

avoided each year if obesity were eliminated. Among women <50 years, obesity decreases 

death rates given the large decrease in incidence associated with its protective effects. For 

women age 50+ of both race groups, obesity accounts for about 5.1-11.5% of the deaths in 

the overall US population. 

obesity and impact on black-white differences in rates

The observed age-adjusted mortality rate was 33.9/100,000 in Whites and 48.1/100,000 in 

Blacks from 2007 to 2009 (latest years available). In Table 5.4 these values are compared to 

model predictions based on sequential replacement of parameter values in the White model 

by those from the Black model to test how much the higher prevalence of obesity in Black 

compared to White women affects the differences in mortality. As can be seen in Step 6, 

there is no net effect of race differences in obesity prevalence on mortality disparities. This 

result occurs because the higher prevalence of obesity among Black versus White women 

<50 years decreases cases and mortality, but increases these outcomes from ages 50 to 74. As 

White women have a higher prevalence of obesity than Blacks after age 74, substituting the 

Table 5.3. Projected breast cancer mortality in 2012 among women 25+ by race, obesity and model 

White Black

Obese Non-obese
All (weighted 
sum of obese 
+ non-obese)

Obese Non-obese
All (weighted 

sum of obese + 
non-obese)

SPECTRUM model

Age- adjusted mortality rate per 100,000a 44.8 33.4 36.6 47.8 36.3 39.2

# of deaths from breast cancerb 14,363 24,398 38,761 2,059 2,872 4,931

Proportion of deaths  in  the US population 
  attributable to obesityc 9.2% 8.4%

MISCAN model

Age- adjusted mortality rate per 100,000a 35.8 30.9 32.2 41.1 36.0 37.3

# of deaths from breast cancerb 10,780 21,052 31,832 1,846 2,863 4,709

Proportion of deaths  in the US population 
  attributable to obesityc 4.4% 3.1%

a  For comparability the model outputs for both race groups are age adjusted using the standard US million-
population

b  The number of deaths was calculated from the model projected age- and race-specific rates , the age- and 
race-specific population distribution projected for 2010, and the age and race-specific rates of prevalence 
of obesity

c  The attributable fraction of deaths in the overall US population that are due to obesity is estimated by 
prevalence of obesity*(mortality in obese- mortality in non-obese) / (prevalence of obesity*mortality in 
obese+(1-prevalence of obesity)*mortality in non-obese)
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Black obesity prevalence (vs. White) decreases cases and deaths among the oldest women. 

Thus, differences in obesity prevalence do not account for the net age-adjusted mortality 

disparities between Blacks and Whites.   
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discussion

This is the first study to use collaborative modeling to evaluate the impact of obesity on 

breast cancer incidence and mortality in White and Black women and to assess whether dif-

ferences in obesity prevalence account for race disparities in mortality. We found that obesity 

accounts for about 3-4% of the cases and 3-9% of the deaths in both race groups. Variations 

in obesity prevalence have no net effect on the mortality differences between Blacks and 

Whites.

The overall modest impact of obesity represents the balance of an increase in cases/

deaths among a large number of post-menopausal women and a decrease among a smaller 

number of pre-menopausal women. The obesity attributable fraction of 5.3-8.1% of cases 

among White and Black women 50 years and older we observed is similar to, but lower than 

prior US (8.9%) 15 and UK estimates (8.7%) because those included overweight and obese 

women.57 If obesity were eliminated we could avoid more than 12,000 cases among White 

women and 1,000 in Black women. There are few measures that can prevent so many breast 

cancer cases, except perhaps Tamoxifen use by high-risk women.58

Obesity accounts for <10% of breast deaths across race groups. For colorectal cancer 

elimination of obesity and other risk factors could reduce mortality by up to 16%.59 Decreas-

ing obesity has other important effects on health, such as reductions in risk of other cancers 

and heart disease, and could lower health care costs,21,22,60 making it an important public 

health target. However, while we can easily eliminate obesity in our model “laboratory”, it is 

very difficult to treat in actual practice.61,62 Thus, the modest impact projected by our models 

may not be achievable, but provide an upper estimate of the impact of obesity control efforts 

on breast cancer. 

The conclusions of both models were very similar, but MISCAN uses a cure model that 

generates lower breast cancer mortality rates than SPECTRUM that applies a hazard of breast 

cancer death over time.24,27,28 MISCAN also projects less mortality difference between obese/

non-obese women due to use of continuous tumor size rather than discrete tumor stages, 

yielding lower obesity attributable mortality fractions. These differences capture some un-

certainty and provide users with a range of results.

Obesity is a modest but potentially meaningful target in reducing the burden of breast 

cancer, but it does not appear to account for any net racial differences in age-adjusted mor-

tality. This conclusion is consistent with the recent finding of Lu et al.63 that obesity did not 

affect breast cancer survival in Blacks ages 35-64, although it had a modest impact for Whites. 

Unfortunately, that study did not have information on treatment. Others have found that ad-

justing for obesity does not remove Black-White differences in deaths from breast cancer.64,65 

Our approach builds on and extends prior modeling of the impact of obesity on cancer 

outcomes 59 by incorporating the impact of obesity on incidence, screening, and treatment 

parameters and examining results separately by race. Despite the strengths of our approach, 
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there are some caveats that should be considered in evaluating the results. First, although 

weight can change over the life course,25 we modeled obesity as constant after onset given 

the unavailability of data to link changes in weight to the multiple input parameters. This may 

underestimate the impact of obesity because a transition from non-obese to obese around 

menopause, which is a common pattern, maximizes risk during both periods. Next, as in 

other models we consider two categories of obesity 59 but do not consider an overweight 

category or body fat distribution, given the paucity of consistent epidemiological data across 

parameters for a wider range of characterizations. Others have not found a difference in 

estimates of risk 66 or survival 67 based on different categorizations of weight and there is no 

consistent evidence to suggest that level of obesity interacts with race in its effects on cancer 

incidence.66 Obesity is also the net result of diet and physical activity, and these factors may 

affect survival.68,69 However, it remains difficult to separately estimate the impact of these 

components (or their molecular correlates) 70-73 on the prevention, screening, treatment, and 

survival parameters included in the models. This is an important area for future research.25 

Until then, our results are useful as obesity is the most robustly related to breast cancer 

outcomes among measures of energy balance.66,67 

Overall, these results represent the first comprehensive examination using comparative 

modeling of obesity and how it affects the entire breast cancer process from risk of disease 

to the type of disease at presentation and treatment impact in the context of competing 

mortality. The results indicate that obesity exerts a modest impact on breast cancer and does 

not explain net race disparities in outcome. However, obesity remains one of the few known 

modifiable risk factors for this and other diseases, increasing its relevance as a public health 

target for all women. 
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absTracT 

background: Despite trials of mammography and widespread use, optimal screening policy 

is controversial. 

objective: To evaluate U.S. breast cancer screening strategies.

design: 6 models using common data elements.  

data sources: National data on age-specific incidence, competing mortality, mammography 

characteristics, and treatment effects.

Target population: A contemporary population cohort. 

Time horizon: Lifetime.

perspective: Societal. 

interventions: 20 screening strategies with varying initiation and cessation ages applied 

annually or biennially.

outcome measures: Number of mammograms, reduction in deaths from breast cancer or 

life-years gained (vs. no screening), false-positive results, unnecessary biopsies, and overdi-

agnosis.

results of base case: The 6 models produced consistent rankings of screening strategies. 

Screening biennially maintained an average of 81% (range across strategies and models, 

67% to 99%) of the benefit of annual screening with almost half the number of false-positive 

results. Screening biennially from ages 50 to 69 years achieved a median 16.5% (range, 15% 

to 23%) reduction in breast cancer deaths versus no screening. Initiating biennial screening 

at age 40 years (vs. 50 years) reduced mortality by an additional

3% (range, 1% to 6%), consumed more resources, and yielded more false-positive results. Bi-

ennial screening after age 69 years yielded some additional mortality reduction in all models, 

but overdiagnosis increased most substantially at older ages.

sensitivity analysis results: Varying test sensitivity or treatment patterns did not change 

conclusions.   

limitations: Results do not include morbidity from false-positive results, knowledge of 

earlier diagnosis, or unnecessary treatment.

conclusion: Biennial screening achieves most of the benefit of annual screening with less 

harm. Decisions about the best strategy depend on program and individual objectives and 

the weight placed on benefits, harms and resource considerations. 

primary funding source: National Cancer Institute
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inTroducTion

In 2009, an estimated 193 370 women in the United States will develop invasive breast cancer 

and about 40 170 of them will die of this disease.1 Randomized trials of mammography 2-4 

have demonstrated reductions in breast cancer mortality associated with screening from 

ages 50 to 74 years. Trial results for women aged 40 to 49 years and women aged 74 years 

or older were not conclusive, and the trials 4,5 had some problems with design, conduct, and 

interpretation. However, it is not feasible to conduct additional trials to get more precise 

estimates of the mortality benefits from extending screening to women younger than 50 

years or older than 74 years or to test different screening schedules.

We developed models of breast cancer incidence and mortality in the United States. These 

models are ideally suited for estimating the effect of screening under a variety of policies.6,7 

Modeling has the advantage of being able to hold selected conditions (for example, screen-

ing intervals or test sensitivity) constant, which facilitates comparison of strategies. Because 

all models make assumptions about unobservable events, use of several models provides a 

range of plausible effects and can illustrate the effects of differences in model assumptions.7

We used 6 established models to estimate the outcomes across 20 mammography screen-

ing strategies that vary by age of initiation and cessation and by screening interval among a 

cohort of U.S. women. The results are intended to contribute to practice and guideline policy 

debates.

meThods

The 6 models were developed independently within the Cancer Intervention and Surveil-

lance Modeling Network (CISNET) of the National Cancer Institute (NCI) 7,8 and were exempt 

from institutional review board approval. The models have been described elsewhere.7, 9-15 

Briefly, they share common features and inputs but differ in some ways (Appendix Table 6.1, 

available at www.annals.org). Model E (Erasmus Medical Center, Rotterdam, the Netherlands), 

model G (Georgetown University Medical Center, Washington, DC, and Albert Einstein Col-

lege of Medicine, Bronx, New York), model M (M.D. Anderson Cancer Center, Houston, Texas), 

and model W (University of Wisconsin, Madison, Wisconsin, and Harvard Medical School, 

Boston, Massachusetts) include ductal carcinoma in situ (DCIS). Models E and W specifically 

assume that some portions of DCIS are nonprogressive and do not result in death. Model W 

also assumes that some cases of small invasive cancer are nonprogressive. Model S (Stanford 

University, Palo Alto, California) and model D (Dana-Farber Cancer Institute, Boston, Mas-

sachusetts) include only invasive cancer. Some groups model breast cancer in stages, but 

3 (models E, S, and W) use tumor size and tumor growth. The models also differ by whether 

treatment affects the hazard for death from breast cancer (models G, S, and D), results in a 
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cure for some fraction of cases (models E and W), or both (model M). Despite these differ-

ences, in previous collaborations 7 all the models came to similar qualitative estimates of 

the relative contributions of screening and treatment to observed decreases in deaths from 

breast cancer.

model overview

We used the 6 models to estimate the benefits, resource use (as measured by number of 

mammograms), and harms of 20 alternative screening strategies varying by starting and 

stopping age and by interval (annual and biennial) (Table 6.1). The models begin with esti-

mates of breast cancer incidence and mortality trends without screening and treatment and 

then overlay screening use and improvements in survival associated with treatment.7 We use 

a cohort of women born in 1960 and follow them beginning at age 25 years for their entire 

lives. Breast cancer is generally depicted as having a preclinical, screening-detectable period 

(sojourn time) and a clinical detection point. On the basis of mammography sensitivity (or 

thresholds of detection), screening identifies disease in the preclinical screening-detection 

period and results in the identification of earlier-stage or smaller tumors than might be iden-

tified by clinical detection, resulting in reduction in breast cancer mortality. Age, estrogen 

receptor status, and tumor size– or stage–specific treatment have independent effects on 

mortality. Women can die of breast cancer or of other causes.

Table 6.1. Breast cancer screening strategies*

No screening

Screen from age 40 to 69 y

Screen from age 40 to 79 y

Screen from age 40 to 84 y

Screen from age 45 to-69 y

Screen from age 50 to 69 y

Screen from age 50 to 74 y

Screen from age 50 to 79 y

Screen from age 50 to 84 y

Screen from age 55 to 69 y

Screen from age 60 to 69 y

*  Each strategy was evaluated by using an 
annual or biennial schedule, for a total of 20 
strategies; we include no screening for comparison.
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model data variables

All 6 modeling groups use a common set of age-specific variables for breast cancer incidence, 

mammography test characteristics, treatment algorithms and effects, and nonbreast cancer 

competing causes of death (Appendix Table 6.2, available at www.annals.org). In addition to 

these common variables, each model includes model-specific inputs (or intermediate out-

puts) to represent preclinical detectable times, lead time, dwell time within stages of disease, 

and stage distribution in unscreened versus screened women on the basis of their specific 

model structure. 7, 9-15

We use an age–period– cohort model to estimate what breast cancer incidence rates 

would have been without screening.16 This approach considers the effect of age, temporal 

trends in risk by cohort, and time period. Because we do not have data on future incidence of 

breast cancer, we extrapolate forward assuming that future age-specific incidence increases 

as women age, as observed in 2000. To isolate the effect of technical effectiveness of screen-

ing and to assess the effect of screening on mortality while holding treatment constant, 

models assume 100% adherence to screening and indicated treatment.

Three groups use the age-specific mammography sensitivity (and specificity) values ob-

served in the Breast Cancer Surveillance Consortium (BCSC) program for detection of all cases 

of breast cancer (invasive and in situ). Separate values are used for initial and subsequent 

mammography performed at either annual or biennial intervals.17 Two of the models (D and 

G) use these data directly as input variables,10,14 and 1 model (S) uses the data to calibrate the 

model.13 The other 3 models (E, M, and W) use the BCSC data as a guide and to fit sensitivity 

estimates from this and other sources.9,11,15

All women who have estrogen receptor–positive invasive tumors receive hormonal 

treatment (tamoxifen if women aged <50 years at diagnosis and anastrozole if ≥50 years) 

and nonhormonal treatment with an anthracyclinebased regimen. Women with estrogen 

receptor–negative invasive tumors receive nonhormonal therapy only. Women with DCIS 

who have estrogen receptor–positive tumors receive hormonal therapy only.18 Treatment ef-

fectiveness is based on a synthesis of recent clinical trials and is modeled as a proportionate 

reduction in mortality risk or the proportion cured.19,20

benefits

We estimated the cumulative probability of unscreened women dying of breast cancer from 

age 40 years to death. Screening benefit is then calculated as the percentage of reduction 

in breast cancer mortality (vs. no screening). We also examined life-years gained because 

of averted or delayed breast cancer death. Benefits are cumulated over the lifetime of the 

cohort to capture reductions in breast cancer mortality (or life-years gained) occurring years 

after the start of screening, after considering nonbreast cancer mortality.21,22
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harms

As measures of the burden that a regular screening program imposes on a population, 3 dif-

ferent potential screening harms were examined: false-positive mammograms, unnecessary 

biopsies, and overdiagnosis. We define the rate of false-positive mammograms as the number 

of mammograms read as abnormal or needing further follow-up in women without cancer 

divided by the total number of positive screening mammograms based on the specificity 

reported in the BCSC.17 We define unnecessary biopsies post hoc as the proportion of women 

with false-positive screening results who receive a biopsy.23 We define overdiagnosis as the 

proportion of cases in each strategy that would not have clinically surfaced in a woman’s 

lifetime (because of lack of progressive potential or death from another cause) among all 

cases arising from age 40 years onward.

base-case analysis

We compared model results for the 20 strategies to select the most efficient approach. In a deci-

sion analysis, we considered a new intervention more efficient than a comparison intervention if 

it results in gains in health outcomes, such as life-years gained or deaths averted, while consum-

ing fewer resources (or costs). If the new intervention results in worse outcomes and requires 

a greater investment, it is inefficient and would not be considered for further use. In economic 

analysis, inefficient strategies are said to be “dominated” when this occurs. To rank the screening 

strategies, we first look at the results of each model independently. For a particular model, a strat-

egy that requires more mammographies (our measure of resource use) but has a lower relative 

percentage of mortality reduction (or life-years gained) is considered inefficient or dominated 

by other strategies. To evaluate strategies on the basis of results from all 6 models together, we 

classify them as follows: If a strategy is dominated in all or in 5 of 6 of the models, we considered it 

dominated overall. If a strategy is not dominated in any of the models, we classified it as efficient. 

For a strategy with mixed results across the models, we classified it as borderline.

After all dominated strategies were eliminated, the remaining strategies were represented 

as points on a graph plotting the average number of mammograms versus the percentage of 

mortality reduction (or life-years gained) for each model. We obtained the efficiency frontier 

for each graph by identifying the sequence of points that represent the largest incremental 

gain in percentage of mortality reduction (or life-years gained) per additional screening 

mammography. Screening strategies that fall on this frontier are the most efficient (that is, no 

alternative exists that provides more benefit for fewer mammographies performed).

sensitivity analysis 

We conducted a sensitivity analysis to see whether our conclusions about the ranking of 

strategies change when we vary input variables. First, we investigate the effect of assuming 

that mammography sensitivity for a given age, screening round, and screening interval is 10 

percentage points less than that observed. Second, we examine whether ranking of strate-
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gies varies if treatment includes newer hormonal and nonhormonal adjuvant regimens (for 

example, taxanes). Third, because adjuvant therapy is unlikely to reach 100% of women as 

modeled in our base-case analysis, we reassess the ranking of strategies if we assume that 

actual observed current treatment patterns apply to the cohort.24

model validation and uncertainty

Each model has a different structure and assumptions and some varying input variables, so no 

single method can be used to validate results against an external gold standard. For instance, 

because some models used results from screening trials (or SEER [Surveillance, Epidemiology 

and End Results] data) for calibration or as input variables, we cannot use comparisons of 

projected mortality reductions to trial results to validate all of the models. In addition, we 

cannot directly compare the results of this analysis, which uses 100% actual screening for all 

women at specified intervals, with screening trial results in which invitation to screening and 

participation varied. In our previous work, 7, 9-11, 13-15 results of each model accurately projected 

independently estimated trends in the absence of intervention and closely approximated 

modern stage distributions and observed mortality trends. Overall, using 6 models to project 

a range of plausible screening outcomes provides implicit cross-validation, with the range of 

results from the models as a measure of uncertainty.

role of the funding source

This work was done under contracts from the Agency for Healthcare Research and Quality 

(AHRQ) and NCI and grants from the NCI. Staff from the NCI provided some data and technical 

assistance, and AHRQ staff reviewed the manuscript. Model results are the sole responsibility 

of the investigators.

resulTs

In an unscreened population, the models predict a cumulative probability of breast cancer 

developing over a woman’s lifetime starting at age 40 years ranging from 12% to 15%. With-

out screening, the median probability of dying of breast cancer after age 40 years is 3.0% 

across the 6 models. Thus, if a particular screening strategy leads to a 10% reduction in breast 

cancer mortality, then the probability of breast cancer mortality would be reduced from 3.0% 

to 2.7%, or 3 deaths averted per 1000 women screened.

benefits

The 6 models produce consistent results on the ranking of the strategies (Appendix Table 

6.3, available at www.annals.org). Eight approaches are “efficient” in all models (that is, not 

dominated, because they provide additional mortality reductions for added use of mam-
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mography); 7 of these have a biennial interval, and all but 2 start at age 50 years. Figure 6.1 

shows these results, and again we see that most strategies on the efficiency frontier have a 

biennial interval. Screening every other year from ages 50 to 69 years is an efficient strategy 

for reducing breast cancer mortality in all models. In all models, biennial screening starting 

at age 50 years and continuing through ages 74, 79, or 84 years are of fairly similar efficiency.

In examining benefits in terms of life-years gained (Appendix Table 6.4, available at www.

annals.org), 6 of the 8 consistently nondominated strategies have a biennial interval. In con-

trast to results for mortality reduction, half of the nondominated strategies include screening 

initiation at age 40 years. Annual screening strategies that include screening until age 79 or 

84 years are on the efficiency frontier (Appendix Figure 6.1, available at www.annals.org), but 

are less resource-efficient than biennial approaches for increasing life-years gained.

As another way to examine the effect of screening interval, we calculated for each screen-

ing strategy and model the proportion of the annual benefit (in terms of mortality reduction) 

that could be achieved by biennial screening (Table 6.2). Biennial screening maintains an 

average of 81% (range across strategies and models, 67% to 99%) of the benefits achieved 

by annual screening.

We also examined the incremental benefits gained by extending screening from ages 50 

to 69 years to either earlier or later ages of initiation and cessation (Table 6.3). Continuing 

screening to age 79 years (vs. 69 years) results in a median increase in percentage of mortality 

reduction of 8% (range, 7% to 11%) and 7% (range, 6% to 10%) under annual and biennial 

intervals, respectively. If screening begins at age 40 years (vs. 50 years) and continues to age 

69 years, all models project additional, albeit small, reductions in breast cancer mortality (3% 

Table 6.2. Percentage of reduction in breast cancer mortality maintained when moving from an annual 
screening interval to a biennial interval, by screening strategy and model

Model*

Maintained Reduction in Breast Cancer Mortality, by Screening Strategy, %†

Ages 
50-69 y

Ages
40-69 y

Ages 
45-69 y

Ages 
40-79 y

Ages 
40-84 y

Ages 
55-69 y

Ages 
60-69 y

Ages 
50-74 y

Ages 
50-79 y

Ages 
50-84 y

D 76 75 78 79 82 83 79 81 78 83

E 75 73 74 75 75 75 73 76 75 76

G 85 86 91 87 88 91 86 89 88 89

M 90 96 97 97 99 92 84 95 93 95

S 74 73 78 76 77 80 74 79 85 79

W 68 67 70 70 71 71 70 72 70 73

*  Model group abbreviations: D = Dana-Farber Cancer Institute; E = Erasmus Medical Center; G = Georgetown 
University; M = M.D. Anderson Cancer Center; S =Stanford University; W University of Wisconsin/Harvard.

†  Differences in the range of results reflect differences in modeling approaches. For example, the benefit 
of screening in model M is modeled through stage shift, as with most other models, but also includes a 
“beyond stage shift” factor based on a cure fraction for small tumors. However, because many of these 
“cures” occur among women with invasive cancer that is not fatal, finding such cancer 1 year earlier 
confers very little mortality advantage to annual (vs. biennial) screening.
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figure 6.1. Percentage of breast cancer mortality reduction versus number of mammographies 
performed per 1000 women, by model and screening strategy.
The panels show an efficiency frontier graph for each model. The graph plots the average number of 
mammographies performed per 1000 women against the percentage of mortality reduction for each 
screening strategy (vs. no screening). Strategies are denoted as annual (A) or biennial (B) with starting 
and stopping ages. We plot efficient strategies (that is, those in which increases in use of mammography 
resources result in greater mortality reduction than the next least-intensive strategy) in all 6 models. We 
also plot “borderline” strategies (approaches that are efficient in some models but not others). The line 
between strategies represents the “efficiency frontier.” Strategies on this line would be considered efficient 
because they achieve the greatest gain per use of mammography resources compared with the point (or 
strategy) immediately below it. Points that fall below the line are not considered as efficient as those on the 
line. When the slope in the efficiency frontier plot levels off, the additional reductions in mortality per unit 
increase in use of mammography are small relative to the previous strategies and could indicate a point 
at which additional investment (use of screening) might be considered as having a low return (benefit).



Chapter 6

92

median reduction with either annual or biennial intervals) (Table 6.3). This translates into a 

median of 1 additional breast cancer death averted (range, 1 to 2 deaths) per 1000 women 

screened under a strategy of annual screening from age 40 to 69 years (vs. 50 to 69 years). 

Thus, greater mortality reductions could be achieved by stopping screening at an older age 

than by initiating screening at an earlier age.

However, when life-years gained is the outcome measure, 3 of the models conclude 

that benefits are greater from extending screening to the younger rather than the older age 

group (Table 6.3). For instance, starting annual screening at age 40 years (vs. 50 years) and 

continuing annually to age 69 years yields a median of 33 (range, 11 to 58) life-years gained 

per 1000 women screened, whereas extending annual screening to age 79 years (vs. 69 years) 

yields a median of only 24 (range, 18 to 38) life-years gained per 1000 women screened.

harms

All the models project similar rates of false-positive mammograms over the lifetime of 

screened women across the screening strategies; Table 6.4 summarizes results for an exem-

plar model. More false-positive results occur in strategies that include screening from ages 

40 to 49 years than in those that initiate screening at age 50 years or later and those that 

include annual screening rather than biennial screening. For instance, annual screening from 

ages 40 to 69 years yields 2250 false-positive results for every 1000 women screened over this 

period, almost twice as many as that of biennial screening in this age group. The proportion 

of biopsies that occur because of these false-positive results that are retrospectively deemed 

Table 6.3. Incremental changes in percentage of reduction in breast cancer mortality and life-years 
gained per 1000 women, by age of screening initiation and cessation

Model* Start at Age 40 y vs. 50 y† Stop at Age 79 y vs. 69 y‡

Difference in 
Percentage of 
Reduction in 
Breast Cancer 
Mortality

Difference in 
Breast Cancer 
Deaths Averted 
per 1000 Women 

Difference in Life-
Years Gained per 
1000 Women

Difference in 
Percentage of 
Reduction in 
Breast Cancer 
Mortality

Difference in 
Breast Cancer 
Deaths Averted 
per 1000 Women 

Difference in Life-
Years Gained per 
1000 Women

Annual Biennial Annual Biennial Annual Biennial Annual Biennial Annual Biennial Annual Biennial

D 3 2 1 1 25 20 11 9 3 3 28 26

E 8 5 2 1 58 40 8 6 2 2 18 15

G 3 3 1 1 34 29 7 7 2 2 27 25

M 2 3 1 1 11 18 7 7 2 2 21 21

S 2 1 1 1 32 21 10 10 4 4 38 31

W 10 6 2 1 57 37 8 6 2 1 19 15

Median 3 3 1 1 33 25 8 7 2 2 24 23.5

* Model group abbreviations: D = Dana-Farber Cancer Institute; E = Erasmus Medical Center; G = Georgetown 
University; M = M.D. Anderson Cancer Center; S = Stanford University; W= University of Wisconsin/Harvard.
† Incremental difference between screening from 40 to 69 y versus 50 to 69 y.
‡ Incremental difference between screening from 50 to 79 y versus 50 to 69 y.
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Table 6.4. Benefits and harms comparison of different starting and stopping ages using the exemplar 
model*

Strategy Average 
Screenings 

per 1000 
Women

Potential Benefits (vs. No Screening) Potential Harms (vs. No 
Screening)†

Percentage 
of Mortality 
Reduction 

Cancer 
Deaths 
Averted per 
1000 Women

Life-Years 
Gained per 
1000 Women 

False-
Positive 
Results 
per 1000 
Women

Unnecessary 
Biopsies per 
1000 Women

comparison of different starting ages

Biennial screening

40–69 y 13865 16‡ 6.1 120‡ 1250 88

45–69 y 11771 17‡ 6.2 116‡ 1050 74

50–69 y 8944 15 5.4 99 780 55

55–69 y 6941 13 4.9 80 590 41

60–69 y 4246 9 3.4 52 340 24

Annual screening

40–69 y 27583 22‡ 8.3 164‡ 2250 158

45–69 y 22623 22‡ 8 152‡ 1800 126

50–69 y 17759 20‡ 7.3 132‡ 1350 95

55–69 y 13003 16‡ 6.1 102‡ 950 67

60–69 y 8406 12‡ 4.6 69‡ 600 42

comparison of different stopping ages

Biennial screening

50–69 y 8944 15 5.4 99 780 55

50–74 y 11109 20 7.5 121 940 66

50–79 y 12347 25 9.4 130 1020 71

50–84 y 13836 26 9.6 138 1130 79

Annual screening

50–69 y 17759 20‡ 7.3 132‡ 1350 95

50–74 y 21357 26‡ 9.5 156‡ 1570 110

50–79 y 24439 30 11.1 170 1740 122

50–84 y 26913 33 12.2 178 1880 132

*  Results are from model S (Stanford University). Model S was chosen as an exemplar model to summarize 
the balance of benefits and harms associated with screening 1000 women under a particular screening 
strategy.

†  Overdiagnosis is another significant harm associated with screening. However, given the uncertainty in 
the knowledge base about ductal carcinoma in situ and small invasive tumors, we felt that the absolute 
estimates are not reliable. In general, overdiagnosis increases with age across all age groups but increases 
more sharply for women who are screened in their 70s and 80s.

‡ Strategy is dominated by other strategies; the strategy that dominates may not be in this table.
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unnecessary (that is, the woman did not have cancer) is about 7%; therefore, many more 

women will undergo unnecessary biopsies under annual screening than biennial screening.

Of the 6 models, 5 estimated rates of overdiagnosis. They showed an increase in the 

risk for overdiagnosis as age increases (data not shown). Although the increase with age 

occurs over the entire age range considered in the different screening strategies, the rate of 

increase accelerates in the older age groups, mostly because of increasing rates of competing 

causes of mortality. Rates of overdiagnosis were higher for DCIS than for invasive disease, 

proportionately affecting younger women more because more cases of DCIS are diagnosed 

at younger ages. However, overall, initiating screening at age 40 years (vs. 50 years) had a 

smaller effect on overdiagnosis than did extending screening beyond age 69 years. Biennial 

strategies decrease the rate of overdiagnosis, but by much less than one half. The absolute 

estimate of overdiagnosis varied between models depending on whether DCIS was or was 

not included and on the assumptions related to progression of DCIS and invasive disease, 

reflecting the uncertainty in the current knowledge base.

sensitivity analysis

The overall conclusions are robust across the 6 models under different assumptions about 

mammography sensitivity, treatment patterns, and treatment effectiveness (data not shown).

discussion

This study uses 6 established models that use common inputs but different approaches and 

assumptions to extend previous randomized mammography screening trial results to the U.S. 

population and to age groups in whom trial results are less conclusive. All 6 modeling groups 

concluded that the most efficient screening strategies are those that include a biennial 

screening interval. Conclusions about the optimal starting ages for screening depend more 

on the measure chosen for evaluating outcomes. If the goal of a national screening program 

is to reduce mortality in the most efficient manner, then programs that screen biennially from 

age 50 years to age 69, 74, or 79 years are among the most efficient on the basis of the ratio 

of benefits to the number of screening examinations. If the goal of a screening program is to 

efficiently maximize the number of life-years gained, then the preferred strategy would be 

to screen biennially starting at age 40 years. Decisions about the best starting and stopping 

ages also depend on tolerance for false-positive results and rates of overdiagnosis.

