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Abstract

Background: Advanced breast cancer is an outcome used to evaluate screening effectiveness. The advanced cancer definition
resulting in the best discrimination of breast cancer death has not been studied in a breast imaging population. Methods: A
total of 52 496 women aged 40-79 years participating in the Breast Cancer Surveillance Consortium diagnosed with invasive
cancer were staged using the 8th edition of American Joint Committee on Cancer (AJCC) anatomic and prognostic pathologic
systems and Tomosynthesis Mammographic Imaging Screening Trial (TMIST) tumor categories. We calculated the area
under the receiver operating characteristic curve for predicting 5-year breast cancer death and the sensitivity and specificity
for predicting 5-year breast cancer death for 3 advanced cancer classifications: anatomic stage IIB or higher, prognostic
pathologic stage IIA or higher, and TMIST advanced cancer. Results: The area under the receiver operating characteristic
curves for predicting 5-year breast cancer death for AJCC anatomic stage, AJCC prognostic pathologic stage, and TMIST tumor
categories were 0.826 (95% confidence interval [CI] ¼ 0.817 to 0.835), 0.856 (95% CI¼0.846 to 0.866), and 0.789 (95% CI¼0.780 to
0.797), respectively. AJCC prognostic pathologic stage had statistically significantly better discrimination than AJCC anatomic
stage (difference¼0.030, bootstrap 95% CI¼0.024 to 0.037) and TMIST tumor categories (difference¼0.067, bootstrap 95%
CI¼0.059 to 0.075). The sensitivity and specificity for predicting 5-year breast cancer death for AJCC anatomic stage IIB or
higher, AJCC prognostic pathologic stage IIA or higher, and TMIST advanced cancer were 72.6%, 76.7%, and 96.1%; and 78.9%,
81.6%, and 41.1%, respectively. Conclusions: Defining advanced cancer as AJCC prognostic pathologic stage IIA or higher most
accurately predicts breast cancer death. Use of this definition by investigators will facilitate comparing breast cancer
screening effectiveness studies.

Women diagnosed with advanced breast cancer have worse
survival than women diagnosed with early-stage disease (1,2).
The goal of breast cancer screening is to reduce the number of
women diagnosed with advanced breast cancer to decrease
breast cancer mortality (3). Detection of early-stage breast can-
cer by screening has been used as an intermediate outcome of
screening effectiveness, but this measure is confounded by in-
clusion of tumors not likely to affect women’s overall survival if
left undiagnosed (4).

Advanced breast cancer is recognized as an important end-
point for evaluating breast cancer screening effectiveness (1,5-8)

and has been used to evaluate differences in screening effec-
tiveness by breast cancer risk, screening interval, and modality
(1,5,6,9). The American Joint Committee on Cancer (AJCC) ana-
tomic staging system has been the standard to characterize
breast cancer at diagnosis using tumor size (T), lymph node sta-
tus (N), and presence of metastatic disease (M), with advanced
breast cancer often defined as stage IIB or higher (1,5-7). There
is limited research on whether this staging system or threshold
best discriminates groups of women with worse survival (2).

In 2016, the AJCC’s eighth edition prognostic pathologic stag-
ing system was released and included anatomic staging

A
R

T
IC

LE

Received: June 1, 2020; Revised: August 10, 2020; Accepted: October 28, 2020

© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com

909

JNCI J Natl Cancer Inst (2021) 113(7): djaa176

doi: 10.1093/jnci/djaa176
First published online November 10, 2020
Article

http://orcid.org/0000-0001-8793-8779
http://orcid.org/0000-0002-2414-4573
http://orcid.org/0000-0002-6452-8168
http://orcid.org/0000-0002-5547-1833
mailto:Karla.Kerlikowske@ucsf.edu
https://academic.oup.com/


