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Abstract

Background—The impact of screening mammography on breast cancer incidence is difficult to 

disentangle from cohort- and age-related effects on incidence.

Methods—We developed an age-period-cohort model of ductal carcinoma in situ (DCIS) and 

invasive breast cancer incidence in U.S. females using cancer registry data. Five functions were 

included in the model to estimate stage-specific effects for age, premenopausal birth cohorts, 

postmenopausal birth cohorts, period (for all years of diagnosis), and a mammography period 

effect limited to women aged ≥40 years after 1982. Incidence with and without the mammography 

period effect was calculated.

Results—More recent birth cohorts have elevated underlying risk compared to earlier cohorts for 

both pre- and postmenopausal women. Comparing models with and without the mammography 

period effect showed that overall breast cancer incidence would have been 23.1% lower in the 

absence of mammography in 2010 (95% CI 18.8, 27.4), including 14.7% (9.5, 19.3) lower for 

invasive breast cancer and 54.5% (47.4, 59.6) lower for DCIS. Incidence of distant-staged breast 
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cancer in 2010 would have been 29.0% (13.1, 48.1) greater in the absence of mammography 

screening.

Conclusions—Mammography contributes to markedly elevated rates of DCIS and early stage 

invasive cancers, but also contributes to substantial reductions in the incidence of metastatic breast 

cancer.

Impact—Mammography is an important tool for reducing the burden of breast cancer, but future 

work is needed to identify risk factors accounting for increasing underlying incidence and to 

distinguish between indolent and potentially lethal early stage breast cancers that are detected via 

mammography.
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Introduction

Breast cancer incidence trends in the United States have changed dramatically over the past 

30 years. For much of the 20th century, breast cancer incidence increased slowly, about 0.5 

to 1.0% per year (1, 2). With the introduction of screening mammography, breast cancer 

incidence rose about 4% per year during 1982–1986 (3), plateaued through 1993, then 

increased to peak at an age-adjusted rate of 141.4 per 100,000 women in 1999. Rates 

subsequently declined abruptly during 1999–2003, stabilizing at about 127 per 100,000 

women since 2003 (4).

These changes have been attributed to the utilization and performance of mammography, 

changes in risk factor prevalence—most notably reductions in postmenopausal hormone use 

(5)—and cohort differences among women born in eras as different as the Great Depression 

and the 1960s (6). Recently, attention has been given to the sustained burden of late-stage 

breast cancer despite widespread screening mammography (7). In contrast, incidence of 

early-stage breast cancer has dramatically increased, raising concerns that mammography 

screening leads to over-diagnosis without substantially reducing breast cancer mortality (8). 

However, interpretation of observed incidence trends is complicated by their dependence on 

many factors.

Age-period-cohort (APC) modeling is a statistical approach that can isolate the impact of 

mammography screening on breast cancer incidence, while accounting for the effects of 

variation in underlying incidence by age, year of diagnosis (period), and year of birth 

(cohort) (9). Previously, Holford et al (10) used an APC model to analyze breast cancer 

incidence rates through the year 2000 using data from the Surveillance, Epidemiology, and 

End Results (SEER) program. They estimated that screening mammography contributed to a 

20% increase in overall breast cancer incidence in the United States. We modified and 

extended Holford’s approach to include the years 2000–2010 and evaluate the impacts of 

screening mammography on stage-specific incidence. Our objective was to quantify the 

impact of screening mammography on early and late stage incidence, accounting for 

influences of birth cohort and secular risk factor changes.
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Materials and Methods

This study was determined to be exempt from human subjects review by the University of 

Wisconsin Health Sciences Institutional Review Board.

Data

Data on breast cancer incidence were obtained from the Surveillance, Epidemiology and 

End Results (SEER) registries (11). The numbers of ductal carcinoma in situ (DCIS) and 

malignant female breast cancer cases were tabulated by single years of age (20–84) and 

single-year periods (1935–2010). (Case definitions are provided in Supplemental Table S1.) 

