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	Background	 Molecular characterization of breast cancer allows subtype-directed interventions. Estrogen receptor (ER) is the 
longest-established molecular marker.

	 Methods	 We used six established population models with ER-specific input parameters on age-specific incidence, disease 
natural history, mammography characteristics, and treatment effects to quantify the impact of screening and 
adjuvant therapy on age-adjusted US breast cancer mortality by ER status from 1975 to 2000. Outcomes included 
stage-shifts and absolute and relative reductions in mortality; sensitivity analyses evaluated the impact of varying 
screening frequency or accuracy.

	 Results	 In the year 2000, actual screening and adjuvant treatment reduced breast cancer mortality by a median of 17 per 100 000 
women (model range = 13–21) and 5 per 100 000 women (model range = 3–6) for ER-positive and ER-negative cases, 
respectively, relative to no screening and no adjuvant treatment. For ER-positive cases, adjuvant treatment made a 
higher relative contribution to breast cancer mortality reduction than screening, whereas for ER-negative cases the rela-
tive contributions were similar for screening and adjuvant treatment. ER-negative cases were less likely to be screen-
detected than ER-positive cases (35.1% vs 51.2%), but when screen-detected yielded a greater survival gain (five-year 
breast cancer survival = 35.6% vs 30.7%). Screening biennially would have captured a lower proportion of mortality 
reduction than annual screening for ER-negative vs ER-positive cases (model range = 80.2%–87.8% vs 85.7%–96.5%).

	Conclusion	 As advances in risk assessment facilitate identification of women with increased risk of ER-negative breast can-
cer, additional mortality reductions could be realized through more frequent targeted screening, provided these 
benefits are balanced against screening harms.
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Breast cancer is a heterogeneous disease defined by molecular sub-
types that predict treatment response and clinical outcomes (1–3). 
Identification of these molecular subtypes has become a critical 
step in breast cancer management as many new therapies have 
been developed and proven effective for specific subtypes (4–9). As 
the molecular characterization of breast cancer continues to influ-
ence individual patient management, the efficacy of current and 
emerging screening and treatment will need to be evaluated at the 
population level to understand how subtype-targeted strategies are 
affecting our ability to achieve cancer control objectives.

Estrogen receptor (ER) is the longest-established molecular 
marker in use for breast cancer treatment planning (10,11). Prior 
model-based analyses quantified the relative effects of screening 

mammography and adjuvant treatment at a population level (12–
14); however, these effects have not been quantified by ER status. 
Moreover, even though the benefits of adjuvant therapy are known 
to vary by molecular subtypes, both in magnitude (11) and timing 
(15), these effects have yet to be assessed at a population level by ER 
status after accounting for the effect of screening. In general, simula-
tion modeling provides a means to quantify the relative effects of 
cancer control interventions, especially when they occur simultane-
ously and interact, as in the case of screening and treatment. In this 
context, because the Surveillance, Epidemiology, and End-Results 
(SEER) program only began collecting ER status in 1990, modeling 
is also needed to leverage external sources of ER status to recon-
struct population-level effects by ER status prior to 1990.
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We present a comparative modeling analysis using six models 
to quantify the impact of screening and adjuvant therapy on US 
breast cancer mortality trends by ER status from 1975 to 2000. 
Our analysis illustrates the role of population cancer surveillance 
modeling to reinterpret trends in a molecular context. Our results 
are intended to contribute to ongoing discussions about how to 
more efficiently identify subgroups most likely to benefit from 
increased screening and/or targeted therapies (13,14,16–19) using 
knowledge about molecular subtypes.

Methods
Overview
Sponsored by the National Cancer Institute, the Cancer 
Intervention and Surveillance Modeling Network (CISNET) 
Breast Working Group has collaborated over the past 14  years 
to develop independent but comparable population models that 
reproduce incidence and mortality trends in the US population 
(12,20–25). Six groups participated in this study: Dana Farber 
(Model D), Erasmus Medical Center (Model E), Georgetown-
Einstein (Model G-E), MD Anderson (Model M), Stanford (Model 
S), and Wisconsin-Harvard (Model W). The models have been 
described elsewhere (12,20–25); model updates are reported in 
the Supplementary Materials (available online). Briefly, all models 
share common inputs but differ in how they portray ductal carci-
noma in situ (DCIS), screening effects, and impact of treatment. 
Despite these differences, in previous collaborations (12,16) all the 
models came to similar rankings of the relative contributions of 
screening and adjuvant treatment to observed decreases in deaths 
from breast cancer.