elements plus tumor grade and estrogen receptor (ER), proges-
terone receptor (PR), and HER2 status. The addition of these
prognostic factors appears to better discriminate breast cancer
survival than the anatomic staging system (2). The
Tomosynthesis Mammographic Imaging Screening Trial
(TMIST) is actively recruiting and randomly assigning women to
undergo 2-dimensional digital mammography or 3-dimensional
digital breast tomosynthesis, which uses advance breast cancer
as an intermediate outcome to compare effectiveness. The
TMIST protocol defines advanced breast cancer according to
combinations of tumor size; ER, PR, and HER2 status; and tumor
spread (8). One study (2) evaluated survival outcomes for AJCC
eighth edition anatomic vs pathologic prognostic staging in a
single-institution cohort and state cancer registry, but none to
our knowledge has evaluated these 3 staging systems and vari-
ous advanced cancer definitions either in the same population
or in a breast imaging population.

This study compares the AJCC eighth edition anatomic and
prognostic pathologic stages and TMIST tumor categories in the
Breast Cancer Surveillance Consortium (BCSC) cohort of women
undergoing breast imaging. We sought to determine which
staging systems and advanced breast cancer definitions result
in the best discrimination of breast cancer death for evaluating
screening effectiveness.

Methods

Study Setting and Data Sources

We used data from the BCSC’s 6 mammography registries
(https://www.bcsc-research.org), whose populations are compa-
rable with the US population (10-12). We included prospectively
collected data, including women’s characteristics and radiology
information from community and academic radiology facilities.
Breast cancer diagnoses and tumor characteristics were
obtained by linking women to pathology databases; regional
Surveillance, Epidemiology, and End Results programs; and
state tumor registries. Vital status was obtained from
Surveillance, Epidemiology, and End Results programs; state tu-
mor registries; and state death tapes. Registries and a central
statistical coordinating center received institutional review
board approval for active or passive consenting processes or a
waiver of consent to enroll participants, link data, and perform
analyses. All procedures were Health Insurance Portability and
Accountability Act compliant, and registries and the coordinat-
ing center received a federal certificate of confidentiality and
other protections for the identities of women, physicians, and
facilities.

Participants

We studied women aged 40-79 years with an incident invasive
breast cancer diagnosed from January 2005 to December 2017.
Women with a personal history of ductal carcinoma in situ
were excluded.

Measures, Definitions, Outcomes

Demographic and breast health history information were
obtained on self-administered questionnaires completed at
each mammogram. A total of 82.0% of women had undergone a
breast imaging examination at a BCSC facility before their

diagnosis, 15.3% after their diagnosis, and 2.7% had no breast
imaging record in the BCSC.

Invasive breast cancers were classified according to the
eighth edition AJCC anatomic staging system based on tumor
size (T), the presence of lymph node involvement (N), and the
presence or absence of distant metastasis (M) using pathologic
values first and clinical values only when pathologic values
were not available (13). If the eighth edition T, N, or M pathologi-
cal or clinical codes were missing, prior editions were used.
AJCC eighth edition prognostic pathologic stage was defined
according to TNM stage; plus tumor grade; and ER, PR, and HER2
status (2). For anatomic and prognostic pathologic stages, we
examined 2 thresholds each to define advanced breast cancer:
stages IIA or higher and stages IIB or higher.

For TMIST analyses, we classified each tumor according to
the TMIST definition of advanced breast cancer selecting the
category with the worst survival with categories from worst to
best survival as follows: 1) cancers that spread from the breast
to a distant organ in the body, 2) cancers that spread from the
breast to at least 1 nearby lymph node, 3) tumors of at least 20
mm, 4) tumors greater than 10 mm and triple negative, 5)
tumors greater than 10 mm and HER2 positive, and 6) tumors
not classified into any of the 5 categories.

We also examined staging systems by breast cancer mode of
detection to examine for differences in thresholds for evaluat-
ing screening effectiveness for the 27 321 women with a mam-
mogram in the BCSC around the time of diagnosis. Screen-
detected cancer was defined as an invasive cancer diagnosed
within 12 months of a final positive Breast Imaging Reporting
and Data System assessment of 3, 4, or 5 on a screening mam-
mogram. Interval invasive cancer was defined as an invasive
cancer diagnosed within 12 months of a final negative assess-
ment of Breast Imaging Reporting and Data System 1 or 2 on a
screening mammogram or having a diagnostic mammogram
around the time of diagnosis with a prior mammogram (before
the diagnostic mammogram that detected the cancer) within
the past 12-27 months (14). A clinically detected invasive cancer
was defined as one where there was no screening mammogram
12 months before the diagnostic mammogram, or no breast im-
aging examination was more than 27 months before the diag-
nostic mammogram that detected the cancer.