Data from six registries were used since the population was consistent throughout the time 

period including Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland, and Utah. 

Cases were diagnosed during 1973–2010. Data for three additional registries included cases 

diagnosed during different time frames: Seattle-Puget Sound (1974–2010), Atlanta (1975–

2010), and Connecticut (1935–2010).

The denominators of the rates were estimates of the July 1 population for each year, derived 

from the decennial census. For Connecticut, population estimates by single years of age and 

period were obtained for 1935–2010 using cubic spline interpolation of population estimates 

for 5-year age groups by year provided by the Connecticut Tumor Registry. For the other 

SEER registries, population estimates by single years of age and period were obtained from 

SEER*Stat (Surveillance Research Program, National Cancer Institute SEER*Stat software, 

seer.cancer.gov/seerstat, version 8.0.4 released April 15, 2013).

Statistical methods

An APC model was fit to the SEER data using a negative binomial log-linear regression 

model implemented in the R function glm.nb from the MASS package (12, 13). In this 

approach, we assume that the number of cases diagnosed in a given year follows a negative 

binomial (over-dispersed Poisson) distribution with mean λD and variance λD +(λD)2/θ, 

where λ is the incidence rate, D is the denominator for the rate and θ is a dispersion 

parameter. Note that smaller values of the dispersion parameter correspond to greater 

overdispersion relative to the Poisson distribution. The log rate is assumed to have additive 

contributions associated with age, period and cohort as well as SEER registry.

Identification of the APC effects (given the linear dependence of age, period and cohort) 

followed the approach of Carstensen (14). The age function represents the log age-specific 

rate for the 1920 cohort. The cohort function represents the log rate ratio relative to the 1920 

cohort. Separate cohort functions are used for premenopausal (age 45 and below) and 

postmenopausal (age 55 and above) women to account for differences in the etiology of and 

risk factors for pre- and post-menopausal breast cancer; the cohort function for women age 

46–54 is a weighted average of the premenopausal and postmenopausal functions. The 

period function represents the residual log rate ratio relative to the age-cohort prediction 

(constrained to be 0 on average with 0 slope). A second period function—referred to as the 

mammography function—represents the residual log rate ratio relative to the age-period-

cohort prediction after 1982, reflecting the approximate beginning of widespread 
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mammography screening in the United States, for women aged ≥40, since routine screening 

for women under 40 years of age was not recommended (3). The mammography function 

thus isolates the impact of screening mammography from other period effects affecting all 

women. Sub-models including all of the functions described here were developed for each 

stage of breast cancer at diagnosis (DCIS, local, regional, distant, and unknown).

We represented each of the components of the model (age, premenopausal cohort, 

postmenopausal cohort, period, and mammography) as natural cubic splines. The number of 

knots for the natural cubic splines was selected iteratively based on the Bayesian 

Information Criterion (BIC) (15) until convergence; the minimum number of knots for each 

term was 4, the maximum number of knots was one per 5 years for age and mammography 

effects, and 1 per 10 years for the remaining effects.

Breast cancer incidence in the absence of mammography is the sum of the age, 

premenopausal cohort, postmenopausal cohort and period effects as well as the SEER 

registry effects. Rates are calculated for each registry separately. Overall rates are calculated 

by summing the expected number of cases across all registries and dividing by the total 

population covered by the registries. Age-adjusted rates use the 2000 US standard 

population (11); 95% confidence intervals were calculated using a parametric bootstrap (16). 

Extrapolation beyond the range of the data uses the last value carried forward.

Results

Age-specific incidence rates for all SEER registries combined are shown in Figure 1 along 

with the estimates from the APC model (see also Supplemental Movie). There is good 

agreement between fitted curves and observed rates. Differences between them are 

consistent with random variation rather than systematic modeling errors. These plots reflect 

higher breast cancer incidence in more recent years of diagnosis, more recent birth cohorts, 

and older ages.

