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Abstract

Background: We used two models to simulate a proposed noninferiority trial of radiotherapy (RT) omission in low-risk inva-
sive breast cancer to illustrate how modeling could be used to predict the trial’s outcomes, inform trial design, and contribute
to practice debates.
Methods: The proposed trial was a prospective randomized trial of no-RT vs RT in women age 40 to 74 years undergoing
lumpectomy and endocrine therapy for hormone receptor–positive, human epidermal growth factor receptor 2–negative,
stage I breast cancer with an Oncotype DX score of 18 or lower. The primary endpoint was recurrence-free interval (RFI), in-
cluding locoregional recurrence, distant recurrence, and breast cancer death. Noninferiority required the two-sided 90% confi-
dence interval of the RFI hazard ratio (HR) for no-RT vs RT to be entirely below 1.7. Model inputs included published data. The
trial was simulated 1000 times, and results were summarized as percent concluding noninferiority and mean (standard devi-
ation) of hazard ratios for Model GE and Model M, respectively.
Results: Noninferiority was demonstrated in 18.0% and 3.7% for the two models. The respective means (SD) of the RFI hazard
ratios were 1.8 (0.7) and 2.4 (0.9); most were locoregional recurrences. The mean five-year RFI rates for no-RT vs RT (SD) were
92.7% (2.9%) vs 95.5% (2.2%) and 88.4% (2.0%) vs 94.5% (1.6%). Both models showed little or no difference in breast cancer–
specific or overall survival. Alternative definitions of low risk based on combinations of age and grade produced similar results.
Conclusions: The proposed trial was unlikely to show noninferiority of omitting radiotherapy even using alternative
definitions of low-risk, as the endpoint included local recurrence. Future trials regarding radiotherapy should address
absolute reduction in recurrence and impact of type of recurrence on the patient.

Randomized clinical trials (RCTs) are the gold standard for un-
derstanding treatment effects and developing clinical guidelines
(1,2). Simulation modeling can help evaluate designs of RCTs by
synthesizing available evidence and predicting the trial’s
outcome, including quantifying uncertainties in the outcome.

The concept of simulating clinical trials was developed in part
by clinical pharmacologists (3). Simulation is essential when de-
signing complicated innovative trials (4). Simulations are seldom
used for designing traditional cancer clinical trials, whether
sponsored by the National Cancer Institute or industry. But these
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trials can be simulated while the trial is running (5) or being
developed.

Traditional RCTs are usually designed with fixed type I error
rate and statistical power, each of which requires assuming a par-
ticular value of the relevant parameter. Although its true value is
unknown, there is usually some information available about this
parameter, possibly from patient populations related to but dif-
ferent from that in the trial. We demonstrate how this informa-
tion can be used to statistically model and simulate a clinical trial
that has a particular design. One simulation of the model pro-
vides an outcome of the trial. Multiple simulations provide multi-
ple different outcomes and enable predicting the trial’s result as a
probability distribution. The variability in this distribution
depends on sampling variability in the trial but also the uncer-
tainty in the information about the parameter in question.

We illustrate our methods in the context of a particular trial.
We developed the model and carried out simulations using two
Cancer Intervention and Surveillance Modeling Network (CISNET)
models (GE and M) (6–11). The specifics of the proposed trial and
our predictions of its outcome demonstrate our methods and
their utility in cancer research. We chose a trial that has been
proposed in breast cancer for its clinical relevance. Previous stud-
ies have shown that patients with tumors having low Oncotype
DX scores who receive radiotherapy have low rates of locore-
gional and distant recurrence (12,13). The proposed trial was
designed to address whether patients who have low-risk invasive
breast cancer with Oncotype scores of 18 or lower can avoid ra-
diotherapy. Describing the results of our simulations as regards
the substantial clinical question posed in this trial is the second
major goal of our study. Our results have implications for designs
of future clinical trials in low-risk breast cancer.

Methods

Proposed Clinical Trial

NRG Oncology proposed a clinical trial to evaluate omitting ad-
juvant radiotherapy in low-risk invasive breast cancer. Given
the size of the proposed trial and concerns regarding feasibility
and cost, CISNET modelers undertook simulation to predict its

outcome based on the available evidence and to guide trial
design revisions.