The conclusion of this modeling analysis—that biennial intervals are more efficient and 

provide a better balance of benefits and harms than annual intervals—is contrary to some 

current practices in the United States.25-27 However, our result that biennial screening is more 

efficient than annual screening is consistent with previous modeling research 28-32 and screen-

ing trials, most of which used 2-year intervals.2-5 The model results also agree with reports 
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showing similar intermediate cancer outcomes (for example, stage distribution) between 

programs using annual and biennial screening, especially among women aged 50 years or 

older.33-37 In addition, we demonstrated substantial increases in false-positive results and un-

necessary biopsies associated with annual intervals, and these harms are reduced by almost 

50% with biennial intervals. Our results are also consistent with current knowledge of disease 

biology. Slow-growing tumors are much more common than fast-growing tumors, and the 

ratio of slow- to fast-growing tumors increases with age,38 so that little survival benefit is 

lost between screening every year versus every other year. For the small subset of women 

with aggressive, fast-growing tumors, even annual screening is not likely to confer a survival 

advantage. Guidelines in other countries 4 include biennial screening. However, whether it 

will be practical or acceptable to change the existing U.S. practice of annual screening cannot 

be addressed by our models.

In all models, some reductions in breast cancer mortality, albeit small, were seen with 

strategies that started screening at age 40 years versus 50 years. Because models can rep-

resent millions of observations, they are well-suited to detect small differences in a group 

over time that might not be seen in even the largest clinical trial with a 10- to 15-year follow-

up.4,39-42 If program benefits are measured in life-years, the measure most commonly used in 

cost-effectiveness analysis, then our results suggest that initiating screening at age 40 years 

saves more life-years than extending screening past age 69 years (albeit at the cost of increas-

ing the number of false-positive mammograms).

Previous recommendations on breast cancer screening have suggested an upper age 

limit for screening cessation because of decreasing program efficiency due to competing 

mortality.26,43 Our result that screening strategies that include an upper age limit beyond age 

69 years remain on the efficiency frontier (albeit with low incremental gains over strategies 

that stop screening at earlier ages and with greater harms) is consistent with previously 

reported results of screening benefit from observational and modeled data.31,32,44-47 However, 

the observational data reports may have been confounded by the inability to capture lead 

time and length biases.48-50 Any benefits of screening older women must be balanced against 

possible harms. For instance, the probability of overdiagnosis increases with age and increas-

es more dramatically for the oldest age groups. Model estimates for the oldest age groups 

also have more uncertainty compared with estimates for ages 50 to 74 years because of the 

lack of primary data on natural history of breast cancer and the absence of screening trial 

data after age 74 years. With the demographic pressure of an aging society, more research 

will be needed to fully understand the natural history of this disease and the balance of risks 

and benefits of screening and treatment in the older age groups.38,50

Our results also highlight the need for better primary data on the natural history of DCIS 

and small invasive cancer to draw reliable conclusions on the absolute magnitude of overdi-

agnosis associated with different screening schedules.37,51 Clinical investigation,52 follow-up 
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in screening trials,53 epidemiologic trends in incidence,54 and previous modeling efforts 9,55 all 

indicated that some DCIS cases will not progress,56,57 but how many is not known.

The collaboration of 6 groups with different modeling philosophies and approaches 

to estimate the same end points by using a common set of data provides an excellent op-

portunity to cross-replicate data generated from modeling, represent uncertainty related 

to modeling assumptions and structure, and give insight into which results are consistent 

across modeling approaches and which are dependent on model assumptions. The resulting 

conclusions about the ranking of screening strategies were very robust and should provide 

greater credibility than inferences based on 1 model alone.

Despite our consistent results, our study had some limitations.58 First, our models provide 

estimates of the average benefits and harms expected across a cohort of women and do 

not reflect personal data for individual women. Also, although our models project mortality 

reductions similar to those observed in clinical trials, the range of results includes higher 

mortality reductions than that achieved in the trials because we model lifetime screening 

and assume adherence to all screening and treatment. The trials followed women for limited 

numbers of years and have some nonadherence. The models also do not capture differences 

in outcomes among certain risk subgroups, such as women with BRCA1 or BRCA2 genetic 

susceptibility mutations, women who are healthier or sicker than average, or black women 

who seem to have more disease at younger ages than white women.59

Second, the outcomes considered do not capture morbidity associated with surgery for 

screening-detected disease 60 or decrements in quality of life associated with false-positive 

results, living with earlier knowledge of a cancer diagnosis, or overdiagnosis.61

Third, in estimating lifetime results, we projected breast cancer trends from background 

incidence rates of a 1960 birth cohort extrapolated forward in time. However, future back-

ground incidence (and mortality) may change as the result of several different forces, such 

as changes in patterns of reproduction; less use of hormone replacement therapy after 2002 

or prescription of tamoxifen or other agents for primary disease prevention; increasing rates 

of obesity; and further advances in treatment (for example, trastuzumab).62 Although most 

models portray known differences in biology by age (for example, distribution of estrogen re-

ceptor–positive tumors, sensitivity of screening, and length of the preclinical sojourn times), 

some aspects of the natural history of disease are not known or cannot be fully captured.

We assumed 100% adherence to screening and treatment to evaluate program efficacy. 

Benefits will always fall short of the projected results because adherence is not perfect. If 

actual adherence varies systematically by age or other factors, the ranking of strategies could 

change. In addition, we did not consider “mixed” strategies (for example, screening annu-

ally from age 40 to 49 years and then biennially from age 50 to 79 years) as was done in 

some trials 5 and other analyses.36,63 We found that the benefits of screening from ages 40 to 

49 years were small. Benefits in this age group were also associated with harms in terms of 

false-positive results and unnecessary biopsies. Thus, although strategies that include annual 
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screening from ages 40 to 49 years might be efficient, this would be largely driven by the 

more favorable balance of benefits and harms after age 50 years. In addition, we judged that 

mixed strategies are very difficult to communicate to consumers and implement in public 

health practice.

Finally, we did not discount benefits or include costs in our analysis, although the aver-

age number of mammograms per woman (and false-positive results) provides some proxy of 

resource consumption. Even with these acknowledged limitations, the models demonstrate 

meaningful, qualitatively similar outcomes despite variations in structure and assumptions.

Overall, the evaluation of screening strategies by the 6 models suggests that optimal 

program design is based on biennial intervals. Choices about optimal ages of initiation and 

cessation will ultimately depend on program goals, resources, weight attached to the pres-

ence of trial data, the balance of harms and benefits, and considerations of efficiency and 

equity.
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appendix

appendix Table 6.1. Summary of model features

feature       model*  

  d e g m s W

Includes DCIS No Yes Yes Yes No Yes

Includes  ER status Yes Yes Yes Yes Yes Yes

How treatment 
affects mortality

Hazard 
reduction

Cure fraction Hazard 
reduction

Hazard reduction 
and cure fraction 
based on mode of 
diagnosis†

Hazard 
reduction

Cure fraction

Calibrated to 
mortality?

No No No Yes No Yes‡

Calibrated to 
incidence?

No Yes Yes Yes Yes Yes

Factors affecting 
screening benefits§

Stage shift, 
age shift

Size (larger or 
smaller than 
fatal diameter)

Stage shift, 
age shift

Stage shift, age shift
 

Stage shift, 
size within 
stage, age 
shift

Effectiveness of 
treatment by stage 
and age shifts

Factors affecting 
treatment benefits 
(independent of 
screening)

ER status,  
age, calendar 
year

ER status,  age ER status,  age ER status,  age, 
calendar year (and 
improvements in 
care)

ER status,  age ER status,  age, 
calendar year 
(which affect cure 
probability)

DCIS = ductal carcinoma in situ; ER = estrogen receptor.
*  Model group abbreviations: D = Dana-Farber Cancer Institute; E = Erasmus Medical Center; G = 

Georgetown University; M = M.D. Anderson Cancer Center; S =Stanford University; W = University of 
Wisconsin/Harvard.

†  If cancer is clinically detected in model M, a hazard reduction is applied to the survival function. If cancer 
is detected by screening, then a cure fraction is applied for cases diagnosed in stages 1 and 2a. If cancer 
is detected by screening in stages 2b, 3, or 4, a similar hazard reduction is applied as for the clinically 
detected cases. This results in screening benefits due to stage shift and better prognosis for screening-
detected versus clinically detected cases within early-stage disease. The use of a cure fraction for early-
stage screening-detected cancer is a modification of the model published elsewhere.7,11

‡  Model W is calibrated only to mortality for a subset of the cure fraction variables after the natural history 
model was calibrated to incidence.

§  Note that all models use age-specific inputs for sensitivity of mammography screening. Sensitivity, in 
turn, has a small effect on screening benefits.
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appendix Table 6.2. Summary of base-case input data sources*

Model Inputs Data Sets

BCSC SEER 9 Registry
Connecticut Tumor 
Registry

Berkeley Mortality 
Database

Secular breast cancer   
  incidence

No Yes Yes No

Mammography test   
  characteristics

Yes No No No

Other cause of death No No No Yes

Breast cancer survival in 
  1975

No Yes No No

Breast cancer prevalence
   in 1975

No Yes Yes No

BCSC = Breast Cancer Surveillance Consortium; SEER 9 = Surveillance, Epidemiology, and End Results 9.
*  For this analysis, we assume that 100% of women are screened and that all women detected with cancer 

are treated as per current practice guidelines.
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appendix Table 6.3. Average number of screening examinations and percentage of reduction in breast 
cancer mortality, by screening strategy

Screening Strategy  Average  
Screenings per 
1000 Women*

Reduction in Breast Cancer Mortality (vs. No Screening), by 
Model, %†

efficient strategies (not dominated in 6 of 6 models) d e g m s W

Biennial screening, ages 60–69 y 4263 11 13 11 10 9 12

Biennial screening, ages 55–69 y 6890 15 18 15 14 13 19

Biennial screening, ages 50–69 y 8947 16 23 17 16 15 23

Biennial screening, ages 50–74 y 11 066 22 27 21 21 20 28

Biennial screening, ages 50–79 y 12 366 25 29 24 24 25 30

Biennial screening, ages 50–84 y 13 837 29 31 25 27 26 33

Biennial screening, ages 40–84 y 18 708 31 37 28 29 27 39

Annual screening, ages 40–84 y 36 550 38 49 32 29‡ 35 54

borderline strategies (dominated in 2–3 of 6 models)

Biennial screening, ages 40–79 y 17 241 27§ 35 26 26§ 25§ 36

Annual screening, ages 50–79 y 24 419 32 39 27§ 26§ 30 42

Annual screening, ages 50–84 y 26 905 35 41 28§ 28§ 33 45

Annual screening, ages 40–79 y 34 078 34§ 46 30 27§ 33§ 51

inefficient/dominated  strategies (dominated in all 6 models)

Annual screening, ages 60–69 y 8438 14§ 18§ 13§ 12§ 12§ 17§

Biennial screening, ages 45–69 y 11 694 18§ 26§ 20§ 19§ 17§ 27§

Annual screening, ages 55–69 y 13 009 18§ 25§ 17§ 15§ 16§ 26§

Biennial screening, ages 40–69 y 13 831 18§ 28§ 20§ 19§ 16§ 29§

Annual screening, ages 50–69 y 17 733 21§ 31§ 20§ 18§ 20§ 33§

Annual screening, ages 50–74 y 21 330 27§ 35§ 24§ 22§ 26§ 38§

Annual screening, ages 45–69 y 22 546 23§ 35§ 22§ 20§ 22§ 39§

Annual screening, ages 40–69 y 27 428 24§ 39§ 23§ 20§ 22§ 43§

* Average number of mammograms across models. Not all possible mammograms in the age group are 
obtained in strategies that continue to the oldest age groups, because many women die of other causes 
before screening would occur.
† Model group abbreviations: D = Dana-Farber Cancer Institute; E = Erasmus Medical Center; G = Georgetown 
University; M = M.D. Anderson Cancer Center; S =Stanford University; W = University of Wisconsin/Harvard.
‡ Because of rounding, this strategy seems to be dominated, but the actual result is 29.4.
§ Strategy is dominated (“inefficient”) within the specific model. A strategy is classified as dominated if 
another strategy (from the efficient, borderline, or inefficient/dominated category) results in an equal or 
higher percentage of mortality reduction with fewer average screening examinations.
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appendix Table 6.4. Average number of screening examinations and life-years gained, by screening 
strategy

Screening Strategy  Average  Screenings 
per 1000 Women*

Life-Years Gained per 1000 Women (vs. No Screening), by 
Model, %†

efficient strategies (not dominated in 5 or 6 of 6 models) d e g m s W

Biennial screening, ages 60–69 y 4263 51 49 61 43 52 39

Biennial screening, ages 55–69 y 6890 73 78 91 62 80 64

Biennial screening, ages 50–69 y 8947 88 107 111 82 99 84

Biennial screening, ages 50–74 y 11 066 106 116 128 96 121 95

Biennial screening, ages 40–79 y 17 241 133 161 164 122 151 136

Biennial screening, ages 40–84 y 18 708 140 164 167 126 158 140

Annual screening, ages 40–79 y 34 078 170 224 188 123‡ 202 198

Annual screening, ages 40–84 y 36 550 177 227 192 128 210 202

borderline strategies (dominated in 2–4 of 6 models) 

Biennial screening, ages 45-69 y 11 694 102‡ 129 136 99 116‡ 109

Biennial screening, ages 50–79 y 12 366 114 122‡ 136‡ 103 130 99

Biennial screening, ages 50–84 y 13 837 121 124‡ 139‡ 108 138 103

Biennial screening, ages 40–69 y 13 831 108‡ 147 140 101‡ 120‡ 121

Annual screening, ages 45–69 y 22 546 131‡ 179 152‡ 103‡ 152‡ 155

Annual screening, ages 50–79 y 24 419 145 166‡ 154‡ 112‡ 170 142‡

Annual screening, ages 50–84 y 26 905 152 169‡ 157‡ 116‡ 178 146‡

Annual screening, ages 40–69 y 27 428 142‡ 206 162‡ 103‡ 164‡ 180

inefficient or dominated strategies (dominated in all 6 models) 

Annual screening, ages 60–69 y 8438 65‡ 69‡ 71‡ 53‡ 69‡ 56‡

Annual screening, ages 55–69 y 13 009 91‡ 107‡ 100‡ 68‡ 102‡ 90‡

Annual screening, ages 50–69 y 17 733 117‡ 148‡ 128‡ 91‡ 132‡ 123‡

Annual screening, ages 50–74 y 21 330 134‡ 160‡ 144‡ 104‡ 156‡ 135‡

* Average number of mammograms across models. Not all possible mammograms in the age group are 
obtained in strategies that continue to the oldest age groups, because many women die of other causes 
before screening would occur.
† Model group abbreviations: D = Dana-Farber Cancer Institute; E = Erasmus Medical Center; G = Georgetown 
University; M = M.D. Anderson Cancer Center; S = Stanford University; W = University of Wisconsin/Harvard.
‡ Strategy is dominated within a specific model. Strategy is classified as dominated if another strategy (from 
the efficient, borderline or inefficient/dominated category) results in an equal or higher gain in life-years 
with fewer average screening examinations.
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appendix figure 6.1. Life-years gained versus number of mammographies performed per 1000 women, 
by model and screening strategy.
The panels show an efficiency frontier graph for each model. The graph plots the average number of 
mammographies performed per 1000 women against LYs gained for each screening strategy (vs. no 
screening). Strategies are denoted as annual (A) or biennial (B) with starting and stopping ages. We plot 
efficient strategies (that is, those in which increases in use of mammography resources result in greater 
LYs gained than the next least-intensive strategy) in all 6 models. We also plot “borderline” strategies 
(approaches that are efficient in some models but not others). The line between strategies represents the 
“efficiency frontier.” Strategies on this line would be considered efficient because they achieve the greatest 
gain per use of mammography resources compared with the point (or strategy) immediately below it. 
Points that fall below the line are not considered as efficient as those on the line. When the slope in the 
efficiency frontier plot levels off, the additional LYs gained per unit increase in use of mammography are 
small relative to the previous strategies and could indicate a point at which additional investment (use of 
screening) might be considered as having a low return (benefit). LY = life-year.
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absTracT

background: Timing of initiation of screening for breast cancer is controversial in the United 

States.

objective: To determine the threshold relative risk (RR) at which the harm–benefit ratio of 

screening women age 40 to 49 years equals that of biennial screening for women age 50 to 

74 years.

design: Comparative modeling study.

data sources: Surveillance, Epidemiology, and End Results program, Breast Cancer Surveil-

lance Consortium, and medical literature.

Target population: A contemporary cohort of women eligible for routine screening.

Time horizon: Lifetime.

perspective: Societal.

interventions: Mammography screening starting at age 40 versus 50 years with different 

screening methods (film, digital) and screening intervals (annual, biennial).

outcome measures: Benefits: life-years gained, breast cancer deaths averted; harms: 

false-positive mammography findings; harm–benefit ratios: false-positive findings/life-year 

gained, false-positive findings/death averted.

results of base-case analysis: Screening average-risk women age 50 to 74 years bienni-

ally yields the same false-positive/life-year gained as biennial screening with digital mam-

mography starting at age 40 for women with a 2-fold increased risk above average (median 

threshold RR, 1.9 [range across models, 1.5 to 4.4]). The threshold RRs are higher for annual 

screening with digital mammography (median, 4.3 [range, 3.3 to 10]) and higher when false-

positive findings/death averted is used as outcome measure instead of false-positive find-

ings/life-year gained. The harm–benefit ratio for film mammography is more favorable than 

for digital mammography because film has a lower false-positive rate.

results of sensitivity analysis: The threshold RRs changed slightly when a more com-

prehensive measure of harm was used and were relatively insensitive to lower adherence 

assumptions.

limitation: Risk was assumed to influence onset of disease without influencing screening 

performance.

conclusion: Women age 40 to 49 years with a 2-fold increased risk have similar harm–ben-

efit ratios for biennial screening mammography as average-risk women age 50 to 74 years. 

Threshold RRs required for favorable harm–benefit ratios vary by screening method, interval, 

and outcome measure.

primary funding source: National Cancer Institute.
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inTroducTion

Breast cancer is the most frequently diagnosed noncutaneous cancer among women in the 

United States, where it is second only to lung cancer as a cause of cancer deaths. Mammog-

raphy screening has been shown to reduce breast cancer mortality rates in randomized trials 
1,2 and nationwide screening programs.3

The U.S. Preventive Services Task Force (USPSTF) recommends biennial breast cancer mam-

mography screening for women age 50 to 74 years on the basis of a comprehensive evaluation 

of current research indicating a favorable balance of benefits and harms.4,5 Individual trials have 

not demonstrated significant breast cancer mortality reductions from screening women in their 

forties,6,7 but a meta-analysis of 8 trials demonstrated a 15% mortality reduction.8 The absolute 

benefits (for example, number of deaths prevented) are smaller than for older women because 

of the lower incidence of breast cancer and lower sensitivity of mammography in women age 

40 to 49 years. At the same time, screening in this age group is accompanied by more harm 

(false-positive results and unnecessary biopsies) as a result of lower screening specificity. As a 

result, the USPSTF concluded that the “decision to start regular, biennial screening mammog-

raphy before the age of 50 years should be an individual one and take into account patient 

context, including the patient’s values regarding specific benefits and harms”.4,9

Technology that improves screening test performance might influence the balance of ben-

efits and harms of screening in younger women. Digital mammography has rapidly replaced 

film mammography in most areas of the United States.10 Younger women are more likely than 

older women to have dense breasts, and screening regimens using digital mammography in 

women 40 to 49 might have a different balance of benefits and harms than strategies that use 

film mammography. Digital has a higher test sensitivity than film mammography in women 

younger than age 50,11 detects more cases of ductal carcinoma in situ, and leads to more 

false-positive results.12 Thus, it is uncertain whether initiating screening at age 40 with digital 

mammography would yield a more favorable balance of benefits and harms.

Another factor that changes the balance of benefits and harms is risk for developing 

breast cancer. Clearly, the absolute benefits of screening before age 50 will be larger for 

women with an increased risk for breast cancer than for average-risk women. A more risk-

based screening approach might therefore be appropriate.13-17 To implement a risk-based 

screening approach, it is crucial to know the magnitude of the relative risk (RR) that would tip 

the balance of benefits and harms to recommend screening for women age 40 to 49 (that is, 

threshold RR) and which risk factors lead to that elevated risk.

This study sought to determine the threshold risk at which the harm–benefit ratio of start-

ing screening at age 40 equals the harm–benefit ratio of currently recommended biennial 

screening for average-risk women starting at age 50. It also evaluates the effect of screening 

method (film, digital) and screening interval (annual, biennial) on the threshold RR by using 

4 simulation models .18-21
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meThods

model overview

We used 4 microsimulation models developed as part of the Cancer Intervention and 

Surveillance Modeling Network (CISNET), which is an international collaborative modeling 

consortium funded by the National Cancer Institute.22,23 The 4 models were model D (Dana-

Farber Cancer Institute, Boston, Massachusetts), model E (Erasmus University Medical Center, 

Rotterdam, the Netherlands), model G-E (Georgetown University Medical Center, Washing-

ton, DC, and Albert Einstein College of Medicine, Bronx, New York), and model W (University 

of Wisconsin, Madison, Wisconsin, and Harvard Medical School, Boston, Massachusetts). The 

models have been described in detail elsewhere,18-21 and information about the models can 

be found online (http://cisnet.cancer.gov/). Briefly, the models simulated life histories for 

individual women. After estimating breast cancer incidence and mortality in the absence of 

screening and treatment, the models overlaid screening use and improvements in survival 

associated with treatment advances.22 The Appendix Figure (available at www.annals.org) 

shows the influence of breast cancer screening on (simulated) life histories. Supplement 1 

(available at www.annals.org) outlines the main model differences and assumptions.

model parameters

The model inputs and assumptions were based on assumptions previously used in a sup-

porting article for the most recent USPSTF recommendation.23 We used a common set of 

age-specific variables for breast cancer incidence, survival, and competing non–breast 

cancer causes of death (Supplement 2, available at www.annals.org). A cohort of women 

born in 1960 was simulated and followed throughout their entire lifetime. We assumed 100% 

adherence with screening and adjuvant treatment guidelines.

The Breast Cancer Surveillance Consortium (BCSC) provided data on recent performance 

(between 2001 and 2007) of film and digital mammography (Table 7.1). The BCSC collects 

prospective data on breast imaging in community practice in 5 mammography registries and 

2 affiliated sites in the United States (http://breastscreening.cancer.gov). Each registry ob-

tains annual approval from its institutional review board for consenting processes or a waiver 

of consent, enrollment of participants, and ongoing data linkages for research purposes. All 

registries have received Federal Certificates of Confidentiality that protect the identities of 

research participants. The 4 models used BCSC data inputs for sensitivity; specificity; and 

stage distribution by age, screening method (film, digital), and screening interval (annual, 

biennial) (http://breastscreening.cancer.gov/data/elements.html).

screening strategies

The effects of 5 screening scenarios were estimated per 1000 average-risk women age 40 fol-

lowed over their lifetimes. These scenarios included biennial screening for women age 50 to 
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74 extended with 4 screening scenarios for women age 40 to 49 varying by screening interval 

(annual and biennial) and screening method (film and digital): 1) biennial film screening at 

age 50 to 74; 2a) biennial film screening at age 50 to 74 and biennial film screening at age 

40 to 49; 2b) biennial film screening at age 50 to 74 and biennial digital screening at age 40 

to 49; 3a) biennial film screening at age 50 to 74 and annual film screening at age 40 to 49; 

and 3b) biennial film screening at age 50 to 74 and annual digital screening at age 40 to 49.

The incremental effects of each scenario were determined by comparing it to the previ-

ous, less intensive scenario. To determine the effects of adding biennial screening for women 

in their forties, scenarios 2a and 2b were compared with scenario 1; for annual screening, 

scenarios 3a and 3b were compared with scenarios 2a and 2b, respectively.

benefit, harms, and harm–benefit ratios

We estimated the effect of each screening strategy on the number of breast cancers detected, 

the number of breast cancer deaths averted, the number of life-years gained, and the number 

of false-positive results on mammography screening. The time horizon for calculating effects 

was from age 40 until death of all simulated women.

First, the effects (benefits and harms) of biennial screening between ages 50 and 74 

were determined. We defined harm as the number of false-positive results and benefits as 

the number of breast cancer deaths averted and number of life-years gained. Then, the ad-

ditional effects of screening between ages 40 and 49 were assessed for 2 screening intervals 

(annual and biennial) and 2 screening methods (film and digital). For each screening strategy, 

Table 7.1. Sensitivity and specificity of screening mammography (digital and film) by age and screening 
interval used in the cancer intervention and surveillance modeling network models based on data from 
the breast cancer surveillance consortium, 2001–2007*

Test Characteristic

According to Age Film Mammography Digital Mammography

Annual Biennial Annual Biennial

sensitivity

  Age 40–44 y 69.5 (62.6–75.9) 68.0 (57.8–77.1) 78.4 (64.4–90.9)† 90.7 (76.8–100)†

  Age 45–49 y 73.8 (69.6–77.7) 80.6 (75.1–85.3) 79.8 (67.6–87.7)† 91.6 (73.0–99.0)†

specificity

  Age 40–44 y 91.0 (90.8–91.2) 90.1 (89.8–90.3) 87.5 (87.0–88.0) 87.7 (86.8–88.6)

  Age 45–49 y 90.9 (90.7–91.0) 89.8 (89.6–90.0) 87.9 (87.5–88.3) 87.4 (86.6–88.2)

* Values in parentheses are 95% CIs.
†  The models used extrapolated values for the sensitivity of digital mammography because the 95% CIs 

of the sensitivity of digital mammography were wide. The extrapolated values were derived by using 
regression models based on the sensitivity values in other age groups (data not shown). The 4 extrapolated 
numbers are shown and were very close to the Breast Cancer Surveillance Consortium data (80.0 and 78.9 
for annual screening at ages 40 to 44 and 45 to 49 y, respectively, and 91.7 for biennial screening at age 45 
to 49 y), except for the sensitivity of biennial screening with digital mammography for the 40- to 44-y age 
group, for whom the Breast Cancer Surveillance Consortium data indicated a sensitivity of 100.
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we determined the harm–benefit ratios by dividing the incremental harm by the incremental 

benefits.

We then implemented different RRs in the models. The higher risk was modeled over 

the entire lifetime of the simulated women. We calculated the incremental harms, benefits, 

and harm–benefit ratios of the 5 screening scenarios for women at increased risk. We used 

the harm–benefit ratio of biennial screening for average-risk women between ages 50 and 

74 (scenario 1) as a threshold value. Then, we determined for the 4 screening scenarios (sce-

narios 2a and 2b and 3a and 3b) that started at age 40 how high the RR needed to be to have 

the same harm–benefit ratio as the threshold value.

sensitivity analysis

To evaluate how the harm–benefit ratios and threshold RRs were influenced by certain 

assumptions and parameter values, we performed several sensitivity analyses. First, we ex-

plored the effect of reduced adherence (70%). Second, we considered alternative screening 

test characteristics of digital mammography (best-case scenario) by using an improved sen-

sitivity and specificity (using the upper limit of the 95% CI). Third, we assessed the influence 

of a broader measure of harm on the threshold RRs by calculating quality-adjusted life-years 

(QALYs) lost. We applied quality-of-life decrements due to undergoing mammography and 

diagnostics 24 and life-years with breast cancer by stage of disease at diagnosis 25 (Supple-

ment 3, available at www.annals.org). The number of QALYs lost incorporates harm from 

undergoing mammography, having a false-positive screening test result, and harm from 

overdiagnosis because with more overdiagnosis, more life-years are spent in disease stages 

and, thus, more QALYs are lost when there is a large amount of overdiagnosis. All 4 models 

incorporate overdiagnosis because in all models there is a chance that breast cancer is de-

tected in the presence of screening but would not have become symptomatic and would not 

have caused breast cancer death during a woman’s lifetime if no screening had taken place. 

Overdiagnosis estimates vary across models because of different underlying assumptions (for 

example, on the rates of progression from ductal carcinoma in situ to invasive disease and on 

the possibility of limited malignant potential of invasive disease). We used the harm–benefit 

ratio QALYs lost/life-year gained to re-estimate the threshold RRs.

role of the funding source

This work was funded by a supplement from the National Cancer Institute. The funding 

sources had no role in the design and conduct of the study; collection, management, analy-

sis, and interpretation of the data; preparation, review, and approval of the manuscript; or 

decision to submit this manuscript for publication.
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resulTs

average risk

In the absence of screening, the models estimate that a median of 153 cases of breast cancer 

would be diagnosed (range across models, 152 to 158) and 25 deaths from breast cancer 

would occur (range, 19 to 35) among 1000 women 40 years of age followed over their life-

times (data not shown).

If these women underwent biennial film mammography between the ages of 50 and 74, 

the models predict that 10 610 (range, 10 529 to 10 660) mammograms would be obtained 

over 12 screening rounds; 6.3 (range, 5.3 to 6.9) breast cancer deaths would be avoided; 109 

(range, 93 to 113) life-years would be gained; and 883 (range, 795 to 939) mammography 

results would be read as false-positive. The harm–benefit ratios are estimated as 8.3 (range, 

7.8 to 8.7) false-positive findings/life-year gained and 146 (range, 128 to 151) false-positive 

findings/death averted (Table 7.2).

In all models, the harm–benefit ratios for adding screening between ages 40 and 49 are 

less favorable than those for biennial screening starting at age 50 (Table 7.3). In all models, 

adding annual to biennial screening leads to slight increases in additional life-years gained 

and breast cancer deaths averted, but at the expense of greater increases in incremental 

harm. Adding annual screening to biennial screening starting at age 40 therefore has a less 

favorable harm–benefit ratio than adding biennial screening starting at age 40 to biennial 

screening from ages 50 to 74 in all 4 models (Table 7.3).