The current analysis incorporates modeling of molecular tumor 
subtypes and evaluates benefits under screening and adjuvant 
treatment regimens by molecular subtypes (hereafter, “treatment” 
refers to adjuvant treatment). ER status was chosen because it is 
the most common molecular marker and the only one with suf-
ficient survival follow-up data for model validation. This research 
was classified as exempt by our Institutional Review Boards because 
it uses deidentified secondary data.

Intervention Scenarios
To estimate the effects of screening and treatment from 1975 
to 2000 by ER status, each model independently simulated age-
adjusted, ER-specific US breast cancer mortality trends under four 
intervention scenarios: 1) screening and treatment, 2) no screening 
and no treatment, 3) screening and no treatment, and 4) treatment 
and no screening. To estimate the effect of screening and treat-
ment, scenarios 1 and 2 were compared; to estimate the effect of 
screening alone, scenarios 3 and 2 are compared; to estimate the 
effect of treatment alone, scenarios 4 and 2 are compared.

The models begin with estimates of ER-specific breast cancer 
incidence and mortality trends without screening and treatment 
for US birth cohorts and then overlay screening and treatment dis-
semination and survival improvements associated with treatment. 
Breast cancer is generally depicted as having a preclinical screen-
ing-detectable period and a symptomatic detection point. On the 
basis of mammography sensitivity, screening may detect tumors 
at an earlier stage than symptomatic detection, resulting in breast 

cancer mortality reduction. From 1975 to 2000, screening was done 
using plain film mammography; treatment focuses on adjuvant sys-
temic therapy, including tamoxifen alone, chemotherapy alone, and 
both; surgery is included in all scenarios. Because hormonal thera-
pies other than tamoxifen were not in widespread use until after 
2000, they were not included. Death is modeled as a competing risk 
between breast cancer and other age-specific causes.

Model Inputs
Similar to previous work (12), each group relied on common inputs, 
including: background breast cancer age-period-cohort incidence 
(26), death from other causes (27), actual mammography (28,29) 
and treatment dissemination, (29–31) and age-, stage-, ER-specific 
treatment effectiveness (10,32).

For this study all models also required additional ER-specific 
inputs that were estimated using a statistical matching approach 
developed with Model S. This approach incorporated SEER sur-
vival data from 1975 through 1979 (which represents a period when 
screening and adjuvant treatment were not widespread) and data 
from 23 000 women diagnosed with breast cancer between 1996 
and 2009 provided by the Breast Cancer Surveillance Consortium 
(BCSC). The following ER-specific inputs were produced:

1.	 underlying breast cancer–specific survival curves in the 
absence of screening and treatment by ER status;

2.	 distribution of ER status for patients clinically detected in the 
absence of screening;

3.	 mean mammography detection thresholds by ER sta-
tus, defined as the mean minimum tumor volume screen 
detectable;

4.	 mean sojourn times, defined as the mean duration between 
the time a tumor becomes screen detectable and the time of 
symptomatic detection, by ER status;

5.	 mean tumor volume doubling time (TVDT) by ER status.

All six models incorporated the underlying breast cancer–specific 
survival by ER status and the distribution of ER status at sympto-
matic detection; the other ER-specific inputs were used according 
to each group’s modeling requirements. An overview of common 
and ER-specific inputs used by each group is provided in Table 1. 
ER-specific inputs are provided in Supplementary Tables 1–5 
(available online).

Analysis
Each model estimated overall and ER-specific age-adjusted breast 
cancer mortality for women aged 30 to 79 years. ER-specific rates 
were calculated by multiplying the overall rate and the proportion 
of each subtype (ie, the number of cases of that subtype divided 
by all cases); in this manner, rates of both subtypes sum up to the 
overall breast cancer rate. Mortality reductions are portrayed as 
absolute reductions (ie, the difference between the rate predicted in 
the absence of screening and treatment and the rate predicted with 
one or both interventions), and percent-relative mortality reduc-
tions (ie, the percent corresponding to the difference between the 
rate predicted with no screening and no treatment and the rate 
predicted with either or both interventions divided by the former).