Eligible women were age 40 to 74 years with newly
diagnosed, node-negative invasive breast cancer that was 2 cm
or smaller, hormone receptor–positive (either estrogen receptor
[ER]– or progesterone receptor [PR]–positive), human epidermal
growth factor receptor 2 (HER2)–negative, with Oncotype scores
of 18 or lower. Planned therapy was breast-conserving surgery,
hormonal therapy, and no chemotherapy. The trial’s primary
endpoint was recurrence-free interval (RFI), the time from ran-
dom assignment to any invasive recurrence or breast cancer
death (14,15). As the data sources used to develop the models
did not report ductal carconima in situ (DCIS) recurrences, we
excluded DCIS from the primary endpoint. Noninferiority would
be concluded if the two-sided 90% confidence interval of the RFI
hazard ratio (no-RT vs RT) was less than 1.7. Having a 5% type I
error rate and 80% power required 88 events. The design as-
sumed proportional hazards with 0.61% annual RFI hazard for
RT and equal random assignment to RT:no-RT. The sample size
of 2194 patients would be accrued at 40/month with 4.4 years of
additional follow-up, for a total trial duration of nine years.
Secondary endpoints included locoregional RFI, distant RFI, and
breast cancer–specific and overall survival.

Model Overview

CISNET Models GE and M (10,11) were adapted to simulate the
proposed trial (Supplementary Methods, available online). The
models used somewhat different approaches and data inputs
(Table 1). In both models, virtual patients were generated ran-
domly based on eligibility criteria and were randomly assigned
to RT or no-RT. Recurrence and time to recurrence were gener-
ated based on model inputs and assumptions of the scenario
under consideration.

Estimation of Model Input Distributions/Parameters

The principal sources of data and radiotherapy efficacy were
meta-analyses of multiple RCTs and US population cancer

Table 1. Structure and approach for trial simulation of radiotherapy omission vs radiotherapy in low-risk breast cancer patients by model

Model specifications Model GE Model M

Primary endpoint RFI RFI
Model structure* Empirical Bayesian Fully Bayesian
Analytic approach† Monte Carlo sampling based on

probabilistic sensitivity analysis
Monte Carlo sampling based on

Bayesian posterior distributions
Embedded within respective CISNET model No‡ Yes§
Distinguishes locoregional from distant recurrences within RFI Yes No
Simulates mortality separately from RFIk Yes Yes
Hormone receptors considered ER and PR ER only
Conducts subset analyses based on RFI Yes No
Conducts sensitivity analyses of different eligibility criteria¶ No Yes

*In an empirical Bayesian model, the prior distribution is derived from a dataset. CISNET ¼ Cancer Intervention and Surveillance Modeling Network; ER ¼ estrogen re-

ceptor; PR ¼ progesterone receptor; RFI ¼ recurrence-free interval.

†Model GE distributions were “shrunk” by using a hyperprior distribution that gives most of its support to hazard ratios between 0.25 and 4.00.

‡Model GE created code separate from its CISNET model for ease of trial simulation.

§Model M adapted its CISNET model (11) by randomly assigning women who were diagnosed with cancers and were eligible for the trial. Model M’s components related

to method of detection are not considered in the trial simulation.

kBoth models perform separate simulations for recurrence-free interval and breast cancer and overall mortality as there were insufficient data in any source(s) to

quantify the joint relationship of time of locoregional recurrence, distant recurrence, and breast cancer death.

¶Model M simulated RFI assuming alternative trial eligibility, such as age 50 to 74 years instead of 40 to 74 years and low-grade cancers instead of Oncotype DX score of

18 or lower.
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registries. Model M derived RT benefits primarily from statistical
summaries of seven RCTs in the Oxford Overview categorized
as “evaluating the need for RT after lumpectomy in low-risk
patients”; these RCTs are listed in Supplementary Table 1 (avail-
able online) using the trial labels from the Overview (16).
Although the Overview did not consider local recurrence sepa-
rately, the original investigators of all these RCTs regarded local
recurrence to be an important endpoint, and they published the
comparisons of local recurrence rates for RT and no-RT. Model
GE used individual patient-level data from a subset of the RCTs
in the Overview (17–20).

Patients’ Oncotype scores were generated based on joint dis-
tributions of tumor characteristics and age for patients matching
trial eligibility from Surveillance, Epidemiology, and End Results
data linked to Oncotype test results provided by Genomic Health,

Inc. (SEER-GHI) (21,22). We used a left-truncated survival model
estimated from SEER for patients approximately matching trial
eligibility, excluding Oncotype scores higher than 18. This
allowed for incorporating competing non–breast cancer mortality
in the simulations (23). Specific data used varied based on model
structure (Table 2). The Georgetown University Oncology
Institutional Review Board approved this research.