Estimated APC model components are presented in Figure 2; numerical values are given in 

Supplemental Table S2. The left panel of Figure 2 presents age-specific breast cancer 

incidence rates for each SEER registry for the 1920 cohort. The right panel of Figure 2 

presents rate ratios for the cohort and period effects accounting for age and registry effects. 

The premenopausal birth cohort effect shows a steady increase in breast cancer rates for 

women born 1890 through 1990 except for a slightly reduction from 1930–1950. In contrast, 

rate ratios for postmenopausal birth cohorts increased steadily throughout.

After accounting for age, registry and cohort, the overall period effect shows a general 

increase in rate ratios for years of diagnosis from 1940 through 1980, with decreases 

thereafter to 2010 (Figure 2 and Supplemental Table S2). In contrast, the mammography 

effect in women age ≥40 increased over time with a peak rate ratio (compared with 1982) of 

1.40 (95% CI 1.37–1.44) in 1995, and then decreased to 1.30 (95% CI 1.23–1.37) in 2010.

The APC model estimates that mammography has contributed to a substantial increase in 

breast cancer overall and in DCIS and localized invasive breast cancer individually (Figure 

3). Conversely, the APC model estimates that screening mammography has reduced distant 
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breast cancer incidence after the year 2000; regional breast cancer incidence was largely 

unaffected by screening mammography (Figure 3). In 1985, 11.5% (95% CI 10.3, 12.5) of 

DCIS and invasive breast cancer combined was attributable to screening mammography 

(Table 1). In 2010, total breast cancer incidence would have been approximately 23.1% 

(95% CI 18.8, 27.4) lower without mammography screening. While about 14.7% (95% CI 

9.5, 19.3) of invasive breast cancer is attributable to screening in 2010, DCIS and localized 

invasive breast cancer incidence rates would have been 54% and 26% lower, respectively, in 

the absence of mammography screening (Table 1). The APC model predicts that incidence 

of distant-staged breast cancer would have been 29% higher in 2010 in the absence of 

mammography, with little difference in regional breast cancer incidence.

Discussion

The APC model demonstrates that screening mammography has contributed to increases in 

early stage breast cancer incidence and declines in distant stage incidence. The stable pattern 

in the observed SEER incidence rates of distant stage breast cancer should not be interpreted 

as evidence that screening has had no beneficial impact on reducing breast cancer mortality. 

Our analysis indicates that screening mammography has countered higher underlying risk of 

breast cancer for more recent birth cohorts, likely due to elevated risk factor profiles 

throughout their lifetimes.

For 2010, we estimate that 23% of DCIS and invasive breast cancer combined is attributable 

to mammography screening. As expected, mammography is responsible for detecting a 

greater percent of early stage breast cancer. This percentage of cases attributed to screening 

includes women that benefited from early detection and treatment as well as women over-

diagnosed with tumors that never would have caused harm. Previous reviews suggest that 1–

10% of breast cancer is over-diagnosed (17, 18); higher percentages, ranging from 5–75%, 

have been found in studies that do not adjust for lead-time or differences in underlying risk 

between screened and unscreened populations (19–21). Estimates of over-diagnosis are also 

sensitive to the age range included in the calculations (e.g., <40 or >80), whether in situ 

cases are included, and whether screening has reached a steady-state in the population (22). 

Our results cannot be used to estimate an over-diagnosis rate, but instead provide 

information regarding the impact of screening mammography on observed incidence rates.

The APC model reflects the long-term slow increase in rates during the 1940s through 1970 

(1, 2); the brief increase in 1974 potentially due to greater awareness of breast cancer 

resulting from the publicized diagnoses of Happy Rockefeller and Betty Ford (23); the steep 

increase due to dissemination of mammography screening in the 1980s (3); another increase 

likely driven by expanded use of postmenopausal hormones in the 1990s (24); and the 

subsequent drop attributed to the decline in use of postmenopausal hormones after 2000 (5). 

The model also captures the increasing trend in breast cancer incidence with increasing age 

as well as the Clemmesen’s hook phenomenon (25), with the slope in the increase in rates 

with age changing around the time of menopause.

