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Key Points

Question

What are the relative associations of breast cancer screening, treatment of stage I to Il breast can-
cer, and treatment of metastatic breast cancer with improved breast cancer mortality in the US be-
tween 1975 and 20197

Findings

Improvements in treatment and screening after 1975 were associated with a 58% reduction in
breast cancer mortality in 2019, from an estimated 64 deaths without intervention to 27 per 100
000 women (age adjusted). Approximately 29% of this reduction was associated with treating
metastatic breast cancer, 25% with screening, and 47% with treating stage I to III breast cancer.

Meaning

Based on 4 simulation models, breast cancer screening, treatment of stage I to III breast cancer,
and treatment of metastatic breast cancer were each associated with reduced breast cancer mor-
tality between 1975 and 2019 in the US.

Abstract

Importance

Breast cancer mortality in the US declined between 1975 and 2019. The association of changes in
metastatic breast cancer treatment with improved breast cancer mortality is unclear.

Objective

To simulate the relative associations of breast cancer screening, treatment of stage I to Il breast
cancer, and treatment of metastatic breast cancer with improved breast cancer mortality.

Design, Setting, and Participants

Using aggregated observational and clinical trial data on the dissemination and effects of screen-
ing and treatment, 4 Cancer Intervention and Surveillance Modeling Network (CISNET) models
simulated US breast cancer mortality rates. Death due to breast cancer, overall and by estrogen re-
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ceptor and ERBBZ (formerly HERZ) status, among women aged 30 to 79 years in the US from
1975 to 2019 was simulated.

Exposures

Screening mammography, treatment of stage I to IIl breast cancer, and treatment of metastatic
breast cancer.

Main Outcomes and Measures

Model-estimated age-adjusted breast cancer mortality rate associated with screening, stage I to III
treatment, and metastatic treatment relative to the absence of these exposures was assessed, as
was model-estimated median survival after breast cancer metastatic recurrence.

Results

The breast cancer mortality rate in the US (age adjusted) was 48/100 000 women in 1975 and
27/100 000 women in 2019. In 2019, the combination of screening, stage I to Il treatment, and
metastatic treatment was associated with a 58% reduction (model range, 55%-61%) in breast can-
cer mortality. Of this reduction, 29% (model range, 19%-33%) was associated with treatment of
metastatic breast cancer, 47% (model range, 35%-60%) with treatment of stage I to III breast can-
cer, and 25% (model range, 21%-33%) with mammography screening. Based on simulations, the
greatest change in survival after metastatic recurrence occurred between 2000 and 2019, from
1.9 years (model range, 1.0-2.7 years) to 3.2 years (model range, 2.0-4.9 years). Median survival
for estrogen receptor (ER)-positive/ ERBB2-positive breast cancer improved by 2.5 years (model
range, 2.0-3.4 years), whereas median survival for ER-/ERBBZ2- breast cancer improved by 0.5
years (model range, 0.3-0.8 years).

Conclusions and Relevance

According to 4 simulation models, breast cancer screening and treatment in 2019 were associated
with a 58% reduction in US breast cancer mortality compared with interventions in 1975.
Simulations suggested that treatment for stage I to III breast cancer was associated with approxi-
mately 47% of the mortality reduction, whereas treatment for metastatic breast cancer was associ-
ated with 29% of the reduction and screening with 25% of the reduction.

This simulation study estimates the association of breast cancer screening, treatment of stage I-111
breast cancer, and treatment of metastatic breast cancer on changes in mortality due to breast
cancer in US women for the period 1975-2019.



Introduction

Breast cancer mortality in the US declined between 1975 and 2019 from an age-adjusted rate of
48 deaths per 100 000 women to 27 deaths per 100 000 women.»2 Advances in breast cancer
treatment contributed to this decline.>* More than 2000 phase 3 trials in breast cancer are regis-
tered in ClinicalTrials.gov, with approximately 1 new clinical trial added each day.> The US Food
and Drug Administration approved 30 drugs for the treatment of breast cancer between 2010 and

2020. Of these, 26 were for metastatic disease and 4 were for stage I to III breast cancer?

The Cancer Intervention and Surveillance Modeling Network (CISNET) developed simulation mod-
els to quantify the associations of screening mammography and stage I to III therapy with reduc-
tions in breast cancer mortality.i'i Since 2000, results of new randomized clinical trials for
metastatic breast cancer demonstrated further improved patient outcomes, 2221 yet the conse-
quences of these changes have not been quantified. Therefore, the CISNET models were revised to
specifically evaluate how recent treatments of metastatic breast cancer may have been associated

with reduced breast cancer mortality in the US.