Statistical Analysis

We used descriptive statistics to characterize the study popula-
tion according to anatomic stage IIA or lower, IIB or higher, or
unknown.

Women were followed up from their first primary invasive
breast cancer diagnosis until the earliest of the following: death
from breast cancer, death from other causes, end of complete
vital status capture, or 10 years. We estimated 5- and 10-year
breast cancer survival overall and by mode of detection using
the Kaplan–Meier estimator. Five-year survival was considered
high if more than 95% as was observed for stage I anatomic or
prognostic stage breast cancers (2). We estimated the sensitiv-
ity, specificity, and positive predictive value (PPV) using Bayes’
rule for each dichotomized classification of advanced breast
cancer (IIA or higher, IIB or higher, TMIST advanced cancer) for
predicting death within 5 years (see the Supplementary
Methods, available online, for additional details). The time-
dependent area under the receiver operating characteristic
curve (AUC) for each staging classification was computed using
each stage for predicting 5-year breast cancer death; 8 categories
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for AJCC staging systems and 6 (nonadvanced plus 5 advanced
categories) for TMIST ordered from worst to best survival.
Confidence intervals for performance measures and AUCs were
calculated using a nonparametric bootstrap (15) with 10 000 iter-
ations with estimated means stabilizing within 4 decimal places
in the first 5000 iterations. Differences between AUCs were sta-
tistically significantly different if the bootstrap confidence inter-
vals (CIs) excluded zero.

Primary analyses were based on all available cancers with
complete component data for each staging system. We ex-
cluded cancers from each staging system for which we could
not calculate that stage irrespective of the availability of compo-
nents to calculate stage for other staging systems. As a sensitiv-
ity analysis, we followed the methods and recommendations
used by Howlader (16) to use multiple imputation chained equa-
tions (17) to impute 50 datasets for missing values of the pri-
mary staging component variables: T; N; ER, PR, and HER2
status; and tumor grade. AJCC staging variables and TMIST cate-
gory were then rederived using the observed and imputed com-
ponents only when missing (see the Supplementary Methods
and Supplementary Tables 1 and 2, available online, for imputa-
tion model details).

Survival estimates and proportions were calculated in SAS
9.4 (SAS Institute Inc., Cary, NC). Performance measures, AUCs,
and bootstrapped confidence intervals were calculated using
the “survival” and “survivalROC” packages in R version 3.5.1 (18-
20).

Results

Study Population Characteristics

We included 52 496 women aged 40-79 years (median ¼ 60 years)
who had an incident invasive cancer of whom 67.4% were non-
Hispanic White, 12.4% non-Hispanic Black, 7.3% Asian, 4.4%
Hispanic or Latina, and 8.5% mixed or other (Table 1). Women
with anatomic stage IIB or higher were more likely to be aged
40-59 years and Black and have interval or clinically detected
breast cancers compared with women with anatomic stage IIA
or lower (Table 1).

Staging Systems Accuracy to Predict 5-Year Breast
Cancer Death

The AUCs for predicting 5-year breast cancer death for anatomic
and prognostic pathologic stages were 0.826 (95% CI¼ 0.817 to
0.835) and 0.856 (95% CI¼ 0.846 to 0.866), respectively (Table 2).
Prognostic pathologic stage had statistically significantly better
discrimination than anatomic stage in the main analysis (differ-
ence¼ 0.030, bootstrap 95% CI¼ 0.024 to 0.037) and sensitivity
analysis based on multiple imputation of missing data (differ-
ence¼ 0.019, bootstrap 95% CI¼ 0.014 to 0.025) (Supplementary
Table 3, available online). AUCs were consistently higher for
prognostic stage when stratified by age and race
(Supplementary Table 4, available online). The AUC for predict-
ing 5-year breast cancer death for the TMIST 6 tumor categories
was 0.789 (95% CI¼ 0.780 to 0.797). The AJCC classification sys-
tems had statistically significantly higher AUCs than the TMIST
6 tumor categories (difference for anatomic¼ 0.037, bootstrap
95% CI¼ 0.031 to 0.043; difference for pathologic¼ 0.067, boot-
strap 95% CI¼ 0.059 to 0.075).