Our analysis differs in a number of ways from the previous APC model developed by 

Holford et al (10). The Holford et al model assumes no period effect prior to 1982 and two 
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separate period effects after 1982, one for women 40 and over (the mammography effect) 

and one for women under 40. Our model assumes a general period effect for all women over 

the entire follow-up period and a separate period effect for women aged 40 and over after 

1982 (the mammography effect). Our mammography effect is the contrast between the 

period effect for women 40 and over after 1982 and the period effect for women under 40 

after 1982, while Holford et al define the mammography effect as the period effect for 

women ≥40 after 1982. As such, the estimated mammography effect from Holford et al is 

roughly equivalent to the sum of our estimated mammography effect and our estimated 

general period effect after 1982. Because the estimated period effect decreases from 1986–

1995 and 1999–2005, our mammography effect is larger than the estimates from Holford et 

al (peak rate ratio 1.40 in 1995 compared with Holford’s peak of 1.25 in 1987 and 1.28 in 

2000). Our mammography effect shows a rapid increase in breast cancer incidence 

associated with the introduction of mammography, which later peaks then declines slightly. 

The Holford et al estimate of the mammography effect shows a similar rapid increase, but it 

is followed by a decline and rebound to the same or possibly greater risk (10). In contrast to 

Holford et al, our model shows little, if any, rise in breast cancer incidence in the absence of 

screening after 1982. The two most important factors that inform our estimate of the 

incidence in the absence of screening are the observed change in breast cancer incidence 

before 1982 and the observed change in breast cancer incidence for women under 40 after 

1982. Age-adjusted DCIS and invasive breast cancer incidence from SEER for women age 

25–84 was 163.1 per 100,000 women in 1975 and 165.4 per 100,000 women in 1982, a rise 

of 0.4% per year; age-adjusted DCIS and invasive breast cancer incidence from SEER for 

women age 25–39 was 39.3 per 100,000 women in 1982, 39.3 per 100,000 women in 1987 

and 40.6 per 100,000 women in 2007, a rise of 0.1% per year (11). Both of these trends are 

consistent with our APC model results.

Other investigators have used APC models to describe overall breast cancer incidence trends 

in numerous regions and countries, with different approaches for addressing the influence of 

population screening (26–41). Other than Holford et al (10), most previous APC models did 

not include a mammography period effect. In their APC models for several Nordic 

countries, Rostgaard et al (27) and Moller (34) corrected for the effects of systematic 

screening to isolate secular trends without mammography. The relative period effect for 

Finland showed an increasing trend perhaps reflecting Finland’s fast economic growth; 

period effects were more modest in other Nordic countries (27, 34). Furthermore, APC 

models of breast cancer in Taiwan, Mumbai and Japan found significant effects for both 

cohort and period in the absence of broad participation in population-based breast cancer 

screening programs (29, 31, 36). Other APC models (30, 35), such as the model describing 

breast cancer incidence rates in France (28), found that cohort effects were stronger than 

period effects, probably due to the absence or limited extent of population screening 

mammography.

Additional modeling is needed to examine the impact of multiple factors on past breast 

cancer rates as well as more recent trends. For example, several factors, beyond changes in 

detection by mammography screening, likely contributed to the increase in breast cancer 

incidence during the 1980s and more recent declines in incidence. A previous study 

suggested that the increase in the 1980s was entirely explained by mammography screening 
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(42). However, use of combined estrogen-progestin hormones also increased in the 1980s 

(43–45), and several reports suggest that declines after 2000 in breast cancer incidence 

coincide with reductions in use of hormones (5, 6, 46). In Norway, investigators estimated 

that, for women aged 50–69, 23% of breast cancer cases diagnosed in 2002 were attributable 

to mammography whereas 27% of cases were attributable to hormone use (47). Notably, the 

prevalence of obesity also increased in the 1980s. Based on data from the National Health 

and Examination Survey (NHANES), the prevalence of overweight in U.S. females 

increased from 17% in 1976–80 to 27% in 1991–1994 to 34% by 2000 (48). Simulation 

modeling suggests that only about 5% of breast cancer is attributable to obesity, in part 

because of the differing effects of obesity on pre- and post-menopausal breast cancer (49). 