The revised CISNET models provided estimates of the relative magnitude of associations of treat-
ment of stage I to III breast cancer, treatment of metastatic breast cancer, and screening mammog-
raphy with the reduction in US breast cancer mortality rates between 1975 and 2019.

Methods

We used 4 breast cancer simulation models developed within CISNET for this study: model D
(Dana-Farber Cancer Institute), model M (MD Anderson Cancer Center), model S (Stanford
University), and model W (University of Wisconsin-Harvard). Each model used a distinct ap-
proach, formulated through microsimulation or analytic framework or a combination of the two.
Model D defined a set of disease states and implemented analytic formulations to estimate the as-
sociation of interventions on transitions between these states, as well as on breast cancer inci-
dence and mortality112 Model S was a microsimulation model that used an analytic formulation
of a natural history model of tumor size and stage progression to model detection; treatments
benefits were applied to baseline survival curves based on stage, age, and estrogen receptor
(ER)/ERBB2 (formerly HER2) status at detection.’2 Model W used a tumor growth model, cali-
brated to breast cancer incidence* and mortality? observed in the Surveillance, Epidemiology,
and End Results Program (SEER) registry, as well as a cure fraction, distinct from the proportional
hazards assumptions of models D and S12 Model M used a bayesian approach, assessing the
probability distributions for unknown parameters, including treatment benefits, and fitting to ob-
served breast cancer mortality.21% The models used shared inputs (eTable 1 in Supplement 1). The
range of results produced by the models served as a measure of uncertainty in modeling assump-
tions. The study was determined to not be human subjects research by the University of Wisconsin
institutional review board, the site of the CISNET Breast Cancer Coordinating Center, so no partici-
pant consent was required.

Incorporation of Metastasis Into the Models



Previous versions of the CISNET models simulated the events of breast cancer diagnosis and
death from breast cancer; in the present study, diagnosis of metastatic recurrence and post-
metastatic survival were simulated (Figure 1A). Categories of breast cancer by ER/ERBBZ status
(ER+/ERBBZ2-, ER+/ERBBZ2+, ER-/ERBBZ2+, and ER-/ERBB2-) were modeled separately.

To evaluate treatment of metastatic breast cancer, the models required a distribution of baseline
survival curves after metastasis by ER/ERBBZ status and age. These baseline survival curves rep-
resented survival in the absence of the modeled exposures of screening and systemic treatment
after 1975; that is, they would include typical local therapy (surgery and in some cases radiation)
for stage I to Il disease and no therapy for metastatic disease. The associations of screening and
treatment with survival could then be superimposed on these baseline survival curves. To infer
the baseline distribution of time from diagnosis of breast cancer to diagnosis of metastatic recur-
rence and from diagnosis of metastasis to breast cancer death, we used the National
Comprehensive Cancer Network Outcomes Database,2Z which included 82 252 patients with
breast cancer, of whom 7740 had metastatic recurrence (eTable 2 and eFigure 1 in Supplement 1).
To translate these actual outcomes from diagnosis of metastatic recurrence to death into baseline
survival, we removed the treatment benefits (estimated from clinical trials), assuming proportional
hazards. The distribution of time from diagnosis of metastatic recurrence to death of these pa-
tients was then subtracted from the overall breast cancer-specific survival used in previous ver-
sions of the models (eMethods and eFigure 2 in Supplement 1), generating baseline survival
curves from diagnosis of breast cancer to diagnosis of metastatic recurrence. To assess the exter-
nal validity of the model results produced by this approach on independent data, the survival re-
sults from model S were compared with the survival of patients treated in the control group of 5
phase 3 clinical trials of first-line therapies for metastatic breast cancer21%1812.20 (eFigure 3 in
Supplement 1). Model W used the same distribution of survival from diagnosis of metastasis to
breast cancer death as the other models, but a different approach to estimating time from diagno-
sis to metastatic recurrence. Specifically, model W used survival curves from diagnosis of breast
cancer to diagnosis of metastatic recurrence to estimate the proportion of patients who were
cured and then applied their tumor growth model to estimate the time of recurrence for simulated
patients who were not cured (eMethods in Supplement 1).