Since the benefits of screening are dependent on detecting the 
disease at an earlier, more curable stage, we quantified the breast 
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cancer mortality reduction attributable to screening, in part, by 
quantifying the extent of stage shift by ER status. To perform this 
analysis, we compared the stage distribution and breast cancer sur-
vival between screening and no-screening scenarios. When noted, 
screen-detected patients who die of non–breast cancer causes in the 
lead-time were omitted to remove overdiagnosis bias when com-
paring screening and no-screening outcomes.

Sensitivity analysis was performed on a subset of inputs using 
two representative models that had large differences in outcomes 
(Models E and S). Screening frequency and mammographic detect-
ability were varied from the base case, where actual dissemination 
of screening and ER-specific detectability parameters were used 
(Supplementary Table 1). When the screening frequency was var-
ied, 100% screening compliance was assumed. Because ER-negative 
disease is harder to screen-detect than ER-positive disease, a sensi-
tivity analysis was performed assuming that ER-negative disease is 
as screen detectable as ER-positive disease to quantify the effect of 
a difference in screen detectability by ER status on mortality.

Model Validation and Uncertainty
We used several approaches to validate the model and portray 
uncertainty. First we compared model predictions of overall and 
ER-specific age-adjusted incidence and mortality to actual SEER 
rates (see Supplementary Figures 1 and 2, available online, for 
incidence). Because SEER began collecting ER status in 1990, 
ER-specific SEER mortality rates were calculated using incidence-
based mortality with imputation for unknown records, assum-
ing known and unknown cases were distributed identically. We 
compared the model estimates of ER-specific mortality to actual 
SEER ER-specific rates from 1994 onward because earlier years 
had a large fraction of unknown cases. Next, we compared model-
predicted ER-specific breast cancer survival curves with actual 
SEER survival curves in the presence of screening and treatment 
(Supplementary Figure  3, available online). Lastly, we compared 
model predictions with BSCS data that was not used to develop the 
model inputs, such as the probability of screen detection and stage 
distributions by ER status.

Each input parameter was sampled from a distribution, hereby 
incorporating individual-level variability. Moreover, using six mod-
els with different structures, assumptions, and variations in some 
input parameters provides implicit cross-validation, with the range 
of results from the models as a measure of uncertainty.

Results
The six models produced similar overall and ER-specific age-
adjusted breast cancer mortality rates in comparison with SEER 
(Figure  1). Compared with the mortality rates expected if there 
had been no screening or treatment from 1975 to 2000, the models 
showed that absolute subtype-specific mortality was reduced in the 
year 2000 through dissemination of screening and treatment by 
a median of 17 per 100 000 women (model range  =  13–21) and 
five per 100 000 women (model range = 3–6) for ER-positive and 
ER-negative cancers, respectively (Table 2).

Treatment had a greater overall impact on death rates from 
ER-positive vs ER-negative disease, largely because of tamoxifen 
use (Table  2, Figure  2). In contrast, screening alone accounted 
for similar percent reductions in mortality for ER-positive and 
ER-negative cases (median  =  16.7% vs 14.0%, respectively) 
(Table 3).  A comparison of the stage distribution for a representa-
tive SEER model (Model S) versus the Breast Cancer Surveillance 
Consortium (BCSC), among cases stratified by mode of detection, 
shows reasonable agreement (Table 4); the probability of screen 
detection by ER are similar relatively, but differ in absolute value 
because the SEER-modeled and BCSC populations are not the 
same in terms of the overall proportion screened (Table 4). Even 
though ER-negative cases were less likely to be screen-detected 
than ER-positive cases (35.1% vs 51.2%, respectively) (Table 5), 
when screen-detected, survival benefit was found to be greater for 
ER-negative cases. To explain this observation, we used Model S 
to estimate the probability of a stage-shift among screen-detected 
cases by ER status (Table 5). After removing overdiagnosed cases, 
we found that screen-detected ER-negative cases were as likely 
to be downstaged by screening as ER-positive cases (39.1% for 

Table 1.  Overview of common inputs used by modeling group*

Common inputs

Model

D E G-E M S W

Those that do not vary by ER status
  Background age-period-cohort incidence + + + + +
  Death from other causes + + + + + +
  Mammography dissemination + + + + + +
  Treatment dissemination + + + + + +
  Age, stage, and ER-specific treatment effectiveness + + + + + +
Those that vary by ER status
  Baseline survival curves in absence of screening 

  and treatment by ER status
+ + + + + +

  Distribution of ER status in absence of screening 
  and treatment

+ + + + + +

  Mean mammography thresholds by ER status + +
  Mean sojourn times by ER status + + + +
  Mean tumor volume doubling time by ER status +