With digital mammography screening, more life-years are gained and more breast cancer 

deaths averted than with plain film mammography, but because of the lower specificity of 

Table 7.2. Effects of biennial screening between ages 50 and 74 years per 1000 women*

Model† Mammography 
Screenings, n

Breast 
Cancer Cases 
Detected, n

Benefits Harms Harm–Benefit Ratios

      Breast 
Cancer 
Deaths 
Averted, n

Life-
Years 
Gained

False-
Positive 
Findings, n

False-Positive 
Findings/Breast 
Cancer Deaths 
Averted

False-Positive 
Findings/Life-
Years Gained

D 10 529 156 6.9 113 877 128 7.8

E 10 655 164 5.3 93 795 151 8.5

G-E 10 566 163 6.6 108 939 142 8.7

W 10 660 232 5.9 111 890 151 8.0

Median 10 610 163 6.3 109 883 146 8.3

* Screening equivalent to 12.5 screening rounds in 25 y.
†  Model D: Dana-Farber Cancer Institute, Boston, Massachusetts; model E: Erasmus University Medical 

Center, Rotterdam, the Netherlands; model G-E: Georgetown University Medical Center, Washington, DC, 
and Albert Einstein College of Medicine, Bronx, New York; model W: University of Wisconsin, Madison, 
Wisconsin, and Harvard Medical School, Boston, Massachusetts.
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digital mammography for women in their forties, it also yields more false-positive results. 

In all 4 models, there is greater harm relative to benefit from digital than from film mam-

mography in women age 40 to 49 (Table 7.3).

increased risk

In all models, screening women with increased risk for breast cancer leads to a more favor-

able harm–benefit ratio. Screening women with increased risk results in more life-years 

gained and more breast cancer deaths averted with approximately the same number of false-

positive results (see Supplement 4 and 5, available at www.annals.org, for data on women 

with a 2-fold increased risk for cancer). The models predict that annual screening with digital 

mammography for women age 40 to 49 with a 4-fold increased risk above average (median 

threshold RR, 4.3 [range across models, 3.3 to 10]) would yield similar false-positive findings/

life-year gained estimates as biennial screening for average-risk women age 50 to 74 years. 

To find similar false-positive findings/life-year gained estimates for biennial screening with 

Table 7.3. Incremental changes in the benefits and harms of starting screening at age 40 years instead of 
at age 50 years, per 1000 women

Model* Benefits Harms Harm-Benefit Ratios

 

Additional Breast
Cancer Deaths

Averted, n
Additional

Life-Years Gained

Additional
False-Positive

Findings, n

False-Positive
Findings/Breast
Cancer Deaths

Averted

False-Positive
Findings/Life-Years

Gained

Film Digital Film Digital Film Digital Film Digital Film Digital 

biennial screening for women starting at age 40 y†

D 0.5 0.5 17 16 490 607 896 1166 29 39

E 1.2 1.3 37 39 470 582 381 450 13 15

G 1.0 1.1 29 32 406 579 406 526 14 18

W 1.3 1.6 41 49 486 603 363 370 12 12

Median 1.1 1.2 33 36 478 592 393 488 13 16

annual screening for women starting at age 40 y‡

D 0.2 0.3 8 11 393 593 1579 1732 50 54

E 0.6 0.6 18 19 376 568 641 940 20 30

G 0.3 0.2 7 7 426 577 1420 2884 60 84

W 0.7 0.7 21 21 390 589 565 841 18 28

Median 0.4 0.5 13 15 391 583 1030 1336 35 42

* Model D: Dana-Farber Cancer Institute, Boston, Massachusetts; model E: Erasmus University Medical 
Center, Rotterdam, the Netherlands; model G-E: Georgetown University Medical Center, Washington, DC, 
and Albert Einstein College of Medicine, Bronx, New York; model W: University of Wisconsin, Madison, 
Wisconsin, and Harvard Medical School, Boston, Massachusetts.
† Incremental to biennial screening for women starting at age 50 y.
‡ Incremental to biennial screening for women starting at age 40 y.
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digital mammography for women age 40 to 49, the threshold RRs are lower in all models 

(median threshold RR, 1.9 [range across models, 1.5 to 4.4]).

For screening with film mammography, the threshold RRs are predicted to be somewhat 

lower in all models than those estimated for digital mammography (median threshold RR for 

biennial screening, 1.6 [range, 1.5 to 3.7]; Table 7.4). When deaths averted was considered 

as an outcome measure instead of life-years gained, all models estimated higher threshold 

RRs of 3.3 (range, 2.3 to 5.7) for biennial screening and even higher threshold RRs for an-

nual screening (Table 7.4). The incremental changes in the benefits and harms of starting 

screening at age 40 instead of at age 50 per 1000 women for the threshold RRs are listed in 

Supplement 6 (available at www.annals.org).

sensitivity analysis

When 70% adherence was assumed instead of 100%, the harms diminished by 30%, whereas 

the benefits diminished less (by 26% for biennial and 5% for annual screening). Therefore, 

more favorable harm–benefit ratios were found for biennial screening (for example, for film 

mammography in model E: 12.2 false-positive findings/life-year gained versus 12.7 when 

100% attendance was assumed) and for annual screening (in model E: 14.9 false-positive 

findings/life-year gained versus 20.4 when 100% attendance was assumed). However, adding 

annual screening to biennial screening starting at age 40 still had a less favorable harm–ben-

efit ratio than adding biennial screening.

Changing screening test characteristics of digital mammography had only a very small 

influence on the harm-benefit ratios. The best-case scenario resulted in somewhat more 

benefits and fewer harms, but the differences in harm–benefit ratios were very small (<8%).

Table 7.4. Threshold relative risks estimated by the Cancer Intervention and Surveillance Modeling 
Network models for the different screening strategies* 

Model†
Relative Risks Estimated by Using False-Positive

Findings/Breast Cancer Deaths Averted
Relative Risks Estimated by Using False-Positive

Findings/Life-Years Gained

Biennial Annual Biennial  Annual 

Film Digital Film Digital Film Digital Film Digital 

D 5.1 5.7 6.4 6.6 3.7 4.4 4.9 5.1

E 2.4 2.8 3.8 5.6 1.5 1.7 2.3 3.3

G-E 2.9 3.7 >10 >10 1.6 2.1 7.0 10

W 2.2 2.3 3.4 5.1 1.5 1.5 2.2 3.4

Median 2.7 3.3 5.1 6.1 1.6 1.9 3.6 4.3

*  The threshold relative risks represent the risk at which the harm–benefit ratio of starting biennial or annual 
screening at age 40 y would equal that of currently recommended biennial screening starting at age 50 y.

†  Model D: Dana-Farber Cancer Institute, Boston, Massachusetts; model E: Erasmus University Medical 
Center, Rotterdam, the Netherlands; model G-E: Georgetown University Medical Center, Washington, DC, 
and Albert Einstein College of Medicine, Bronx, New York; model W: University of Wisconsin, Madison, 
Wisconsin, and Harvard Medical School, Boston, Massachusetts.
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Use of the more comprehensive measure of harm (QALYs lost) led to somewhat higher 

predicted median threshold RRs (for example, 2.1 [range, 1.4 to 2.9] for biennial screening 

with digital mammography [versus 1.9 when false-positive findings were used]).

discussion

For women with approximately 2-fold increased risk for breast cancer, the balance of benefits 

and harms (life-year gained vs. false-positive results) of starting biennial screening at age 40 

approximates that of biennial screening for average-risk women starting at age 50. The mod-

els consistently showed that the additional benefits of adding annual screening are small 

and that there is greater harm relative to benefit from digital than from film mammography 

in women age 40 to 49 years. To obtain harm–benefit ratios similar to those that result from 

currently recommended screening, the false-positive rates for biennial screening with digital 

mammography would have to decrease substantially among women in their forties.

The model results on the difference between annual and biennial screening are largely in 

line with previous work. A retrospective study found that women screened annually versus 

biennially had similar distributions of prognostic factors (such as tumor size, lymph node 

status, and histologic grade).26 However, another study found that specifically among women 

age 40 to 49 years, those undergoing biennial screening, were more likely to have late-stage 

disease at diagnosis than those undergoing annual screening.27 It has been suggested that 

for younger women annual screening would be more beneficial than biennial screening 

because of the faster tumor growth rates in this age group.28-30 This is reflected in the model 

outcomes showing that adding annual screening to biennial screening in the 40- to 49-year 

age group is somewhat more beneficial than in older age groups. For example, a previous 

study showed that 72% to 89% of the mortality benefit is maintained in these 4 models when 

women age 50 to 74 move from annual to biennial screening scenarios.23 The present study 

shows that in the 40- to 49-year age group the percentage of mortality benefit maintained is 

somewhat lower (66% to 77%).

All 4 models found only small differences between film and digital mammography with 

regard to the benefits of screening, which is in line with results of a study reporting that 

improvements in sensitivity did not markedly affect breast cancer mortality.31 However, 

digital mammography did result in substantially more false-positive results than did film 

mammography. This translated into greater harm relative to benefits for digital than for film 

mammography in younger women. Therefore, it seems unlikely that data on the performance 

of digital mammography, if it had been available, would have led the USPSTF to recommend 

screening women starting at age 40. A recent study in the Netherlands found that referral 

and false-positive rates first increased after the implementation of digital mammography, 

but then these rates started to decrease over time and stabilized at a somewhat higher level 
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than film mammography after a little more than 1 year.32 However, in a recent U.S. study 

comparing the screening performance of digital and film mammography, excluding the first 

year after the transition to digital mammography did not influence results.33 Another recent 

study found that the availability of comparison mammography halved the false-positive 

recall probability.34 It remains to be investigated whether false-positive rates in the United 

States can be reduced without also decreasing sensitivity or detection rates.

The results of the models are consistent regarding differences between outcome mea-

sures, predicting considerably higher threshold RRs when breast cancer deaths averted are 

used instead of life-years gained because in the 40- to 49-year age group there are more 

life-years to gain by averting a death than in older age groups. Life-years gained may be 

considered preferable because as a summary measure it incorporates both the number of 

lives saved and the number of life-years gained per life saved. Our results indicate that the 

outcome measure used is a main determinant of the screening strategy that will be chosen 

for women age 40 to 49, highlighting the importance of taking into account preferences of 

individual women for specific benefits and harms.

Several limitations of this study should be mentioned. Of note, we calculated the 

harm–benefit ratios for women age 50 to 74 who were screened biennially and used these 

as threshold values for younger women. However, it might be that younger women have 

different concerns and preferences than do older women and that these preferences vary 

between individual women. In calculating the harm–benefit ratio, we included only false-

positive screening mammography results as the harm. Ideally, all harms and all benefits are 

taken into account in determining optimal screening scenarios. In addition to false-positive 

results, harms of screening mammography include unnecessary biopsies, radiation exposure, 

false reassurance, pain related to the procedure, overdiagnosis (the detection of lesions that 

would not have become clinically apparent without screening), overtreatment, and the bur-

den of performing medical tests on healthy individuals. Several studies have shown that the 

risk for radiation is minimal,35,36 and false reassurance has been found to play only a minor role 

in breast cancer screening.37 Although many women experience pain during the procedure 

(range, 1% to 77%), very few consider this a deterrent from future screening.8,38 Estimates of 

overdiagnosis vary widely, ranging up to 54%.39 Although a proportion of invasive cancer 

diagnosed by mammography may never have presented clinically, the proportion is likely 

to be small for women age 40 to 49, ranging up to 7%.39 For ductal carcinoma in situ, this 

proportion might be larger but is surrounded by uncertainty. For these reasons we chose 

to focus on false-positive examinations as the main harm for women in their forties. We did, 

however, perform a sensitivity analysis in which we considered a more comprehensive mea-

sure of harm, QALYs lost. Although this measure is more comprehensive, capturing disutility 

of false-positive results and the effect of overdiagnosis, it is less transparent than the number 

of false-positive results, and the preferences of individual women might diverge from the 

assumed societal utilities.
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Another limitation is that the models differed for some outcomes. For biennial film 

screening, 3 models (E, G-E, and W) found similar threshold RRs (1.5 to 1.6), whereas 1 model 

(D) estimated a threshold RR of 3.7. This discrepancy relates to differences in the estimated 

benefits, reflecting differences in model structures. In model D 19, the stage distribution 

data are directly incorporated in constructing breast cancer–specific survival. Thus, small 

incremental changes in stage shifts between annual/biennial or between film/digital led to 

smaller incremental benefits. The other models used a combination of sensitivity values and 

stage distribution to calibrate parameters and show larger benefits. Additionally, the models 

differed regarding the predicted incremental benefit of adding annual to biennial screen-

ing (range of life-years gained, 7 to 21) because the models make different assumptions 

for unobservable variables, such as sojourn time, which is the duration of the preclinical, 

screen-detectable phase of the tumor. To our knowledge, no randomized, controlled trials 

have directly compared annual and biennial screening. The range in model outcomes thus 

reflects uncertainties in current knowledge of the incremental benefits of screening women 

age 40 to 49 and about shortening the screening interval.

Finally, model outcomes largely depended on the inputs and assumptions. One assump-

tion was that the higher risk influenced only the incidence (onset of disease) and not the 

screening performance (sensitivity, specificity) or natural history of disease (such as the tumor 

growth rate and breast cancer survival). However, at least some risk factors, including breast 

density and family history, influence both breast cancer risk and screening performance.40,41 

If this is taken into account, the harm–benefit ratio could change for women with risk factors 

that influence performance. The psychological effect of false-positive results might also differ 

by risk group. For example, the amount of anxiety or distress might be higher for younger 

women and for women with a family history of breast cancer than for average-risk women.42

Our finding that women with increased risks for breast cancer have similar harm–benefit 

ratios from starting biennial screening mammography at age 40 is in line with studies finding 

that breast cancer risk or detection for women with a first-degree relative is similar to that 

for women a decade older without such a history.40 Several other countries have risk-based 

screening guidelines. For example, guidelines in the Netherlands state that women with a 

moderately increased risk, defined as an RR of 2 to 3, should be offered annual screening 

starting at age 40. Similarly, in Australia, guidelines specify that a starting age younger than 

50 or more frequent examinations should be considered individually for women with moder-

ately increased risk, defined as an RR of 1.5 to 3.

A systematic review and meta-analysis of risk factors and their prevalence rates in women 

age 40 to 49 years in the United States was conducted jointly with the present study.43 Two 

risk factors were associated with a 2-fold or higher RR: having a first-degree relative with 

breast cancer (9% of women in the United States) and extremely dense breasts on mam-

mography (13% of women with Breast Imaging Reporting and Data System category 4 breast 

density). Results of these two studies imply that women with these characteristics could ben-
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efit from biennial screening starting at age 40 and that for them the balance of benefits and 

harms of screening would be similar to the balance of benefits and harms for average-risk 

women starting screening at age 50. In addition to these single risk factors, combinations of 

risk factors could potentially reach this risk threshold.16,17 A potential difficulty with including 

breast density in screening recommendations is that breast density is not uniformly reported 

and requires baseline mammography examinations to determine breast density, introducing 

additional potential screening harms.

Our results provide important information toward more individualized, risk-based screen-

ing, suggesting that starting biennial screening at age 40 for women with an increased risk 

for breast cancer (RR ≥ 1.9) has a balance of benefits and harms similar to that of biennial 

screening for average-risk women age 50 to 74 years. For women below this level of risk, 

the harm–benefit ratio of starting screening at age 40 is less favorable than that of biennial 

screening between ages 50 and 74. Reducing the false-positive rate is crucial to improving 

the balance of benefits and harms for screening regimens for women of all ages.
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appendix figure 7.1. Schematic overview of simulated life histories and the effect of screening.
The italicized words in the descriptions below refer to the words outlined in the figure. Sojourn time is 
the duration of the preclinical, screen-detectable phase of the tumor and lead time is the interval from 
screen detection to the time of clinical diagnosis, when the tumor would have surfaced without screening. 
model d is a state transition model where potential benefit from early detection arises because of a stage 
shift. The natural history of breast cancer is modeled analytically using stochastic models. The model 
assumes breast cancer (invasive) progresses from a no-disease state (S0) to pre-clinical (Sp) state and to 
clinical state (Sc). Some cases will continue to the disease-specific death (Sd) state. Death due to other 
causes is treated as a competing risk. The Sp state begins when cancer is detectable at screening and Sc 
begins when cancer is diagnosed in absence of screening. For a given birth cohort, age-specific invasive 
breast cancer incidence rate and age-dependent sojourn time in pre-clinical state (published values) are 
used to estimate the transition probabilities from S0 to Sp. The transition probabilities from Sp to Sc are 
estimated based on the age-specific breast cancer incidence rate. The other basic assumption is that any 
reduction in mortality associated with screening is from the stage-shift. That is screen-detected cases have 
a better stage distribution with a higher proportion of cases in earlier stages. The stage distribution data 
for screen-detected cases are obtained from BCSC and directly incorporated in constructing breast cancer 
specific survival. Also the lead time for screen-detected cases is treated as a random variable and adjusted 
in constructing the breast cancer specific survival for screen-detected cases. When cancer is diagnosed, a 
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treatment is applied by age, stage and ER status and treatment reduces the hazard of breast cancer specific 
mortality by age, stage and ER status. model e is a microsimulation model based on continuous tumor 
growth. The natural history of breast-cancer is modeled as a continuously growing tumor from onset of 
cancer (starting with a tumor diameter of 0.1 mm). The moments that events happen are determined 
by tumor sizes. The screening threshold diameter determines the moment that the cancer is detectable 
at screening, and the diameter of clinical detection determines when the cancer will be diagnosed in the 
absence of screening. Each tumor has a size (the fatal diameter, which differs between tumors) at which 
diagnosis and treatment will no longer result in cure given available treatment options. If the tumor is 
diagnosed (either on the basis of clinical presentation with symptoms or by screening) and treated before 
the tumor reaches the fatal diameter, the woman will be cured and will die of non-breast cancer causes 
(death from other causes). Variation between tumors is modeled by probability distributions of parameters. 
Screening might detect tumors at a smaller tumor size with a larger probability of cure (because the 
tumor has not yet reached the fatal diameter) than when the cancer is diagnosed in the absence of 
screening. model g-e is an event-driven continuous time state transition model. Based on birth cohort-
specific incidence curves, the date at which progressive breast cancer will appear clinically (if ever) is 
sampled, and the stage, ER and HER2 are then sampled based on age-period specific stage distributions 
for these parameters. A sojourn time is sampled from an age-specific distribution and the beginning of 
the sojourn period is defined as the clinical incidence date minus the sojourn time. If a screening event 
takes place during the sojourn period, it may detect the tumor with probability equal to the age-specific 
mammogram sensitivity. If the tumor is screen detected, a stage at detection is sampled from a probability 
distribution calculated from the observed lead time, the distributions of dwell times in the clinical stages, 
and the stage at the clinical detection date. Whether clinically or screen detected, treatment is sampled 
from an age-stage-ER-HER2-period specific distribution of possible treatment regimens.  Each particular 
treatment regimen reduces the hazard of breast cancer mortality by a ratio that depends on age and stage 
at diagnosis, ER, and HER2. The date of breast cancer death (which may turn out to be after the date of 
death from other causes) is then sampled from the corresponding age-stage-ER-HER2-treatment regimen-
specific survival function. Simulated women who do not have progressive breast cancer may have limited 
malignant potential (LMP) breast cancer. LMP breast cancer is modeled as never being clinically detected, 
and is never fatal. But it is screen-detectable for five years and, if screen-detected, its stage is always DCIS. 
These screen-detected LMP DCIS are then treated the same way as progressive breast cancer diagnosed 
during the DCIS stage, but treatment has no effect on mortality because these LMP tumors are never fatal. 
model W is a discrete-event, stochastic tumor growth simulation model. It simulates the natural history of 
breast-cancer using a continuous time growth model for tumor size and a Poisson process for tumor extent 
with a randomly assigned growth rate from a population level distribution. In the model breast cancer is 
assumed a progressive disease arising in the in situ stage. Model W further assumes a fraction of all tumors 
have “limited malignant potential” (LMP). This subtype is non-lethal, limited in size and stage to in situ and 
early localized disease and is predominately detected by screening mammography. If undetected for a 
fixed dwell period they are assumed to regress. Breast cancer can be detected by one of two methods: 
breast imaging (screen-detected), or by symptoms, where the likelihoods of detection are functions of a 
woman’s age and tumor size. Upon detection, a woman will receive standard treatment and depending on 
calendar year, and woman and tumor level characteristics, may also receive adjuvant treatment. Treatment 
effectiveness, a function of treatment type, is independent of the method of detection and is modeled as 
a “cure/no-cure” process. 
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absTracT 

purpose: To quantify the benefits and harms of mammography screening for women beyond 

age 74.  

method: Three previously validated microsimulation models were used to simulate a cohort 

of women born in 1960. All women received biennial screening starting at age 50 with ces-

sation ages varying from 74 up to 96. We estimated the number of life-years gained (LYG), 

quality-adjusted life-years, breast cancer deaths averted and number of overdiagnosed 

women per 1,000 screens.

results: The models predicted LYG per 1,000 screens with no upper age limit, but the gains 

decreased with advancing age from 8-11 LYG at age 74 (range across models) to 5-8 at age 80 

and 1-2 at age 90. When adjusted for quality-of-life decrements, the LYG remained positive, 

but decreased by 5-13% at age 74 and 11-22% at age 80. At age 90-92 years, all LYG were 

counterbalanced by a loss in quality of life, mainly due to the increasing number of overdiag-

nosed breast cancers; 1-5 per 1,000 screens at age 74, 2-6 at age 80 and 4-8 at age 90. The age 

at which harms began to outweigh benefits shifted to a younger age when larger or longer 

utility losses due to a breast cancer diagnosis were assumed.

conclusion: Screening benefits outweigh harms at age 74, but the balance becomes less 

favorable with advancing age. At age 90, harms outweigh benefits, largely as a consequence 

of overdiagnosis. This age was the same across the three models, despite important model 

differences in assumptions on ductal carcinoma in situ.
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inTroducTion

Mammography screening has been shown to be effective in reducing breast cancer mortal-

ity in randomized trials and nationwide screening programs in women aged 50-74 years.1-3 

Benefits and harms of screening mammography in women aged 74 years and older are less 

well established and surrounded by uncertainty, because none of the randomized, controlled 

trials designed to evaluate screening mammography included sufficient numbers of women 

aged 74 years and older. 

There are several factors that might influence the balance between benefits and harms 

of mammography screening in women older than 74 years. Because the incidence of breast 

cancer increases with age4,5 and sensitivity is higher in the older age groups,6 the benefits of 

screening may be larger for older than for younger women. On the other hand, the benefits 

of screening might be limited due to the higher death rate from competing causes with ad-

vancing age. Moreover, the harms of screening, in particular overdiagnosis, may on average 

increase with age due to the shorter remaining life-expectancy.

The extent to which overdiagnosis occurs is uncertain and widely debated, reflected in 

the wide range of estimates of up to 54% that have been published.7-14 Overdiagnosis is gen-

erally defined as ‘the detection of tumors that would not have been detected in a woman’s 

lifetime in the absence of screening’. The difficulties associated with estimating the amount 

of overdiagnosis are reflected in this definition; once a screening program has been initiated 

it is impossible to know what would have happened in the absence of screening. An effec-

tive method to address this issue is to use microsimulation models, which represent tumor 

growth and/or transitions among cancer states and evaluate screening effects based on the 

synthesis of detailed data.

Despite the uncertainty around the benefits and harms, many women aged 75 years and 

older are being screened in the United States (U.S.). A recent study found that 62% of women 

aged 75 to 79 years and 50% of women over 80 years-old reported receiving a mammogram 

in the past two years.15 Several studies found that a physician recommendation is a strong 

determinant of mammography screening15-17 and 70%-86% of primary care physicians would 

recommend mammography for a 80-year old healthy woman.18 

There is, however, no consensus in the U.S. on whether or not to recommend screening 

for women beyond age 74. For example, the American Cancer Society recommends mam-

mography screening as long as women are in good health (without an upper age),19 while 

the U.S. Preventive Services Task Force (USPSTF) recommends screening from age 50 to 74 

years.20 In their most recent recommendation, the USPSTF concluded that ‘the current evi-

dence is insufficient to assess the additional benefits and harms of screening mammography 

in women 75 years or older’.20 

In the present study, we therefore quantified the additional benefits and harms of con-

tinuing mammography screening after age 74 years using three well-established and cross-
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validated microsimulation models. Furthermore, we aimed to provide information about 

the harms and benefits of screening in a meaningful way as previous studies have found 

that women as well as primary care physicians may have difficulties in understanding cancer 

screening statistics.21,22 Therefore, we presented the outcomes in two ways: benefits and 

harms were presented on the same scale (i.e., as absolute numbers per 1,000 screens), and 

combined in a single metric: quality-adjusted life-years (QALYs).23 In particular, we estimated 

the amount of overdiagnosed invasive breast cancers and ductal carcinoma in situ (DCIS) 

associated with screening women beyond age 74. We also determined the age at which 

mammography screening no longer resulted in a positive number of QALYs, as a proxy for 

the age at which the harms began to outweigh the benefits of screening. 

meThod

model overview

We used three microsimulation models developed as part of the Cancer Intervention and 

Surveillance Modeling Network (CISNET), which is an international collaborative model-

ing consortium funded by the National Cancer Institute. The three models were: model E 

(Erasmus MC, Erasmus University Medical Center, Rotterdam, the Netherlands), model G-E 

(Georgetown University Medical Center, Washington, DC, and Albert Einstein College of 

Medicine, Bronx, New York), and model W (University of Wisconsin, Madison, Wisconsin, and 

Harvard Medical School, Boston, Massachusetts). The models have been described in detail 

elsewhere24-26 and information about the models can be found online (http://cisnet.cancer.

gov/). Briefly, the models simulated life histories for individual women. After estimating 

breast cancer incidence and mortality in the absence of screening and treatment, the models 

overlaid screening use and improvements in survival associated with treatment advances. 

A schematic representation of the influence of breast cancer screening on (simulated) life 

histories is shown in Figure 8.1.

All three models include DCIS with three different types of preclinical DCIS: regressive 

DCIS, DCIS that is diagnosed clinically, and DCIS that progresses to invasive disease. Model 

W also considers some cases of small invasive cancer that are non-progressive and have 

limited malignant potential (LMP). In model E, age-specific transition rates of DCIS becoming 

invasive or clinically diagnosed and DCIS regression rates were estimated using incidence 

data by stage, age and calendar year (1975-1999) from the Surveillance, Epidemiology and 

End Results (SEER) Program. In model G-E, all invasive cancers are assumed to begin as DCIS. 

In addition, the model includes non-progressive lesions (NPL) which are screen-detectable 

for a period of five years, and if detected appear as DCIS. If not screen-detected during that 

window, the lesions regress. The proportion of NPL was interval-estimated by fitting results 

to SEER incidence and mortality rates from 1975-2000. For this analysis, to be conservative, 



129

Benefits and harms of breast cancer screening after age 74 years

ch
ap

te
r 8

the lower end of the interval of values was used. In Model W, breast cancer disease progres-

sion is based on a Gompertzian tumor growth model paired with a Poisson process for spread 

to lymph nodes. All natural history parameters including the proportion of LMP tumors were 

calibrated such that incidence trends matched SEER data from 1975-1999. All models have 

been previously validated and adequately reproduced SEER age-specific incidence (Figure 

8.2) and mortality rates over time.24-27
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figure 8.1. Schematic overview of simulated life histories and effect of screening. Sojourn time is the 
duration of the preclinical, screen-detectable phase of the tumor and lead time is the interval from 
screen detection to the time of clinical diagnosis, when the tumor would have been diagnosed without 
screening. If the tumor is screen-detected without a clinical diagnosis in the absence of screening, the 
detection represents overdiagnosis. Lead time represents additional years that are lived with breast 
cancer due to screening
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model parameters

We used a common set of age-specific model inputs28 for breast cancer incidence,29 breast 

cancer specific survival,30 and competing non-breast cancer causes of death.31 A cohort of 

women born in 1960 was simulated and followed throughout their entire lifetime. We as-

sumed 100% adherence with screening and adjuvant treatment guidelines. In addition, we 

applied quality-of-life decrements to women undergoing a mammogram and diagnostics32, 

and life-years with breast cancer by stage of disease at diagnosis33 (Table 8.1) to estimate 

QALYs. 
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figure 8.2. Age-adjusted breast cancer incidence rates from 1975-2000 predicted by the models vs. 
reported to SEER for women aged 30-79 years

Table 8.1. Utility values and durations of different health states used in the simulation models of breast 
cancer

State Utility 1-utility Duration Source

screening attendance 0.994 0.006 1 week de Haes32

diagnostic phase 0.895 0.105 5 weeks de Haes32

breast cancer by stage of disease at diagnosis  

    local or DCIS 0.90 0.10 2 years Stout33

    regional 0.75 0.25 2 years Stout33

    distant 0.60 0.40 until death Stout33
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screening scenarios

Biennial screening with 100% adherence started at age 50 with varying cessation ages of 

screening. First, we simulated screening policy the currently recommended by the USPSTF 

(biennial screening between age 50 and 74 years) and assessed the benefits and harms per 

1,000 women alive at age 50, followed until death. We then determined the benefits and 

harms of the last screen (at age 74 years) and the additional benefits and harms of adding 

one more screen after the last screening test were estimated for increasing stopping ages 

of up to 96 years. We estimated the number of life-years gained (LYG), QALYs, breast cancer 

deaths averted, false positive exams and number of overdiagnosed women for each screen-

ing scenario per 1,000 screens. The number of overdiagnosed women was calculated as the 

difference in the predicted number of diagnosed women in the presence of screening and 

the predicted number of diagnosed women in the absence of screening.

sensitivity analysis

To evaluate how the results were influenced by certain assumptions and parameter values, 

we performed several sensitivity analyses. In particular, we assessed the effect of using differ-

ent utility decrements associated with a breast cancer diagnosis for DCIS and local disease as 

used in previous studies34,35 (0.05 0.15, and 0.20, instead of 0.10). In addition, we assessed the 

effect of different durations for the utility decrements (5 years instead of 2 years for the effect 

of diagnosis at the DCIS, local or regional state). 

resulTs

The models estimated that if 1,000 50-year-old women underwent biennial screening from 

age 50 to 74 years, between 8.0 and 8.9 breast cancer deaths were prevented, depending on 

the model, and there were 132-142 LYG (Table 8.2). The models predicted that in the absence 

of screening there would be 139-154 breast cancers diagnosed. In the presence of screening 

this increased to 151-170 diagnoses. Thus, among these 1,000 women, 6-33 women were 

diagnosed in the presence of screening, but would not have been diagnosed in the absence 

of screening, and were thus overdiagnosed. 

Extending screening beyond age 74 resulted in a steep increase in the number of 

overdiagnosed women (Figure 8.3A-C). The overdiagnosed breast cancers (DCIS + invasive) 

increased from 1.2-5.0 per 1,000 screens at age 74, 1.8-6.0 at age 80 and 3.7-7.5 at age 90.