As previously reported, the 4 models used a set of common inputs for competing mortality, breast
cancer incidence, screening dissemination, stage I to III treatment benefits, and stage I to III treat-
ment dissemination (eTable 1 in Supplement 1).2 Instead of using overall survival benefits of treat-
ments for stage I to Il cancer, as in prior work,2>* we used the effects of stage I to III treatments
on the risk of metastatic recurrence and the effects of metastatic treatments on survival after
metastatic recurrence, both based on clinical trial reports (eTable 3 in Supplement 1). We included
only metastatic treatments that had overall survival benefits demonstrated in clinical trials. Models
S and W simulated the receipt of specific treatment regimens available during the simulated year
and model D derived probability expressions that incorporated metastatic treatments (Figure 1B;
eFigure 4 and eMethods in Supplement 1); model M instead applied mean benefits across avail-
able treatments in a given year, inferring these benefits through approximate bayesian computa-
tion. In models D, S, and W, when a patient received a line of therapy, the multiplicative benefits of
the drugs included in that line of therapy were applied to that patient’s baseline survival curve
from diagnosis of metastatic recurrence to progression or death, assuming that breast cancer-
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specific survival and progression-free survival curves were similar in the absence of treatment
(eMethods in Supplement 1). Model M started by assuming a single hazard ratio representing the
benefit from all metastatic therapy that was the standard of care in 2019 for each of the 4 cate-
gories of breast cancer by ER/ERBBZ status, with that hazard ratio reduced proportionally before
2019, based on inputs used by the other models in each year (eMethods and eTable 4 in
Supplement 1). The posterior distributions of the 4 ER/ERBBZ specific hazard ratios in 2019 and
other parameters in the model were determined with approximate bayesian computation, 2221
comparing simulated breast cancer incidence and mortality for 1975-2019 with those from the

SEER registry.21%

Estimates of Mortality Reduction and Its Association With Screening and Treatment

Consistent with prior work,2# all models simulated breast cancer mortality for women aged 30 to
79 years from 1975-2019 based on the actual US population and reported estimated annual mor-
tality age adjusted to the 2000 population. These results were compared with actual breast cancer
mortality rates, age adjusted to the 2000 population, reported from death record data in the SEER
registry2 The models reported breast cancer mortality under 8 intervention scenarios: (1) the ab-
sence of modeled interventions, (2) screening alone, (3) stage I to IIl therapy alone, (4) metastatic
therapy alone, (5) screening and stage I to III therapy, (6) screening and metastatic therapy, (7)
stage I to III therapy and metastatic therapy, and (8) all 3 interventions of screening, stage I to III
therapy, and metastatic therapy. Because in these scenarios simulated patients with both de novo
stage IV and recurrent metastatic disease could receive metastatic treatments, the benefit of
metastatic therapy included both patients with de novo metastasis and metastasis developing after
initial stage I to III diagnosis (recurrence). Mortality reduction was reported as the difference be-
tween the estimated age-adjusted mortality rate under an intervention scenario and the estimated
age-adjusted mortality rate in the absence of any intervention, divided by the mortality rate in the
absence of any intervention. The relative proportion of the mortality reduction attributed to each
intervention was reported as the mortality reduction from the intervention divided by the mortal-
ity reduction from the sum of the first 3 intervention scenarios (eMethods in Supplement 1); this
approach was approximately equal to the mean of the other possible approaches (eFigures 5 and
6 in Supplement 1) and maintained consistency with prior work2% which assessed the effect of 2,
rather than 3, possible interventions. Estimates of mortality reduction were provided as means of
the 4 models, weighted equally, followed by the range across models.

Survival Estimates

Incorporating the event of metastatic recurrence into the models allowed them to assess mea-
sures of survival from metastatic recurrence to death, as well as from diagnosis to metastatic re-
currence. These survival measures cannot be observed directly in SEER, which does not capture
metastatic recurrence.22 For survival from metastatic recurrence to death by calendar year of di-
agnosis of metastatic recurrence, we reported breast cancer-specific survival. For survival from
diagnosis to metastatic recurrence by calendar year of initial diagnosis, we reported 5- and 10-
year distant (metastatic) recurrence-free survival. To generate estimates for median breast can-
cer-specific survival after a diagnosis of metastatic recurrence over time, each model simulated
the outcomes of a cohort of patients with ER+/ERBB2-, ER+/ERBB2+, ER-/ERBB2+, and