*	 ER = estrogen receptor.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1


JNCI  |  Article  4 of 9jnci.oxfordjournals.org

Table 2.  Age-adjusted reduction in breast cancer mortality rates (per 100 000 women) in 2000 attributed to adjuvant treatment and/or 
screening relative to no screening and no adjuvant treatment for women aged 30 to 79 years*

Model

All breast cancer cases ER+ breast cancer cases ER- breast cancer cases

Tam Chemo TX SCR SCR+TX Tam Chemo TX SCR SCR+TX Tam Chemo TX SCR SCR+TX

D 6 5 11 9 19 6 2 8 7 15 0 3 3 2 5
E 9 8 16 9 22 9 4 12 7 16 0 4 4 3 6
G-E 8 5 13 14 24 8 3 10 10 18 0 3 3 4 6
M 8 4 12 8 15 8 2 10 6 13 0 2 2 2 3
S 13 6 16 14 26 13 3 15 11 21 0 2 2 3 5
W 10 6 16 10 24 10 3 12 7 18 0 4 4 3 6
Median 8 6 14 10 23 8 3 11 7 17 0 3 3 3 5

*	 Mortality reductions are absolute reductions, computed as the difference between the rate predicted in the absence of both screening and adjuvant treatment 
and the rate predicted with one or both interventions. Chemo = chemotherapy; ER = estrogen receptor; SCR = screening mammography; SCR+TX = screening 
mammography and tamoxifen and chemotherapy; Tam = tamoxifen; TX = tamoxifen and chemotherapy.

Figure 2.  Predicted US overall and estrogen receptor (ER)–specific breast can-
cer mortality rates under counterfactual scenarios that include no screening 
and no adjuvant therapy, screening only, adjuvant therapy only, in compari-
son to screening and adjuvant treatment, for representative model (Model S). 

Results include age-adjusted rates for all, ER-positive and ER-negative breast 
cancer patients. ER-specific rates were calculated as the number of cases of 
that subtype divided by all women; in this manner, rates of both subtypes 
sum to the overall breast cancer rates. ER = estrogen receptor.

Figure 1.  Breast cancer mortality rate comparison of six model pre-
dictions to actual US rates for patients ages 30 to 79 at diagnosis 
from 1975 to 2000. Results include age-adjusted rates for all, estro-
gen receptor (ER)–positive and ER-negative breast cancer patients. 
ER-specific rates were calculated as the number of cases of that sub-
type divided by all women; in this manner, rates of both subtypes 

sum to the overall breast cancer rates. Actual US rates are derived 
from Surveillance, Epidemiology, and End Results (SEER) incidence–
based mortality data. Unknown cases imputed assuming an 80/20 
split between ER+ and ER- prevalence. SEER results by ER status are 
only shown from 1994 through 2000, before which ER status was not 
collected or largely unknown. ER = estrogen receptor.
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ER-negative vs 35.5% for ER-positive cases) (Table  5). Most of 
the stage shift occurred from regional to local for both subtypes 
(Table  5), however, because the survival gain of this stage-shift 
was greater for ER-negative vs -positive cases (25.6% vs 20.2%) 
(Table  5), the overall five-year survival gain was higher for 
ER-negative vs -positive cases (35.6% vs 30.7%) (Table 5). Of note, 
these survival gains assumed no adjuvant treatment. In addition, we 
found that the age distribution among the screen-detected, stage-
shifted patients was similar by ER status, with older women more 
likely to experience a stage shift than younger women across both 
ER subtypes: 47.3%–48.6% among women aged 60 to 69 years vs 
15.5%–17.6% among women aged 40 to 49 years (Table 5).

Sensitivity Analysis
Compared with mortality reductions seen under actual screening 
dissemination patterns, the models predicted that additional mor-
tality reductions could have been achieved with annual and biennial 
screening for all cancers and for cancers by ER status, assuming 
actual treatment dissemination patterns. Overall, biennial screening 
captured 85%-94% (range across models) of the mortality reduc-
tion obtained with annual screening (Table 6). However, biennial 
screening captured a lower proportion of the mortality reduction 
achievable with annual screening for ER-negative vs ER-positive 
cases (model range  =  80%-87% vs 87%-96.5%, respectively). 
This translated into a slightly greater additional percent mortal-
ity reduction under annual screening for ER-negative vs -positive 
cases (model range = 5%–9% vs 2%–7%, respectively) (Table 6).