If overdiagnosis is expressed as a percentage of screen-detected cancers it also increased 

steeply in all three models (Table 8.3). Screening women between ages 50 and 74 results 

in 5%-32% (range between the models) of the invasive breast cancers that were screen-

detected being overdiagnosed, increasing to 14%-36% for a screen at age 80 and 28%-41% 

for a screen at age 90 (Table 8.3). For DCIS the percentages were higher in all three models, 
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and increased from 18%-41% for screening between age 50-74 to 35%-72% for a screen at 

age 80 and 53%-91% for a screen at age 90.

The models predicted that screening beyond age 74 resulted in benefits in terms of breast 

cancer deaths averted and LYG with no upper age limit, but the number of breast cancer 

deaths averted and LYG per 1,000 screens steadily declined with increasing age (Figure 3D-E). 

Screening women at age 74 results in 7.8-11.4 LYG per 1,000 screens, which decreased to 

4.8-7.8 for a screen at age 80 and 1.4-2.4 for a screen at age 90. 

The number of QALYs gained decreased steadily with increasing age from 7.1-9.9 at age 

74 to 4.0-6.1 at age 80, and 2.4-3.7 at age 84 years. QALYs were still positive for screening up 

to age 90 (Figure 8.3F). The number of QALYs gained became negative at age 90 in models 

E and W and at age 92 in model G-E. In other words, at age 90-92 years, all LYG were coun-

terbalanced by a loss in quality of life due to undergoing a screening test and diagnostics 

and additional life-years with disease which would have been spent in a healthy state in the 

absence of screening. The percentages of LYG that were counterbalanced by losses in quality 

of life increased steeply with increasing age at screening (Figure 8.3G). 

Table 8.2. Benefits and harms of biennial mammography screening age 50-74, assuming 100% 
attendance 

Outcomes per 1000 women alive at age 50 Model E Model G-E Model W

Number of mammograms 11,151 11,337 11,117

Number of breast cancers 151 159 170

Screen detected BCs (% DCIS) 84 (26%) 81 (19%) 95 (30%)

Life-years gained (per 1000 screens) 136 (12.2) 142 (12.6) 132 (11.8)

QALYs (per 1000 screens) 132 (12) 135 (12) 119 (11)

Reduction in LYG after adjustment for QoL 3% 6% 9%

BC deaths averted (per 1000 screens) 8.9 (0.8) 8.0 (0.7) 8.1 (0.7)

False positives (per 1000 screens) 865 (78) 1030 (91) 915 (82)

Overdiagnosis DCIS (per 1000 screens) 9.2 (0.8) 2.7 (0.2) 11.4 (1.0)

Overdiagnosis invasive BCs (per 1000 screens) 3.0 (0.3) 3.2 (0.3) 21.7 (2.0)

Overdiagnosis Total (per 1000 screens) 12.2 (1.1) 5.9 (0.5) 33.0 (3.0)

   % of all BCs detected at ages 50+* 8% 4% 19%

   % of BCs detected during screening # 11% 6% 27%

   % of screen-detected BCs^ 14% 7% 35%

*  Number of excess cancers as a proportion of cancers diagnosed from age 50 to death
#  Number of excess cancers as a proportion of cancers diagnosed during the screening period (between 
age 50 and 74)

^ Number of excess cancers as a proportion of screen-detected cancers

abbreviations
BC: breast cancer
DCIS: ductal carcinoma in situ
QALYs: quality-adjusted life-years
QoL: quality of life
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figure 8.3. Benefits and harms of adding one screen after age 74 – number of excess invasive cancers per 
1,000 screens (panel A), number of excess DCIS per 1,000 screens (panel B), number of excess total breast 
cancers per 1,000 screens (invasive + DCIS; panel C), number of breast cancer deaths averted per 1,000 
screens (panel D), number of life-years gained per 1,000 screens (panel E), number of QALYs gained per 
1,000 screens (panel F), and relative reduction in LYG after adjustment for quality of life (%) (panel G)
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sensitivity analysis

If a larger utility loss due to a breast cancer diagnosis is assumed for DCIS and local disease, 

the age at which QALYs become negative is shifted to a younger age in all three models. For 

instance, when the utility loss is 0.2 instead of 0.1, the age at which the number of QALYs 

gained become negative shifts to age 86 in model W and to age 88 in models E and G-E 

(Appendix Figure 8.1A). If instead of a 2-year duration, a 5-year duration for the utility decre-

ments is assumed, the age shifts to age 86 in all three models (Appendix Figure 8.1B). 

discussion

The model results were very consistent in estimating the age at which the harms began to 

outweigh the benefits of mammography screening. At age 90-92 years, all LYG were counter-

balanced by a loss in quality of life, mainly due to the increasing amount of overdiagnosis. 

The consistency between models was remarkable, since the models included different as-

sumptions on the natural history of DCIS. 

Table 8.3. Percentage of screen-detected breast cancers (invasive and DCIS) that are overdiagnosed^ by 
screening age and model

Stage at 
diagnosis

Screening age* Model E Model G-E Model W

Invasive 50-74 5% 5% 32%

74 11% 9% 35%

80 17% 14% 36%

90 37% 28% 41%

DCIS 50-74 41% 18% 40%

74 61% 27% 47%

80 72% 35% 52%

90 91% 53% 60%

Total 50-74 14% 7% 35%

74 22% 12% 39%

80 29% 17% 41%

90 48% 32% 47%

^ Number of excess cancers as a proportion of cancers detected at screening 
*  All screens with 100% attendance 
Screening age 50-74: biennial screening starting at age 50 and ending at age 74. The percentage includes 
all excess breast cancers detected at screening between age 50 and 74 divided by all screen-detected 
breast cancers between age 50 and 74. 
Screening age 74, 80, 90: all women have been screened biennially up to the screening age. The percentage 
includes all excess breast cancers detected at screening at age 74, 80, and 90 divided by all screen-detected 
breast cancers at age 74, 80, and 90, respectively



135

Benefits and harms of breast cancer screening after age 74 years

ch
ap

te
r 8

Despite the consistency of our results some limitations have to be considered. We esti-

mated the benefits and harms for a cohort of women born in 1960, who on average, have 

a remaining life expectancy at age 74 of 13-14 years. If life-expectancy for older women 

continues to increase in the future, then we might have underestimated the benefits and 

overestimated the harms of screening. In addition, life-expectancy varies by health status. 

Benefits are expected to be larger for healthy than for non-healthy women. Future research 

could evaluate the potential value of personalizing screening for older women if we were 

better able to predict life-expectancy.

To calculate QALYs we used utility values, i.e., we attached weights to certain health 

states. We found that adjusting for quality of life (thus using QALYs instead of LYG) has only 

a small effect for ages 50-74, but an increasing effect at older ages due to the increasing 

amount of overdiagnosis, and hence additional life-years with disease. In addition, we found 

that the age at which harms began to outweigh benefits was sensitive to the utility values, 

and shifted to a younger age when a larger disutility of the disease state or a longer dura-

tion for the utility decrements was assumed. This emphasizes the need for validated data 

on patient’s utilities and durations for specific breast cancer disease states. The advantages 

and disadvantages of using utilities and QALYs have been widely discussed.36 For the present 

study, the most important drawback is that individual preferences might diverge from the 

assumed values. For those women, looking at the benefits and harms per 1,000 screens might 

be more informative than looking at QALYs. 

Our results on QALYs gained are largely in line with what has been previously reported. 

For example, a previous study found no reduction in the number of QALYs gained as the up-

per age of screening increases when optimistic assumptions about the preclinical durations 

were made. However, when pessimistic assumptions were made, the QALYs gained became 

negative when screening was continued beyond age 80 years.37 The estimates from the pres-

ent study are in between those from the optimistic and pessimistic scenarios.37  

The amount of overdiagnosis has been the topic of intense debate, partly due to meth-

odological issues. Overdiagnosis is overestimated when calculations are derived from the 

implementation period of a screening program and when there is insufficient follow-up to 

observe a reduction in breast cancer incidence.8 Similarly, the range of overdiagnosis esti-

mates is considerably smaller (1% to 10%) when only studies that adequately adjust for lead 

time and changes in breast cancer risk are included.38 

The models estimated that 4%-19% of all breast cancers detected in women age 50 

and over are overdiagnosed for biennial screening from age 50 to 74. A recent study on 

overdiagnosis in the U.S. estimated that 31% of breast cancers diagnosed in 2008 were 

overdiagnosed.14 This estimate cannot be directly compared to the estimates presented here, 

as we estimated overdiagnosis for specific screening scenarios and not for the screening as 

observed in the U.S. The estimates from the models will, however, likely be lower, mainly 
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because the models incorporate an age-period-cohort model which incorporates a stronger 

increase in background incidence over time.29

The model results showed a large range in overdiagnosis estimates. For invasive disease, 

one model (model W) estimated markedly higher overdiagnosis than the other two models 

up to age 86 years. This difference between models is due to the fact that model W includes a 

subset of small invasive cancers with limited malignant potential. These cancers are assumed 

to grow only to a limited size and then disappear. 

There was also a large difference in the predicted amount of overdiagnosis of DCIS be-

tween models, which likely reflects the continued uncertainty about DCIS natural history.39 

Little is known on the natural history of DCIS, because DCIS is usually removed as soon as it 

is detected. There is evidence for progression of DCIS from studies in women with low grade 

DCIS which is initially mistakenly diagnosed as benign. These studies report that 14%–60% 

of those women develop invasive cancer within 10–20 years.40-42 There is, however, also 

evidence that not all DCIS become invasive, for example from autopsy studies that found a 

prevalence of DCIS of 0-15% in women not known to have had breast cancer.43 Our results 

do not provide additional information on the natural history of DCIS, since all three models 

adequately replicated incidence trends, despite differences in the assumed natural history 

of DCIS. This finding is in line with a previous modeling study that found that two alterna-

tive models with extreme assumptions on progression and regression rates of DCIS fit the 

observed breast cancer incidence in the Netherlands equally well.44 

The models estimate that at age 90 years, 53-91% of the screen-detected DCIS are overdi-

agnosed. In other words, for every 1,000 screens performed at age 90 years, 1 to 3 women are 

overdiagnosed with DCIS. Those women would not have been diagnosed with breast cancer 

in the absence of screening, but are diagnosed in the presence of screening and will probably 

also undergo treatment for their disease. It has been found that almost all women (97.5%) 

diagnosed with DCIS undergo a surgical procedure.45 In addition, 61% of women diagnosed 

with DCIS receive radiotherapy,46 and 47% receive adjuvant hormonal therapy.47 Although 

older women tend to receive less aggressive treatment than younger women,48 older women 

undergoing treatment may be exposed to more toxicity than younger women.49 It is impor-

tant to inform women about DCIS, as only 6% of U.S. women reported having heard of DCIS, 

but when informed, 60% wanted to take DCIS into account when deciding about mammog-

raphy, and many indicated that the probability of DCIS becoming invasive would influence 

their treatment decision.21 Future research on the biological behavior and predictors of risk 

for developing invasive disease is needed to be able to know which women need treatment 

and which women can forego treatment.50

In summary, the balance between benefits and harms of mammography becomes less 

favorable beyond age 74, due to the increasing amount of overdiagnosis. Beyond age 90 

harms outweigh benefits. An upper age limit of breast cancer screening, therefore, seems 

appropriate. The appropriate upper age for an individual woman depends on the weight she 
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attaches to specific benefits and harms. From a societal perspective the willingness-to-pay for 

a QALY may also need to be taken into account. If we were better able to distinguish between 

subtypes of DCIS that progress and those that do not, harm from treating non-progressive 

disease can be prevented. 
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appendix figure 8.1. The number of QALYs gained of adding one screen after age 74 – QALYs gained per 
1,000 screens assuming different utility values (panel A) and durations (panel B). 
A. QALYs gained - Utility decrement of 0.2 instead of 0.1 for DCIS and local disease
B.   QALYs gained - Utility decrements for a breast cancer diagnosis of DCIS, local and regional disease for a 

duration of 5 years instead of 2 years 
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absTracT

background: US Preventive Services Task Force guidelines recently recommended cessation 

of breast and colorectal cancer screening after age 74; prostate cancer screening is no longer 

recommended. Upper limits on screening ages were based on a steeper rise in harms and 

decreasing benefits with advancing age. However, heterogeneity in comorbidity might shift 

the balance of harms and benefits towards cessation at younger or older ages.

methods: We used seven well-established cancer simulation models and data on average 

and comorbidity level-specific life expectancy to project the incremental number of screen-

ing tests (measure of harms) and life-years gained (measure of benefits) of biennial mam-

mography, biennial prostate-specific antigen testing, and annual fecal immunochemical 

testing from age 50 to a range of cessation ages from 66 to 90. The screening cessation age 

by comorbidity level (none, mild, moderate and severe) was defined as the age at which the 

balance between harms and benefits was as favorable as screening until age 74 among those 

with average life expectancy. 

results: Model projected screening cessation ages were highly consistent across models 

and cancer sites. Keeping the same harms-benefit ratio used by the USPSTF for the average 

population would lead to persons with no, mild, moderate and severe comorbidities being 

screened until median ages 77, 74, 72, and 68, respectively. Beyond these ages screening 

harms outweighed the benefits. 

conclusion: The balance of benefits and harms of cancer screening varies considerably by 

comorbidity level. This study provides clinicians with data to inform personalized decisions 

about when to stop cancer screening. 
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inTroducTion

The US Preventive Services Task Force (USPSTF) recently recommended that individuals older 

than age 74 do not need to continue colorectal cancer screening, that there is insufficient 

evidence to recommend continuation of breast cancer screening if they have been regularly 

screened prior to this age, and that there is sufficient evidence to recommend against pros-

tate cancer screening after this age.1-3 These recommendations were based on data indicat-

ing that the average gain in life-years associated with extending screening from age 75 to 

age 85 was small in comparison to the harms. The USPSTF does note that screening might be 

considered between ages 75 and 85 based on health status, but does not provide clinicians 

with further information to implement such a personalized approach. 

There are over 13 million individuals between ages 75 and 85 in the US, and this number 

is expected to increase to almost 30 million by 2050.4 Thus, clinicians will be caring for a 

large and growing number of individuals affected by the current recommendations. There is 

great heterogeneity in the health of these individuals. Previous decision analyses looking at 

health benefits of different cancer screening cessation ages by life expectancy 5,6 have limited 

clinical utility because they do not provide a framework for determining life expectancy. 

In the current analysis, we determine the ages of cessation of breast, prostate, and 

colorectal cancer screening based on individual comorbidity level using seven well-estab-

lished, independently developed models from three cancer sites that are part of the Cancer 

Intervention and Surveillance Modeling Network (CISNET). Although the USPSTF has since 

recommended against routine  prostate cancer screening,7 we included it in the analyses 

since many US groups continue to recommend it,8-10 and we anticipate that prostate cancer 

screening will continue for the foreseeable future.

meThods

We used microsimulation models to estimate the incremental benefits and harms of add-

ing one more screen between the ages of 66 and 90 inclusive in cohorts that vary by age 

and comorbidity level. The balance of incremental benefits and harms for each cohort was 

compared to that of screening the entire population until age 76 (i.e. the first age screening 

was no longer recommended by the USPSTF) to define an “optimal” cessation age. 

The models

The models used for this analysis are MISCAN-Fadia and SPECTRUM for breast cancer;11,12 

MISCAN-prostate and the FHCRC model for prostate cancer;13,14 and CRC-SPIN, SimCRC and 

MISCAN-Colon for colorectal cancer.15-17 Each model simulates the life histories of a large 

cohort of individuals from birth to death and tracks underlying disease in the absence 
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of screening. These models have previously been applied to inform the USPSTF recom-

mendations for breast and colorectal cancer screening 18,19 and to project outcomes from 

prostate cancer screening and treatment interventions.20 Using multiple models per cancer 

site provides a credible range of results and serves as a sensitivity analysis on the impact 

of variations in underlying model structure and assumptions (Table 9.1). Briefly, screening 

extends life through either detection of disease at an earlier stage or a smaller size when it 

has better survival after treatment than in the absence of screening. Detailed descriptions of 

each model have been published elsewhere 11-17 and can be found in standardized profiles 

(available from http://cisnet.cancer.gov/profiles/). 

Inputs were standardized across models within cancer site, including test characteristics, 

screening and follow-up assumptions, treatment distributions, and cancer-specific and other-

cause survival. Sources for the model inputs have been described in prior publications.18-20

Population

The models simulate US cohorts who are 66-90 years old and alive in 2010 stratified by co-

morbidity level (none, mild, moderate, or severe). For comparison, we also simulated cohorts 

aged 74 years and 76 years (75 years for colorectal cancer) with average comorbidity levels. 

All individuals undergo regular screening starting at age 50 with biennial mammography, bi-

ennial prostate-specific antigen (PSA) testing or annual fecal immunochemical testing (FIT), 

respectively. We chose FIT over colonoscopy for CRC screening to get more precise estimates 

for CRC screening cessation ages. We made the simplifying assumption that comorbid-

Table 9.1. Summary of model features by cancer site and model

breast cancer prostate cancer colorectal cancer

MISCAN-
Fadia

SPECTRUM MISCAN-
Prostate 

FHCRC 
Prostate

MISCAN-
Colon

CRC-SPIN SimCRC

Includes pre-cancers 1 Yes Yes No No Yes Yes Yes

Includes tumor biomarkers 2 Yes Yes Yes Yes No No No

How treatment affects mortality Cure 
fraction

Hazard 
reduction

Hazard 
reduction

Hazard 
reduction

Not 
explicitly 
modeled3

Not 
explicitly 
modeled3

Not 
explicitly 
modeled3

Calibrated to mortality? No No No No No No No

Calibrated to incidence? Yes Yes Yes Yes Yes Yes Yes

Factors affecting screening 
benefits   

Cancer 
diameter 
shift, age-
shift

Stage-shift, 
age-shift

Cure 
fraction

Stage-shift, 
age-shift

Stage-shift, 
age-shift

Stage-shift, 
age-shift

Stage-shift, 
age-shift

1 Pre-cancers include ductal carcinomas in situ for breast cancer and adenomas for colorectal cancer. 
2 Tumor biomarkers include estrogen receptor / human epidermal growth factor 2 status for breast cancer, 
and prostate-specific antigen level and Gleason score for prostate cancer
3 The models use the latest relative survival estimates from SEER to model the probability of dying from 
colorectal cancer
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ity influenced non-cancer life-expectancy but not cancer risk or progression, treatment, or 

cancer-specific survival.  

Comorbidity-specific life tables

Non-cancer life-expectancy was based on age-, gender-, and comorbidity-specific life tables 

developed at the National Cancer Institute (personal communication Cho, Mariotto, et al). 

Briefly, claims from a random 5% sample of beneficiaries continuously enrolled with Medi-

care Parts A and B from 1992-2005 without a diagnosis of cancer residing in the Surveillance 

Epidemiology, and End Results (SEER) areas were used to estimate comorbidity scores based 

on 16 conditions.21,22 The Cox proportional hazard method was used to estimate non-cancer 

age-conditional life tables for each gender and age combination using comorbidity as a 

covariate. Comorbidity was then grouped into four levels: none, mild, moderate, and severe, 

each with its own life expectancy at a given age (Table 9.2). We used the weighted average 

of the comorbidity-specific life tables for the comparator “average” cohorts.  We extrapolated 

beyond the 13 years of available data by assuming that life expectancy converged towards 

average US rates after that period. 

Cancer screening scenarios

For each cohort, we compared projected outcomes with and without attending one more 

screen at the current age. So, for example, we examined the life-years gained among a cohort 

of 76-year olds associated with performing an additional mammogram at age 76 vs. stopping 

mammography at age 74. Diagnostic follow-up was modeled according to current recom-

mendations. We assumed 100% adherence with screening and diagnostic follow-up. 

outcomes

Screening benefits were measured as the incremental life-years gained (LYG) and cancer 

deaths prevented (CDP) by screening one more time vs. stopping screening. The harms of 

Table 9.2. Overview of comorbidity levels, associated conditions, and life expectancies at age 74

Comorbidity group Percent of 
population at 
age 74

Conditions included Life expectancy in years 
at age 74

Men Women

Entire population 100% All 12.2 yr 14.2 yr

No comorbidity 69% None 13.1 yr 15.1 yr

Mild comorbidity 2% History of MI, acute MI, ulcer or rheumatologic disease 12.5 yr 13.1 yr

Moderate comorbidity 12% (Cardio-)vascular disease; paralysis; diabetes; or 
combinations of diabetes with MI, ulcer, or rheumatologic 
disease

11.0 yr 12.4 yr

Severe comorbidity 17% AIDS; COPD; mild or severe liver disease; chronic renal 
failure; dementia; congestive heart failure; or combinations 
of aforementioned diseases not categorized under 
moderate comorbidity

8.1 yr 9.8 yr
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screening were expressed as the incremental numbers of screening tests, false-positive 

screens and overdiagnosed cases (i.e. cancer that would not have been diagnosed in the 

absence of screening) resulting from screening one more time vs. stopping. 

analysis

For the base case analysis, we used the incremental number needed to screen to gain one 

life-year (NNS/LYG) as the metric to measure the balance between harms and benefits. The 

NNS/LYG was calculated as the incremental number of screening tests needed to screen each 

cohort one more time at the current age divided by the life-years gained from that additional 

screening. Since the USPSTF recommended screening through age 74 for the entire popula-

tion, we assumed that the NNS/LYG at age 74 yields an acceptable balance of harms and 

benefits, but that the NNS/LYG for screening at age 76 (75 for colorectal cancer) exceeds the 

acceptable balance. The NNS/LYG by comorbidity level should therefore be below this latter 

balance and we used this balance as our threshold. Thus, we first calculated the NNS/LYG for 

a 76-year old cohort (75 for colorectal cancer) with average comorbidity. We then calculated 

the NNS/LYG for all cohorts by comorbidity level. The optimal age of final screening based on 

comorbidity level was determined by selecting the age of the cohort with the highest NNS/

LYG that was at or below the threshold for the entire population at age 76.  

sensitivity analysis

We performed sensitivity analyses to assess the robustness of results to our choice of metric 

for the balance between benefits and harms by considering other metrics for harms (false-

positive tests, overdiagnosed cancers) and benefits (cancer deaths prevented). We also varied 

our method for extrapolating comorbidity-specific life tables beyond the 13 years of available 

data by assuming that the hazard ratio between the average life table and the comorbidity-

specific life table at the 13th year of observation was maintained until death.  

resulTs

screening based on “average” comorbidity level 

The currently recommended strategy to continue breast cancer screening until age 74 in 

individuals with average comorbidity levels requires screening 132-173 women (range across 

models) to gain one year of life compared to stopping at age 72 (Table 9.3). Continuing 

screening until age 76 required an additional 146-198 women to be screened to gain one 

year of life. The NNS/LYG for prostate and colorectal cancers were comparable, but the rates 

of false-positive and overdiagnosed cases are orders of magnitude higher for prostate cancer 

vs. breast or colorectal cancer screening. 
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Table 9.3. Incremental benefits and harms of screening in populations with average comorbidity, by 
cancer site, model, and age

Cancer site / model / age 
of screening cessation 
(years)

Incremental harms* Incremental benefits* Balance

Screening tests† False-positive 
tests‡

Over-
diagnosed 

cases

Life-years 
gained

Cancer deaths 
prevented

NNS/LYG

breast cancer
MISCAN-Fadia

74 years (vs. 72) 1000 79 0.8 7.6 0.9 132

76 years (vs. 74) 1000 77 1.0 6.9 0.9 146

SPECTRUM

74 years (vs. 72) 1000 96 0.5 5.8 0.7 173

76 years (vs. 74) 1000 96 0.6 5.1 0.7 198

prostate cancer
MISCAN-prostate

74 years (vs. 72) 1000 117 19.7 9.2 1.6 108

76 years (vs. 74) 1000 135 24.4 8.7 1.7 116

FHCRC prostate cancer model

74 years (vs. 72) 1000 238 14.6 7.5 0.9 136

76 years (vs. 74) 1000 262 16.6 5.8 0.8 177

colorectal cancer
MISCAN-Colon

74 years (vs. 73) 1000 41 0.3 5.0 0.7 201

75 years (vs. 74) 1000 41 0.3 4.6 0.7 218

CRC-SPIN

74 years (vs. 73) 1000 38 0.0 3.9 0.7 256

75 years (vs. 74) 1000 38 0.0 3.9 0.6 254

SimCRC

74 years (vs. 73) 1000 38 0.1 4.9 0.8 227

75 years (vs. 74) 1000 38 0.1 4.3 0.7 258

NNS/LYG: Number needed to screen to gain 1 life-year
* Results are per 1,000 individuals screened according to guidelines since age 50
† For colorectal cancer, the number of screening tests includes annual fecal immunochemical tests (FITs). 
Colonoscopies performed for follow-up of a positive FIT and for surveillance of persons who have had an 
adenoma removed are not included.
‡ Model assumptions for false-positive test rates were not standardized across the prostate cancer models 
due to differences in model approach for false-positive test results
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screening by comorbidity level

In people with no comorbidities, breast cancer screening through age 74 resulted in NNS/

LYG of 117–149, which is lower than that for the entire population (Figure 9.1). As a result, 

cessation of screening at age 76-78 among women with no comorbidities would yield the 

same NNS/LYG as seen with cessation of screening at age 74 in the entire population. The 

same result is obtained for prostate and colorectal cancer screening (Table 9.4). 

For the mild comorbidity group, cessation of breast cancer screening at age 74 yields a 

higher NNS/LYG (146–195 range across models) than in the entire population (Figure 9.1), so 

that cessation at age 74 would yield a similar NNS/LYG. For prostate and colorectal cancer, 

screening should be continued until age 74 to 78 to yield a NNS/LYG comparable to the entire 

population (Table 9.4).  

In individuals with moderate comorbidity, screening for all three cancers should cease at 

a median age of 72 (range 68-74) to result in a similar NNS/LYG as for the entire population 

screened until age 74. People with severe comorbidities had even higher NNS/LYG at age 74 

Table 9.4. Recommended age of screening cessation where NNS/LYG is comparable to that of screening 
until age 74 in the entire population, among individuals regularly screened from age 50 by comorbidity 
level, cancer site, and model 

Cancer site / model Age of screening cessation by comorbidity level (years)1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 78 years 74 years 70 years 64 years

SPECTRUM 76 74 72 68

prostate cancer

MISCAN-prostate 78 76 68 64

FHCRC prostate model 78 78 74 68

colorectal cancer

MISCAN-Colon 77 75 73 69

CRC-SPIN 76 74 71 66

SimCRC 76 74 73 69

1  Age of screening cessation is the oldest age at which the number needed to screen to gain one life-year 
(NNS/LYG) is still less than the NNS/LYG for a final screening age of 76 (75 for colorectal cancer) vs. age 74 
in the entire population (from Table 3).

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4   Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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than the entire population (Figure 9.1), and screening could be discontinued for this group 

after median age of 68 (range 64–69) (Table 9.4).   

sensitivity analysis

Using false-positive tests or overdiagnosed cancers per LYG as measures of the balance of 

harms and benefit resulted in similar cessation ages as in the base case analysis (Appendix 

9.A, tables 9.A1-9.A2). Using deaths prevented as a measure of benefit resulted in a wider 

range in recommended final screening ages across the comorbidity groups (Appendix 9.A, 

tables 9.A3-9.A5). The assumption that life expectancy does not converge after the 13 years 

of observed data resulted in even earlier stopping ages for those with moderate and severe 

comorbidity than base results assuming no convergence (Appendix 9.B).

discussion

This is the first study to employ collaborative modeling to evaluate screening across three 

cancer sites. It systematically quantifies the balance of benefits and harms of screening older 

individuals for breast, prostate, and colorectal cancers by comorbidity level. The results are 

robust across models and cancer sites and indicate that the ages of screening cessation based 

on comorbidity level differ from recommendations for the entire population. Around 70% of 

the current US population have no comorbidities at age 74. Our results suggest that this 

group could continue to be screened until age 77 and still have the same balance of benefits 

and harms expected in the entire population where screening is recommended from ages 

50 to 74.  However, screening for these three common cancers should have stopped at age 

68 among the 13% of the US population aged 65 to 74 who have severe comorbidity levels. 

Our findings are consistent with and extend prior research addressing the upper age 

limits for cancer screening. For instance, Walter and Covinsky 6 found that screening until 

around age 60 for those in the lower quartile of population life expectancy has the same 

number needed to screen to prevent one cancer death as those with the median life ex-

pectancy at age 75. They also estimated that screening could be continued to age 85 for 

those in the upper quartile of life expectancy.6 This range is consistent with but wider than 

our model projections of 68 to 77 based on number needed to screen per life-year gained. 

When we use cancer deaths prevented rather than life-years gained, our ranges were closer 

to those of Walter and Covinsky, although our maximal upper age limit was still lower since 

we considered those without comorbidities (70% of the population) and they used the upper 

quartile (25%) of life-expectancy. 

Walter and Covinsky 6 and other previous analyses 5,23-28 provide little guidance on applying 

this framework in clinical practice, leaving it to clinical judgment to estimate life-expectancy 

and individualize screening decisions. Several studies have investigated the relationship 
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between comorbidity level and life expectancy 29-31 but do not address the question of how 

this relationship influences cancer screening. To date, only two analyses have directly related 

comorbidity level to cancer screening recommendations. One focused on diabetes-related 

comorbidities and colorectal cancer screening 32 and one examined cardiovascular disease 

and breast screening.5 The current analysis is a multi-model collaborative analysis of the three 

major screenable cancers.  

Although our results are inspired by the USPSTF recommendations, they are certainly 

just as applicable for alternative screening recommendations. For example, the American 

Cancer Society also recommends that the decision to stop screening should be individual-

ized based on the potential benefits and risks of screening in the context of overall health 

status.33 Recent modelling studies indicate that stopping screening at age 69, raising the PSA 

threshold for biopsy referral for men above this age, or restricting further screening to men 

with low comorbidity would reduce overdiagnoses and unnecessary biopsies.34,35 Our results 

confirm that the overdiagnosed cases for PSA screening are orders of magnitude higher than 

for breast or colorectal cancer screening. If PSA screening strategies that minimize harms 

achieve a sufficiently favorable balance of outcomes, our results advocate tailoring of screen-

ing cessation recommendations according to comorbidity. 

Overall, our results provide clinicians with data for use in shared decision-making discus-

sions about who might consider continuing screening and for how long. For example, if a 

clinician is meeting with a regularly-screened 70-year old patient with COPD, our results indi-

cate that this individual falls in the severe comorbidity level and might consider not having 

any further cancer screening. However, a 76-year old individual with no comorbidities might 

consider continuing screening until age 77.