ER-/ERBBZ- breast cancer conditional on diagnosis of metastatic recurrence in each calendar
year. Similarly, to generate estimates for 5- and 10-year distant recurrence-free survival over time,
each model simulated the outcomes of a cohort of patients with ER+/ERBB2-, ER+/ERBBZ2+,
ER-/ERBBZ+, and ER-/ERBBZ2- breast cancer conditional on diagnosis of stage I to IIl breast can-
cer in each calendar year. Simulated patients with de novo stage IV breast cancer were not in-
cluded in these survival cohorts because survival after stage IV diagnosis is directly observable in
SEER and therefore model-produced outputs were not needed to estimate it. Survival estimates
were provided as means of the 4 models, weighted equally, followed by the range across models.

Results

Breast Cancer Mortality Reduction

Age-adjusted breast cancer mortality rates in the US were 48 per 100 000 women in 1975 and 27
per 100 000 in 2019.2 The simulation models reproduced breast cancer mortality trends (Figure 2
A; eFigure 7 in Supplement 1). On average, the models calculated an age-adjusted breast cancer
mortality rate of 49 deaths (model range, 45-52 deaths) per 100 000 women in 1975 and 27
deaths (model range, 26-28 deaths) per 100 000 women in 2019. The models also reproduced
observed breast cancer incidence from SEER* (eFigure 8 in Supplement 1) and estimated that,
with the increase in breast cancer incidence from 1975 to 2019, the age-adjusted breast cancer
mortality rate in 2019 in the absence of new interventions since 1975 would have been 64 deaths
(model range, 62-67 deaths) per 100 000 women. The models’ relative estimates for the reduction
in breast cancer mortality—associated with the combination of screening, stage I to III treatment,
and metastatic treatment, and relative to breast cancer interventions available in 1975—were sim-
ilar: across all models, in 2019 the overall absolute reduction in breast cancer mortality was 58%
(model range, 55%-61%) (Table; eTable 5 in Supplement 1). Breast cancer mortality reduction
varied by ER/ERBBZ status (eTable 5 in Supplement 1). Age-adjusted breast cancer mortality re-
duction in 2019 was greatest for ER+/ERBB2+ disease (71%; model range, 68%-76%), reducing
from 9.0 (model range, 8.0-9.8) per 100 000 women in the absence of intervention to 2.6 (model
range, 2.3-2.7) per 100 000 women with screening, stage I to Il therapy, and metastatic therapy.
Age-adjusted breast cancer mortality reduction in 2019 was the smallest for ER-/ERBBZ- disease
(39%; range, 35%-42%), reducing from 9.5 (model range, 8.9-10.3) per 100 000 women in the ab-
sence of intervention to 5.8 (model range, 5.3-6.2) per 100 000 women with screening, stage I to
[l therapy, and metastatic therapy.

In 2019, with modeled interventions introduced since 1975 compared with their absence, 29%
(model range, 19%-33%) of the reduction in overall breast cancer mortality was associated with
metastatic treatment, 47% (model range, 35%-60%) with stage I to III treatment, and 25% (model
range, 21%-33%) with screening (Table; eFigure 9 in Supplement 1). Breast cancer screening was
associated with the greatest relative component of the mortality reduction for ER-/ERBB2- breast
cancer, representing 40% of the mortality reduction (model range, 33%-49%), and with the small-
est relative component for ER+/ERBBZ2+ breast cancer, representing 19% of the mortality reduc-
tion (model range, 16%-24%). In contrast to screening, metastatic treatment was associated with
the smallest relative component of the mortality reduction for ER-/ERBBZ- breast cancer at 19%
of the total mortality reduction (model range, 6%-26%), with higher relative components for the
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other ER/ERBBZ categories: 30% of the mortality reduction (model range, 18%-35%) for
ER+/ERBBZ- breast cancer, 29% of the mortality reduction (model range, 20%-35%) for
ER-/ERBBZ+ breast cancer, and 29% of the mortality reduction (model range, 27%-31%) for
ER+/ERBBZ+ breast cancer. The relative associations of screening and metastatic treatment with
overall breast cancer mortality reduction were comparable and both largely stable, whereas the
relative component of stage I to III treatment was associated with increased mortality reduction
from 2000 to 2019 (Figure 2B; eFigure 10 in Supplement 1).