In the base case, we used ER-specific mammography detec-
tion thresholds (or sensitivity) (Supplementary Table  1, available 
online). If we assume that the mammography threshold detection 
of ER-negative disease was the same as that for ER-positive disease, 
Models E and S estimated a small additional gain in breast cancer 
mortality reduction among ER-negative cases (range  =  1%–4%) 
(Table  6), relative to outcomes with ER-specific mammography 
detection thresholds.

Discussion
This study used six established models to understand how the 
dissemination of screening and treatment from 1975 to 2000 has 
impacted breast cancer mortality trends stratified by estrogen 
receptor status. All six modeling groups concluded that there were 
greater absolute mortality declines in ER-positive than among 
ER-negative cancers. The relative contribution of adjuvant treat-
ment vs screening to breast cancer mortality reductions was higher 
for ER-positive cases; for ER-negative cases, the relative contri-
butions were similar. It is not surprising that there were greater 
mortality reductions in ER-positive vs negative cases, given the 
therapies available from 1975–2000. While standard chemother-
apy has a larger benefit for ER-negative than ER-positive cases 
(10,11) only ER-positive cases benefit from tamoxifen. More 
interestingly, even though ER-negative cases were less likely to 
be screen-detected, when screen-detected, their survival benefit 
from screening was somewhat larger because of greater survival 
gains associated with downstaging. In addition, older women were 
more likely to experience these stage shifts than younger women 
because of higher incidence. Finally, increasing screening use Ta

b
le

 3
. 

E
st

im
at

ed
 p

er
ce

n
t 

re
d

u
ct

io
n

 (
%

) 
fo

r 
ov

er
al

l a
n

d
 e

st
ro

g
en

 r
ec

ep
to

r–
sp

ec
if

ic
 b

re
as

t 
ca

n
ce

r 
m

o
rt

al
it

y 
ra

te
s 

in
 2

00
0 

at
tr

ib
u

ta
b

le
 t

o
 a

d
ju

va
n

t 
tr

ea
tm

en
t 

an
d

/o
r 

sc
re

en
in

g
, r

el
at

iv
e 

to
 n

o
 s

cr
ee

n
in

g
 a

n
d

 n
o

 a
d

ju
va

n
t 

tr
ea

tm
en

t,
 f

o
r 

w
o

m
en

 a
g

ed
 3

0 
to

 7
9 

ye
ar

s*

M
o

d
el

A
ll 

b
re

as
t 

ca
n

ce
r 

ca
se

s
E

R
+ 

b
re

as
t 

ca
n

ce
r 

ca
se

s
E

R
- 

b
re

as
t 

ca
n

ce
r 

ca
se

s

Ta
m

C
h

em
o

T
X

S
C

R
S

C
R

+T
X

Ta
m

C
h

em
o

T
X

S
C

R
S

C
R

+T
X

Ta
m

C
h

em
o

T
X

S
C

R
S

C
R

+T
X

D
9.

7
8.

0
17

.3
14

.8
30

.2
13

.8
5.

5
18

.8
16

.0
32

.7
0

13
.8

13
.8

11
.6

23
.6

E
13

.6
12

.1
24

.7
14

.5
35

.0
19

.7
9.

0
27

.2
15

.2
37

.5
0

19
.1

19
.1

13
.0

29
.2

G
-E

11
.1

7.
9

18
.5

20
.0

34
.6

16
.1

5.
7

20
.5

20
.8

37
.0

0
13

.9
13

.9
18

.1
29

.1
M

14
.3

7.
6

22
.2

15
.3

28
.2

19
.1

4.
7

24
.2

15
.8

31
.5

0
16

.4
16

.4
14

.0
18

.6
S

18
.3

8.
9

25
.3

21
.4

38
.8

24
.7

7.
5

30
.1

22
.5

43
.4

0
13

.1
13

.1
14

.1
25

.3
W

16
.4

10
.5

26
.3

16
.4

39
.4

23
.4

6.
8

29
.4

17
.4

42
.9

0
19

.1
19

.1
14

.2
31

.2
M

ed
ia

n
13

.9
8.

5
23

.4
15

.9
34

.8
19

.4
6.