The fact that comorbidity-specific conclusions about ages of screening cessation differ 

meaningfully from those included in clinical guidelines highlights the tension between 

the need to provide broad public health recommendations for the entire population and 

the pressure to use a more personalized approach. Our suggested approach of continuing 

screening in the healthy and earlier cessation in the sickest does not increase the number of 

screens required in the population, but rather leads to a more efficient allocation of resources, 

maximizing the benefit and minimizing the harms to the growing older population.36 The 

age-, gender-, and comorbidity-specific life expectancies used for these analyses also provide 

clinicians and the general screening-eligible population with a foundation for discussing 

preferences for benefits and harms, facilitating individual decision-making. 

Despite the innovation and strengths of our approach, there are several caveats that 

should be considered in evaluating our results. First, we chose the number needed to screen 

to gain one life-year as our primary metric to quantify the balance of harms and benefits 

since this was the preferred metric in our previous work for the USPSTF.18,19 Conclusions 

were similar when we examined other metrics. We did not explicitly consider complications 

from screening and diagnostic follow-up as harms, but these should be proportional to the 
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number of (false-positive) screening tests. Costs per quality-adjusted life-year gained are a 

common metric used in many countries, but this is not widely accepted in the US.37-41 Second, 

we assumed that comorbidity level only influenced life expectancy and not cancer risk, biol-

ogy or harms. Health conditions such as diabetes are known to be associated with obesity 

and other lifestyle factors 42 which, in turn, can be associated with improved mammography 

performance 43 and elevated cancer risk.44-46  Conversely, adverse events of screening, such 

as perforations with colonoscopy, are also associated with comorbidities.47 In the future it 

will be important to extend our work to capture the known impact of specific comorbidities 

on other model parameters. For now, competing non-cancer mortality is the single most 

germane parameter in screening decisions for the oldest age groups, so that our conclusions 

should be robust.26 

The next limitation is that we chose to model 100% adherence starting at age 50 to dem-

onstrate how current screening recommendations could be adapted based on comorbidity 

level. In general, optimal stopping ages are higher in individuals that are unscreened or have 

skipped previous screening rounds, because they have a higher risk of prevalent cancer. 

Furthermore, the models used life tables based on non-cancer cases and, therefore, do not 

include cancer-specific mortality for cancers other than the one targeted by screening. This 

underestimates the true rate of competing other-cause mortality and therefore the harm to 

benefit ratios, but does not affect our internal comparisons of comorbidity level groups to 

the entire population. Finally, we did not consider situations in which the comorbidity level 

decreased (e.g., from severe to moderate level) after the age of screening cessation. Given 

the chronic nature of the comorbid conditions in older age, this is a reasonable assumption.

Overall, the results across models and cancer sites were very robust and strongly suggest 

that the age of screening cessation based on comorbidity levels varies by nearly a 10-year 

interval around the age cut-point of 74 included in current breast and colorectal cancer 

screening recommendations.  Our data on common chronic health conditions and their as-

sociated comorbidity level, together with model projections of screening benefits and harms 

at each of these comorbidity levels can inform discussions between providers and their older 

patients about personalizing decisions about when to stop cancer screening. 
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appendix

appendix 9.a 

Recommended age of screening cessation – results of sensitivity analysis on the choice of 

metrics to capture the balance between harms and benefits

Table 9.a1. Age of screening cessation (difference from base case estimate) among regularly screened 
individuals, by cancer site, comorbidity level and model – based on numbers of false-positive tests per 
life-year gained  

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 80 (+2) 72 (-2) 70 (0) 64 (0)

SPECTRUM 76 (0) 74 (0) 72 (0) 64 (-4)

prostate cancer

MISCAN-Prostate 76 (-2) 76 (0) 74 (+6) 68 (+4)

FHCRC prostate model 78 (0) 76 (-2) 74 (0) 74 (+6)

colorectal cancer

MISCAN-Colon 77 (0) 75 (0) 73 (0) 69 (0) 

CRC-SPIN 76 (0) 74 (0) 71 (0) 66 (0)

SimCRC 76 (0) 74 (0) 73 (0) 69 (0)

1  Age of screening cessation is the oldest age at which the numbers of false-positive tests per life-year 
gained is still less than that for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the entire 
population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4 Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations of 
aforementioned diseases not categorized under moderate comorbidity
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Table 9.a2. Recommended age of screening cessation (difference from base case estimate) among 
regularly screened individuals, by cancer site, comorbidity level and model – based on numbers of 
overdiagnosed cases per life-year gained 

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 78 (0) 74 (0) 72 (+2) 68 (+4)

SPECTRUM 78 (+2) 74 (0) 74 (+2) 66 (-2)

prostate cancer

MISCAN-Prostate 76 (-2) 76 (0) 74 (+6) 68 (+4)

FHCRC prostate model 78 (-4) 78 (0) 74 (0) 70 (+2)

colorectal cancer

MISCAN-Colon 77 (0) 75 (0) 72 (-1) 67 (-2)

CRC-SPIN 77 (+1) 75 (+1) 72 (+1) 66 (0)

SimCRC 77 (+1) 75 (+1) 73 (0) 67 (-2)

1  Age of final screening is the oldest age at which the overdiagnosed cases per life-year gained are still less 
than those for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the entire population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4  Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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Table 9.a3. Recommended age of screening cessation among regularly screened individuals (difference 
from base case estimate), by cancer site, comorbidity level and model – based on number needed to 
screen per cancer death prevented

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 82 (+4) 80 (+6) 70 (0) 64 (0)

SPECTRUM 76 (0) 72 (-2) 64 (-8) 64 (-4)

prostate cancer

MISCAN-Prostate 78 (0) 64 (-12) 64 (-4) 64 (0)

FHCRC prostate model 82 (+4) 80 (+2) 74 (0) 64 (-4)

colorectal cancer

MISCAN-Colon 77 (0) 75 (0) 72 (-1) 67 (-2)

CRC-SPIN 77 (+1) 76 (+2) 71 (0) 65 (-1)

SimCRC 76 (0) 74 (0) 72 (-1) 65 (-4)

1  Age of final screening is the oldest age at which the number needed to screen to prevent one cancer 
death is still less than that for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the entire 
population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4  Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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Table 9.a4. Recommended age of screening cessation among regularly screened individuals (difference 
from base case estimate), by cancer site, comorbidity level and model – based on numbers of false-
positive tests per cancer death prevented 

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 84 (+6) 80 (+6) 70 (0) 64 (0)

SPECTRUM 76 (0) 72 (-2) 64 (-8) 64 (-4)

prostate cancer

MISCAN-Prostate 76 (-2) 76 (0) 72 (+4) 64 (0)

FHCRC prostate model 78 (0) 78 (0) 74 (0) 72 (+4)

colorectal cancer

MISCAN-Colon 77 (0) 75 (0) 72 (-1) 67 (-2)

CRC-SPIN 77 (+1) 76 (+2) 71 (0) 65 (-1)

SimCRC 77 (+1) 74 (0) 71 (-2) 65 (-4)

1  Age of final screening is the oldest age at which the numbers of false-positive tests per cancer death 
prevented are still less than those for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the 
entire population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4  Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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Table 9.a5. Recommended age of screening cessation among regularly screened individuals (difference 
from base case estimate), by cancer site, comorbidity level and model – based on numbers of 
overdiagnosed cases per cancer death prevented 

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 78 (0) 74 (0) 72 (+2) 66 (+2)

SPECTRUM 78 (+2) 74 (0) 74 (+2) 64 (-4)

prostate cancer

MISCAN-Prostate 76 (-2) 76 (0) 72 (+4) 64 (0)

FHCRC prostate model 80 (+2) 78 (0) 74 (0) 70 (+2)

colorectal cancer

MISCAN-Colon 77 (0) 75 (0) 71 (-2) 65 (-4)

CRC-SPIN 77 (+1) 76 (+2) 73 (+2) 65 (-1)

SimCRC 77 (+1) 75 (+1) 73 (0) 65 (-4)

1  Age of final screening is the oldest age at which the numbers of overdiagnosed cases per cancer death 
prevented is still less than those for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the 
entire population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4  Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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appendix 9.b 

Recommended age of screening cessation– results of sensitivity analysis on the method for 

extrapolating the comorbidity-specific life tables 

Table 9.b1. Recommended age of screening cessation among regularly screened individuals, by cancer 
site, comorbidity level and model – based on extrapolation of lifetables assuming that the hazard ratio 
between the average life table and the comorbidity-specific life table at the 13 years of follow-up was 
maintained throughout the rest of life – based on number of screen tests per life-year gained  

Cancer site / model Age of screening cessation by comorbidity level1 

No comorbidity Mild comorbidity2 Moderate 
comorbidity3

Severe comorbidity4

breast cancer

MISCAN-Fadia 78 (0) 72 (-2) 70 (0) 64 (0)

SPECTRUM 76 (0) 74 (0) 70 (-2) 64 (-4)

prostate cancer

MISCAN-Prostate 78 (0) 76 (0) 64 (-4) 64 (0)

FHCRC prostate model 76 (-2) 74 (-4) 64 (-10) 64 (-4)

colorectal cancer

MISCAN-Colon 77 (0) 74 (-1) 70 (-3) 65 (-4)

CRC-SPIN 78 (+2) 76 (+2) 71 (0) 65 (-1)

SimCRC 76 (0) 74 (0) 69 (-4) 65 (-4)

1  Age of final screening is the oldest age at which the number needed to screen to gain one life-year (NNS/
LYG) is still less than the NNS/LYG for a final screening age of 76 (75 for colorectal cancer) vs. age 74 in the 
entire population

2  Mild comorbidity includes having a life expectancy associated with having a history of MI, acute MI, ulcer, 
or rheumatologic disease 

3  Moderate comorbidity includes having a life-expectancy associated with having vascular disease, 
cardiovascular disease, paralysis or diabetes, or combinations of diabetes with MI, ulcer, or rheumatologic 
disease

4  Severe comorbidity includes having a life expectancy associated with having AIDS, COPD, mild liver 
disease, severe liver disease, chronic renal failure, dementia, or congestive heart failure, or combinations 
of aforementioned diseases not categorized under moderate comorbidity
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background: The optimal interval between two consecutive mammograms is uncertain. The 

UK Frequency Trial did not show a significant difference in breast cancer mortality between 

screening every year (study group) and screening every 3 years (control group). In this study, 

the trial is simulated in order to gain insight into the results of the trial and to predict the 

effect of different screening intervals on breast cancer mortality. 

methods: UK incidence, life tables and information from the trial were used in the micro-

simulation model MISCAN-Fadia to simulate the trial and predict the number of breast cancer 

deaths in each group. To be able to replicate the trial, a relatively low sensitivity had to be 

assumed. 

results: The model simulated a larger difference in tumour size distribution between the two 

groups than observed and a relative risk (RR) of 0.83 of dying from breast cancer in the study 

group compared with the control group. The predicted RR is lower than that reported from 

the trial (RR 0.93), but within its 95% confidence interval (0.63 - 1.37).

conclusion: The present study suggests that there is benefit of shortening the screening 

interval, although the benefit is probably not large enough to start annual screening. 
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inTroducTion

In randomised controlled trials, mammography screening has been shown to reduce breast 

cancer mortality.1-3 The more frequently a woman has screening exams, the larger the prob-

ability of having an early diagnosis, and the larger the mortality reduction might be. However, 

with more frequent exams, the potential of false positive exams and overdiagnosis will also 

increase.4-5 There is no consensus on the optimal screening interval (i.e., the time between 

two consecutive mammograms), as is illustrated by the variety of screening intervals used 

throughout the world. Most European screening programs use an interval of 2 years (e.g., 

The Netherlands, Sweden), whereas other countries use a 3-year interval (United Kingdom, 

Malta). Even within the same country screening recommendations vary: in the United States, 

the American Cancer Society recommends annual screening starting at the age of 40 years,6 

while the US Preventive Services Task Force recently changed their recommendation to bien-

nial screening from age 50 to 74 years.7

Two randomised trials compared a 1-year screening interval with a 3-year screening 

interval, one in women between age 40 and 49 years 8 and one in women between age 50 

and 62 years.9 The latter, the UK Breast Screening Frequency Trial, was conducted from 1989 

to 1996, in order to evaluate the difference in (predicted) breast cancer mortality between 

screening annually and screening once every 3 years. 9 The tumours in the trial group, of-

fered annual screening, were significantly smaller than those diagnosed in the control group, 

offered screening every 3 years. For node status and histological grade, no significant differ-

ence between the two groups was found. The initially reported relative risk (RR) predicted on 

the basis of two prognostic indices showed a nonsignificant reduction in predicted breast 

cancer mortality. 9 The results were later updated with results on the actual observed number 

of breast cancer deaths in both groups again showing a nonsignificant reduction in breast 

cancer mortality. Women in the study group had an RR of 0.93 (95% confidence interval (CI) 

0.63-1.37) of dying from breast cancer compared to women in the control group. 10  

This finding was (slightly) surprising and raised the question why no significant difference 

was found between the two groups. It might be that there is truly only a very small mortality 

benefit of more frequent screening, or there might be other reasons why no difference is 

found between the two groups, for example, a lack of power or low sensitivity of mammog-

raphy. Most policy predictions are based on the assumption that increasing the screening 

frequency will lead to more early diagnoses and consequently in a reduction in breast cancer 

mortality, hence it is crucial to get more insight in the results of this trial. A simulation model 

is ideally suited to evaluate the effect of different screening intervals on mortality, because 

the effect of different screening test sensitivities can be assessed and the model guarantees 

that trial populations are identical, except for the factors investigated.

In the present study, the UK Breast Screening Frequency Trial was simulated using the 

microsimulation model MIcrosimulation of SCreening ANalysis - Fatal diameter (MISCAN-
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Fadia), in order to gain insight into the results of the trial and estimate the effect of different 

screening intervals on breast cancer mortality. 

maTerials and meThods

model overview

MISCAN-Fadia is a microsimulation model developed within the Cancer Intervention and 

Surveillance Modeling Network (CISNET).11 Briefly, the model simulates life histories in the 

absence of screening and then assesses how these life histories change as a consequence of 

screening programmes. MISCAN-Fadia explicitly models invasive tumour growth in combina-

tion with the concept of a fatal diameter. The model has been described in detail elsewhere 11 

and information about the model can be found on the CISNET website (http://cisnet.cancer.

gov/). A detailed description of the model components and model quantification for the 

present study is presented in the Appendix. 

In brief, for the present study, the model simulates a population of women between the 

ages of 50 and 62 years in the year 1992 (i.e., the middle year of the trial) using the life tables 

of the UK female population. Among those who develop breast cancer, the natural history 

is modelled as a continuously growing tumour. Each tumour has a size (the fatal diameter, 

which differs between tumours) at which diagnosis and treatment will no longer result in cure 

given available treatment options. If the tumour is diagnosed (either on the basis of clinical 

presentation with symptoms or by screening) and treated before the tumour has reached 

its fatal diameter, the woman will be cured and will die of non-breast cancer causes. Varia-

tion between tumours is modelled by probability distributions of tumour growth, threshold 

diameter of screen detection, clinical diagnosis diameter, and fatal disease diameter. 

When a screening program is applied, the pre-clinical tumour may be detected by screen-

ing. Each simulated tumour has a diameter at which it will be clinically diagnosed as well as 

a screen-detection threshold diameter. For the latter, screening test sensitivity is 0% below 

and 100% above this diameter. The threshold diameter is assumed to decrease with age and 

calendar year. Screening benefits result from detection of more tumours at a non-fatal size.11 

model calibration and validation

Several approaches have been used to assess the internal reliability of MISCAN-Fadia and 

the validity of the results against external data, as previously reported.11 For the present 

study, age-specific breast cancer incidence rates for the years 1975-1988, that is, before the 

implementation of the National Health Service Breast Screening Programme (NHSBSP) were 

used to estimate age-specific parameters for disease onset. The age-specific breast cancer 

incidence rates for the year 1988 as simulated by MISCAN-Fadia were compared to the ob-

served incidence rates for the year 1988 in the United Kingdom. 
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uk breast screening frequency trial

Five screening units participated in the trial between 1989 and 1996 9 (see Figure 10.1 for an 

overview of the trial design). A total of 99 389 women aged 50-62 years who had been invited 

to a prevalence screen in the NHSBSP were randomised to a conventional screen after an 

interval of 3 years (control group, n = 50 216), or to three annual screenings (study group, n 

= 49 173). For the primary analysis, only women who attended the prevalence screen and in 

whom no cancer was found at the prevalence screen were included (n = 38 492 in the control 

group and n = 37 530 in the study group). The attendance rate in the control group, among 

women who had attended the prevalence screen, was 85%. In the study group, attendance 

rates at the three yearly screens were 78%, 78%, and 81%, respectively.9

 

12 months 

24 months 

36 months 

n = 38 492 (77%) 

n = 50 216 

1st Screen 
attendance, 78% 

2nd Screen 
attendance, 78% 

3rd Screen 
attendance,  81% 

1st Screen 
attendance, 85% 

Randomised n = 49 173 

Prevalence screen n = 37 530 (76%) 

Control group Study group 

time 

figure 10.1. A schematic overview of the UK Breast Screening Frequency Trial
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Trial replication and mortality prediction

Initially, the model based on data from randomised screening trials (extrapolated to the 

current period) and US data simulated a more favourable tumour size distribution than ob-

served in the trial for both groups. Therefore, the threshold diameter and diameter of clinical 

detection were estimated using data from the Frequency Trial on the numbers of invasive 

breast cancers in both groups of the trial split out by tumour size and detection mode (see 

Appendix). Compared with the initially used values, the estimated values were somewhat 

higher for the diameter of clinical detection and the threshold diameter, corresponding to a 

lower screening sensitivity.

Subsequently, this fitted model was used to predict the number of breast cancer deaths 

from cancers diagnosed during the trial period in each group with a follow-up period up to 

2006. From these numbers, a predicted RR of dying from breast cancer in the study group 

compared with the control group was calculated. 

In addition, we investigated the effect of a longer follow-up period (i.e., until all women 

have died), a higher sensitivity (using the initial value for the threshold diameter), and full 

compliance (i.e., 100% attendance rates) on the predicted RR. 

resulTs

model calibration and validation

The observed age-specific incidence rates in the year 1988 as reported by the NHSBSP were 

accurately reproduced by MISCAN-Fadia (Figure 10.2). For each 5-year age group (35-79 year), 

the difference between the observed and simulated incidence rates was <10%. 

Trial replication and mortality prediction

The model with the threshold diameter and diameter of clinical detection estimated based 

on the trial data, simulated a total of 523 (445 invasive) breast cancers in women who at-

tended the prevalence screen compared with a total of 535 (443 invasive) cancers observed 

in the trial. The numbers of detected breast cancers and percentages screen detected, and 

clinically detected cancers are close to the observed numbers and percentages in both the 

groups (Table 10.1). 

For the trial period, the cumulative incidence (number of invasive breast cancers detected) 

in both groups over time since prevalence screen, as observed in the trial and simulated by 

the model is shown in Figure 10.3.

The model simulated a more favourable tumour size distribution in the study group than 

in the control group, in line with what was observed in the trial (Table 10.2). For the control 

group, the simulated size distribution was somewhat less favourable (61% small tumours 

simulated vs 66% observed) and for the study group, the simulated size distribution was 
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somewhat too favourable (77% small tumours simulated vs 73% observed). Thus, the model 

simulated a larger difference in size distribution between the control and study group than 

observed.

In the control group 55 breast cancer deaths from cancers diagnosed in the trial were 

observed during the median follow-up of 162 months, 10 compared with 54 deaths predicted. 

In the study group 50 breast cancer deaths were observed, 10 whereas the model predicted 

45 breast cancer deaths. The predicted difference between the number of deaths in the 

control group and the study group was larger than the observed difference, corresponding 

to a predicted RR of 0.83 of dying from breast cancer in the study group compared with the 

control group. 

A longer follow-up period (life-time) had no effect on the predicted RR (Table 10.3). In-

creasing the sensitivity led to a higher percentage of screen-detected cancers in both groups 

(78% in the study and 58% in the control group) and to a lower predicted RR of 0.81, as did 
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figure 10.2. Age-specific breast cancer incidence rates in the UK for the year 1988 as observed and 
simulated by MISCAN-Fadia

Table 10.1. Cumulative number of breast cancers by detection mode in the control group (3-year 
screening interval) and screen group (1-year screening interval) as observed in the Frequency Trial and 
simulated by MISCAN-Fadia (prevalence screen attenders only)

observed simulated

Control Study Control  Study

Number (%) Number (%) Number (%) Number (%)

Screen detected 135 (54) 206 (72) 129 (51) 195 (72)

Clinically detected 113 (46) 81 (28) 123 (49) 77 (28)

Total 248 287 251 272
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increasing the attendance to 100%. The combination of full compliance and higher sensitiv-

ity led to a predicted RR of 0.77. 
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figure 10.3. Cumulative incidence (number of invasive breast cancers) over time since prevalence screen 
in the control and study group as observed in the Frequency Trial (obs) and simulated by MISCAN-Fadia 
(sim)

Table 10.2. Number (%) of detected cancers (invasive by tumour size) in the control and study group as 
observed in the Frequency Trial and simulated by MISCAN-Fadia 

  observed simulated

Control Study Control Study

  Number (%) Number (%) Number (%) Number (%)

DCIS 40 (16) 52 (18) 27 (11) 50 (19)

Invasive cancers 208 (84) 235 (82) 224 (89) 227 (81)

By tumour size

1–20 mm 134 (66) 170 (73) 136 (61) 170 (77)

21–50 mm 64 (32) 59 (25) 78 (35) 48 (22)

50+ mm 5 (2) 4 (2) 10 (5) 3 (2)

Not known 5 2 0 0

Total 248   287   251   272  

Abbreviation: DCIS =  ductal carcinoma in situ
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discussion

The present study suggests that there is benefit in terms of a reduction in breast cancer 

mortality associated with shortening the screening interval from 3 years to 1 year. The results 

show that if the available information from the UK Breast Screening Frequency Trial is used in 

a microsimulation model that is based on the results of randomised screening trials including 

a large(r) number of women, a larger effect of shortening the screening interval is predicted. 

The predicted RR of breast cancer death for the study group (offered three annual screens) 

compared with the control group (offered one screen after 3 years) was 0.83. The effect of 

more frequent screening is predicted to be larger when the attendance rate or screening test 

sensitivity is increased.

The microsimulation model used in the present study fitted the data better when a 

somewhat higher threshold diameter, corresponding to a lower screening test sensitivity, 

and diameter of clinical detection is used compared with a model based on data from ran-

domised screening trials (extrapolated to the current period) and from the US. Thus, it seems 

that the screening test sensitivity in the trial was relatively low, which is in line with previously 

reported results showing that screen-detected as well as interval cancers could benefit from 

improved sensitivity.12 The results of the present study indicate that when the screening test 

sensitivity is higher, the effect of shortening the screening interval will be somewhat larger. 

This finding is important when considering shorter screening intervals for certain risk groups. 

For example, it has been hypothesized that women with high breast density might ben-

efit more from more frequent screening, because they have a higher risk of breast cancer.13   

However, screening test sensitivity has been found to be lower in women with high breast 

density.14   The present study shows that the lower sensitivity in this group might offset some 

of the potential benefit of more frequent screening in this group.

The most important limitation of the current study is the relative paucity of data avail-

able to simulate the trial. More information (e.g., on the age distribution of participants 

and tumour size distribution of screen vs clinically detected cancers in both groups) might 

further improve the model, and consequently the model predictions. In addition, detailed 

information on the attendance rates was not available. For example, the non-attendance in 

the study group was somewhat higher than in the control group (approximately 20% vs 15%). 

Table 10.3. Predicted relative risks using different assumptions

Predicted RR

Base run 0.83

Life-time follow-up 0.83

Higher sensitivity 0.81

100% attendance 0.81

Higher sensitivity and 100% attendance 0.77

Abbreviation: RR =  relative risk
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It is unknown which proportion of the non-attenders in the study group missed multiple 

rounds.15 Including more detailed information in the model will lead to better estimates of 

the effect of shortening the screening interval. 

In addition, only one simulation model was used to estimate the effect of 1-year vs 

3-year screening intervals. Having multiple models that come to similar findings might have 

strengthened the conclusion of the present study.

Despite these limitations, the microsimulation model, used in this study, adequately 

simulated the number of screen detected and interval cancers in both arms of the trial. More-

over, the predicted numbers of breast cancer deaths from cancers diagnosed in the trial were 

of the same magnitude as that of the reported numbers in both groups 10, and the predicted 

RR is within the 95% CI of the estimate reported from the trial. 

The UK Breast Screening Frequency Trial showed a non-significant 7% reduction in breast 

cancer deaths in the study vs the control group, 10  whereas the present study finds a substan-

tially larger effect of shortening the screening interval (17%). The question arises why the 

model outcomes differ from the trial results. Several factors might contribute. 

Firstly, the RR predicted by the model is within the 95% CI of the trial-reported RR, 

indicating that the predicted RR is not statistically different from the trial-reported RR. The 

Frequency Trial invited 99 389 women, based on an expected 25% difference in breast cancer 

mortality between the study and control group.16 The current study shows that this estimated 

difference of 25% was too optimistic, suggesting that the trial was underpowered to find a 

significant difference between the two groups. On the basis of the results of the current study 

(i.e., an RR of 0.83), approximately 945 000 women needed to have been invited for a power 

of 80% to demonstrate a significant (P=0.05) difference in breast cancer mortality between 

the two groups.17 However, the trial was designed to show a difference in predicted mortality, 

based on surrogate end points; in this case the tumour size of the detected cancers. It was 

estimated that the sample size can be 2.74 times smaller without losing precision when sur-

rogate end points are used.16 This means that when surrogate end points (such as prognostic 

indices) are used, at least 345 000 women needed to have been invited in order to have 

80% power. Our findings indicate that the number needed to invite can also be reduced by 

increasing compliance to screening tests or increasing screening test sensitivity.

Furthermore, in the trial more invasive breast cancers were detected in the study group 

than in the control group. Thus, more diagnoses have been moved forward in time in the 

study group than in the control group and then, more breast cancer deaths from cancers 

diagnosed in trial can be expected in the study group. An alternative would be to compare 

the number of breast cancer deaths from all breast cancers (during a certain follow up pe-

riod). However, after the trial, everyone receives usual care (triennial screening), resulting in 

a dilution of the effect on mortality. Both comparisons will lead to an underestimation of the 

effect of more frequent screening (i.e., a bias towards an RR of 1).
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The results of the available observational studies are somewhat contradictory on the 

effect of shortening the screening interval. For example, two retrospective studies showed 

similar prognostic factors for women screened annually vs biennially.18,19 However, two 

other studies found that women who were screened annually had breast tumours that were 

smaller and less advanced than those who were screened every other year.20,21 Furthermore, 

six independent models showed that there is some benefit when moving from biennial to 

annual screening, although the benefit diminished (i.e., the benefit of moving from biennial 

to annual screening is smaller than that of moving from no screening to biennial screening). 

For example, 68% - 90% of the benefit is maintained when moving from annual to biennial 

screening scenarios for women aged 50-69 years.22 Thus, the benefit of screening every year 

is not three times as large as screening once every 3 years. The associated harms and costs 

also have to be taken into account when determining the optimal screening frequency and 

increases more steeply with more frequent screening than the benefits.

In conclusion, the present study suggests that there is benefit in terms of a mortality 

reduction of shortening the screening interval from 3 years to 1 year. However, the benefit is 

probably not large enough to start annual screening.23 At the same time, there seems to be no 

reason to abolish the 2-year interval currently used in most European screening programmes. 

For these programmes benefits in terms of mortality reductions have been shown.24,25
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appendix 

This appendix consists of three parts: 

(1) a model overview containing a description of MISCAN-Fadia,

(2) a description of the model components, and

(3) a description of the model quantifications of each model component

model overview

MISCAN-Fadia (MIcrosimulation of SCreening ANalysis – Fatal diameter) is a microsimulation 

model generating independent life histories. It uses the so-called parallel universe approach 

and first simulates the individual life histories for women in the absence of screening and 

then assesses how these histories would change as a consequence of a screening program. A 

certain percentage of the modelled population develops pre-clinical disease. The natural his-

tory of breast cancer is modelled as a continuously growing tumour. MISCAN-Fadia includes 

a sub model for ductal carcinoma in situ (DCIS), with three different types of preclinical DCIS: 

regressive DCIS, DCIS that will be diagnosed clinically, and DCIS that will progress to invasive 

disease. When a screening program is applied, the pre-clinical tumour may be detected by 

screening if it is larger than a screen-detection threshold diameter. 

model components

Demographics 

The demography part of the model simulates individual life histories without breast cancer 

to form a population. For each person, a date of birth and a date of death of other causes 

than breast cancer are simulated. The distribution of births and deaths can be adjusted to 

represent the population simulated.

Incidence 

A certain percentage of the modelled population develops preclinical disease. This percent-

age varies between birth cohorts, while the cohorts have the same age distribution of onset 

of breast cancer.
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Natural history 

Among women who develop disease, the natural history of breast cancer is modelled as a 

continuously growing tumour. Each tumour has a size (the fatal diameter, which differs be-

tween tumours) at which diagnosis and treatment will no longer result in cure given available 

treatment options. If the tumour is diagnosed (either on the basis of clinical presentation 

with symptoms or by screening) and treated before the tumour reaches the fatal diameter, 

the woman will be cured and will die of non-breast cancer causes (Appendix Figure 10.1). 

Variation between tumours is modelled by probability distributions of tumour growth rate, 

threshold diameter of screen detection, clinical diagnosis diameter, fatal disease diameter, 

and survival duration since fatal diameter. 

Screening 

When a screening program is applied, the preclinical tumour may be detected by screening. 

Each simulated tumour has a diameter at which it will be clinically diagnosed and a screen-

detection threshold diameter. For the latter, screening test sensitivity is 0% below and 100% 

above this diameter. The threshold diameter is dependent on the calendar year and age of 

the woman (decreasing with calendar year and older age). Screening benefits result from 

detection of more tumours at a non-fatal size. The characteristics of organized screening 

programs, such as screening ages, screening interval and attendance can be specified, and 

the type of screening (e.g. ‘organized’ or ‘opportunistic‘) can be defined in the model.  

Treatment 

The benefit of adjuvant treatment is modelled as a shift in the fatal diameter for treated 

women. For each adjuvant treatment a cure proportion is estimated (depending on age). 

These cure proportions are then translated into corresponding fatal diameters (i.e., a more 

effective treatment can cure a larger tumour). The dissemination of adjuvant treatment is 

modelled as the probability of being treated with a certain type of treatment (e.g. chemo-

therapy, tamoxifen). 

model quantification

Demographics 

A female population born between 1930 and 1942 (thus, age 50-62 in 1992) was simulated. 