Model GE
Model GE relied primarily on the pooled clinical trial dataset for
inputs (“pooled dataset”) (17–20,24–26). This dataset was used to
develop the joint distribution of characteristics of trial-eligible
patients (eg, age, grade).

We derived distributions of times to recurrence and death
given patient characteristics other than Oncotype from

Table 2. Data used to develop distributions of values for modeling a trial simulation of radiotherapy omission vs radiotherapy in low-risk
breast cancer patients by model

Parameter

Model GE Model M

Data used Source Data used Source

Incident cases Pooled trials* (17–20,24–26) SEER and SEER-GHI (21)
Competing mortality Non–breast cancer

death among trial-eli-
gible groups in the
SEER population

(23) Non–breast cancer
death among trial-eli-
gible groups in the
SEER population

(23)

Tumor size† Pooled trials,
continuous

(17–20,24–26) N/A N/A

Tumor grade† SEER-GHI (21,22) SEER-GHI (21)
ER and PR† SEER-GHI (21,22) N/A N/A
Oncotype DX Assigned from SEER-GHI

based on age, tumor
size, ER/PR, and grade

(21,22) Oncotype DX score
assigned based on ob-
served distribution in
SEER-GHI for age 40–
74 y, stage I patients,
tumor size �2 cm,
ERþ, HER2-, undergo-
ing breast-conserving
surgery

(21)

Event times/Oncotype
DX

NSABP B14 and B20 by
Oncotype DX‡

Personal comm., S. Shak Given expected distribu-
tion of grade within
Oncotype DX groups
based on SEER-GHI,
Oxford data used to
define the effects of
grade (and age) on
events

(16) (Webtables 5b, 3a,
3b, 3c, 6 and Figure 5)
and (21)

Event times by age,
grade, size, hormone
receptors

Pooled trials (17–20,24–26) SEER, Oxford Overview
for low-risk and
pooled trial data§

(16) (Webtables 5b, 3a,
3b, 3c, 6 and Figure 5)

RT efficacy Pooled trials (10–13) Oxford Overview for
low-risk and pooled
trial data

(16) (Webtables 5b, 3a,
3b, 3c, 6 and Figure 5)

*“Pooled trials” refers to a de-identified individual-level dataset from seven clinical trials. Four of the trials were randomized trials of radiotherapy (17–20), and the

other three were trials of systemic adjuvant therapy and included radiotherapy data from patients not receiving chemotherapy (24–26). ER ¼ estrogen receptor; HER2 ¼
human epidermal growth factor 2; NSABP ¼ National Surgical Adjuvant Breast and Bowel Project; N/A ¼ Not Applicable; PR ¼ progesterone receptor; RT ¼ radiotherapy;

SEER ¼ Surveillance, Epidemiology, and End Results (SEER) data; SEER-GHI ¼ Surveillance, Epidemiology, and End Results data linked to Oncotype DX test results pro-

vided by Genomic Health, Inc.

†In Model GE, the distributions of age, grade, ER, PR, and tumor size were each derived in a regression model conditional on the other variables.

‡Data on recurrence and death events by the joint distribution of Oncotype DX scores and other patient eligibility characteristics were not available from published

sources (12,28). Therefore, Genomic Health, Inc., provided an honest broker, de-identified dataset with individual-level, de-identified data under a data use agreement

for this project (S. Shak, personal communication, 2016).

§Based on differences in events over follow-up time in the Overview (16) data, a piecewise exponential distribution with two constant hazard rates was used to derive

prior distributions for first events by radiotherapy (assuming a beta distribution)—one for the first five years and another for the time thereafter.
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competing risk models in the pooled dataset (27). Radiation
effects from randomized and nonrandomized trials in the
pooled data set were separately estimated, and only the ran-
domized effects were used in the simulations. De-identified
data linking Oncotype scores to data from two NSABP trials
(24,25) were used to estimate the effects of the Oncotype scores
on time to events. However, this dataset contained no informa-
tion about surgery or radiotherapy (28). These models provided
a distribution of plausible effect estimates given patient and
clinical characteristics. Each of the 1000 trial replicates was
then randomly assigned its own set of effect estimates from
that distribution. Within each trial simulation, each patient was
randomly assigned whether to experience an event or not and
the time of any event based on that distribution.