3
25

.7
16

.7
37

.3
0

15
.1

15
.1

14
.0

27
.2

*	
Pe

rc
en

ta
ge

s 
ar

e 
co

m
pu

te
d 

as
 t

he
 d

iff
er

en
ce

 b
et

w
ee

n 
th

e 
ra

te
 p

re
di

ct
ed

 in
 t

he
 a

bs
en

ce
 o

f 
sc

re
en

in
g 

an
d 

tr
ea

tm
en

t 
an

d 
th

e 
ra

te
 p

re
di

ct
ed

 w
ith

 o
ne

 o
r 

bo
th

 in
te

rv
en

tio
ns

, d
iv

id
ed

 b
y 

th
e 

ra
te

 p
re

di
ct

ed
 in

 t
he

 
ab

se
nc

e 
of

 s
cr

ee
ni

ng
 a

nd
 t

re
at

m
en

t.
 C

he
m

o 
=

 c
he

m
ot

he
ra

py
; E

R
 =

 e
st

ro
ge

n 
re

ce
pt

or
; S

C
R

 =
 s

cr
ee

ni
ng

 m
am

m
og

ra
ph

y;
 S

C
R

+
TX

 =
 s

cr
ee

ni
ng

 m
am

m
og

ra
ph

y 
an

d 
ta

m
ox

ife
n 

an
d 

ch
em

ot
he

ra
py

; T
am

 =
 t

am
ox

ife
n;

 
TX

 =
 t

am
ox

ife
n 

an
d 

ch
em

ot
he

ra
py

.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1


JNCI  |  Article  6 of 9jnci.oxfordjournals.org

could decrease mortality for both molecular subtypes, but bien-
nial screening captures a lower proportion of the mortality reduc-
tion than is achievable with annual screening for ER-negative vs 
ER-positive cases.

The finding that ER-negative cases are less likely to be screen-
detected than ER-positives likely reflects natural history differences 
in duration of the screen-detectable period, with ER-negative cases 
being more aggressive. This leads to low length-biased sampling 

Table 4.  Comparison between Model S and Breast Cancer Surveillance Consortium data for women diagnosed between 1996 and 2009

Outcome

Model S BCSC

ER+ cases ER- cases ER+ cases ER- cases

Probability of screen detection 51.2% 35.1% 65.0% 48.0%
Stage distribution among clinically detected cases *‡
  Local 49.9% 51.0% 47.2% 47.0%
  Regional 42.9% 42.1% 48/3% 47.5%
  Distant 7.2% 6.8% 4.5% 5.4%
Stage distribution among interval cases †‡
  Local 57.5% 55.5% 61.9% 60.6%
  Regional 36.8% 37.9% 35.6% 34.7%
  Distant 5.7% 6.7% 2.5% 4.7%
Stage distribution among screen-detected cases‡
  Local 77.8% 72.9% 79.5% 74.5%
  Regional 20.7% 24.8% 19.9% 24.3%
  Distant 1.5% 2.3% 0.5% 1.1%

*	 Cases detected in the absence of screening. BCSC = Breast Cancer Surveillance Consortium; ER = estrogen receptor.

†	 Cases missed on the screening exam and symptomatically detected within 12 months after the most recent screening exam.

‡	 Distributions may not add up to 100% because of rounding errors.

Table 5.  Effect of screening on stage-shift and five-year breast cancer survival by estrogen receptor status in the presence of screening 
and no adjuvant treatment, for Model S

 Outcome ER+ cases ER- cases

P (screen-detected)* 51.2% 35.1%
P (stage-shifted | screen-detected)†# 35.5% 39.1%
P (age | screen-detected, stage-shifted) ‡#
  40–49 y 15.5% 17.6%
  50–59 y 35.8% 35.1%
  60–69 y 48.6% 47.3%
P (stage shift type | screen-detected, stage-shifted)§#
  Regional → local 77.5% 71.6%
  Distant →local 13.9% 15.4%
  Distant →regional 8.6% 13.1%
Difference in five-year breast cancer survival probability by stage shift type||#
  Regional →local 20.2% 25.6%
  Distant →local 74.7% 72.3%
  Distant →regional 54.5% 46.6%
Overall difference in five-year breast cancer survival probability 

for a screen-detected patient¶#
30.7% 35.6%

* 	 P (screen-detected) denotes the probability of being screen-detected. ER = estrogen receptor.