We assumed that all cohorts were represented in equal proportions. Each woman is assigned 

a date of death due to non-breast cancer causes based on the UK female population cohort 

life tables. These life tables were available from the Human Mortality Database.1 The simu-

lated woman dies because of breast cancer or of other causes, whichever comes first. 
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appendix figure 10.1. The MISCAN-Fadia natural history model. 
The model is illustrated by a woman who is diagnosed with incurable breast cancer and for whom screening 
could have been beneficial. The natural history of breast cancer is simulated through the random selection 
of six variables from probability distributions, denoted by the various curves: onset = age at tumour onset, 
growth rate = tumour growth rate, survival = duration between the moment at which the tumour reaches 
the fatal diameter and the moment of death from breast cancer (not shown), clinical diagn diam = tumour 
diameter at which the tumour will be diagnosed clinically because of the primary tumour, fatal diam = 
tumour diameter at which available treatment options will no longer result in cure, threshold diam = 
tumour diameter at which the tumour becomes screen detectable. After onset the tumour starts growing 
exponentially according to the tumour growth rate. The diagnosis results from the clinical diagnosis 
diameter combined with the tumour growth rate. If the tumour is diagnosed after it has reached the fatal 
diameter, the woman will die from breast cancer. Survival is modelled since fatal diameter. For observed 
survival (shown), the time between clinical diagnosis and the moment the tumour has reached its fatal 
diameter has to be subtracted. Screening can change this natural history: After the tumour has reached the 
threshold diameter, the tumour can be screen detected. If the tumour has not reached the fatal diameter 
yet at the moment of screen detection, the woman will be cured. Otherwise, screening will not affect the 
woman’s age of death. Reprinted from Tan et al., 2006 with permission from Oxford University Press.
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Incidence 

We used age-specific breast cancer incidence rates for the years 1975-1988, i.e. before the 

implementation of the National Health Service Breast Screening Programme to estimate age-

specific onset parameters for the onset of breast cancer.

Natural history 

All parameters were previously estimated using detailed data from the Two County Study .2,3 

Subsequently, the fatal diameter was calibrated to U.S. data concerning 1975 stage distribu-

tion and 1975 survival (SEER data).3 

For the present study, we re-estimated two parameters: the diameter at clinical diagnosis 

and the screening threshold diameters. We re-estimated these parameters, because these pa-

rameters can vary across countries and over time, whereas other parameters (e.g. the tumour 

growth rate) are assumed to be more or less universal. To estimate these two parameters we 

used the following data from the UK Frequency Trial: 

• The number of detected invasive cancers over time in both groups (control & study 

group) 

• The total number of invasive cancers by tumour size and detection mode in both groups

The estimated values of the diameter at clinical diagnosis and the screening threshold 

diameters are shown in Appendix Table 10.1. 

The estimated values for these parameters are somewhat higher than the values previ-

ously found based on data from the Two County Study (Lognormal (0.8, 0.6) and Weibull (1.0, 

3.0) for the diameter at clinical diagnosis and the screening threshold diameter, respectively).3 

If these lower values are used to simulate the Frequency Trial, a more favourable tumour size 

is simulated than the one that is observed in the trial.  

Screening 

In the present study we simulated the screening in the UK Breast Screening Frequency 

Trial using previously published attendance rates. The attendance rate in the control group, 

among women who had attended the prevalence screen, was 85%. In the study group, at-

tendance rates at the three yearly screens were 78, 78, and 81%, respectively.4

Treatment 

We used treatment effectiveness data based on meta-analyses of the Early Breast Cancer 

Trialists’ Collaborative Group.5,6 The dissemination of adjuvant treatment (the probability of 

being treated with a certain type of treatment) was based on data from the U.S.7 
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appendix Table 10.1. Maximum likelihood estimates for MISCAN-Fadia natural history parameters and 
the data sources used to estimate the parameter distribution

a. Parameter estimates and their distribution      

Variable Distribution mean sd Data used  ref

Growth rate (1/year) Lognormal 
(0.062, 0.87) 1.6 1.7 TCS 2,3

Fatal diameter (cm) Weibull 
(4.0, 0.95) 4.1 4.3 SEER 3

Survival duration since fatal diameter (years) Lognormal 
(2.4, 1.1) 22 35 TCS 2,3

Diameter at clinical diagnosis  because of primary 
tumour (cm)

Lognormal 
(0.88, 0.6) 2.8 1.8 Freq 4

Screening threshold 
diameters (cm) Age 50-59

Weibull 
(1.33, 2.95) 1.2 0.4 Freq 4

Age 60-65 (1.05, 2.95) 0.9 0.3  Freq 4

b. Correlation between variables        

Variable r      

growth rate – survival    -0.9 TCS 2,3

growth rate – clinical diagnosis diameter because of 
the primary tumour 0.41 TCS 2,3

clinical diagnosis diameter because of the primary 
tumour – survival -0.43     TCS 2,3

c. Time since start of fatal disease at which metastases lead to clinical diagnosis of the tumour (fraction of 
the total survival time after reaching the fatal diameter): 0.9 TCS 2,3

Abbreviations
TCS: Two County Study 
sd: standard deviation
SEER: Surveillance, Epidemiology and End Results
Freq: UK Breast Screening Frequency Trial
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absTracT 

background: The National Breast and Cervical Cancer Early Detection Program (NBCCEDP) 

funds mammograms and diagnostic services for qualifying low-income, uninsured women 

aged 40-64 in the U.S. 

purpose: To assess the implications of replacing film with digital mammography for the 

NBCCEDP. 

methods: Data from the NBCCEDP and national data representative of the program’s tar-

get population were used in two established simulation models. Cost-effectiveness was 

examined for 10 screening strategies varying by screening interval (annual, biennial, once), 

starting age (40, 50) and modality (film, digital) for White, Black, and Hispanic women. We 

compared the impact of replacing film with digital mammography in the NBCCEDP on health 

effects, costs and number of women reached. 

results: Cost-effectiveness ratios varied by race/ethnicity and were higher for annual than for 

biennial screening. Digital mammography gained 2-4% (range across models) more life-years 

than film mammography, but had higher costs for screening and diagnostics (34-35%). With 

a fixed budget, 25-26% fewer women could be served and 22-24% fewer life-years would be 

gained if all plain-film services were converted to digital services. The loss in life-years could 

be reversed to a 8-13% increase by only including biennial screening. 

conclusions: Digital mammography could save slightly more lives than film mammography. 

However, with a fixed budget, fewer women can be served and fewer life-years can be gained. 

Price reduction of digital mammography, budget increases, or changes in the program, such 

as prolonging the screening interval, are options for achieving comparable health effects 

when replacing film with digital mammography within the NBCCEDP. 
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inTroducTion 

In the United States (US) breast cancer mortality rates decreased steadily from 1990 to 2009.1 

The decrease in mortality has been found to be in part attributable to mammography screen-

ing.2 However, not all women have benefited equally from screening mammography, with 

low-income, uninsured women having substantially lower screening rates than their more 

advantaged, insured counterparts.3

To reduce disparities in screening rates, the Centers for Disease Control and Prevention 

(CDC) established the National Breast and Cervical Cancer Early Detection Program (NBC-

CEDP). Started in 1991, the program offers free or low-cost mammograms to low-income, 

uninsured and underinsured women aged 40 to 64 years. Specific eligibility criteria vary by 

state but are generally limited to women with incomes ≤250% of the federal poverty level, 

which applies to approximately 10% of all US women age 40-64.4 In 2011, NBCCEDP screened 

332,788 women for breast cancer with mammography 4 reaching a variety of race/ethnic-

ity groups (47% White, 24% Hispanic, 18% Black, 5% Asian/Pacific Islanders, and 6% other, 

multiracial, unknown).5

Following publication of the Digital Mammographic Imaging Screening Trial (DMIST) in 

2005,6 program facilities gradually started shifting from plain-film to digital mammography 

and by 2010, 47% of screening examinations within the NBCCEDP were performed using 

digital mammography. Digital mammography has been found to have higher test sensitiv-

ity than plain-film for women under the age of 50 years and women with dense breasts.6 

However, overall the diagnostic accuracy of digital and film mammography is similar, but 

digital screening is more expensive than plain-film.6,7 This poses a potential dilemma for 

the NBCCEDP which operates within a fixed budget determined by the US Congress. If the 

program were to cover the higher costs of digital screening, it would not be able to reach 

as many women as it could by paying for the less expensive plain-film modality. However, if 

digital were to perform better in the NBCCEDP target population, then more lives might be 

saved. Thus, it is unclear what the consequences of the transition from film to digital mam-

mography would mean for the number of averted breast-cancer deaths and life-years gained 

(LYG) through the program. 

We used two established microsimulation models to estimate the impact of the transition 

from film to digital mammography among the target population of the NBCCEDP in terms 

of program budget, numbers of women served, numbers of averted breast cancer deaths, 

and LYG. In addition, we evaluated ways to increase the efficiency of the program. To do 

so, we evaluated the cost-effectiveness (cost per LYG ) of mammography by race/ethnicity 

(White, Black and Hispanic women) for different screening strategies, reflecting the screening 

behaviors observed in the NBCCEDP. Then, we assessed what the implications would be if 

only the most cost-effective digital screening scenarios (with regard to screening interval and 

starting age) were included in the NBCCEDP.
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meThods

models

We used two models (MISCAN-Fadia and SPECTRUM) developed independently within the 

Cancer Intervention and Surveillance Modeling Network (CISNET) to assess the implications 

of shifting from film to digital mammography for the NBCCEDP. The models have previously 

been described in detail 8,9 and information about the models can also be found online (cis-

net.cancer.gov/breast/profiles.html). Briefly, the models simulated life histories for individual 

women. After estimating breast-cancer incidence and mortality in the absence of screening 

and adjuvant therapy, the models overlaid screening use and improvements in survival as-

sociated with treatment advances.2,10

MISCAN-Fadia models tumor growth, where tumors can be detected once they are be-

yond a detection threshold and cured if the tumor is below a fatal diameter.8 In SPECTRUM, 

tumors progress through stages, with screening effects due to age and stage shifts and 

adjuvant treatment reducing the hazard of death.9 In both models ductal carcinoma in situ 

(DCIS) is represented as a state that can regress, remain and be diagnosed or progress to 

invasive cancer.

model parameters

We used a combination of primary data from the NBCCEDP and national data representative 

of the program’s target population to develop common input parameters. In 2008 the major-

ity of women served by the NBCCEDP consisted of low-income White, Black, and Hispanic 

women.11 We modeled these three groups separately since the three groups have different 

risk of disease and disease characteristics.12 The following set of race/ethnicity-specific data 

inputs was used to model breast cancer incidence and mortality by race/ethnicity. 

Demographics

We simulated a multi-cohort population matching the demographics of the three racial/eth-

nic groups of women born between 1945 and 1970 (i.e., age 40-64 in 2010). Each woman was 

assigned a date of death due to causes other than breast cancer based on race-specific data 

from the National Center for Health Statistics.13 We used the non-breast cancer mortality of 

White women for Hispanic women, because their life expectancy has been found to be very 

similar.14 The simulated women die because of breast cancer or of other causes, whichever 

comes first. 

Incidence

The breast cancer incidence in the absence of screening was based on an age-period-cohort 

model for the U.S. population.15 These data were applied for incidence rates for White women. 

Data for age-specific relative risks for Black vs. White and Hispanic vs. White women from the  
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Surveillance, Epidemiology and End Results (SEER) database were used to create age-period-

cohort data for each race/ethnic group. 

Natural history

SEER data for stage distribution and breast cancer-specific survival for White and Black women 

from 1975 to 1979 were used to model the natural history of breast cancer in the absence of 

mammography screening and adjuvant therapy, since these cancer control interventions did 

not begin to disseminate into the population in a substantial manner until after 1980.10 SEER 

data for Hispanic women specifically was only available from 1990 onwards. Therefore, we 

used the stage distribution for clinical and interval cancers from the Breast Cancer Surveil-

lance Consortium (BCSC) to estimate the stage distribution in the absence of screening for 

Hispanic women (unpublished data). Breast cancer specific survival of Hispanic women was 

assumed to be equal to that of Whites, when corrected for multiple factors, based on prior 

reports.16

Screening test characteristics

We used data from BCSC on recent screening performance in terms of sensitivity and specific-

ity of film and digital mammography by age and screening interval from the years 1996 to 

2007 and is assumed to be equal for the three race/ethnicity groups (unpublished data).

Screening scenarios

We evaluated the costs and effects of 10 screening scenarios, reflecting the screening behav-

iors observed in the NBCCEDP: 1)  annual screening starting at age 40; 2) annual screening 

starting at age 50; 3) biennial screening starting at age 40; 4) biennial screening starting at 

age 50; and 5) irregular screening; performed using film or digital mammography.

Treatment

Treatment effectiveness is age- and ER/HER2-specific and based on synthesis of recent clinical 

trials.17-19 Treatment effects are modeled as a proportionate reduction in mortality risk or the 

proportion cured. Treatment use and treatment effects were modified for Blacks vs. Whites 

based on prior research.10 Treatment impact and use for Hispanic women was assumed to 

be equal to that for Whites.16 Specific treatment data were available until the year 2005; we 

assumed the same rates thereafter.

Costs

We used most recent cost estimates for breast-cancer screening, diagnosis and treatment 

from the literature (Table 11.1). For the cost of screening we used the weighted average NBC-

CEDP reimbursement rates in the period 2009-2010 for film and digital mammography. For 

the cost of diagnostics, we used mean work up costs within 12 months of initial screening of 
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women with a true-positive and false-positive mammography interpretation for digital and 

plain-film evaluations.7 Total treatment costs were calculated for three commonly reported 

phases of care, also known as the initial, continuing and the last year of life phases. The initial 

phase include all care provided in the first 12 months following diagnosis. The terminal 

phase includes all care provided within 12 months prior to death, and the continuing phase 

includes all care provided in the months between these two phases. All costs were updated 

to 2010 US dollars, using the medical care component of the Consumer Price Index available 

at http://www.bls.gov/cpi/data.htm.

model validation

Both models have previously been validated for Black and White women.10 For Hispanic 

women, we compared model projected age-adjusted incidence and mortality with actual 

SEER rates available for the years 1992-2007 and 1990-2007, respectively. 

cost-effectiveness analysis

We evaluated the cost-effectiveness of 10 screening scenarios varying by starting age (40 

vs. 50), screening interval (annual, biennial, once), and screening modality (film vs. digital) 

for White, Black, and Hispanic women. For each screening strategy the total costs were cal-

culated and the effects consisted of the total number of life-years gained in each scenario. 

We calculated the cost-effectiveness ratio (CER) as the difference in total costs between a 

Table 11.1. Overview of cost estimates

Cost in 2010 $ 95% CI Source

Screening 

Film 
Digital

84
115

D. Ekwueme & J. 
Royalty; personal 
communication

Diagnostics
Total cost with film
TP 
FP
Total cost with digital
TP 
FP

1,842
394

1,896 
443    

(1,714-1,970)
(376-411) 

(1,767-2,026)
(425-460)

  7

  7

  7

  7

Treatment

Initial Stage at diagnosis
In situ
Local 
Regional 
Distant

9,186
12,156 
22,983 
35,495

(5,054-13,318)
(11,861-12,451)
(22,315-23,649)
(33,013-37,976)

  20

  21

  21

  21

Terminal Cancer death 
Other cause

94,284
748

  22

  22

TP: True-Positive mammography interpretation
FP: False-Positive mammography interpretation
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situation with screening (film or digital) and a situation without screening, divided by the 

difference in life-years gained between a situation with screening and no screening. In addi-

tion, the incremental cost-effectiveness was assessed by ranking the strategies (within each 

race/ethnicity group and modality) based on the total costs and comparing each screening 

scenario to its less intensive counterpart. We also assessed the incremental cost-effectiveness 

of digital vs. film mammography for each screening schedule.

implications for the nbccedp

We estimated the costs and effects of the NBCCEDP by using the percentages of screens 

currently performed annually (with an interval of <18 months), biennially (18-30 months) and 

irregularly or once (> 30 months) in each age and race group for film mammography. These 

screening rates are based on data from CDC showing that in 2010 around 41% of women 

had a screen in the preceding 18 months and an additional 10% a screen in the preceding 

30 months. The remaining 49% did not have a screen in the NBCCEDP in the preceding 30 

months (Table 11.2). Subsequently, we evaluated the costs and health effects (LYG and breast 

cancer deaths averted) of shifting to digital mammography assuming the same screening 

distributions. In addition, we estimated the health effects of the program using digital mam-

mography assuming a fixed budget for the cost of screening and diagnostics. Finally, we 

assessed what the implications would be if only the most cost-effective digital screening 

scenarios were included in the NBCCEDP.

sensitivity analysis

We performed multiple sensitivity analyses to assess the uncertainty around the costs and 

performance of digital mammography. We used the upper and lower limit for the screening 

test performance (sensitivity, specificity) and varied the cost of digital screening and diag-

nostics.

Table 11.2. Distribution of mammogram screening interval in the NBCCEDP by age and race

Screening interval Age White Black Hispanic Total

‘annual’ (<18 months) 40-49 6.2% 1.5% 3.1% 10.9%

50-64 18.7% 6.3% 5.6% 30.6%

‘biennial’ (18-30 months) 40-49 2.0% 0.6% 1.3% 3.9%

50-64 2.9% 1.4% 1.4% 5.7%

Irregular/once 40-64 26.9% 9.3% 12.7% 49.0%

total   56.8% 19.0% 24.1% 100%
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MISCAN-Fadia
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figure 11.1. Efficiency frontiers for 10 screening scenarios for three race/ethnicity groups (White, Black 
and Hispanic women)

Figure legend
Squares: Black women
Circles: White women
Diamonds: Hispanic women
On frontier/line=not dominated (i.e., efficient strategies)
Closed symbols represent film mammography and open symbols represent digital mammography 
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resulTs

model validation

The predicted values of both models for age-adjusted incidence and mortality were close to 

the observed rates (Appendix Figure 11.1&11.2). 

cost-effectiveness

The cost-effectiveness of screening varied by race/ethnicity; screening was most cost-

effective for Black and least cost-effective for Hispanic women. The ranking of the strategies 

within each race/ethnicity group was very similar and for each group the same screening 

scenarios were on (or close to) the efficiency frontier in both models (Figure 11.1). 

For film compared to no screening, biennial screening scenarios were more cost-effective 

than annual screening scenarios, with CERs ranging from $2,000-$19,000/LYG for biennial 

and $8,000-$28,000/LYG for annual screening depending on race/ethnicity and model. Simi-

larly, for digital strategies compared to no screening, biennial screening scenarios were more 

cost-effective for all race/ethnicity groups (with CERs ranging from $5,000-$26,000/LYG) than 

annual screening scenarios (CERs ranging from $14,000-$41,000/LYG) (Appendix Table 11.1). 

Screening with film mammography was more cost-effective than screening with digital 

mammography. The incremental cost-effectiveness ratios of digital vs. film were higher than 

$78,000/LYG in both models for all race/ethnicity groups.

implications for the nbccedp 

The models estimated that within the NBCCEDP using film mammography, the 329,721 mam-

mograms that were performed in 2010 would avert 107-136 (range across models) breast 

cancer deaths and gain 1,948-2,305 life-years. If the same number of mammograms were 

performed digitally, there would be 111-138 breast cancer deaths averted and 2,034-2,345 

LYG; a 2-4% increase (Table 11.3). However, to perform the same number of screens with 

digital as with plain film, the budget would need to increase substantially (34-35%). If the 

budget is assumed to be fixed, then fewer women can be served (25-26%) with digital than 

with film mammography. This would result in fewer breast cancer deaths averted (23-24%) 

and LYG (22-24%) (Table 11.3).

As biennial screening was found to be more cost-effective than annual screening, we 

evaluated the effect of only including biennial screening, which was defined as an interval 

of 18 to 30 months. Although fewer women are served, the benefit per screen is higher for 

biennial than for annual screening. Restricting the screening interval to biennial, thus, leads 

to a higher number of LYG per screen. If a fixed budget is assumed, then the change in LYG is 

inversed from a loss of 22-24% to an increase of 8-13% (Table 11.3). Moreover, if screening is 

restricted to women aged 50 and older, the program would become even more efficient and 

the number of LYG would increase by 16-17%.
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sensitivity analysis

Varying the screening test performance of digital did not change the results substantially. 

When the same cost of diagnostics is assumed for digital as for film, then the budget needs to 

be increased by 29-30% instead of 34-35%, and by 26% (both models) assuming a 10% lower 

cost for digital screening. 

discussion

Our results indicate that with the fixed budget of the NBCCEDP there are fewer breast cancer 

deaths averted and fewer LYG when film mammography is replaced by digital mammography, 

because a lower number of screening tests can be funded. Although digital mammography 

performs better than film mammography, it is more costly. In order to keep the same number 

of mammograms, the budget of the NBCCEDP needs to be increased by 34-35%. We also 

found that changes to the program, in particular restricting the screening interval to biennial 

will lead to a more efficient program and can offset the decrease in benefits of shifting to 

digital mammography. 

There are several options to achieve comparable health effects (LYG and breast cancer 

deaths averted) of film and digital mammography and maintain the reach of the NBCCEDP. 

The first option is to increase the federal budget available for breast cancer by 34-35%. A 

second option would be a price reduction of digital mammography. These two options are, 

however, not easily achievable for CDC. A third way to achieve an equal number of LYG for 

the two modalities is to make some program changes by only funding screening with an 

biennial interval, then the number of LYG can be increased. Another option is to only include 

women age 50 years and older. However, the effect of this change is quite small as only 15% 

of federally-funded mammograms are performed on women younger than 50. In addition to 

the options we investigated, there might be other program changes that would potentially 

be even more cost-effective, for example, screening with even longer intervals or focusing 

more on the highest risk groups. However, since the NBCCEDP is concerned with equity and 

delivering comparable services as are offered to insured women in the US, we focused on 

scenarios that were in line with current breast cancer screening recommendations.23

The results from both models indicated that biennial screening was more cost-effective 

than annual screening and both models found that film mammography was more cost-

effective than digital mammography, which is line with previous work.7 Screening Hispanic 

women was less cost-effective than screening White women due to their lower incidence; 

screening Black women was slightly more cost-effective due to a more advanced stage of 

disease in the absence of screening, resulting in a larger window of opportunity for screen-

ing. However, for all race/ethnicity groups the CERs compared to no screening are below the 

commonly used willingness-to-pay threshold of $50,000 per LYG. 
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The results across the two models were consistent on the ranking of the strategies, al-

though the shape of the efficiency curves differed somewhat between the models, indicating 

that in one model (SPECTRUM) the incremental benefits of adding additional mammograms 

is smaller than in the other model. This reflects the uncertainty around the incremental effect 

of more frequent screening and is in line with previous findings.24,25 

An important strength of our study is that we specifically included an ethnically diverse 

population by modeling White, Black, and Hispanic women separately. As these racial/ethnic 

groups have been found to have different risks of getting breast cancer and dying from it,26,27 

it is essential to specifically incorporate these differences. In addition, we used two models to 

provide a range of plausible effects and illustrate the effects of differences in model structure. 

We also used recent data on screening performance from the BCSC as previous work found 

that results from BCSC and NBCCEDP were broadly similar.28 An advantage is that data from 

BCSC reflects screening performance in community practice, which might be different than 

the performance observed in screening trials. 

Despite these strengths and our consistent results, our study has some limitations. First, 

we assumed that women in the NBCCEDP received the same treatment (once diagnosed 

with breast cancer) as women in the overall US population. Although low-income, uninsured 

women might not always receive optimal treatment 29 women diagnosed through the NBC-

CEDP are enrolled in Medicaid; thus, in theory, access to care is not an issue. In addition, 

we were not able to include other minority groups, such as Asian, Pacific Islanders, and 

multiracial women, because of the limited available data for these groups. Together these 

latter groups comprise 11% of NBCCEDP’s population. However, adding these other minority 

groups would probably not have influenced our findings with regard to the implications of 

switching from film to digital mammography screening, although Asian women have more 

dense breasts 30 and for them, digital mammography might be more cost-effective than for 

the other race/ethnicity groups. Finally, it has been found that over time the performance of 

digital may improve and costs may decrease. For example, a recent study found the increase 

in downstream breast related cost associated with digital mammography diminished over 

time.31 In our sensitivity analysis, when assuming the same cost of diagnostics for digital as 

for film, we found that the budget needs to be increased by 29-30% instead of 34-35%. Thus, 

even when the diagnostics costs diminish over time, the budget still needs to be increased 

substantially.

In conclusion, although digital mammography saved slightly more lives than film mam-

mography, fewer women can be served by the NBCCEDP with shifting from film to digital 

mammography. However, changes in the program services, such as increasing the screening 

interval, can help ensure that the same health benefits are achieved for program-eligible 

women.
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appendix Table 11.1. Effects, costs, and cost-effectiveness by race, modality, interval, and starting age 
per 1000 women age 40

MISCAN-Fadia

race modality
screening 
scenario     effects  total costs

cost-
effectiveness*

incremental cost-
effectiveness*

     
number 
of mmg

bc deaths 
averted

mortality 
reduction LYG

(US$2010) 
x 1000 $/lyg cf. previous

digital vs. 
film

White film once 929 0.5 1.6% 9 94 11,000 -

biennial_50 6872 3.1 9.7% 53 546 10,000 10,000

biennial_40 11746 4.5 13.9% 90 1034 12,000 13,000

annual_50 13623 4.4 13.4% 76 1176 16,000 dominated

    annual_40 23322 6.2 19.1% 127 2173 17,000 31,000

digital once 929 0.5 1.7% 9 148 16,000 106,000

biennial_50 6871 3.3 10.1% 56 832 15,000 15,000 112,000

biennial_40 11745 4.7 14.5% 95 1532 16,000 18,000 107,000

annual_50 13619 4.5 14.0% 79 1734 22,000 dominated 173,000

    annual_40 23318 6.5 19.9% 132 3142 24,000 42,000 168,000

Black film once 893 0.8 2.3% 12 67 6,000 -

biennial_50 6560 4.3 13.3% 70 400 6,000 6,000

biennial_40 11401 6.1 18.8% 116 837 7,000 9,000

annual_50 13017 5.8 17.8% 96 969 10,000 dominated

    annual_40 22652 8.1 25.1% 158 1897 12,000 25,000

digital once 893 0.8 2.4% 13 115 9,000 78,000

biennial_50 6559 4.5 13.8% 73 665 9,000 9,000 94,000

biennial_40 11399 6.4 19.6% 121 1309 11,000 13,000 93,000

annual_50 13014 6.0 18.4% 100 1490 15,000 dominated 153,000

annual_40 22648 8.4 26.0% 165 2820 17,000 35,000 150,000

Hispanic film once 946 0.3 1.6% 6 110 18,000 -

biennial_50 6990 2.1 9.9% 36 640 18,000 18,000

biennial_40 11900 3.0 14.2% 61 1167 19,000 21,000

annual_50 13886 2.9 13.7% 51 1316 26,000 dominated

    annual_40 23674 4.2 19.5% 85 2370 28,000 49,000

digital once 946 0.4 1.7% 6 163 25,000 - 163,000

biennial_50 6990 2.2 10.4% 38 936 25,000 25,000 186,000

biennial_40 11899 3.2 14.9% 64 1680 26,000 28,000 173,000

annual_50 13884 3.1 14.3% 53 1892 36,000 dominated 280,000

    annual_40 23671 4.3 20.3% 89 3367 38,000 68,000 286,000

* rounded to the nearest 1,000 
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SPECTRUM

race modality
screening 
scenario     effects  total costs

cost-
effectiveness*

incremental cost-
effectiveness*

     
number 
of mmg

bc deaths 
averted

mortality 
reduction LYG

(US$2010) 
x 1000 $/lyg cf. previous digital vs. film

White film once 923 1.2 3.4% 19 -33 -2,000 -

biennial_50 7242 4.9 14.0% 78 120 2,000 3,000

biennial_40 12143 6.2 17.8% 113 465 4,000 10,000

annual_50 13542 5.7 16.3% 91 733 8,000 dominated

    annual_40 23309 7.3 21.1% 135 1618 12,000 50,000

digital once 923 1.2 3.5% 19 17 1,000 114,000

biennial_50 7241 5.0 14.3% 79 431 5,000 7,000 222,000

biennial_40 12141 6.3 18.1% 115 1000 9,000 16,000 210,000

annual_50 13540 5.7 16.5% 92 1329 14,000 dominated 572,000

    annual_40 23306 7.4 21.4% 138 2661 19,000 74,000 472,000

Black film once 884 1.2 3.6% 19 -44 -2,000 -

biennial_50 6891 4.9 15.1% 79 127 2,000 3,000

biennial_40 11751 6.5 19.9% 119 483 4,000 9,000

annual_50 12891 5.7 17.4% 91 721 8,000 dominated

    annual_40 22567 7.6 23.4% 143 1619 11,000 49,000

digital once 884 1.2 3.7% 20 0 0,000 93,000

biennial_50 6890 5.0 15.4% 80 426 5,000 7,000 176,000

biennial_40 11749 6.6 20.4% 123 1005 8,000 14,000 161,000

annual_50 12890 5.8 17.7% 93 1288 14,000 dominated 401,000

annual_40 22564 7.8 23.8% 145 2631 18,000 72,000 421,000

Hispanic film once 942 0.7 3.3% 11 44 4,000 -

biennial_50 7375 2.7 13.4% 44 561 13,000 16,000

biennial_40 12297 3.6 17.5% 66 988 15,000 19,000

annual_50 13806 3.2 15.6% 51 1277 25,000 dominated

    annual_40 23625 4.3 20.9% 80 2204 27,000 86,000

digital once 942 0.7 3.5% 12 94 8,000 - 157,000

biennial_50 7374 2.8 13.6% 44 899 20,000 25,000 611,000

biennial_40 12295 3.7 17.9% 68 1550 23,000 27,000 314,000

annual_50 13805 3.2 15.8% 52 1903 37,000 dominated 694,000

    annual_40 23623 4.3 21.1% 81 3353 41,000 135,000 1048,000

* rounded to the nearest 1,000 



Chapter 11

196

year

1990 1995 2000 2005 2010

ag
e-

ad
ju

st
ed

 in
ci

de
nc

e 
pe

r 1
00

 0
00

0

20

40

60

80

100

120

140

160

180

SEER 
MISCAN-Fadia
SPECTRUM

appendix figure 11.1. Age-adjusted incidence rates over time as observed (SEER) and predicted by 
MISCAN-Fadia and SPECTRUM for Hispanic U.S. women aged 25 years and older
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appendix figure 11.2. Age-adjusted breast cancer mortality rates over time as observed and predicted 
by MISCAN-Fadia and SPECTRUM for Hispanic U.S. women aged 25 years and older
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12.1 main findings 

impact of mammography screening in the u.s. population

Measuring the effect of breast cancer screening in the population using observational data 

is not easy and has to take into account several potential biases, as well as specific issues 

relating to screening.1,2 We found that an adequate follow-up time and adequate time after 

implementation of a screening program are crucial when evaluating the effects of screening. 

