
Cancer Medicine. 2022;11:297–307.     | 297wileyonlinelibrary.com/journal/cam4

Received: 20 January 2021 | Revised: 29 May 2021 | Accepted: 31 May 2021

DOI: 10.1002/cam4.4084  

O R I G I N A L  R E S E A R C H

Simulation modeling of breast cancer endocrine therapy duration 
by patient and tumor characteristics

Young Chandler1 |   Clyde Schechter2 |   Jinani Jayasekera1 |   Claudine Isaacs3 |   
Allison W. Kurian4 |   Christopher Cadham1 |   Jeanne Mandelblatt1,3

This is an open access article under the terms of the Creat ive Commo ns Attri bution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2021 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

1Department of Oncology, Georgetown- 
Lombardi Comprehensive Cancer Center, 
Washington, DC, USA
2Albert Einstein College of Medicine, 
Montefiore Medical Center, Bronx, NY, 
USA
3Department of Medicine, Georgetown- 
Lombardi Comprehensive Cancer Center, 
Washington, DC, USA
4Departments of Medicine and 
Epidemiology and Population Health, 
Stanford University, Stanford, CA, USA

Correspondence
Jeanne Mandelblatt, Lombardi 
Comprehensive Cancer Center, 3300 
Whitehaven Street, Northwest, Suite 
4100, Washington, DC 20007, USA.
Email: http://mandelbj@georgetown.edu

Funding information
National Cancer Institute, Grant/Award 
Number: K99CA24139, R35CA197289, 
RO3CA230952, U01CA199218 and 
U01CA253911; American Cancer 
Society, Grant/Award Number: MRSG 
14- 027- 01 CPHPS

Abstract
Background: Extending endocrine therapy from 5 to 10 years is recommended for 
women with invasive estrogen receptor (ER)- positive breast cancers. We evaluated 
the benefits and harms of the five additional years of therapy.
Methods: An established Cancer Intervention and Surveillance Network (CISNET) 
model used a lifetime horizon with national and clinical trial data on treatment ef-
ficacy and adverse events and other- cause mortality among multiple birth cohorts 
of U.S. women ages 25– 79 newly diagnosed with ER+, non- metastatic breast can-
cer. We assumed 100% use of therapy. Outcomes included life years (LYs), quality- 
adjusted life years (QALYs), and breast cancer mortality. Results were discounted at 
3%. Sensitivity analyses tested a 15- year time horizon and alternative assumptions.
Results: Extending tamoxifen therapy duration among women ages 25– 49 reduced 
the lifetime probability of breast cancer death from 11.9% to 9.3% (absolute differ-
ence 2.6%). This translates to a gain of 0.77 LYs (281 days)/woman (undiscounted). 
Adverse events reduce this gain to 0.44 QALYs and after discounting, gains are 0.20 
QALYs (73  days)/woman. Extended aromatase inhibitor therapy in women 50– 
79 had small absolute benefits and gains were offset by adverse events (loss of 0.06 
discounted QALYs). There were greater gains with extended endocrine therapy for 
women with node- positive versus negative cancers, but only women ages 25– 49 and 
50– 59 had a net QALY gain. All gains were reduced with less than 100% treatment 
completion.
Conclusion: The extension of endocrine therapy from 5 to 10 years modestly im-
proved lifetime breast cancer outcomes, but in some women, treatment- related ad-
verse events may outweigh benefits.
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1 |  INTRODUCTION

The majority of U.S. women diagnosed with breast cancer have 
estrogen receptor- positive (ER+) tumors.1 These women have 
high survival rates, but remain at risk for distant recurrences. 
Extending endocrine treatment from 5 to 10 years can decrease 
recurrence and second contralateral breast cancers2- 4 and is now 
recommended as standard care.5 Clinical guidelines also stress 
the need to personalize treatment duration since absolute gains 
can vary by agents, are small2 and might not be realized in com-
munity settings,6- 8 and could be offset by side effects.9- 11

However, it can be difficult to estimate the net impact of 
benefits and adverse events for individual women consider-
ing their age, screening history, and tumor characteristics. 
We used an established Cancer Intervention and Surveillance 
Modeling Network (CISNET) simulation model12,13 to 
combine data on individual and tumor characteristics to de-
termine lifetime outcomes by the duration of endocrine ther-
apies among groups of U.S. women. The results are intended 
to illustrate how modeling can support personalized shared 
decision- making discussions between patients and oncolo-
gists about the net balance of extended endocrine therapy.

2 |  METHODS

The Georgetown University Institutional Review Board ap-
proved this modeling research as exempt based on the use of 
de- identified, publicly available data.