The AUCs for predicting 10-year breast cancer death for ana-
tomic and prognostic pathologic stages were 0.784 (95%

CI¼ 0.773 to 0.796) and 0.799 (95% CI¼ 0.787 to 0.813), respec-
tively (Supplementary Table 5, available online), and for the
TMIST 6 tumor categories was 0.749 (95% CI¼ 0.740 to 0.758).
AUCs remained statistically significantly different across stag-
ing systems over the majority of the 10-year follow-up period
with nonoverlapping bootstrapped confidence intervals
(Supplementary Figure 1, available online).

Advanced cancer definitions, that is, anatomic stage IIB or
higher and prognostic pathologic stage IIA or higher, influenced
the sensitivity (72.6% vs 76.7%), specificity (78.9% vs 81.6%), and
PPV (18.1% vs 21.0%) of predicting 5-year breast cancer death, re-
spectively (Table 2). Values were statistically significantly higher
for prognostic stage IIA or higher compared with anatomic stage
IIB or higher for sensitivity (difference¼ 4.1%, bootstrap 95%
CI¼ 2.4% to 5.8%), specificity (difference ¼ 2.7%, bootstrap 95%
CI¼ 2.3% to 3.0%), and PPV (difference¼ 2.9%, bootstrap 95%
CI¼ 2.4% to 3.4%). Specificity for predicting 5-year breast cancer
death improved with prognostic pathologic vs anatomic staging
systems whether the advanced breast cancer thresholds were set
at IIA or higher or IIB or higher, whereas sensitivity was highest
for anatomic IIA or higher and lowest for prognostic pathologic
IIB or higher. The TMIST tumor categories for advanced breast
cancer had the highest sensitivity (96.1%) and the lowest specific-
ity (41.1%) and PPV (9.9%) (Table 3). The proportions of cancers de-
fined as anatomic stage IIB or higher, prognostic pathologic stage
IIA or higher, and TMIST advanced cancer were 24.2%, 21.9%, and
61.2%, respectively (Tables 2 and 3).

Breast Cancer Survival by Staging System and Mode of
Detection

Five-year survival was similar and greater than 95% for stages
IA and IB across AJCC staging systems and declined below 95%
for anatomic stage IIB or higher and prognostic pathologic stage
IIA or higher (Table 2). The overall 5-year survival for anatomic
stage IIB or higher was 81.9% and for prognostic pathologic
stage IIA or higher was 79.0%.

Five-year survival was 99.4% for tumors classified as TMIST
nonadvanced breast cancer. Five-year survival for tumors clas-
sified as TMIST advanced cancer was 90.1% overall and for all
TMIST advanced tumor subgroups was at least 94.9%, except
those with positive lymph nodes and stage IV breast cancer
(Table 3). Tenfold cross-validation of the ordering of the 5-year
survival curves for the 6 TMIST categories did not change the
AUC (mean¼ 0.789).

When evaluating staging systems by mode of cancer detec-
tion, 5-year survival declined below 95% for anatomic screen-
detected stage IIB or higher, interval cancer stage IIA or higher,
and clinically detected stage IB or higher; and for prognostic
pathologic screen-detected stage IIA or higher, and both interval
or clinically detected stage IB or higher (Table 4). For the TMIST
tumor categories, 5-year survival declined below 95% for
screen-detected lymph node–positive cancers; for interval or
clinically detected cancers that were at least 20 mm, greater
than 10 mm, and triple negative, or lymph node positive; and
for stage IV cancer irrespective of mode of detection (Table 3).