Measuring effects too early can result in an underestimation of the effect of breast cancer 

screening on breast cancer mortality. A measured effect of 9.9% in Norway after a short 

follow-up time is likely to increase to 16.2% if the follow-up time is prolonged by 5 years. 

Breast cancer screening, followed by early treatment, can reduce breast cancer mortality 

substantially. We found that breast cancer screening has reduced breast cancer mortality in 

a recent period (2004-2006) by 18-22% in U.S. women age 25 years and older. Equal use of 

screening in Black and White women can, however, not eliminate the racial disparity in breast 

cancer mortality. When Black and White women have the same screening rates, the disparity 

is decreased only to a small extent (7-8%). This reflects the finding that screening rates are 

currently already quite similar in Black and White women.3 We found that the majority of 

the racial disparity in breast cancer mortality could be attributed to variations in the natural 

history (26-44%) of the disease and yet unknown factors (38-46%).

When looking at the potential of screening to reduce the number of breast cancer deaths 

in the future compared to other interventions, we found that, compared to continuation 

of current trends, maximal reductions in breast cancer deaths could be achieved by 2025 

through optimizing treatment use, followed by increasing screening use and then preven-

tion of obesity. Thus, increasing adjuvant therapy use has the largest effect, which might 

indicate that current use diverges more from optimal for adjuvant treatment than for mam-

mography screening in the U.S. The effect of obesity elimination is smaller, although it is the 

only intervention that can also reduce the number of breast cancer cases (incidence) and has 

important effects on the risks for other diseases. 

We found that obesity accounts for 3-4% of breast cancer cases and 3-9% of breast cancer 

deaths in U.S. Black and White women. Even though Black women have a higher obesity 

prevalence in most age groups, elimination of obesity will not reduce the disparity in breast 

cancer mortality, because obesity has a protective effect in pre-menopausal women and 

obesity prevalence is higher in White women beyond age 74 years.  

In sum, breast cancer screening has had a substantial effect in the U.S. female population 

and is expected to continue to do so in the future. The racial disparity in breast cancer mortal-

ity cannot be explained by racial differences in obesity prevalence, and only a small part 

(7-8%) can be explained by differences in screening use. Future research aimed at racial varia-

tion in breast cancer biology and racial differences in actual treatment utilization is needed. 
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effects of different mammography screening scenarios

There are multiple factors that influence the balance between benefits and harms of mam-

mography screening. We investigated the benefits and harms of different starting ages, stop-

ping ages, screening intervals, and screening modalities (film and digital mammography). We 

compared the effects to the screening scenario recommended by the U.S. Preventive Services 

Task Force (USPSTF) since 2009 (partly based on our analysis) which is biennial screening 

between age 50 and 74 years.  

With regard to the starting age of screening, important factors are that younger women 

have a lower risk of developing disease (within the next 10-years) and that the sensitivity of 

the screening test is lower,4 due to more dense breast tissue.5 In addition, the specificity of 

the screening test is lower,4 while the tumor growth rate is higher.6 Taking these factors into 

account, we found that women age 40 with a two-fold risk (compared to average) can expect 

the same balance of benefits and harms as average-risk women age 50 from starting biennial 

screening. Factors that lead to a two-fold risk are having extremely dense breasts (density 

category Breast Imaging-Reporting and Data System (BI-RADS) 4) and having a first degree 

relative with breast cancer.7 In the U.S. 13% of women in their forties have extremely dense 

breast and 9% of women in this age group have a first degree relative with breast cancer.7

When assessing a possible upper age limit of screening, there are several factors that 

influence the balance between benefits and harms. Older women have a higher risk of de-

veloping disease, and the sensitivity of the screening test has also been found to be higher.8 

On the other hand, their remaining life expectancy is shorter, limiting the potential to save 

a life and leading to more overdiagnosis (i.e., the detection of tumors that would not have 

been detected in a woman’s lifetime in the absence of screening). An additional complicating 

factor is that there is limited information about the benefits and harms of screening beyond 

age 74 years, because none of the randomized controlled trials included women older than 

74 years. We found that despite the limited knowledge, which was reflected in model dif-

ferences, the age at which harms began to outweigh benefits was the same across models; 

beyond age 90 years harms began to outweigh benefits because of the increasing amount of 

overdiagnosis. The balance between benefits and harms was less favorable after age 74 and 

depended on a woman’s comorbidity level. Healthy women (with no or mild comorbidity) 

can expect more benefit from a screen at age 74 than women with (moderate or severe) 

comorbidities. Women with comorbidities might therefore choose a younger stopping age 

than women without comorbidities.

With regard to screening interval, the more frequent a woman has screening exams, the 

larger the probability of having an earlier diagnosis, and the larger the benefit from screening 

might be. However, the harms (false positive exam, overdiagnosis) will also increase with 

more frequent screening. A randomized trial, the UK Breast Screening Frequency Trial, did 

not show a significant difference in breast cancer mortality between screening every year 

and screening once every three year.9,10 To be able to replicate the trial in our microsimulation 
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model, we had to assume a relatively low screening test sensitivity. In addition, we found 

evidence that the trial was underpowered to find a statistically significant difference between 

the two groups. Our results indicated that there was benefit of shortening the screening in-

terval, although there seemed to be a ‘diminishing return on investments’. This is in line with 

what we found for annual vs. biennial screening intervals. For example, biennial screening 

between age 50 and 74 years maintained most of the benefit (72-95%) of annual screening 

between age 50 and 74 years, while almost halving the harms (e.g., number of false positives) 

of screening. 

When comparing screening modalities, digital mammography has been found to be more 

sensitive than film mammography, especially in younger women, but is also more expen-

sive.11 We found that when performing the same number of screens, digital mammography 

saved slightly more lives than film mammography, but also increased the number of false 

positive exams and costs of screening and diagnostics. Therefore, the harm-benefit ratio and 

cost-effectiveness was found to be more favorable for film than for digital mammography. In 

addition, with a fixed budget, such as in a budget-fixed program for low-income, uninsured 

women in the U.S., replacing film by digital mammography would result in fewer women that 

can be served (25-26%), and fewer lives that are saved (23-24%). The loss in life-years could 

be reversed to a 8-13% increase by restricting the screening interval to biennial. Thus, price 

reduction of digital mammography, budget increases, or changes in the program, such as 

prolonging the screening interval, are warranted to achieve comparable health effects of film 

and digital mammography within the program.

12.2 meThodological consideraTions

The results presented in this thesis are based on microsimulation models. This is one of the 

main strengths as well as a possible weakness of this thesis. 

On the one hand, we used a microsimulation model that had previously been developed 

and validated. This model had previously been shown to be able to reproduce breast can-

cer incidence and mortality in the U.S. over time (1975-2000).12,13 An advantage of using a 

well-established simulation model is that a model can be used to translate the results from 

randomized trials to a current situation. Simulation models can be seen as a way to synthe-

size the best available data from different sources. For example, models can incorporate the 

evidence from randomized controlled trials and extrapolate the effects from trials to other 

situations (e.g., other attendance rates, background incidence, treatment effects and test 

sensitivities) and compare these predictions with observations. In addition, in microsimula-

tion models individual life histories can be simulated with and without screening. In this way, 

two identical groups, only differing in whether they are screened or not, can be compared, 

an mimicking an ideal trial. 
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Furthermore, a model can be used to estimate the lifetime benefits and harms, which 

is difficult in a trial; it requires a very long follow-up period and no screening in the control 

group, whereas in trials the control group is usually offered screening after a certain period. 

In addition, in most chapters we used multiple models, which enabled us to give a range of 

plausible outcomes. The use of multiple models, using similar inputs, also served as a sensi-

tivity analysis on model structure.14 Moreover, the use of these models made it possible to do 

an extensive evaluation of various screening scenarios taking into account benefits as well as 

harms as well as estimating the effect of screening in the population. 

On the other hand, the use of models is also associated with several limitations. The most 

obvious one is that models are not perfect, as they are simplifications of reality. We used 

MISCAN-Fadia, which is a model that is based on continuous tumor growth. The modeled 

events (e.g., screen detection, clinical diagnosis, and curability) are defined in terms of tumor 

size.13 Although the model is biologically plausible and intuitive, a large part of the tumor 

growth is unobservable, making it difficult to use direct model inputs. The biological model 

structure leads to a less direct relationship between empirical data and model parameters.13 

For example, breast-cancer specific survival by stage or stage-distributions cannot be used 

as direct model inputs, but are used rather to estimate the underlying model parameters. 

Another obvious limitation is that the quality of the model outputs depends on the qual-

ity of the model inputs. In all studies we used the best available data from reliable sources, 

such as data from Surveillance, Epidemiology and End Results (SEER) Program and the Breast 

Cancer Surveillance Consortium (BCSC). However, when trying to include subgroups in the 

model data can be lacking. Even when using data from a large population, such as the U.S. 

the data can get sparse for certain subgroups. For example, the models use data on the use 

of different treatments by calendar year, age, tumor stage, estrogen receptor (ER) status and 

human epidermal growth factor receptor 2 (HER2) status, obesity, and race/ethnicity as input, 

but for some combinations the sample sizes were small. Including more subgroups in the 

future would even enlarge the difficulty of obtaining data for each combination of variables. 

Another difficulty with regard to the use of data is that for a large part of the natural 

history of disease no direct data is available, because the disease progression is unobserv-

able. This is particularly the case for data on ductal carcinoma in situ (DCIS) progression rates. 

Little is known on the natural history of DCIS, because DCIS is usually removed as soon as it 

is detected. There is evidence for progression of DCIS from studies in women with low grade 

DCIS which is initially mistakenly diagnosed as benign. These studies report that 14%–60% 

of those women develop invasive cancer within 10–20 years.15-17 There is, however, also 

evidence that not all DCIS become invasive, for example from autopsy studies that found 

a prevalence of DCIS of 0-15% in women not known to have had breast cancer.18 However, 

these lesions are not representative of the DCIS found by mammography. Our results do not 

provide additional information on the natural history of DCIS, since several models with dif-

ferent assumptions on the natural history of DCIS can adequately replicate incidence trends 
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over time. Future studies focusing on molecular markers or clinical factors that can be used 

to identify patients at risk of future events of DCIS and invasive breast cancer are needed.   

12.3 currenT sTaTus of breasT cancer screening 

controversy around breast cancer screening

The value of breast cancer screening has been discussed extensively.19-21 The discussion 

focuses on two issues: the magnitude of the benefit in terms of a breast cancer mortality 

reduction and the magnitude of harm, in particular overdiagnosis. The debate arises mainly 

because typically there is no appropriate control group anymore; once a screening program 

is implemented it is unknown what would have happened in the absence of screening. In this 

section we discuss some of the recently published studies on breast cancer screening with 

regard to the mortality reduction and overdiagnosis.

Recently, the independent UK panel performed an extensive evaluation of the evidence 

on breast cancer screening for the benefits and the harms and chose to rely mainly on find-

ings from randomized trials, because they felt the observational studies might be influenced 

by several biases. The panel concluded that for the UK setting the evidence suggest a 20% 

breast cancer mortality reduction accompanied by 11% overdiagnosis (i.e., in women invited 

for screening 11% of the of the cancers diagnoses in their lifetime constitute overdiagnosis).2

With regard to the benefit of screening, it has been argued that the findings of random-

ized trials, which were performed a few decades ago, are no longer valid, because they do 

not accurately reflect current practice due to improvements in breast cancer treatment and 

increased awareness of breast cancer. Therefore, several study designs have been used to 

estimate the effects of screening on breast cancer mortality using observational data. Study 

designs that have been used include trend studies (or ecological studies), incidence-based-

mortality approaches, and case-control studies. 

In trend studies, it is difficult to assess the causative impact of screening, because multiple 

other factors besides screening influence breast cancer mortality trends, such as changes 

in treatment and risk factors. In addition, the estimated effect might be diluted because it 

usually takes a number of years before a screening program is fully implemented. Therefore, 

analyzing breast cancer mortality rates over time is of limited value for the assessment of 

the impact of screening impact. Despite these limitations, many trend studies have been 

published recently trying to estimate the effect of screening.22,23 Many of these studies ques-

tion the benefit of screening, while ignoring the limitations of their study design. Others 

have argued that other methods and individual data are necessary to properly quantify the 

screening effect 24 and the independent UK panel highlighted the inappropriateness of trend 

studies.2   
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Studies that use an incidence-based-mortality approach and case-control studies usu-

ally use individual data and most studies try to control for differences between screened 

and unscreened women (selection bias), although residual bias might still influence their 

estimates.1,25,26 Recently, the effects of screening estimated by studies using different types of 

study designs were compared. It was found that the estimates from well-executed observa-

tional studies, using different well-executed study designs, indicated a breast cancer mortal-

ity reduction of 25–31% for women invited for population-based screening and 38-48% for 

women actually screened.1

There are many factors that influence the measured benefit of screening. Even when 

evaluating the evidence of randomized trials several factors need to be taken into account, 

such as the attendance rate, contamination, number of screens, screening ages, screening 

interval, and screening quality.27,28 Most studies compare the total number of breast cancer 

deaths after a certain follow up period, but most reported results do not take into account 

the time-specific effect of screening.29,30 The measured effects of screening are a weighted 

average of several cohorts and ages. When starting a screening program it takes a consider-

able amount of time before the program is fully implemented and additionally many years 

before the first cohort has undergone all screens and has had the potential to fully benefit 

from the program. 

To illustrate the time-dependent effect of screening on breast cancer mortality we mod-

eled the implementation of a hypothetical screening program of biennial screening start-

ing at age 50 years and ending at age 74 years with an attendance rate of 80%. From 1975 

onwards all women are invited to screening. The measured screening effect clearly varies 

by time, cohort and age (Figure 12.1). In certain age groups, the reduction in breast cancer 

mortality can be as high as 38%, which reflects 48% for women actually attending. However, 

when measured as a total effect for all ages and cohorts combined, the effect of screening is 

considerably lower (reaching a maximum of 24% in 2020). It is also apparent that it takes a 

long time before the full effect becomes visible and measurable on the population level. Even 

after 25 years of screening, the total effect of screening is still increasing. Thus, large breast 

cancer mortality reductions can be found in subgroups (certain age groups) of women hav-

ing undergone regular screening, whereas the effect will be smaller when based on a larger 

age range or in women having undergone only part of the screening program, especially if 

the effect is measured shortly after the implementation of the screening program. 

With regard to estimating the amount of overdiagnosis associated with breast cancer 

screening also many issues have to be taken into account. A wide range of estimates of up 

to 54% has been published in recent years.31-33 There are several reasons for the wide range 

of published estimates. It has been shown that overdiagnosis is overestimated when calcula-

tions are derived from the implementation period of a screening program and when there 

is insufficient follow-up to observe a reduction in breast cancer incidence in women above 
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the upper age for screening.34 Similarly, the range of overdiagnosis estimates is considerably 

smaller and the estimates are lower (1% to 10%) when only studies that adequately adjust for 

lead time and changes in breast cancer risk are included.35 

A recent study on overdiagnosis in the U.S. estimated that 31% of breast cancers diag-

nosed in 2008 were overdiagnosed.36 This study highlighted that the estimated overdiagnosis 

depends on the extent to which background breast cancer incidence increased over time. 

The estimate of 31% diagnosis was based on an increase of 0.25% per year in background in-

cidence. If an ‘extreme’ increase of 0.50% per year was assumed, the estimated overdiagnosis 

reduced to 26%. However, based on data from a longer time period, the increase in breast 

cancer incidence seems to be considerable higher than the ‘extreme’ assumption (Figure 
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figure 12.1. Effect of screening by cohort and time. 
We modeled the implementation of a hypothetical screening program of biennial screening starting at age 
50 years and ending at age 74 years with an attendance rate of 80%. From 1975 onwards all women are 
invited to screening.
The effect of screening is defined as the percent reduction in breast cancer mortality (breast cancer 
mortality in a situation without screening – breast cancer mortality in a situation with screening divided 
by breast cancer mortality in a situation without screening). Women born in 1907 (cohort 1907) are age 
68 years in 1975 when screening starts and are thus only screened from age 68 until 74 years and do not 
experience the full benefit of screening. In contrast, women born in 1927 (cohort 1927) are age 48 years 
in 1975 and are thus screened from age 50 years (in 1977) until age 74 years (in 2001) and can expect 
the full benefit of screening. For this cohort the largest effect is visible from 2000 up to 2005 when these 
women are in their early seventies. The effect of screening is slightly higher for cohort 1937, because of the 
increasing screening sensitivity over time (1975-2000). For cohorts of women born after 1937, the effect of 
screening is roughly the same as for cohort 1937. 
On the population level (all cohorts) the effect of screening is a weighted average of several cohorts and 
ages and is expected to increase over time. It takes a long time before the screening effect reaches its 
maximum on the population level. 
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12.2). Bleyer and Welch’s assumed breast-cancer incidence in the absence of screening is 

based on changes in rates for women under age 40 and ignores longstanding cohort-specific 

trends. If, however, the background incidence is based on an extensive age-period-cohort 

model, taken into account a longer period, incidence has been found to be rising about 1.67% 

annually.37 Applying a 1.67% annual increase through 2000 in Bleyer and Welch’s calculation 

reduces their estimate of over-diagnosis to about 10%. Thus, when data from a longer time 

period is considered, a stronger increase in breast cancer incidence is seen in the U.S. Taking 

into account this stronger increase would lead to a decrease of the estimated overdiagnosis 

from 31% to 10% of all breast cancers diagnosed in 2008 in the U.S. being overdiagnosed.

breast cancer screening in europe and the united states

There are many differences between Europe and the U.S. in how breast cancer screening is 

organized, funded, and viewed by the public. In Europe, many countries have implemented 

nationwide screening programs, inviting all eligible women within a certain age group (usu-

ally 50-69) every other year to mammography. In the U.S, however, no centrally organized 

breast cancer screening program exists, leading to a variety of screening behaviors. Some 
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figure 12.2. Breast cancer incidence per 100 000 women over time. The estimate of overdiagnosis is 
shown for each scenario (%) as the proportion of breast cancers detected in 2008 that are overdiagnosed. 
SEER-CT: Connecticut registry
APC model: increase in incidence through 2000 based on an age-period-cohort model 37 
‘best guess’: Bleyer and Welch’s best guess of an increase of 0.25% per year 
‘extreme’: Bleyer and Welch’s ‘extreme’ increase of 0.50% per year
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women are screened every year starting from a young age, whereas others start later and are 

screened irregularly, depending for an important part on a woman’s health insurance status. 

With regard to radiological reading procedures, European guidelines recommend 

independent double reading with consensus and recommend that radiologists read 5000 

screening mammograms per year,38 while in the U.S. single reading is the usual practice and 

the Mammography Quality Standards Act requires radiologists to read only 960 mammo-

grams every two years. It has been found that single vs. double reading influences screening 

performance.39 An additional factor that might influence performance is that the U.S. has a 

high rate of malpractice lawsuits for missing breast cancer,40 while in Europe those are rare.41

In addition, most European countries have population-based cancer registries which 

can often be linked to the screening program. Moreover, the implementation of a screening 

programs is often accompanied by changes in the organization of breast cancer care, includ-

ing  quality assurance activities such as training and audits, together with the setting up of 

specialist breast units for management of breast lesions.38 In the U.S., there are multiple insi-

tutions that collect data. For example, the SEER program began collecting data in 1973 with a 

limited amount of registries, is still expanding, and currently covers approximately 28% of the 

U.S. population. In addition, the BCSC collects very detailed information on patient factors, 

detected breast cancers, screening behavior, and treatment.

Previously in the U.S., many people viewed cancer screening as a simple and safe way to 

save lives and public health campaigns were aimed at maximizing the uptake of screening, 

using persuasive messages, without mentioning the harms of screening.42 Consequently, the 

public enthusiasm for cancer screening was high.43 Recently, more attention has emerged 

for the harms of screening leading to the acknowledgement for the need to increase the 

awareness of the benefits and harms to encourage informed personal decisions rather than 

to persuade women to participate in screening. The most recent USPSTF recommendation 

for breast cancer screening 44 reflected this awareness of harms leading to a less intense 

recommended screening scenario more in line with Europe’s policy. 

All these factors might influence the impact of a screening program on breast cancer 

mortality and on harms, such as false positives and overdiagnosis. For example, it has been 

found that the sensitivity and specificity were higher in Europe (Norway) than in the U.S., 
39 indicating that screening in the U.S. might be accompanied by more harm (false posi-

tives) without additional benefit. A comprehensive international comparison of screening 

programs with different characteristics might point to additional areas for improvements in 

each country’s program.
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12.4 fuTure direcTions 

future developments and their influence on the effects of screening

There are several future developments that might influence the benefits and harms of 

screening. For illustrative purposes the predicted effects of potential future developments 

are presented in terms of benefits (lives saved), harms (overdiagnosed women) and the bal-

ance between the benefits and harms (their ratio) (Table 12.1). The results presented here 

should not be interpreted as predictions of the future, but rather are meant to illustrate the 

direction of change (increase or decrease) of potential future developments on the benefits 

and harms of screening.

First of all, the implementation of other screening modalities (such as ultrasound or 

tomosynthesis) and the improvement of currently used modalities might lead to an increase 

in screening test sensitivity.45,46 A higher screening test sensitivity will increase the number of 

lives saved per 10 000 screens, but will also increase the number of overdiagnosed women. 

The balance between lives saved and overdiagnosis is roughly unaffected (slightly more 

favorable).

Further, it is expected that the effectiveness of adjuvant therapies will improve in the 

future. Usually it is assumed that when treatment is more effective, screening might be less 

effective.47 When including a larger effect for treatment in the model, the benefit of screening 

indeed becomes smaller, while the amount of overdiagnosis remains stable. The extent to 

which the screening effect is reduced presumably depends on the differential improvement 

of treatment by stage. If treatment for late stage disease is improved so much that late stage 

disease has a comparable survival as early stage disease, then there is less to add for screen-

ing. However, if mainly treatments for early stage are improved, then the effect of screening 

might become even larger. 

Additionally, it is assumed that awareness about the importance of seeking care for breast 

abnormalities has been increasing and might increase further in the future. This means that 

women report symptoms earlier than before and that even in the absence of screening there 

Table 12.1. The influence of possible future developments on the number of lives saved, overdiagnosed 
women, and their ratio (all outcomes per 10,000 screens)

Lives saved
change

Overdiagnosis
change

 Ratio (Overdx: 
life saved) change

Reference: 50-74 biennial film 8.0 11.0 1.38

Improved sensitivity 8.4 ↑ 11.1 ↑ 1.32 ↓
Improved adjuvant therapy 7.4 ↓ 11.0 = 1.48 ↑
Increased risk 9.4 ↑ 12.9 ↑ 1.37 =

Increased awareness 7.1 ↓ 10.6 ↓ 1.50 ↑
Increased life expectancy 8.2 ↑ 10.3 ↓ 1.25 ↓

Assumptions: a cohort of U.S. women born in 1960 with optimal (100%) screening and treatment use.
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is a shift to the detection of more early stage disease. If this will continue in the future, the 

increased awareness will lead to a reduced benefit of screening and a somewhat less favor-

able balance between lives saved and overdiagnosis. However, in the U.S. and most other 

western countries breast cancer awareness is already quite high, so in practice the effects 

might be limited. 

Also, breast cancer incidence might increase in the future due to changes in risk factor 

prevalence. For example, more women get children at a later age,48 alcohol use among 

women is increasing,49 and women are less physically active.50 A higher risk of developing 

breast cancer will lead to an increased number of lives saved per 10 000 screens and an 

increase in number of overdiagnosed women with the same extent. The balance between 

lives saved and overdiagnosis is therefore largely unaffected by a higher risk of developing 

breast cancer.  

Finally, life expectancy has increased and is predicted to increase further in the future, al-

though less rapidly than in the past.51 With a longer life expectancy, the benefits of screening 

will increase, while the amount of overdiagnosis will decrease, resulting in a more favorable 

balance between lives saved and overdiagnosis.  

Thus, in the future, an increased awareness and improvements in adjuvant therapy will 

lead to a slightly less favorable balance of lives saved and overdiagnosed women, whereas an 

improved sensitivity and life expectancy will lead to a more favorable balance between lives 

saved and overdiagnosed women. The total impact of these potential future developments 

and how they might interact remains to be investigated.  

personalizing screening

We found that the benefits and harms of screening vary substantially by characteristics, 

such as risk, race/ethnicity, obesity, and health status (comorbidity). Targeting screening to 

subgroups with the highest potential benefit and the lowest potential harm can improve the 

overall balance between benefits and harms in the population. 

The idea of personalizing screening is that women are screened in line with their prefer-

ences for specific benefits and harms (the weight they attach to specific benefits and harms), 

and that the information given to these women is specific to their personal probabilities of 

benefiting or being harmed by screening. The application of targeted screening will allow 

screening strategies to be tailored to different groups in the population. Eventually, it may be 

possible to move from one-size-fits-all in terms of screening policies to more individualized 

screening approaches.

An important next step towards an individualized approach includes incorporating avail-

able information on breast density. Breast density influences breast cancer risk and screening 

test sensitivity, and is therefore important to take into account, although a complicating 

factor in using breast density in screening stratification is that it requires a baseline mammo-

gram to know a woman’s breast density. Dense breast tissue has been found to be associated 
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with a higher breast cancer incidence and mortality,52 indicating that women with dense 

breast tissue might benefit from shorter screening intervals. It is unclear whether the relation 

between breast density and breast cancer risk varies according to breast cancer subtype.53,54 

More information is needed on the biological mechanisms of how breast density influences 

risk.

In addition, it has been widely acknowledged that breast cancer is a heterogeneous 

disease and more knowledge is emerging on distinct molecular subtypes.55,56 ER and HER2 

status have been found to be important in targeting the treatment of disease, but might also 

be important in the screening context. Certain factors increase risk for the development of a 

specific molecular subtype of breast cancer. Information on the incidence, disease progres-

sion and survival in terms of risk factors for the development of specific molecular subtypes 

is needed to be able to estimate the effect of targeted screening based on risk for specific 

subtypes. Eventually, women with risk factors that increase risk of aggressive disease might 

choose more intense screening than women at low risk.

In general, risk is probably the most important predictor of the absolute magnitude of 

benefit of screening. The application of risk models may allow screening strategies to be 

tailored to different risk groups in the population. For example, women at high risk might 

be offered screening starting at a younger age, more frequent screening or MRI screening, 

whereas women at lower risk might consider less intense screening. This may, in turn, im-

prove the balance between the benefits and harms of screening for breast cancer. Targeted 

screening might be based on an extensive risk prediction model, such as the Gail or the 

BCSC risk model.57,58 However, the predictive accuracy of the current models is quite low, 

and individual risk prediction is very limited,57-59 although on a population level risk might be 

used to stratify groups.

Another approach would be personalizing screening based on a genetic risk profile. 

Recent genome-wide association studies (GWAS) have identified various breast cancer 

susceptibility variants.60 In contrast to BRCA1 and BRCA2, these susceptibility variants have 

weak effects and contribute to small increases in breast cancer risk individually, but combin-

ing these susceptibility loci in risk models might be used for risk stratification. The currently 

known risk alleles do not provide sufficient discrimination to warrant individualized preven-

tion, but they might be used for risk stratification at the population level.61,62 In order to be 

able to estimate the effects of targeted screening based on genetic risk, it is important to 

know whether and how the natural history of the disease varies by genetic risk profile.   

Finally, it is crucial to factor in the values of individual women who are faced with mak-

ing a screening decision. Only a small part of the individuals undergoing a screening test 

will benefit, while the majority will not benefit. Some might experience harm. In addition, 

individuals value benefits and harms differently. It is, therefore, crucial that the eligible popu-

lation is informed about the benefits as well as the harms of screening. It has, however, been 

found that understanding cancer screening statistics is not easy 63 and not everyone is aware 
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of the potential harms of screening. For example, a recent study in Australia found that few 

women were aware of the possibility of overdiagnosis, but after having been informed, many 

considered it important to take overdiagnosis into account when making choices about 

whether to have screening or not.64 In the Netherlands, where information on overdiagnosis 

is included in the leaflet enclosed with the invitation letter, 67% of women receiving a first 

invitation responded correctly on a question about overdiagnosis.65 This might indicate that 

if information on the harms of screening is provided to women, their knowledge increases 

and it emphasizes the need to provide women with information on the benefits as well as 

harms of screening. 

Moreover, information on the benefits and harms should be used to support the invited 

women to decide about participation in a screening program based on an informed decision. 

It is generally assumed that informed decision making leads to decisions that are in line with 

the patient’s values, reduce uncertainty or decisional conflict, improve patient satisfaction 

and ultimately lead to an improved quality of life. To facilitate making an informed decision, 

decision aids can be used.66 A decision aid provides structured evidence-based information 

on the benefits and harms of an intervention. Several studies on breast cancer screening 

found that a decision aid increased knowledge and reduced decisional conflict.67,68 The effect 

of making an informed decision about participation in breast cancer screening on quality of 

life is, however, uncertain. A further complicating factors is that the current (generic) instru-

ments to measure quality of life might not be sensitive enough to detect small changes in 

quality of life due to undergoing screening and/or having a false-positive exam.  

Future research efforts should focus on what information is desired by women and their 

primary caregivers, how it should be provided to them in order to ensure that they can make 

an informed decision about whether or not to participate in screening, and, finally, whether 

making an informed decision increases their quality of life.   

recommendations for future research

Priorities for future research include: 

- Estimating the combined impact on the efficacy of screening of ongoing developments 

such as changes in risk factors, improvements in adjuvant therapy, implementation of 

new screening modalities, and improvements in life expectancy

- Incorporating information on the risk for the development of specific molecular subtypes 

(ER and HER2) and how subtypes influence the natural history of disease in models, in 

order to assess the effects of breast cancer screening and adjuvant therapy by molecular 

subtype 

- Evaluating the effects of targeted screening based on either ‘classical’ risk factors or 

genetic risk profiles versus untargeted screening based only on age and sex
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- Obtaining  more information on racial variation in breast cancer biology and racial differ-

ences in actual treatment utilization in order to better understand the racial disparity in 

breast cancer mortality

- Performing an international comparison of the characteristics of different screening pro-

grams and outcomes to determine the successful components and areas for improve-

ment

- Assessing internationally how information on the benefits and harms of screening can 

be best communicated to women in order to enable them to make an informed decision 

about screening participation and whether making an informed-decision influences 

their quality of life 

12.5 conclusions & recommendaTions

- Because of the time-dependent effect of screening, the use of a short follow-up time 

after implementation of the screening program underestimates the ‘true’ effect of 

screening on breast cancer mortality.