†	 P (stage-shifted | screen-detected) denotes the probability of being stage-shifted conditioned on being screen-detected. Note that stage-shifting occurs when 
patients are screen-detected at an earlier stage than they would have been detected in the absence of screening.

‡	 P (age | screen-detected, stage-shifted) denotes the probability of being a specific age conditioned on being screen-detected and being stage-shifted.

§	 P (stage shift type | screen-detected, stage-shifted) denotes the probability of experiencing a specific type of stage shift conditioned on being screen-detected and 
being stage-shifted. Stage shift types are: regional stage in absence of screening and local stage in presence of screening (denoted by “Regional -> local”), distant 
stage in absence screening and local stage in presence of screening (denoted by “Distant -> local”), and distant stage in absence of screening and regional stage 
in presence of screening (denoted by “Distant -> regional”).

||	 The differences in five-year breast cancer survival probability by stage shift type are computed by comparing with stage-specific survival curves in the absence 
of screening and treatment by ER status (Supplementary Table 7, available online). For instance, the five-year survival benefit of the regional-to-local stage shift is 
calculated as the difference observed between the five-year survival probability of the local stage disease and the five-year survival probability of regional stage 
disease.

¶	 The difference in overall five-year breast cancer survival probability is computed by first evaluating the differences in the five-year breast cancer survival probability 
by stage shift type, then taking a weighted sum of these differences using the distribution of stage shift types as the weights. These results do not account for 
“within-stage” shift differences, although within-stage shifts were more favorable for ER-negative cases (data not shown).

#	 Outcome does not include overdiagnosed patients, and are screen-detected patients and die of non–breast cancer causes between the time they were screen-
detected and the time they would have been symptomatically detected (ie, the lead time).

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju289/-/DC1
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(19,33,34) among ER-negative cases, with tumors that are faster 
growing having poor prognosis and less time to be screen-detected. 
However, the finding that when ER-negative cancers are screen-
detected, they can be downstaged with improved survival suggests 
that novel screening approaches (35,36) that can detect fast-
growing tumors in early stages could further reduce mortality in 
ER-negative subtypes.

In prior work, we found that biennial screening achieved most 
of the overall mortality reductions from annual screening (16). 
Stratified by ER subtype, we find that biennial screening captured a 
lower proportion of the mortality reduction achievable with annual 
screening for ER-negative than for ER-positive cases because of 
faster sojourn time for ER-negative than ER-positive cases. The 
differential impact of screening interval by ER status implies that 
women predisposed to develop ER-negative cancer might benefit 
from annual screening, whereas those who will develop ER-positive 
disease could be screened less often. BRCA1 mutation carriers, for 
instance, are an illustrative example of patients who are more likely 
to develop ER-negative cancers that benefit from intensive screen-
ing (37,38).

While screening dissemination was high in the latter part of our 
observation period, the model results demonstrate that increased 
compliance with regular screening could have achieved greater 
mortality reductions by the year 2000 than were actually realized 
for both molecular sub-types. However, this result does not advo-
cate for more intensive screening in the average risk population. 

Currently, there is not sufficient data among average individuals 
on their risk of developing cancer by ER subtype or other molecu-
lar subtypes to support a difference in screening regimens by risk 
of molecular subtype of breast cancer. Moreover, our analysis did 
not consider the harms of screening (eg, morbidity from surgery 
for screen-detected disease, decrements in quality of life associ-
ated with false-positive results, or overdiagnosis) (16,39–41).

Despite the consistent results across the models, our analy-
sis has several limitations. First, the impact of systemic therapy 
by molecular subtype has shifted over time with the more recent 
molecular subcategorization of breast cancers by human epidermal 
growth factor receptor 2 (HER2) status and the evolution of newer 
chemotherapy regimens (eg, trastuzumab and taxanes) (42–45), yet 
we did not model HER2 status or use of trastuzumab and other 
modern therapeutics because these tests and therapies were not in 
practice until after 2000 (46).

Additionally, since SEER only began collecting HER2 data 
in 2009 and HER2-specific clinical trials do not have many 
years of follow-up, there are limited long-term outcomes 
data to inform modeling by HER2. For ER-negative, HER2-
positive cases, it is possible that the potential reductions in 
mortality with annual screening reported here may be offset 
by the efficacy of therapies such as trastuzumab. However, for 
ER-negative disease that is HER2- and PR-negative (“triple 
negative”), because only chemotherapy is used, our results may 
be more informative.