Temporal Change in Survival

First, survival from metastatic recurrence to death by calendar year of diagnosis of metastatic re-
currence was evaluated. For 2019, median breast cancer-specific survival after a metastatic recur-
rence of breast cancer was estimated to be 3.2 years (model range, 2.0-4.9 years) regardless of
ER/ERBBZ status. Median breast cancer-specific survival after metastatic recurrence was 3.7
years (model range, 2.5-5.5 years) for ER+/ERBBZ- breast cancer, 4.9 years (model range, 3.5-5.9
years) for ER+/ERBBZ2+ breast cancer, 3.5 years (model range, 2.5-5.1 years) for ER-/ERBB2+
breast cancer, and 1.6 years (model range, 1.0-2.1 years) for ER-/ERBBZ2- breast cancer (Figure 3
A; eTable 6 in Supplement 1). Between 2000 and 2019, the period during which estimated median
breast cancer-specific survival after metastatic recurrence changed the most in the simulation
models (eTable 6 in Supplement 1), median breast cancer-specific survival after a metastatic re-
currence across the 4 models improved from a mean of 1.9 years (model range, 1.0-2.7 years) to a
mean of 3.2 years (model range, 2.0-4.9 years). The greatest improvement was observed for pa-
tients with ER+/ERBBZ2+ disease (mean improvement of 2.5 years; model range, 2.0-3.4 years), fol-
lowed by patients with ER+/ERBB2- disease (1.6 years; model range, 0.6-3.0 years) and patients
with ER-/ERBBZ+ disease (1.6 years; model range, 0.8-2.8 years). The smallest improvement in
survival was observed for patients with ER-/ERBB2- metastatic recurrent breast cancer (0.5
years; model range, 0.3-0.8 years).

Survival from diagnosis to distant metastatic recurrence was evaluated by calendar year of initial
diagnosis. In 2019, the simulation models calculated that 5-year distant (metastatic) recurrence-
free survival rates were 90% (model range, 86%-92%) for ER+/ERBBZ2- breast cancer, 92%
(model range, 91%-94%) for ER+/ERBBZ2+ breast cancer, 84% (model range, 83%-86%) for
ER-/ERBBZ+ breast cancer, and 82% (model range, 76%-86%) for ER-/ERBB2- breast cancer.
Five- and 10-year distant recurrence-free survival rates improved from 2000 to 2019 across
ER+/ERBBZ2-, ER+/ERBB2+, ER-/ERBB2+, and ER-/ERBBZ2- disease (Figure 3B; eTable 7 in
Supplement 1). The simulation models suggested that greatest improvements occurred in ERBBZ+
breast cancers, with an absolute improvement in 5-year distant recurrence-free survival from
2000 to 2019 of 10.0% (range, 6.5%-13.5%) for ER+/ERBBZ2+ breast cancer and 11.3% (model
range, 6.6%-14.7%) for ER/ERBBZ2+ breast cancer compared with 2.4% (model range, 1.2%-4.5%)
for ER+/ERBBZ2- breast cancer and 2.8% (model range, -0.6% to 6.7%) for ER-/ERBBZ- breast
cancer.
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Discussion

CISNET modeling has previously reported, based on simulation models, that improvements in
breast cancer screening and therapy for stage I to IIl breast cancer between 1975 and 2012 were
associated with a reduction in breast cancer mortality in the US.24 The updated CISNET models re-
ported here describe the association of treatments for metastatic breast cancer with population-
level mortality for the period 1975-2019. The results suggest that advances in the treatment of
metastatic breast cancer were associated with lower rates of breast cancer mortality in the US. As
0f 2019, based on the simulation models, treatment for metastatic breast cancer was associated
with about 25% of the approximately 58% reduction in breast cancer mortality, whereas mammo-
gram screening was associated with approximately 25% of the reduction and stage I to III treat-
ment was associated with approximately 50% of the reduction. The models also provide estimates
of survival after metastatic recurrence, demonstrating improvements starting in approximately
2000 across ER+/ERBB2-, ER+/ERBB2+, ER-/ERBB2+, and ER-ERBBZ- breast cancer. The degree
of improvement from 2000 to 2019 varied, with survival improving by 2.5 years for ER+/ERBB2+
breast cancer and by 0.5 years for ER-/ERBBZ- breast cancer.