Model M
Model M simulations were embedded in its CISNET model
(10,11). In each simulation, we tracked the US population over
time, as represented by SEER. Women who developed breast
cancer were assessed for eligibility in the proposed trial. For
simulating the trial itself, Model M followed a similar approach
to Model GE. In particular, joint distributions of Oncotype score
with clinical characteristics were derived from SEER-GHI (21,29).
Taking a Bayesian approach, Model M used published results
from the Oxford Overview (16) to estimate prior distributions re-
quired to simulate the trial. The Overview does not distinguish
between local, regional, and distance recurrences. Therefore,
neither did Model M.

The distribution of effects of radiotherapy on RFI was de-
rived from the Overview by age and grade, conditional on tumor
size of 2 cm or smaller, ER-positive, tamoxifen-treated, and un-
dergoing breast-conserving surgery (16). Data from both the
Overview (16) and the pooled dataset were used to derive prior
distributions for breast cancer and overall survival.

Analyses

The hazard ratio of no-RT vs RT and its two-sided 90% confi-
dence interval were determined for each of the 1000 simula-
tions using Cox proportional hazards regression. The predictive
probability that the proposed trial would show noninferiority
was estimated by the proportion of the 1000 simulations for
which the upper bound of the confidence interval was less than
1.7. RFI by treatment group for each of the 1000 simulations was
found from Kaplan-Meier curves. We provide the means of
these curves for each treatment group at years 5 and 9.

While the trial was not designed to assess subgroup effects,
we explored results categorized by clinically relevant patient
subgroups: Oncotype scores 0–10 and 11–18 and age younger
than 60 years and 60 years and older. For sensitivity analyses,
the models evaluated how results would vary if the proposed
noninferiority hazard ratio threshold was increased from 1.7 to
as high as 2.0. Additionally, Model M simulated two alternative
scenarios of low risk not specified in the proposed trial: low-
grade tumors for ages 50 to 74 years and that same group but
also including intermediate grade for ages 70 to 74 years.

Results are presented as means and standard deviations of
the endpoint distributions for Model GE and Model M, respec-
tively. The estimates are based on simulations, and their accu-
racy for any given model assumptions depends on the number
of simulations. Simulation variability (62 standard errors) for
proportions based on 1000 iterations is never greater than

63.2%, and for proportions above 95%, it is always less than
61.4%.

Results

The characteristics of simulated patients were similar for the
two models, except that Model M had fewer patients with low-
grade tumors (Table 3). The mean trial duration was longer in
Model GE than in Model M (Table 3; Supplementary Figure 1,
available online). Model GE considered site of recurrence and
found that most first recurrences were locoregional
(Supplementary Figures 2 and 3, available online): 86.0% vs
62.0% in the no-RT vs RT arms.

The mean RFI hazard ratios (SD) for no-RT vs RT were 1.8
(0.7) and 2.4 (0.9) (Table 4 and Figure 1A) for Models GE and M,
respectively. Only 18.0% of the simulations in Model GE and
only 3.7% of those in Model M concluded that omitting radio-
therapy was noninferior (Table 4 and Figure 1B). The mean five-
year RFI rates across the 1000 simulations for no-RT vs RT (SD)
were 92.7 (2.9)% vs 95.5 (2.2)% in Model GE and 88.4 (2.0)% vs 94.5
(1.6)% in Model M (absolute differences ¼ 2.8 [2.3]%, and 6.1
[2.6]%, respectively) (Table 4). For Model GE, the mean hazard ra-
tio for any first locoregional recurrence was 2.8 (1.6), and the
corresponding five-year RFIs (SD) were 93.7 (3.0)% vs 97.1 (2.0)%

Table 3. Summary of mean patient and trial characteristics of simu-
lations of a proposed trial of omission of breast radiotherapy vs ra-
diotherapy in low-risk breast cancer*

Characteristics Model GE Model M

Patient characteristics
Mean age, y 59.5 59.4
Mean tumor size, cm 1.0 N/A
Tumor grade, %