Table 6.  Sensitivity analysis on percent reductions for overall and estrogen receptor–specific breast cancer mortality rates in 2000 attrib-
utable to adjuvant treatment and/or screening, relative to no screening and no adjuvant treatment, for women aged 30 to 79 years, for 
Models S and E

Scenario

Percent reduction (%) in mortality rates in 2000*

All breast  
cancers cases ER+ cases ER- cases

SCR SCR+TX SCR SCR+TX SCR SCR+TX

Impact of increasing screening frequency, by model
Model S
  Base-case (actual) dissemination†‡ 21.4 38.8 22.5 43.4 14.1 25.3
  Biennial screening and 100% compliance‡ 34.8 49.8 37.3 54.5 27.4 36.1
  Annual screening and 100% compliance‡ 39.0 52.5 41.1 56.6 33.4 41.2
Model E
  Base-case (actual) dissemination† 14.5 35.0 15.2 37.5 13.0 29.2
  Biennial screening and 100% compliance‡ 24.1 43.6 25.2 46.5 21.6 37.1
  Annual screening and 100% compliance‡ 35.6 51.8 37.2 54.2 31.1 46.3
Impact of increasing screening frequency when ER- equals ER+ mammography threshold, by model
Model S
  Base-case (actual) dissemination† 21.9 39.1 22.5 43.4 15.7 26.5
  Biennial screening and 100% compliance 35.4 50.4 37.3 54.5 29.8 38.3
  Annual screening and 100% compliance 39.6 53.0 41.1 56.6 35.3 42.9
Model E
  Base-case (actual) dissemination† 15.2 35.5 15.2 37.5 15.2 30.7
  Biennial screening and 100% compliance 25.0 44.3 25.2 46.5 24.4 39.4
  Annual screening and 100% compliance 36.6 52.6 37.2 54.2 35.4 49.2

*	 Percentages are computed as the difference between the rate predicted in the absence of screening and treatment and the rate predicted with screening or 
both interventions, divided by the rate predicted in the absence of screening and treatment. In the main text, we refer to the proportion of mortality reduction 
achievable by biannual screening compared with annual screening; this value is computed as the difference in percent reduction between annual and biennial 
screening divided by the percent reduction achieved through annual screening. ER = estrogen receptor; SCR = screening mammography; SCR+TX = screening 
mammography and tamoxifen and chemotherapy.

†	 Base case scenario assumes overall population-based estimates for actual screening and treatment dissemination patterns.

‡	 Mammography threshold variess by ER status, per Methods.
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Another limitation is that we only considered plain film mam-
mography because it was the primary modality used from 1975 to 
2000. There is no evidence as yet suggesting that digital screen-
ing will perform better in detecting ER-negative cancers than 
plain film (19), but other modalities such as MRI, PET scans, and 
tomosynthesis may have superior detection of the faster-growing 
molecular subtypes. We found that varying assumptions about 
screening detection thresholds by ER status had only a small 
impact on mortality. This result suggests that any new screening 
technology will need to have a moderate increase in detection 
to impact population-level mortality. Finally, while all six models 
produced qualitatively similar results and reproduced our ear-
lier work for all cases combined (12), there were some quantita-
tive differences in the magnitude of screening and/or treatment 
impacts by ER status across models based on differences in struc-
ture and assumptions.

Even with these acknowledged limitations, this research repre-
sents the first population-level analysis quantifying the contribu-
tions of screening mammography and treatment with tamoxifen 
and chemotherapy by ER subtype. The conclusions from six col-
laborating modeling groups about the impact of screening and 
treatment on mortality among ER-negative and -positive breast 
cancers were robust and provide greater credibility than inferences 
based on one model alone. Overall, our results suggest that while 
ER-negative cases are less likely to be screen-detected, when they 
are screen-detected, they show greater survival gain attributed to 
screening compared with ER-positive cases. However, at present, 
we do not have a predictive model to identify average risk women 
who are most likely to develop ER-negative breast cancer to sup-
port alternative screening by ER subtype (47,48). In the future, as 
molecular markers better characterize breast cancer subtypes and 
risk factors of specific subtypes are identified, comparative model-
based analysis can be useful to address complex public health ques-
tions related to the use of molecularly targeted screening regimens 
at the population level.
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