2.1 | Model overview

CISNET Model G- E is one of the six breast cancer models and 
has previously been described.12,13 Model G- E was selected 
for this study because it is a representative CISNET model, 
the structure is well suited to evaluating alternative treatment 
options and it replicates SEER trends. Briefly, Model G- E 
is a continuous- time event- driven micro- simulation. For this 
study, the model included cohorts of U.S. women born from 
1935 to 2009 ages 25– 79 when diagnosed with ER+stage 
1– 3 breast cancer. The model started with basic life history 
for each woman in the absence of adjuvant therapy, assum-
ing population screening patterns. Life histories were then 
repeated with endocrine therapy (5 or 10  years) and other 
indicated systemic therapies, with treatment modifying time 
to and probability of breast cancer death.13

2.2 | Input parameters

We used national and clinical trial data to develop model 
input parameters (Table 1). Age- period- cohort analyses were 

used to estimate breast cancer incidence rates in the absence 
of screening.14  National survey data were used to estimate 
screening use by birth cohort. Digital mammography perfor-
mance characteristics were derived by age group (<50 vs. 
50+), first versus subsequent screening, and time since last 
mammogram using Breast Cancer Surveillance Consortium 
(BCSC) data as previously described.15 These data were used 
to generate women diagnosed with incident breast cancer. 
All women receive local therapy with surgery with or with-
out radiation therapy.

We selected women diagnosed with invasive ER+, non- 
metastatic cancer (AJCC v6 stages 1– 3) from this population 
sample to study the effects of hormonal therapy duration. 
Systemic treatment for these women was based on age, stage, 
and molecular- subtype: (a) women with stage 1 cancer re-
ceived endocrine therapy (tamoxifen or aromatase inhibitor 
based on age <50 or 50+, respectively), (b) women <50 
with stage 2a, 2b, or 3 cancer received endocrine therapy 
with tamoxifen and ovarian suppression and all received che-
motherapy, and (c) women ages 50+ with stage 2a, 2b, or 3 
cancer received endocrine therapy with an aromatase inhib-
itor plus chemotherapy. All women with HER2+ tumors re-
ceived trastuzumab. Stages were summarized based on usual 
CISNET model analyses that approximately map stage to 
nodal status (stages 1 and 2a were considered node- negative 
and stages 2b and 3 as node- positive based on prognostic 
mapping for low-  and high- risk cancers).

We assumed 100% use of all therapies to estimate effi-
cacy. Treatment efficacy was based on published clinical 
trials and meta- analyses and modeled as reductions in the 
hazard of breast cancer mortality.2,16,17 There are not yet suf-
ficient data on the actual rates of the completion of 10 years 
of endocrine therapy, so alternative assumptions were exam-
ined in the sensitivity analysis.

Two types of endocrine therapy- related side effects were 
considered. The first had an effect on the quality of life (e.g., 
musculoskeletal and other grade 1– 2 toxicities), but did not 
affect life expectancy. The second type, such as endometrial 
cancers or pulmonary embolism, reduced the quality of life 
(grade 3– 4 toxicities) and could have been life- threatening 
(grade 5 toxicity). The chance of developing any adverse 
event was based on a probability distribution derived from re-
ported rates in clinical trials.18- 21 The utility weights for these 
events were based on published studies and expert opin-
ion.11,22,23 The impact of adverse events was estimated by ap-
plying utility weights over the duration of the adverse event 
to calculate quality- adjusted life years (QALYs). Reductions 
in the quality of life related to endocrine therapy were con-
sidered together with utility weights for age- specific general 
health and cancer stage24 ; reductions in the quality of life 
related to chemotherapy and HER2- targeted drugs are cap-
tured in the stage- specific utility. Competing non- breast can-
cer mortality was based on age-  and cohort- specific data.25
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2.3 | Analysis

We used a lifetime horizon to capture results for women 
in the upper tail of the life expectancy distribution.25 The 
base case analyses examined lifetime undiscounted and 
3% discounted LYs and QALYs, and lifetime probabil-
ity of breast cancer death by endocrine therapy dura-
tion. Discounted QALYs were the primary outcomes; 
discounting values current more than future LYs. We 
also calculated age-  and nodal status- specific outcomes. 
We simulated 2 billion women to minimize stochastic 
variation.