Additional studies are needed to disentangle the impact of concurrent changes in multiple 

risk factors from changes in screening. While individual level data from case-control or 

cohort studies is needed to definitively address these questions, in the absence of such data, 

simulation modeling can provide useful insights. For example, simulation modeling could 

remove the influence of mammography screening on breast cancer incidence to examine the 

role of risk factors in breast cancer development and, consequently, evaluate the relative 

benefits that primary and secondary prevention have on the breast cancer burden (50).

Studies based on APC models inherently include limitations, most notably the availability of 

cancer surveillance data. Projections of breast cancer incidence in the absence of screening 

depend on trends prior to the dissemination of mammography in 1982, but limited cancer 

registry data were available prior to 1982. The SEER Program began in 1973; only the 

Connecticut registry operated between 1935 and 1973 (51). Additionally, our APC model 

identifies the mammography period effect as the residual period effect for women ≥40 after 

1982. This assumption was based on the limited availability of screening mammography 

prior to 1982 (52, 53) and general support for screening mammography for women ≥40, 

although recommendations for women in their forties has fluctuated.

In summary, our APC model describes the impact of mammography screening on breast 

cancer incidence in the U.S. over the past three decades. Consistent with prior studies, these 

results find greater changes in incidence attributable to birth cohort than according to period. 

In particular, recent pre- and postmenopausal birth cohorts continue to experience elevated 

risk of breast cancer, even after accounting for mammography screening and other period 

effects. Our results suggest that screening mammography is associated with elevated rates of 

early-stage breast cancer and concurrent reductions in late-stage breast cancer. These results 

suggest that mammography is an important tool for reducing the burden of breast cancer in 

the United States, but future work is needed to identify risk factors accounting for increasing 

underlying incidence and to distinguish between indolent and potentially lethal early stage 

breast cancers that are detected via mammography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Observed and modeled overall breast cancer incidence rates for the 9 Surveillance, 

Epidemiology and End Results (SEER) registries, 1975–2010 by (A) age and period (year of 

diagnosis), (B) age and cohort (year of birth), (C) period (year of diagnosis) and age, and 

(D) cohort (year of birth) and age. Includes rates per 100,000 women for DCIS and invasive 

breast cancer combined. Observed crude rates shown with circles. Modeled rates shown 

with solid lines.
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Figure 2. 
Estimated (A) age effect and (B) premenopausal cohort, postmenopausal cohort, overall 

period and mammography period effects from the APC model. Shading around lines 

indicates 95% confidence intervals. Rate ratios for pre- and postmenopausal cohort effects 

are shown for year of birth. Rate ratios for overall period and mammography period effects 

are shown for year of diagnosis.
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Figure 3. 
Observed SEER (green line) and modeled breast cancer incidence rates for the 9 

Surveillance, Epidemiology and End Results (SEER) registries, 1973–2010. Age-adjusted 

breast cancer incidence rates per 100,000 women for ages 25–84 years, overall and by stage. 

Incidence rates from the age-period-cohort model estimated with (orange line) and without 

(blue line) the mammography screening period effect for (A) DCIS and invasive, (B) 

invasive, (C) DCIS, (D) localized, (E) regional, and (F) distant staged breast cancer.
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Table 1

Breast cancer incidence from the age-period-cohort model with and without the screening period effect, by 

stage and year of diagnosis

Year and Stage of Diagnosis

Incidence per 100,000 womena
Percent of cases attributable to screening (95% 

CI)Total Without screening Difference (95% CI)

All Cases

1985 274.8 243.1 31.6 (28.3, 34.3) 11.5% (10.3, 12.5)

1990 319.8 241.0 78.8 (72.2, 84.1) 24.6% (22.7, 26.2)