It is unclear whether the benefits of metastatic breast cancer treatment are best measured by re-
duction in the population-level mortality rate or by change in survival, both of which are reported
here. Survival estimates may vary according to time of diagnosis of disease or recurrence,
whereas mortality rates are unaffected by these patterns. However, the reduction in population-
level mortality may be uniquely associated with new treatments. For example, when a new treat-
ment for metastatic disease is introduced, it may postpone the deaths of a cohort of individuals,
leading to an acute decrease in mortality that rebounds in subsequent years. Thus, continual intro-
duction of new treatments may be necessary to sustain a strong association of metastatic treat-
ment with mortality reduction over time.

The largest mortality reduction from screening and treatment collectively was estimated in
ER+/ERBBZ2+ breast cancer; and the smallest, in ER-/ERBBZ- breast cancer. Similarly, the largest
improvement in survival after metastasis was estimated in ER+/ERBBZ+ disease; and the smallest,
in ER-/ERBBZ2- disease. These differences may reflect the efficacy of targeted treatments of ER+
and ERBBZ2+ cancers.

Breast cancer screening accounts for an increasingly smaller proportion of breast cancer mortal-
ity reduction as improvements in stage I to III therapy continue.2 Accordingly, screening accounts
for the largest proportion of breast cancer mortality reduction in ER-/ERBBZ- breast cancer,
where treatment has least advanced. However, the absolute contribution of screening to mortality
reduction remained consistent in the models, emphasizing that cancers diagnosed in the absence
of screening were associated with poorer outcomes that cannot be overcome with modern
treatments.

Limitations



This study has several limitations. First, the model accuracy depends on the assumptions made,
for which accurate data were not always available. Second, the models did not incorporate poten-
tial disparities, for example, by age, race, and ethnicity, in dissemination or efficacy of screening
and treatments. Disparities in breast cancer screening, as well as timeliness and quality of treat-
ment, may contribute to differential breast cancer mortality rates.23 Third, treatment costs and
their associations with outcomes were not included in the models.

Conclusions

According to 4 simulation models, breast cancer screening and treatment in 2019 were associated
with a 58% reduction in US breast cancer mortality compared with interventions in 1975.
Simulations suggested that treatment for stage I to III breast cancer was associated with approxi-
mately 47% of the mortality reduction, whereas treatment for metastatic breast cancer was associ-
ated with 29% and screening with 25% of the reduction.

Educational Objective: To identify the key insights or developments described in this

article.

1. Between 1975 and 2019, age-adjusted mortality from breast cancer dropped from 48 to 27
deaths per 100 000. What does the Cancer Intervention and Surveillance Modeling Network
hope to add to the understanding of improvements in breast cancer mortality?

A. The network tracks breast cancer mortality and overall mortality to better clarify how breast
cancer surveillance and intervention relates to mortality from all causes.

B. The network tracks specific interventions across a broad span of facilities to develop deeper
understanding of the relative efficacy of disparate therapies.

C. Through simulation models, the network seeks to quantify the associations of screening
mammography and therapy with reductions in breast cancer mortality.

2. What were the contributions of screening and treatment to breast cancer mortality reduction
based on modeling for 20197?

A. Almost all the reduction in breast cancer mortality was the result of improved detection
through screening.

B. Screening was associated with approximately 25% of the mortality reduction while
treatment was associated with 3 times as much.

C. Successful treatment of metastatic disease, reflecting improvements in operative and
chemotherapeutic approaches, accounted for most of the mortality reduction.

3. How do the authors suggest the findings might be interpreted?



A. Although screening may account for smaller proportions of breast cancer mortality
reduction, cancers diagnosed in the absence of screening were associated with poorer
outcomes that cannot be overcome with modern treatments.

B. Because breast cancer screening is associated with a steadily smaller proportion of breast
cancer mortality reduction, screening programs can be de-emphasized and greater attention
turned to new treatment development.

C. Newly developed breast cancer therapies so markedly reduce breast cancer mortality that
attention and funding can now be shifted to treatment related and more general causes of
death.
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Modeling Overview of Breast Cancer Diagnosis and Metastatic Recurrence