2.4 | Sensitivity analysis

First, we evaluated a 15- year time horizon to compare 
model undiscounted outcomes to selected trial results. 
Second, we varied parameters related to endocrine ther-
apy adverse events (utility, probability, and duration of 
adverse events) across the highest to lowest observed 
values. Third, we tested the effects of varying endocrine 
therapy completion rates from 100% to 50%, 70%, or 
90% by reducing both treatment efficacy and probability 
of adverse events.17  Two- way sensitivity analyses were 
conducted to capture: (1) the longest durations of adverse 
events and lowest utility values (worst case) and (2) the 
shortest durations of adverse events and highest utility 
values (best case). A tornado diagram was used to display 
the results of the sensitivity analyses. Probabilistic sen-
sitivity analysis was not feasible based on computational 
capability.

2.5 | Model validation

We verified coding by entering extreme parameter values 
to ensure the output varied in the expected directions. Next, 
to assess predictive validity, we used US screening and 
molecular subtype- specific treatment dissemination data12 
to compare age- adjusted incidence and mortality rates for 
women with ER+invasive cancers to SEER data from 2008 
to 2017, the last reported date at the time of analyses.1 
Finally, the sensitivity analysis above comparing short- term 
outcomes to clinical trials served as indicators of external 
validity.

3 |  RESULTS

Projected age- adjusted breast cancer incidence and mortality 
rates closely matched observed rates (Supplemental Figure 1, 
Panels A and B).Pa
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3.1 | Effects of extending endocrine therapy

Extending the duration of endocrine therapy with tamoxifen 
among women ages 25– 49 years reduced the lifetime prob-
ability of breast cancer death from 11.9% to 9.3% (absolute 
difference 2.6%; Figure 1, Panel A); the absolute reduction 
at 15 years was 2.1% (Supplemental Table 1). The lifetime 
results translate into a gain of 0.77 LYs (281 days)/woman 
in this age group (undiscounted); adverse events reduced this 
gain to 0.46 QALYs/woman (undiscounted). Discounted re-
sults, which capture the current value of future gains, were 
similar, but of a smaller magnitude (Table 2).

Extending endocrine therapy with aromatase inhibitors 
among women ages 50– 79 had a small absolute reduction in 

the lifetime probability of breast cancer death (0.16%), with a 
reduction of 0.10 at 15 years (Figure 1, Panel B, and Table 2). 
Lifetime gains were offset by adverse events (loss of 0.07 
QALYs, undiscounted; Table 2).

3.2 | Effects of extending endocrine therapy 
by age and nodal status

The results varied across age and nodal status. Women ages 25– 
49 had a net gain in discounted QALYs with extended tamox-
ifen therapy after considering adverse effects. However, women 
ages 50– 79 had no net benefit of using aromatase inhibitors in 
years 5– 10 (Table 3). There were greater gains with extended 

F I G U R E  1  Lifetime probability of 
breast cancer death among women ages 
25– 79 with estrogen receptor- positive, 
stage 1– 3 breast cancers by the duration 
of adjuvant endocrine therapy. Panel A. 
Women ages 25– 49 treated with tamoxifen 
(with and without ovarian suppression). 
Among women 25– 49, the difference in the 
probability of breast cancer mortality for the 
use of 10 versus 5 years of tamoxifen at 15 
and 25- years post- diagnosis was 2.13% and 
2.63%, respectively. There is no difference 
in the first 5 years and no additional breast 
cancer mortality occurred after 25 years. 
Panel B. Women ages 50– 79 treated with 
aromatase inhibitors. Among women ages 
50– 79, the difference in the probability 
of breast cancer mortality with 10 versus 
5 years of aromatase inhibitors at 15 and 
25 years post- diagnosis was 0.1% and 
0.16%, respectively. There are no mortality 
differences after 25 years

Panel (A)

Panel (B)
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endocrine therapy for all ages of women with node- positive 
versus negative cancers, but only women ages 25– 49 and 50– 
59 had a net gain in discounted QALYs (Table 3). Results for 
LYS followed the same patterns (Supplement Table 2).

3.3 | Sensitivity analysis

The results for all age groups were sensitive to assumptions 
about the duration of adverse events and utility weights for 

adverse treatment events (Figure  2, Panels A and B, and 
Tables S3 and S4). For example, if the duration of adverse 
events was the longest in the observed range, the QALY gain 
in the base case was reversed to a QALY loss. The results 
also varied based on assumptions about the proportion of 
women that completed therapy. If there were higher comple-
tion rates (100% to 80%) in the first 5 years and lower rates 
(70% to 50%) in the second 5  years, there were fewer net 
benefits of extended treatment than in the base case.