The sensitivity to predict breast cancer death was higher for
clinically detected breast cancer than either screen-detected or
interval cancer for both anatomic and prognostic pathologic
staging systems whether advanced cancer was defined as IIA or
higher or as IIB or higher (Table 4). The PPV for predicting 5-year
breast cancer death was higher for interval and clinically
detected breast cancer than screen-detected breast cancer for
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both anatomic and prognostic pathologic stages and for the
TMIST classification of advanced breast cancer (Tables 3 and 4).
The AUC for predicting 5-year breast cancer death was highest
for interval cancers defined by prognostic pathologic stage
(Tables 3 and 4).

Discussion

Advanced breast cancer is an important outcome because it is a
surrogate for breast cancer mortality (2) and used to evaluate

screening effectiveness (1,5-8). We examined staging systems
and thresholds for defining advanced breast cancer and found
AJCC prognostic pathologic stage was more accurate than both
anatomic stage and the TMIST tumor classification for predict-
ing breast cancer death. Additionally, we found AJCC prognostic
pathologic stage IIA or higher as the staging system and thresh-
old that has the best balance of sensitivity and specificity for
predicting breast cancer death and thus may be the best choice
when evaluating breast cancer screening effectiveness or sup-
plemental imaging strategies.

Table 1. Summary of study population by AJCC eighth edition anatomic stage advanced breast cancer definition

Characteristics AJCC anatomic stage IIA or lower AJCC anatomic stage IIB or higher AJCC anatomic stage unknown
No. (%a) No. (%a) No. (%a)

Total No. 38 001 12 113 2382
Age at diagnosis, y

40-49 6444 (17.0) 2744 (22.7) 536 (22.5)
50-59 10 948 (28.8) 3930 (32.4) 692 (29.1)
60-69 12 680 (33.4) 3468 (28.6) 674 (28.3)
70-79 7929 (20.9) 1971 (16.3) 480 (20.2)

Race, ethnicity
White, non-Hispanic 26 091 (73.7) 7681 (67.9) 1590 (71.1)
Black, non-Hispanic 4258 (12.0) 1875 (16.6) 374 (16.7)
Asian 2838 (8.0) 868 (7.7) 132 (5.9)
Native American 107 (0.3) 32 (0.3) 5 (0.2)
Hispanic or Latina 1554 (4.4) 637 (5.6) 111 (5.0)
Mixed or other 564 (1.6) 211 (1.9) 25 (1.1)
Missing 2589 (6.8) 809 (6.7) 145 (6.1)

Mode of cancer detection
Screen detected 11 441 (59.5) 1795 (28.2) 944 (54.6)
Interval cancer 5193 (27.0) 2416 (37.9) 544 (31.5)
Clinically detected 2590 (13.5) 2157 (33.9) 241 (13.9)
Missing 18 777 (49.4) 5745 (47.4) 653 (27.4)

aAll percentages are percent among nonmissing except missing, which is percent of total. AJCC ¼ American Joint Committee on Cancer.

Table 2. Five-year probability of breast cancer survival by AJCC eighth edition staging system and accuracy of predicting death within 5 years
of diagnosisa

Measures AJCC anatomic stage (N¼ 50 114) AJCC prognostic pathologic stage (N¼ 48 049)

Stage, proportion % (% survival)
IA 50.5 (98.8) 65.5 (98.9)
IB 2.8 (96.9) 13.4 (95.3)
IIA 22.6 (95.7) 8.5 (90.5)
IIB 10.6 (92.1) 2.8 (88.1)
IIIA 6.3 (88.1) 3.5 (83.6)
IIIB 1.4 (73.0) 1.4 (79.2)
IIIC 2.3 (77.0) 1.0 (60.7)
IV 3.6 (45.2) 3.9 (45.1)
IIA or higher 46.8 (88.5) 21.9 (79.0)
IIB or higher 24.2 (81.9) 13.3 (71.6)