1995 338.4 241.1 97.3 (91.1, 102.9) 28.8% (27.0, 30.4)

2000 359.1 259.2 99.9 (91.6, 107.0) 27.8% (25.7, 29.8)

2005 352.1 262.0 90.1 (80.7, 100.8) 25.6% (22.9, 28.5)

2010 337.4 259.5 77.9 (63.3, 92.9) 23.1% (18.8, 27.4)

Invasive

1985 257.0 230.2 26.8 (24.0, 29.2) 10.4% (9.3, 11.3)

1990 285.2 224.2 61.0 (55.4, 65.7) 21.2% (19.3, 22.8)

1995 289.7 220.5 69.3 (63.4, 74.6) 23.6% (21.6, 25.4)

2000 293.2 227.0 66.2 (57.5, 72.6) 22.3% (19.3, 24.4)

2005 282.9 227.4 55.5 (45.9, 64.5) 19.3% (15.9, 22.5)

2010 268.5 228.2 40.2 (26.5, 52.9) 14.7% (9.5, 19.3)

DCIS

1985 17.8 12.9 4.8 (4.2, 5.2) 27.1% (24.3, 29.6)

1990 34.6 16.8 17.8 (16.3, 19.3) 51.5% (47.5, 55.3)

1995 48.7 20.6 28.1 (26.4, 29.8) 57.5% (54.4, 61.0)

2000 65.9 32.2 33.7 (32.0, 36.5) 51.1% (48.2, 54.8)

2005 69.2 34.6 34.6 (32.0, 37.6) 49.9% (46.4, 54.3)

2010 68.9 31.3 37.6 (33.0, 41.5) 54.5% (47.4, 59.6)

Localized

1985 138.9 117.4 21.5 (19.8, 23.8) 15.5% (14.2, 17.2)

1990 174.8 121.6 53.2 (49.7, 57.8) 30.5% (28.7, 33.0)

1995 188.6 125.2 63.4 (59.3, 67.3) 33.7% (31.5, 35.7)

2000 187.1 125.9 61.2 (55.2, 65.9) 33.0% (29.7, 35.5)

2005 181.5 127.0 54.5 (47.5, 60.5) 30.4% (26.6, 33.7)

2010 174.8 129.7 45.1 (36.3, 54.0) 26.2% (21.2, 31.4)

Regional

1985 96.1 91.4 4.7 (3.1, 6.2) 4.9% (3.2, 6.4)

1990 87.2 80.3 6.9 (4.0, 9.6) 7.9% (4.7, 10.9)

1995 80.3 75.5 4.8 (2.1, 7.3) 6.1% (2.8, 9.1)

2000 85.6 81.2 4.5 (0.5, 7.7) 5.4% (0.9, 9.1)

2005 81.4 78.7 2.7 (−1.5, 6.4) 3.5% (−1.5, 7.9)

2010 74.3 74.3 0.0 (−6.3, 5.4) 0.1% (−8.2, 7.1)

Distant

1985 16.9 16.6 0.2 (−1.0, 1.0) 1.3% (−6.0, 6.1)
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Year and Stage of Diagnosis

Incidence per 100,000 womena
Percent of cases attributable to screening (95% 

CI)Total Without screening Difference (95% CI)

1990 17.0 16.5 0.5 (−1.6, 2.0) 2.8% (−9.5, 11.3)

1995 15.7 15.0 0.7 (−0.9, 2.3) 4.7% (−5.5, 14.8)

2000 16.7 16.6 0.0 (−1.8, 1.8) 0.5% (−10.7, 10.9)

2005 17.3 19.5 −2.1 (−4.2, −0.4) −12.0% (−24.3, −2.2)

2010 17.5 22.5 −5.1 (−8.2, −2.4) −29.0% (−48.1, −13.1)

Abbreviations: CI, confidence interval; DCIS, ductal carcinoma in situ.

a
Age-adjusted to the 2000 U.S. female population for ages 40–84.

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2016 June 01.