4 |  DISCUSSION

We used an established simulation model to extend the re-
sults of clinical trials to estimate the lifetime efficacy of ex-
tended endocrine therapy in groups of women with estrogen 
receptor- positive tumors. We found that there were small ab-
solute gains in LYs by extending endocrine therapy from 5 to 
10 years among younger women using tamoxifen, but fewer 
gains for extending aromatase inhibiter use in older women. 
There were greater benefits with extended endocrine therapy 
for women with node- positive versus negative cancers, but 
only women ages 25– 49 and 50– 59 had a net gain in QALYs. 
These conclusions were sensitive to assumptions about the 
duration and magnitude of adverse treatment- related effects 
and rates of actual real- world treatment completion.

The model results extend current decision tools26- 28 that 
use genomic and/or clinicopathological data to predict dis-
tant recurrence risk by estimating the lifetime effects of ex-
tended endocrine therapy, considering adverse effects, age, 
clinicopathological data, and past screening. Our results also 
extend clinical trial results since the trials were performed in 
several different countries and did not consider the quality of 
life or a lifetime horizon. The overall absolute lifetime ben-
efits of 10 versus 5 years of endocrine therapy projected by 
the model by age and nodal status were consistent with the 

T A B L E  2  Lifetime treatment outcomes by endocrine therapy duration by age and regimen among women with estrogen receptor- positive, non- 
metastatic invasive breast cancer

Tamoxifen among women ages 25 to 49 (with 
and without ovarian suppression)1 Aromatase Inhibitors among women ages 50– 79

Treatment duration 5 years 10 years
Absolute 
difference 5 years 10 years

Absolute 
difference

Breast cancer mortality2 11.91% 9.28% 2.63% reduction 10.20% 10.04% 0.16% reduction

Undiscounted LYs 35.42 36.19 0.77 20.48 20.48 0.00

Discounted LYs3 20.20 20.57 0.37 14.04 14.05 0.01

Undiscounted QALYs 24.21 24.67 0.46 13.36 13.29 −0.07

Discounted QALYs3 13.97 14.17 0.20 9.18 9.12 −0.06

Abbreviations: QALYs, quality- adjusted life years.
1Ovarian suppression was prescribed to the women ages 25– 49 with node- positive cancers.
2Based on the time- to- event..
3Discounted at 3%.

T A B L E  3  Quality- adjusted life years (QALYs)1 by endocrine 
therapy duration, regimen, age, and nodal status

Treatment duration 5 years 10 years
Absolute 
difference

Age 25– 49 (Tamoxifen with or without ovarian suppression)2 

All 13.97 14.17 0.20

Node- negative 14.58 14.69 0.11

Node- positive 12.65 13.03 0.39

Age 50– 59 (Aromatase inhibitor)

All 11.41 11.36 −0.05

Node- negative 11.84 11.78 −0.07

Node- positive 10.13 10.14 0.01

Age 60– 69 (Aromatase inhibitor)

All 8.91 8.86 −0.05

Node- negative 9.19 9.11 −0.07

Node- positive 7.90 7.90 0.00

Age 70– 79 (Aromatase inhibitor)

All 6.50 6.46 −0.04

Node- negative 6.67 6.63 −0.04

Node- positive 5.75 5.69 −0.07
1Discounted QALYS; a negative sign indicates a loss in QALYs.
2Ovarian suppression was prescribed to the women ages 25– 49 with node- 
positive cancers.
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summary of current trial evidence used to develop the 2019 
ASCO guidelines.5

The small benefits seen in the trials and the model can 
translate into important population- level mortality reductions. 
At the individual level, when average benefits are small, it is 
important to consider sub- group effects and weigh benefits 
against known adverse treatment effects. For some women, 
we found that small lifetime benefits of extended endocrine 
therapy may be outweighed by the impact of adverse events, 

especially for older women with short life expectancies due 
to competing mortality. Older women diagnosed with node- 
negative cancers are at comparatively lower risk of distant 
recurrence than those with node- positive disease, but the risk 
of adverse events is similar across nodal groups. Therefore, 
older women with early- stage, node- negative ER+cancers 
have less net benefit than those with node- positive disease. 
Overall, our results underscore the need to consider indi-
vidual risk and preferences during shared decision- making 

F I G U R E  2  Results of sensitivity analysis testing effects of input parameter uncertainty on results. Panel A. Women ages 25– 49 treated with 
tamoxifen (with and without ovarian suppression). Panel B. Women ages 50– 79 treated with aromatase inhibitors. The incremental discounted 
QALYs between 5 and 10 years of endocrine therapy for each one-  or two- way sensitivity analysis. The vertical line indicates the base case 
incremental discounted QALYs for 5 versus 10 years of therapy. The bars with positive values to the right of the vertical line indicate gains in 
QALYs compared to the base case. The bars with negative values to the left of the vertical indicate losses in QALYs compared to the base case. 
*These sensitivity analyses gave the results identical or nearly identical to the base case (see Tables S3 and S4)