AUC (95% CI) for all stages 0.826 (0.817 to 0.835) 0.856 (0.846 to 0.866)
Accuracy of predicting breast cancer death for

stage IIA or higher, test measure % (95% CI)
Sensitivity 88.9 (87.5 to 90.2) 76.7 (74.9 to 78.5)
Specificity 56.0 (55.5 to 56.4) 81.6 (81.3 to 82.0)
PPV 11.5 (11.0 to 12.0) 21.0 (20.2 to 21.9)

Accuracy of predicting breast cancer death for
stage IIB or higher, test measure % (95% CI)
Sensitivity 72.6 (70.7 to 74.4) 62.9 (60.9 to 64.9)
Specificity 78.9 (78.6 to 79.3) 89.9 (89.6 to 90.1)
PPV 18.1 (17.4 to 18.9) 28.4 (27.2 to 29.7)

aAJCC ¼ American Joint Committee on Cancer; AUC ¼ area under the receiver operating characteristic curve; CI ¼ confidence interval; PPV ¼ positive predictive value.
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When selecting a staging system and threshold for defining
advanced breast cancer, investigators need to consider how the
information will be used. For example, if the goal is to identify
women at increased risk of breast cancer death who may bene-
fit from earlier detection of aggressive tumors, having a defini-
tion of advanced cancer that maximizes sensitivity for
identifying breast cancer death may be most important when
evaluating supplemental screening effectiveness to ensure the
highest proportion of women are identified who could poten-
tially have the opportunity to reduce the chance of dying from
breast cancer. Maximizing specificity also is an important con-
sideration so women who have a low likelihood of breast cancer
death will not experience high numbers of false-positive tests
through supplemental screening. If the TMIST advanced breast
cancer definition were used to study effectiveness of supple-
mental screening, a large proportion of women would undergo
supplemental imaging who are not at high risk of breast cancer
death. As another example, when evaluating primary preven-
tion interventions, using AJCC prognostic pathologic stage to
maximize specificity may be prioritized to minimize recom-
mending medications with high risks of side effects to women
who have a low likelihood of breast cancer death.

We studied a large, diverse population-based cohort of
women diagnosed with an incident breast cancer. We were able
to evaluate mode of breast cancer detection, an important pre-
dictor of mortality, because information was available on breast
imaging around the time of diagnosis for more than one-half of
the cohort. We present results by mode of detection to show
how definitions of advanced breast cancer may differ depend-
ing on the composition of the study population. For example,
the sensitivity for predicting 5-year breast cancer death was
higher for interval and clinically detected breast cancer than
screen-detected breast cancer, whereas specificity for predicting
5-year breast cancer death was highest for screen-detected
breast cancer. Notably, our results should not be used to com-
pare survival by mode of detection, because cancer case survival
is influenced by lead time, length time, and overdiagnosis
biases in these analyses (21). However, within each mode of de-
tection category, a threshold for predicting breast cancer death

could be selected to evaluate screening effectiveness strategies
for that mode of detection.

Our study cohort is women who were diagnosed with breast
cancer within the BCSC, which includes women in 6 states with
a similar distribution of ages and races and ethnicities as the
California Cancer Registry (CCR). Our results are consistent with
CCR analyses (2) that show AJCC prognostic pathologic staging
was better at predicting breast cancer death than anatomic
stage. We extend the CCR results by showing our findings are
consistent across age and racial and ethnic groups. However,
our results may not be comparable with study populations that
differ in the distribution of age and/or race or other potential
confounders compared with BCSC and CCR populations.
Validation of our findings in additional populations is
warranted.

We build on the Weiss et al. (2) analysis by reporting results
for the TMIST advanced breast cancer definition, which
includes approximately 40% breast cancers that if found early
may be more treatable. TMIST is a large, randomized trial
designed to compare the effectiveness of screening digital
mammography vs digital breast tomosynthesis, with a primary
goal of testing whether there will be a lower rate of advanced
breast cancer in women undergoing screening breast tomosyn-
thesis (8). We found the TMIST definition of advanced breast
cancer had the highest sensitivity and the lowest specificity for
predicting 5-year breast cancer death, likely because a high pro-
portion of treatable cancers with good survival are categorized
as advanced cancer. A recent study reported that a higher pro-
portion of advanced breast cancers defined by the TMIST defini-
tion were detected with tomosynthesis vs digital
mammography (32.6% [76 of 233] vs 25.0% [9 of 36], respectively),
with a higher proportion of lymph node–positive cancers con-
tributing to this difference (22).