A, Simulated events and interventions over time of a representative patient with breast cancer and metastatic recurrence.
Triangle represents breast cancer diagnosis and diamond, metastatic recurrence. Interventions in blue: circles indicate
screening; hexagon, stage I to III treatments; and squares, 4 representative metastatic treatments. B, lllustration of changes
in metastatic treatment across multiple lines of therapy by calendar year (eTable 3 in Supplement 1). In 3 of the models (D,
S, and W), benefits from multiple lines of metastatic treatments are applied sequentially based on time to progression from
prior treatment and treatment options available at progression. When a clinical trial demonstrated an overall survival bene-
fit of one therapy over a control therapy (rather than over placebo), the benefits (hazard ratios of overall survival) of each of
those therapies were multiplied to determine the benefit of the new therapy. Model M instead applies a single hazard ratio
intended to capture the benefit of all sequential lines of therapy at diagnosis of metastatic disease. Al indicates aromatase
inhibitor; CDK4/6, cyclin-dependent kinase 4 and 6; ER, estrogen receptor; and T-DM 1, trastuzumab emtansine. Asterisks
indicate that the benefits of these treatments are multiplied to determine the benefit of that line of therapy. See the Methods

section for an explanation of each of the methods (D, M, S, and W).
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Association of Cancer Control Interventions With US Breast Cancer Mortality Reduction Over Time

A, Model-estimated mean age-adjusted breast cancer mortality among women aged 30 to 79 years under various scenarios
compared with observed breast cancer mortality from SEER from 1975 to 2019. The dashed line represents observed mor-
tality (SEER data); solid lines represent model results. Model means are computed across all 4 models, equally weighted;
individual model results are shown in eFigure 7 in Supplement 1. B, Model-estimated mean predicted components of cumu-
lative breast cancer mortality reduction associated with screening, metastatic treatments, and stage I to III treatments from
1998 to 2019. All interventions are in addition to standard treatments available in 1975. Because local therapy was part of
standard-of-care treatment for stage I to Il disease in 1975, the benefit of screening occurs in the presence of standard local
therapy. Model means are computed across all 4 models, equally weighted; individual model results are shown in eFigure

10 in Supplement 1. SEER indicates Surveillance, Epidemiology, and End Results Program.



Table.

Breast Cancer Mortality Reduction and Relative Contributions in 2019 by ER/ERBBZ2 Status and Model

Combined mortality reduction, % Relative contribution to combined mortality reduction, %?

Screening Stage I-III treatment Metastatic treatment

Overall

Model D* 59.0 32.5 34.6 32.9
Model M¢ 54.6 20.9 60.1 19.0
Model S 57.3 25.4 44.1 30.5
Model W€ 61.2 20.9 47.2 31.8
Mean 58.0 24.9 46.5 28.6
ER+/ERBB2-

Model D 60.4 33.1 32.1 34.8
Model M  56.1 20.6 61.2 18.2
Model S 59.2 25.0 42.7 32.2
Model W 61.9 19.4 46.7 33.9
Mean 59.4 24.5 45.7 29.8
ER+/ERBB2+

Model D 69.0 23.9 45.4 30.7
Model M 67.9 16.5 56.3 27.2
Model S 71.6 20.0 51.9 28.1
Model W  76.1 16.3 55.1 28.6
Mean 71.2 19.2 52.2 28.6
ER-/ERBB2+

Model D 64.9 26.0 39.1 34.9
Model M  52.7 21.0 59.4 19.6
Model S  57.3 25.6 43.1 31.3
Model W 65.7 23.4 455 31.1
Mean 60.1 24.0 46.8 29.2
ER-/ERBB2-

Model D 40.3 48.8 30.5 20.7
Model M 38.3 32.5 61.1 6.4
Madel € 4 R an A 28N 218

Abbreviation: ER, estrogen receptor.

dRelative to estimated baseline mortality in 2019 with no modeled intervention.

b Dana-Farber Cancer Institute (analytic formulations).



¢MD Anderson Cancer Center (bayesian uncertainty of parameter inputs).
dStanford University (microsimulations with proportional hazards).

¢ University of Wisconsin-Harvard (microsimulations with cure fraction).
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Estimated Breast Cancer-Specific Survival After Metastatic Recurrence and 5-Year Distant Recurrence-Free

Survival by ER/ERBB2 Status

A, Model-estimated median breast cancer-specific survival after metastatic recurrence. Pertuzumab and trastuzumab em-
tansine were introduced for ERBB2+ subtypes in 2012. Model means are computed across all 4 models, equally weighted;
individual model results are shown in eTable 6 in Supplement 1. B, Model-estimated mean 5-year distant recurrence-free
survival. Trastuzumab was introduced for ERBB2+ subtypes in 2005. Model means are computed across all 4 models,

equally weighted; individual model results are shown in eTable 7 in Supplement 1.