- Breast cancer mortality is currently 20% lower in U.S. women age 25 years and older than 

it probably would have been without mammography screening.

- The racial disparity in breast cancer mortality cannot be explained by racial differences 

in obesity prevalence, and only a small part (7-8%) can be explained by differences in 

screening use. 

- Women with a 4-fold increased risk can expect the same balance of benefits and harms 

from starting annual screening at age 40 years as women with a 2-fold risk from biennial 

screening starting at age 40 years, and as average-risk women from biennial screening 

between age 50 and 74 years.

- The balance between benefits and harms of screening is less favorable after age 74 years 

and varies by comorbidity level. Healthy older women can expect more benefit and less 

harm from screening than women of the same age who have comorbidities

- Doubling the screening frequency (annual vs. biennial), doubles the number of screens, 

almost doubles the number of false-positives, but does not double the number of lives 

saved or life-years gained by screening; they roughly increase by a factor 1.4

- Digital mammography can save more lives than film mammography, but it increases 

the number of false-positives and is more expensive. The harm-benefit ratio and cost-

effectiveness ratio of screening are, therefore, not improved by the implementation of 

digital mammography.

- Targeting screening to subgroups with the highest chance for benefit and/or the lowest 

chance for harm has the potential to improve the balance between benefits and harms 

at the population level.
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Breast cancer is an important public health problem with an estimated number of 1.38 mil-

lion breast cancer cases and 458,000 deaths from the disease worldwide per year. In many 

countries it is the most common cancer in women and it is also the principal cause of death 

from cancer among women globally. The chance of surviving breast cancer depends on the 

stage at which it is detected. Early detection of disease might lead to a better prognosis, and, 

consequently, mortality from the disease might be decreased. 

Randomized trials have shown that mammography screening significantly reduces breast 

cancer mortality. Besides the benefits in terms of lives saved, mammography screening is, 

however, also associated with harms. Harms include undergoing an uncomfortable and 

sometimes painful test, experiencing anxiety and undergoing biopsy from false-positive test 

results, undergoing radiation, and overdiagnosis, i.e., the detection of tumors that would not 

have been detected in a woman’s lifetime in the absence of screening. The balance between 

the benefits and harms is generally found to be favorable for biennial screening between the 

ages of 50 and 69 (or 74) years.

In order to extrapolate trial results to different screening ages, screening intervals, and 

screening test, microsimulation models can be used. Furthermore, models can be used to 

assess the impact of mammography (and other interventions) on population health and for 

specific population groups. In this thesis, we used the microsimulation model MISCAN-Fadia, 

developed within the Cancer Intervention and Surveillance Modeling Network (CISNET), to 

gain insight into the benefits and harms of mammography screening. The first part of this 

thesis describes the effects of screening in the population as well as in specific population 

subgroups and compares these effects to the effects of other interventions. In the second 

part the benefits and harms of different screening scenarios are evaluated. 

In chapter 2, one of the main challenges in measuring the effects of breast cancer screening 

is described. We found that an adequate follow-up time and adequate time after implemen-

tation of a screening program are crucial when evaluating the effects of screening. Measuring 

effects too early can result in an underestimation of the effect of breast cancer screening on 

breast cancer mortality. A measured effect of 9.9% in Norway after a short follow-up time is 

likely to increase to 16.2% if the follow-up time is prolonged by 5 years. 

chapter 3 describes the effects of several interventions aimed at reducing breast cancer 

mortality. The hypothetical effects of optimal adjuvant therapy use, optimal screening use 

(defined as annual screening between age 40-54 and biennial between age 55-99 years) and 

elimination of obesity are estimated for the U.S. population in future years up to 2025. Com-

pared to continuation of current trends, maximal reductions in breast cancer deaths could be 

achieved by 2025 through optimizing treatment use, followed by increasing screening use 

and then obesity prevention.



220

 Summary

U.S. Black women have higher breast cancer mortality rates than White women despite 

lower incidence. In chapter 4, we evaluated potential reasons for this disparity. Specifi-

cally, we estimated the impact of differences in the natural history of disease, screening use 

and adjuvant therapy use on the racial disparity in breast cancer mortality in the U.S using 

two simulation models. We found that the majority of the racial disparity in breast cancer 

mortality could be attributed to differences in natural history parameters (26-44%), use of 

adjuvant therapy (11-19%) and uptake of mammography screening (7-8%), leaving 38 to 46% 

unexplained (range across models). 

In chapter 5, we extended this work by evaluating the impact of obesity on breast cancer 

incidence and mortality rates for U.S. White and Black women and assess its effect on the 

racial disparity in breast cancer mortality. We found that obesity accounts for 3-4% of breast 

cancer cases and 3-9% of breast cancer deaths in U.S. Black and White women. Even though 

Black women have a higher obesity prevalence in most age groups, elimination of obesity 

will not reduce the disparity in breast cancer mortality, because obesity has a protective 

effect in pre-menopausal women and obesity prevalence is higher in White women beyond 

age 74 years.  

In the second part, we addressed questions around the optimal screening policy. In chapter 

6, the effects of 20 screening strategies with varying starting and stopping ages applied 

annually or biennially were evaluated in 6 models. We found that screening biennially main-

tained an average of 81% (range across strategies and models, 67% to 99%) of the benefit of 

annual screening with almost half the number of false-positive results. Screening biennially 

from ages 50 to 69 years achieved a median 16.5% (range, 15% to 23%) reduction in breast 

cancer deaths versus no screening. Initiating biennial screening at age 40 years (vs. 50 years) 

reduced mortality by an additional 3% (range, 1% to 6%), consumed more resources, and 

yielded more false-positive results. Biennial screening after age 69 years yielded some ad-

ditional mortality reduction in all models, but overdiagnosis increased most substantially at 

older ages. In the subsequent chapters, the benefits and harms of breast cancer screening 

were evaluated in more detail for different starting ages (Chapter 7), stopping ages (Chapter 

8 and Chapter 9), and screening intervals (Chapter 10).

With regard to the starting age of screening, important factors are that younger women 

have a lower risk of developing disease (within the next 10-years) and that the sensitivity 

of the screening test is lower, due to more dense breast tissue. In addition, the specificity 

of the screening test is lower, while the tumor growth rate is higher. In chapter 7, taking 

into account these factors, we found that women age 40 with a two-fold risk (compared to 

average) can expect the same balance of benefits and harms as average-risk women age 50 

from starting biennial screening. Factors that lead to a two-fold risk are having extremely 

dense breasts (density category Breast Imaging-Reporting and Data System (BI-RADS) 4) and 

having a first degree relative with breast cancer. In the U.S. 13% of women in their forties have 
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extremely dense breast and 9% of women in this age group have a first degree relative with 

breast cancer.

Older women have a higher risk of developing disease, and the sensitivity of the screen-

ing test has also been found to be higher. On the other hand, their remaining life expectancy 

is shorter, limiting the potential to save a life and leading to more overdiagnosis. An addi-

tional complicating factor is that there is limited information about the benefits and harms of 

screening beyond age 74 years, because none of the randomized controlled trials included 

women older than 74 years. In chapter 8, we found that despite the limited knowledge, 

which was reflected in model differences, the age at which harms began to outweigh benefits 

was the same across models. Screening benefits outweigh harms at age 74, but the balance 

becomes less favorable with advancing age. At age 90, harms outweigh benefits, largely as 

a consequence of overdiagnosis. This age was the same across the three models, despite 

important model differences in assumptions on ductal carcinoma in situ.

In chapter 9, we assessed how heterogeneity in comorbidity might shift the balance 

of harms and benefits towards cessation at younger or older ages. We found that healthy 

women (with no or mild comorbidity) can expect more benefit from a screen at age 74 years 

than women with (moderate or severe) comorbidities. Women with comorbidities might 

therefore choose a younger stopping age than women without comorbidities. The age of 

screening cessation based on comorbidity levels varied by nearly a 10-year interval around 

the age cut-point of 74 years included in the current breast cancer screening recommenda-

tion.

In chapter 10 we modeled a trial comparing a 3-year with a 1-year screening interval. The 

more frequent a woman has screening exams, the larger the probability of having an earlier 

diagnosis, and the larger the benefit from screening might be. However, the harms (false 

positive exams, overdiagnosis) will also increase with more frequent screening. A random-

ized trial, the UK Breast Screening Frequency Trial, did not show a significant difference in 

breast cancer mortality between screening every year and screening once every 3 years. To 

be able to replicate the trial in our microsimulation model, we had to assume a relatively low 

screening test sensitivity. In addition, we found evidence that the trial was underpowered to 

find a statistically significant difference between the two groups. Our results indicated that 

there was benefit of shortening the screening interval, although the benefit is probably not 

large enough to start annual screening. 

In chapter 11, we investigated the costs and effects of screening using film vs. digital 

mammography and the implications of replacing film by digital mammography for a pro-

gram for low-income, uninsured women in the U.S. Digital mammography has been found to 

be more sensitive than film mammography, especially in younger women, but is also more 

expensive. We found that when performing the same number of screens, digital mammog-

raphy saved slightly more lives than film mammography, but also increased the number of 

false positive exams and costs of screening and diagnostics. Therefore, the cost-effectiveness 
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was found to be more favorable for film than for digital mammography. In addition, when 

operating with a fixed budget, replacing film by digital mammography would result in fewer 

women that can be served (25-26%), and fewer lives that are saved (23-24%). Thus, price 

reduction of digital mammography, budget increases, or changes in the program, such as 

prolonging the screening interval, are warranted to achieve comparable health effects of film 

and digital mammography.

In chapter 12 (the general discussion of this thesis), the research questions are answered 

and discussed. In addition, the current status of breast cancer screening is described, focus-

ing on the current controversy around breast cancer screening. Furthermore, implications 

and directions for future research are provided. 

We found that mammography screening has had a substantial impact on breast cancer 

mortality in the U.S. and is projected to continue to do so in the future. Screening women 

biennially from age 50 to 74 years leads to a favorable balance between benefits and harms. 

More intensive screening (either extending the age ranges or increasing the screening fre-

quency) leads to more benefits (lives saved), but also leads to more harms (false-positives 

and overdiagnosis). Overall, starting earlier (at age 40 vs. 50), screening more often (annual 

vs. biennial or triennial) and continuing screening after age 74, led to a less favorable balance 

between benefits and harms than biennial screening between age 50 and 74 years. How-

ever, the balance between benefits and harms of extending screening is more favorable for 

specific subgroups, for example women at increased risk and women without comorbidities. 

Thus, women at higher risk might choose an earlier starting age and healthy women might 

continue screening until an older age than the average female population. 

Future research should further evaluate the effects of targeted screening based on either 

‘classical’ risk factors or genetic risk profiles versus untargeted screening based only on age 

and sex. In addition, in order to assess the effects of breast cancer screening by molecular 

subtype (ER and HER2), it is needed to incorporate information on the risk for the devel-

opment of specific molecular subtypes and how subtypes influence the natural history of 

disease. Finally, informing all eligible women about the benefits and harms of screening and 

supporting them in making an informed decision about screening participation is crucial.
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Borstkanker is een belangrijk probleem voor de volksgezondheid met een geschat aantal 

van 1,38 miljoen gevallen van borstkanker en 458.000 sterfgevallen door de ziekte per jaar 

wereldwijd. In veel landen is het de meest voorkomende vorm van kanker bij vrouwen en het 

is ook de belangrijkste oorzaak van overlijden door kanker bij vrouwen wereldwijd. De kans 

om borstkanker te overleven is afhankelijk van het stadium waarin het wordt ontdekt. Vroege 

opsporing van de ziekte kan leiden tot een eerdere behandeling, een betere prognose, en 

daardoor mogelijk tot vermindering van sterfte aan de ziekte.

Gerandomiseerde studies hebben aangetoond dat borstkankerscreening met mammo-

grafie borstkankersterfte kan voorkomen. Naast de voordelen (geredde levens) heeft screen-

ing echter ook nadelen. De nadelen bestaan uit het ondergaan van een onprettige en soms 

pijnlijke test, de angst en het ondergaan van een biopsie ten gevolge van een fout-positieve 

screeningstest, blootstelling aan (een lage dosis) straling en, ten slotte, overdiagnose. Er is 

sprake van overdiagnose als een tumor zonder screening niet ontdekt zou zijn gedurende 

het leven van een vrouw. De balans tussen de voor- en nadelen van borstkankerscreening 

wordt over het algemeen gunstig bevonden voor eens in de 2 jaar screenen in de leeftijds-

groep van 50 tot 69 (of 74) jaar.. 

Om de resultaten van gerandomiseerde studies te extrapoleren naar andere situa-

ties (bijvoorbeeld om het effect van screening in andere leeftijdsgroepen of met andere 

screeningsintervallen te schatten) kunnen microsimulatiemodellen gebruikt worden. Deze 

modellen kunnen bovendien gebruikt worden om de effecten van mammografie en andere 

interventies op de borstkankerincidentie en -sterfte te voorspellen, zowel voor de algemene 

bevolking als voor specifieke bevolkingsgroepen. In dit proefschrift hebben we het micro-

simulatiemodel MISCAN-Fadia gebruikt om de voor- en nadelen van borstkankerscreening 

te evalueren. Het model is ontwikkeld binnen het Cancer Intervention and Surveillance 

Modeling Network (CISNET). Het eerste deel van dit proefschrift beschrijft de effecten van 

screening in de bevolking en in specifieke bevolkingsgroepen en vergelijkt deze effecten 

met de effecten van andere interventies. In het tweede deel worden de voor- en nadelen 

van verschillende screeningsscenario’s, onder andere variërend in start- en stopleeftijd en 

screeningsinterval, geëvalueerd.

In hoofdstuk 2 wordt één van de grootste uitdagingen bij het meten van de effecten van 

borstkankerscreening beschreven. Een adequate follow-up tijd is cruciaal bij het evalueren 

van de effecten van screening. Als de effecten te vroeg gemeten worden, bijvoorbeeld 

slechts enkele jaren na implementatie van een screeningsprogramma, kan dat leiden tot 

een onderschatting van het effect van borstkankerscreening op de borstkankersterfte. Naar 

verwachting zal een gemeten effect (sterftereductie) van 9,9% in Noorwegen na een korte 

follow-up tijd toenemen tot 16,2% als de follow-up tijd verlengd wordt met 5 jaar.
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hoofdstuk 3 beschrijft de effecten van verschillende interventies gericht op het vermin-

deren van borstkankersterfte in de Verenigde Staten (VS). We hebben de hypothetische effec-

ten van maximaal gebruik van adjuvante therapie (chemotherapie en hormonale therapie), 

maximale deelname aan screening (gedefinieerd als 100% deelname aan jaarlijkse screening 

van leeftijd 40 tot 54 jaar en 100% deelname aan screening eens in de 2 jaar van leeftijd 55 tot 

99 jaar) en eliminatie van obesitas geschat voor de Amerikaanse vrouwelijke bevolking in de 

komende jaren tot en met 2025. Vergeleken met wat er zou gebeuren als de huidige trends 

zouden doorzetten, schatten we dat de grootste daling in borstkankersterfte gerealiseerd 

kan worden door het optimaliseren van therapiegebruik, gevolgd door het verhogen van 

screeningsdeelname en vervolgens door de eliminatie van obesitas. 

Afro-Amerikaanse vrouwen hebben een lagere borstkankerincidentie, maar hogere 

sterfte aan borstkanker dan blanke Amerikaanse vrouwen. In hoofdstuk 4 hebben we mo-

gelijke verklaringen voor de raciale ongelijkheid in borstkankersterfte onderzocht. We heb-

ben twee modellen gebruikt om het effect te schatten van verschillen in natuurlijk beloop 

van de ziekte, verschillen in screeningsdeelname en verschillen in gebruik van adjuvante 

therapie. Het grootste deel van de raciale ongelijkheid in borstkankersterfte kan worden 

toegeschreven aan verschillen in het natuurlijk beloop van de ziekte (26-44%, variërend 

tussen de twee modellen), verschillen in gebruik van adjuvante therapie (11-19%) en ver-

schillen in screeningsdeelname (7-8%), waardoor 38 tot 46% van de raciale ongelijkheid in 

borstkankersterfte onverklaard bleef.

In hoofdstuk 5 hebben we dezelfde twee modellen gebruikt om de impact van obe-

sitas op de borstkankerincidentie en -sterfte voor zowel Afro-Amerikaanse als blanke 

Amerikaanse vrouwen te evalueren. Bovendien hebben we het effect van verschillen in de 

prevalentie van obesitas (percentage vrouwen met een BMI>30) op de raciale ongelijkheid in 

borstkankersterfte onderzocht. Zo’n 3-4% van de gevallen van borstkanker en 3-9% van alle 

borstkankersterfgevallen in beide groepen kan worden toegeschreven aan obesitas. Hoewel 

Afro-Amerikaanse vrouwen een hogere prevalentie van obesitas hebben in de meeste 

leeftijdsgroepen, zal de raciale ongelijkheid in borstkankersterfte niet verminderen door de 

eliminatie van obesitas, omdat obesitas een beschermend effect heeft bij premenopauzale 

vrouwen en omdat de prevalentie van obesitas bij vrouwen ouder dan 74 jaar hoger is bij 

blanke dan bij Afro-Amerikaanse vrouwen. 

In het tweede deel worden de effecten van verschillende screeningstrategieën geëvalueerd. 

In hoofdstuk 6 worden de effecten van 20 screeningstrategieën met verschillende start- en 

stopleeftijden en verschillende screeningsintervallen (1 en 2 jaar) geëvalueerd in 6 modellen. 

Screenen met een 2-jaars interval handhaaft zo’n 81% (variërend tussen strategieën en model-

len van 67% tot 99%) van het voordeel (geredde levens) van een 1-jaars screeninginterval, 

terwijl het aantal fout-positieven bijna gehalveerd wordt. Eens in de twee jaar screenen van 

leeftijd 50 tot 69 jaar leidt tot een 16,5% (15-23%) lagere borstkankersterfte ten opzichte 
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van een situatie zonder screening. Eerder beginnen met screenen (op leeftijd 40 jaar) leidt 

tot een extra 3% (1-6%) sterftereductie, maar leidt ook tot meer fout-positieven. Doorgaan 

met screenen na leeftijd 69 jaar leidt ook tot een extra sterftereductie in alle modellen, maar 

de hoeveelheid overdiagnose neemt aanzienlijk toe bij screenen op hogere leeftijd. In de 

volgende hoofdstukken zijn de voor- en nadelen van borstkankerscreening in meer detail 

bekeken voor verschillende startleeftijden (hoofdstuk 7), stopleeftijden (hoofdstuk 8 en 

hoofdstuk 9), en screeningsintervallen (hoofdstuk 10).

Met betrekking tot de startleeftijd van screening zijn belangrijke factoren dat jongere 

vrouwen een lager risico hebben om borstkanker te krijgen en dat de gevoeligheid (sensitiv-

iteit) van de test lager (vaker fout-positief ) is vanwege dichter borstweefsel. Bovendien is de 

specificiteit van de test lager, terwijl de groeisnelheid van tumoren op jonge leeftijd hoger 

is. In hoofdstuk 7 hebben we rekening gehouden met al deze factoren en vonden we dat 

vrouwen van leeftijd 40 jaar met een twee keer zo hoog risico als gemiddeld, dezelfde balans 

van voor- en nadelen kunnen verwachten van eens in de 2 jaar screenen, als vrouwen met 

een gemiddeld risico die op leeftijd 50 jaar beginnen met eens in de 2 jaar screenen. Facto-

ren die leiden tot een twee keer zo hoog risico zijn het hebben van heel dicht borstweefsel 

(Breast Imaging-Reporting and Data System (BI-RADS) categorie 4) en het hebben van een 

eerstegraads familielid met borstkanker. In de VS heeft 13% van de vrouwen in de veertig 

heel dicht borstweefsel en 9% van de vrouwen in deze leeftijdsgroep heeft een eerstegraads 

familielid met borstkanker.

Bij de evaluatie van de bovenste leeftijdsgrens speelt een rol dat oudere vrouwen een 

hoger risico op borstkanker hebben dan jongere vrouwen en dat de sensitiviteit van de test 

hoger is op hogere leeftijd, wat zou kunnen beteken dat de balans van screenen voor oudere 

vrouwen gunstiger is dan voor jongere vrouwen. Echter, de resterende levensverwachting 

van oudere vrouwen is korter, wat de mogelijkheid om een   leven te redden beperkt en 

bovendien tot meer overdiagnose leidt. Een extra complicerende factor is dat er slechts 

beperkte informatie over de voor- en nadelen van screening na leeftijd 74 jaar beschikbaar is, 

omdat geen van de gerandomiseerde studies vrouwen ouder dan 74 jaar heeft geïncludeerd. 

In hoofdstuk 8 zagen we dat de beperkte kennis tot uiting kwam in verschillen tussen de 

drie modellen die gebruikt werden. Ondanks de verschillen tussen de modellen was de 

leeftijd waarop de nadelen begonnen op te wegen tegen de voordelen hetzelfde in de drie 

modellen. Op leeftijd 74 jaar waren de voordelen groter dan de nadelen, maar de balans 

werd minder gunstig met toenemende leeftijd. Vanaf leeftijd 90 hadden de nadelen de 

overhand, met name als gevolg van toenemende overdiagnose. Deze leeftijd was hetzelfde 

in de drie modellen, ondanks belangrijke verschillen tussen de modellen in aannames over 

het natuurlijk beloop van de ziekte (bijvoorbeeld over de progressie van ductaal carcinoma 

in situ).

In hoofdstuk 9 hebben we onderzocht hoe verschillen in gezondheid op oudere leeftijd 

(het al dan niet hebben van comorbiditeit) de balans tussen de voor- en nadelen van screen-
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ing beïnvloedt. De stopleeftijd van screening op basis van comorbiditeit, gedefinieerd 

als de leeftijd waarop de balans tussen de voor- en nadelen net zo gunstig was als voor 

screenen op leeftijd 74 voor de algemene bevolking, varieerde met bijna 10-jaar rond de 

leeftijd van 74 jaar (de leeftijd die op dit moment aanbevolen wordt als bovengrens in de 

huidige borstkankerscreeningsrichtlijnen). Gezonde vrouwen (zonder comorbiditeit) kunnen 

meer voordeel verwachten van een screen op leeftijd 74 jaar dan vrouwen met (matige of 

ernstige) comorbiditeit en zouden daarom voor een hogere stopleeftijd kunnen kiezen dan 

vrouwen met comorbiditeit, die er juist weer voor zouden kunnen kiezen eerder te stoppen 

met screenen.  

In hoofdstuk 10 hebben we een gerandomiseerde studie nagebootst waarin een 

3-jaars screeningsinterval vergeleken wordt met een 1-jaars interval. Des te vaker een vrouw 

screeningstesten ondergaat, des te groter de kans is op een vroegere diagnose, en des te 

groter het voordeel van screening kan zijn. De nadelen (fout-positieve tests, overdiagnose) 

zullen echter ook toenemen naarmate vaker gescreend wordt. Een gerandomiseerde studie, 

de UK Breast Screening Frequency Trial, vond geen significant verschil in borstkankersterfte 

tussen elk jaar screenen en eens in de 3 jaar screenen. Om de resultaten van deze studie na 

te bootsen met ons model moesten we aannemen dat de sensitiviteit van de screeningstest 

in de studie relatief laag was. Bovendien vonden we aanwijzingen dat de studie een laag 

onderscheidend vermogen (‘power’) had om een statistisch significant verschil tussen de 

twee groepen te vinden. Onze resultaten laten zien dat er voordeel is van een verkorting 

van het screeningsinterval van 3 naar 1 jaar, maar dat het voordeel waarschijnlijk niet groot 

genoeg is om jaarlijkse screening in te voeren.

In hoofdstuk 11 hebben we de kosten en effecten van screening met behulp van ana-

loge en digitale mammografie onderzocht en bekeken wat de gevolgen zouden zijn van 

vervanging van analoge mammografie door digitale mammografie voor een programma 

voor onverzekerde vrouwen met een laag inkomen in de VS. Digitale mammografie heeft 

een hogere sensitiviteit dan analoge mammografie, vooral bij jongere vrouwen, maar is 

ook duurder. Als hetzelfde aantal testen wordt uitgevoerd, kan digitale mammografie iets 

meer levens redden dan analoge mammografie, maar tegelijkertijd nemen dan het aantal 

fout-positieve tests en de kosten van screening en diagnostiek ook toe. De kosteneffectiviteit 

van digitale mammografie was daardoor ongunstiger dan de kosteneffectiviteit van analoge 

mammografie. Bovendien zou het vervangen van analoge door digitale mammografie in 

een programma met een vast budget betekenen dat er minder vrouwen kunnen worden 

bereikt (25-26%), en minder levens worden gered (23-24%). Om vergelijkbare effecten op de 

gezondheid te bereiken met digitale als met analoge mammografie is het daarom noodzake-

lijk dat de prijs van digitale mammografie verlaagd wordt, het programmabudget verhoogd 

wordt, of dat er veranderingen in het programma gemaakt worden, zoals het verlengen van 

het screeningsinterval.
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In hoofdstuk 12 (de algemene discussie van dit proefschrift) worden de onderzoeksvragen 

beantwoord en besproken. Bovendien wordt de huidige status van borstkankerscreening 

beschreven, inclusief een beschrijving van de huidige controverse rondom de effecten van 

borstkankerscreening. Verder worden implicaties van het onderzoek en richtingen voor 

toekomstig onderzoek gegeven.

Eén van onze bevindingen is dat mammografie een aanzienlijke impact op de borstkank-

ersterfte in de VS heeft gehad en naar verwachting blijft hebben in de toekomst. Het eens 

in de 2 jaar screenen van vrouwen vanaf leeftijd 50 tot 74 jaar leidt tot een gunstige balans 

tussen de voor- en nadelen van screening. Meer intensieve screening (het verruimen van 

de leeftijdsgrenzen of het verhogen van de screeningsfrequentie) leidt tot meer voordelen 

(levens gered), maar leidt ook tot meer nadelen (fout-positieven en overdiagnose). Daar-

door leidt eerder beginnen met screenen (bijvoorbeeld op leeftijd 40 versus 50 jaar), vaker 

screenen (bijvoorbeeld elk jaar versus eens in de 2 of 3 jaar) en doorgaan met screening na de 

leeftijd van 74 jaar, tot een minder gunstige balans tussen de voor- en nadelen dan eens in de 

2 jaar screenen van 50 tot 74 jaar. De balans tussen de voor- en nadelen van uitbreiding van 

screening is echter gunstiger voor specifieke subgroepen, zoals vrouwen met een verhoogd 

risico en vrouwen zonder comorbiditeit. Zo zouden vrouwen met een verhoogd risico kun-

nen kiezen voor een eerdere startleeftijd en zouden gezonde vrouwen ervoor kunnen kiezen 

langer door te gaan met screening dan de gemiddelde vrouwelijke bevolking. 

Toekomstig onderzoek zou zich moeten richten op de effecten van gepersonaliseerde 

screening op basis van hetzij ‘klassieke’ risicofactoren, hetzij genetische risicoprofielen 

versus de effecten van de huidige algemene screening, uitsluitend gestratificeerd op basis 

van leeftijd en geslacht. Bovendien is het van belang om informatie over het risico voor de 

ontwikkeling van specifieke moleculaire subtypen (ER, HER2) en hoe deze subtypes het natu-

urlijk beloop van de ziekte beïnvloeden in modellen mee te nemen om te kunnen inschatten 

of de effecten van borstkankerscreening variëren naar subtype. Ten slotte is het cruciaal om 

alle vrouwen die in aanmerking komen voor borstkankerscreening te informeren over de 

voor- en nadelen van screening en hen te ondersteunen bij het maken van een weloverwo-

gen beslissing (een geïnformeerde keuze) over deelname aan borstkankerscreening.  
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Rotterdam 

2009 0.6

- Oral presentation. European Breast Cancer Conference, Barcelona, Spain 2010 1.0

- Presentations at Breast Cancer Surveillance Consortium meetings, USA 2010-2011 1.2

- Oral [invited] presentation Breast Densitometry Workshop, San Francisco, USA 2011 1.0

- Oral presentation. Society for Medical Decision Making, Chicago, USA 2011 1.0

- Oral presentation. COPD modeling meeting, Amsterdam 2012 0.8

- Oral presentation [in Dutch]. Symposium over 10-jaar borstkankerscreening in Vlaanderen, 
Hasselt, België 

2012 0.6

(inter)national conferences 

- European Breast Cancer Conference, Berlin, Germany 2008 0.8

- European Breast Cancer Conference, Barcelona, Spain 2010 1.0

- Society for Medical Decision Making, Chicago, USA 2011 0.6

- International Breast Densitometry Workshop, San Francisco, USA 2011 0.5

2. Teaching

year
Workload 

(ecTs)

lecturing 

- Sandwichcursus Mammaradiologie & Thoraxradiologie; “DCIS: overdiagnosis versus 
benefits”

2011 0.7

supervising practicals and excursions, Tutoring 

- Supervising 3rd year curriculum medical students for a  community project, which is part of 
education theme 3.C ‘Arts en volksgezondheid’ at the Erasmus MC, Rotterdam

2012 0.6

supervising master’s thesis

- Lissanne van Lier: “Costs and health consequences of film and digital mammography 
for women served through the U.S. National Breast and Cervical Cancer Early Detection 
Program.”

2010-2011 1.5

PhD portfolio



Breast cancer is an important public health problem with an estimated 
number of 1.38 million breast cancer cases and 458,000 deaths from 
the disease yearly worldwide. Randomized trials have shown that 
mammography screening significantly reduces breast cancer mortality. 
Besides the benefits in terms of lives saved, mammography screening is, 
however, also associated with harms, such as false-positive test results 
and overdiagnosis. This thesis describes the impact of breast cancer 
screening in the population and compares the effects to the effects of 
other interventions. We found that mammography screening has had a 
substantial impact on breast cancer mortality in the U.S. and is projected 
to continue to do so in the future. Screening women biennially from age 
50 to 74 years leads to a favorable balance between benefits and harms. 
More intensive screening (either extending the age ranges or increasing 
the screening frequency) leads to more benefits (lives saved), but harms 
increase more steeply. Targeting screening to subgroups with the highest 
chance for benefit and the lowest chance for harm has the potential to 
improve the balance between benefits and harms at the population level.
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