The Weiss study excluded women with missing prognostic
stage (2). In a sensitivity analysis, we imputed receptor status
when missing because a prior study found that missing receptor
status was associated with worse prognosis and led to overesti-
mation of survival without imputation (16); however, our results
based on the complete case and imputed results were similar

Table 3. Five-year probability of breast cancer survival by TMIST advanced breast cancer definition and mode of detection and accuracy of pre-
dicting 5-year breast cancer death

Measures All cancers Screen detected Interval cancer Clinically detected
(N¼ 45 366) (n¼ 11 902) (n¼ 7026) (n¼ 4469)

Tumor characteristics, proportion % (% survival)
Nonadvanced cancer 38.8 (99.4) 53.4 (99.4) 28.1 (99.8) 15.0 (98.2)
Advanced cancera 61.2 (90.1) 46.6 (93.9) 71.9 (88.8) 85.0 (83.0)

Tumor size 10-20 mm and HER2þ 2.2 (99.3) 2.4 (99.2) 2.1 (99.1) 1.5 (100.0)
Tumor size 10-20 mm and triple negative 2.0 (96.1) 2.3 (96.8) 2.1 (94.4) 0.9 (92.6)
Tumor size >20 mm 20.8 (94.9) 16.1 (95.1) 24.4 (94.8) 27.4 (92.7)
Lymph node positive 32.6 (91.0) 24.6 (94.4) 39.1 (88.7) 45.8 (85.2)
Stage IV 3.6 (45.0) 1.1 (46.7) 4.2 (45.3) 9.4 (39.3)

AUC (95% CI)b 0.789 (0.780 to 0.797) 0.764 (0.740 to 0.788) 0.776 (0.758 to 0.794) 0.749 (0.727 to 0.770)
Accuracy of predicting breast cancer death,

test measure % (95% CI)
Sensitivity 96.1 (95.2 to 97.0) 89.2 (85.4 to 92.7) 99.2 (98.3 to 99.8) 98.1 (96.8 to 99.3)
Specificity 41.1 (40.6 to 41.6) 54.8 (53.9 to 55.7) 30.5 (29.4 to 31.7) 17.3 (16.0 to 18.5)
PPV 9.9 (9.5 to 10.3) 6.1 (5.4 to 6.9) 11.2 (10.2 to 12.2) 17.0 (15.7 to 18.4)

aDefined as at least 1 of the following: tumor size 10-20 mm and HER2þ; or tumor size 10-20 mm and triple negative; or tumor size greater than 20 mm; or lymph node

positive; or stage IV breast cancer. AUC ¼ area under the receiver operating characteristic curve; CI ¼ confidence interval; PPV ¼ positive predictive value; TMIST ¼
Tomosynthesis Mammographic Imaging Screening Trial.
bAUCs for TMIST 6 tumor categories overall and for TMIST 6 tumor categories by mode of breast cancer detection.
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and support the use of AJCC prognostic pathologic stage if re-
ceptor status and tumor grade are available. This suggests if re-
ceptor status and grade are missing, values can be imputed
using multiple imputations. Our results support the recommen-
dations of the AJCC manual in that countries where receptor
status and tumor grade information are not available, AJCC ana-
tomic stage IIB or higher had modestly lower accuracy com-
pared with AJCC prognostic pathologic stage IIA or higher and
can be used to evaluate effective screening strategies (23).

Advanced breast cancer is an important outcome because it
is a surrogate for breast cancer mortality and thus often used as
an intermediate outcome to evaluate breast cancer screening
strategies. Staging systems and advanced cancer definitions
used to evaluate the effectiveness of various screening strate-
gies may vary depending on the preferences and thresholds for
an intervention’s benefits and harms. Comparing results across
breast imaging studies of screening effectiveness will be facili-
tated by investigators using similar advanced breast definitions
cancer and staging systems.
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