Panel (A)

Panel (B)

-1.20 -1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20

Higher probability of adverse events

Shorter duration of adverse events

Lower probability of adverse events

90% completion of 5 years vs. 90% completion of 10 years

Better quality of life (lower disutility values)

Worse quality of life (greater disutility values)

Shorter duration of adverse event and better quality of life

80% completion of 5 years  vs. 70% completion of 10 years

70% completion of 5 years vs. 70% completion of 10 years

50% completion of 5 years vs. 50% completion of 10 years

100% completion  of 5 years vs. 70% completion of 10 years

Longer duration of adverse events

Longer duration of adverse events and worse quality of life

basecase 

-0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10

* Higher probability of adverse event

* 80% completion of 5 years  vs. 70% completion of 10 years

Shorter duration of adverse events

70% completion of 5 years vs. 70% completion of 10 years

Lower probability of adverse events

50% completion of 5 years vs. 50% completion of 10 years

90% completion of 5 years vs. 90% completion of 10 years

100% completion  of 5 years vs. 70% completion of 10 years

Worse quality of life (greater disutility values)

Better quality of life (lower disutility values)

Shorter duration of adverse event and better quality of life

Longer duration of adverse events

Longer duration of adverse events and worse quality of life

basecase 
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discussions about extended therapy, especially for women 
considering treatment with aromatase inhibitors.

This study used a well- established simulation model and 
best modeling practices,29 but several limitations should be 
considered in evaluating the results. First, we estimated treat-
ment efficacy by assuming 100% completion. Rates will be 
lower in actual community practice,6,30,31 and lower treatment 
completion decreases the absolute benefits of extended endo-
crine therapy. Second, we did not model second contralateral 
breast cancers. This underestimates the effects of extending 
therapy to 10 years, especially since the disease- free survival 
benefits of aromatase inhibitors in NSABP B42 were largely 
due to the avoidance of second primaries.18 Third, we did not 
include the risk of distant recurrence or gene expression pro-
file (GEP) test score results. 26,27,32 In particular, tests such 
as the Breast Cancer Index (BCI) have been used to predict 
distant recurrence after 5 years of endocrine therapy.26 Several 
studies (e.g., MA17 and IDEAL) suggest that women with 
high recurrence risk tumors are likely to benefit from extend-
ing therapy with aromatase inhibitors.20 The fourth limitation 
is that we did not model changes in regimens from pre-  to 
post- menopause or all possible combinations of regimens due 
to primary data limitations. In prior trials and clinical practice, 
there are a number of possible endocrine therapy regimens 
(e.g., single- agent tamoxifen or AI vs. sequential combina-
tions), so that the effects of a particular regimen may have been 
diluted in our model. This may be especially true if the ben-
efits accrue mainly to those with high BCI values. Evolving 
studies using BCI or other genomic data are likely to more 
clearly define the specific subsets of women that will bene-
fit from extended endocrine therapy. It will be important to 
update our model inputs in the future with any new evidence. 
Fifth, we used age as a proxy for pre-  and post- menopausal 
status. Sixth, nearly 50% of women newly diagnosed with 
breast cancer in the United States are age 65 and older.1 While 
we used age- specific competing non- breast cancer mortality 
rates, we did not consider the heterogeneity in comorbidities 
within this age group.33 This will be important to include in 
future modeling. Finally, our analyses were designed to in-
form clinical decision making so we did not consider costs or 
include results from multiple models; these will be useful in 
future analyses examining population outcomes.

Overall, this study illustrates how simulation modeling 
can be useful to provide a quantitative summary of the net 
lifetime effects of extended hormonal treatment and adverse 
effects by age and nodal status.5 The lifetime results confirm 
the ASCO 2019 recommendation that older women with 
node- negative low- risk tumors can likely forego extended 
aromatase inhibitor therapy. This study also illustrates that the 
risks and side effects of extended therapy should be weighed 
against the potential absolute benefits of longer treatment in 
a shared decision- making process. Simulation modeling can 
ultimately be useful as an engine for future clinical decision 

tools to support oncologists and their patients in making 
personalized treatment decisions and to highlight subgroups 
with more benefits than harms by regimen, especially in this 
era of rapidly expanding knowledge about tumor genomic 
profiles and recurrence risk.
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