Low 45.4 39.2
Intermediate 47.3 53.7
High 7.3 7.1

Mean Oncotype DX score 12.6 12.2
Trial characteristics

No. enrolled (SD) 2174 (77) 2127 (97)
Range 1560–2194 1640–2194

Mean trial length (SD), y 6.3 (1.4) 4.6 (0.4)
Range, y 3.2–9.0 3.4–5.9

Mean follow-up (SD), y 3.7 (1.2) 2.4 (0.3)
Range, y 1.6–6.2 1.7–3.6

Mean No. (SD) of first events 87 (6) 88 (0.14)
Range 17–88 87–88

Type of first event (SD), %
Locoregional 76.9 (17.8) N/A†
Distant 23.1 (17.8) N/A
Breast cancer death N/A N/A

Vital status at 5 y (range), %
Alive 96.4 (87.1–99.3) 97.0 (94.9–98.5)
Died of breast cancer 1.7 (0–10.3) 2.0 (0.9–3.4)
Died of other causes 1.9 (0.4–3.5) 1.0 (0.3–1.9)

*Results for 1000 trial replicates. Low-risk is defined in the proposed trial as es-

trogen receptor–positive and/or progesterone receptor–positive, human epider-

mal growth factor receptor 2–negative, lymph node–negative breast cancer with

pathologic tumor size of 2 cm or smaller, Oncotype DX scores of 18 or lower, for

whom hormonal therapy following breast-conserving surgery was planned, but

not adjuvant chemotherapy.

†Model M did not separate locoregional from distant recurrences as the Oxford

Overview (16) did not present this information.
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for no-RT vs RT (absolute difference (SD) ¼ 3.4 [2.0]%) (Table 4).
There was no increased hazard (mean HR ¼ 0.8, SD ¼ 0.7) for
distant RFI as first event.

There was little or no difference in either model between
arms for breast cancer–specific survival or overall survival
(Table 4). Estimates of change in breast cancer survival by omit-
ting radiotherapy are within simulation variability of the null
hypothesis for both models (Table 4).

The mean RFI hazard ratios for treatment arms were similar
across Oncotype and age subgroups. However, RFI rates at five
years for no-RT and RT were lower among patients age 60 years
or older vs younger than age 60 years, as were differences in
rates (Model GE: mean [SD] ¼ 1.5 [1.9]%, vs 4.2 [3.4]%; Model M:
mean [SD] ¼ 5.1 [2.3]% vs 7.4 [4.0]%) (Table 5). For higher nonin-
feriority thresholds of HR, the proportion of trials concluding
noninferiority increases (Table 6). However, even at a noninfer-
iority threshold of 2.0, only 30.4% (Model GE) and 8.7% (Model M)
of trials showed noninferiority (Table 6). When eligibility was
based on low risk defined by tumor grade instead of Oncotype
groups or age groups, the mean RFI hazard ratios were some-
what lower than that of the original analysis (Table 7, Model M).

Discussion

Clinical trial modeling and simulation cannot be a substitute for
randomized controlled trials. RCTs are crude but reliable instru-
ments. But RCTs are enormous consumers of time and resour-
ces. Modeling and simulation can make an RCT more efficient,
and perhaps even demonstrate that running it is unnecessary.

There are two sources of uncertainty in predicting a future
clinical trial. One is the widely understood sampling variability
for any given parameter value. The other type of uncertainty is
more important but less well understood. The parameters are
themselves unknown. Information about them is generally

available from earlier trials in other populations or with other
therapies. Moreover, even if the future trial is identical to a pre-
vious trial, the parameters governing it may be different. This
additional uncertainty should be factored into the model input
process.

Our study applied modeling and simulation to predict the
results of a proposed clinical trial. The clinical question was
whether radiotherapy can be omitted in patients with low-risk
invasive breast cancer. We reported results from two indepen-
dent models. Both concluded that the trial would be unlikely to
demonstrate noninferiority and that omitting radiotherapy
would increase the rate of recurrence even in low-risk patients
for every definition of risk we considered. The two models con-
cluded different estimates of the probability that omitting RT
would be noninferior (18.0% and 3.7% for Models GE and M, re-
spectively). The difference in conclusions reflects the differen-
ces in model inputs. Model M used RT benefits from RCTs
published in the Oxford Overview (16), while Model GE used in-
dividual patient-level data from a subset of those RCTs (17–20).
The Overview considered 17 trials in which RT was randomized.
They categorized seven of these as “evaluating the need for RT
after lumpectomy in low-risk patients” (Supplementary Table 1,
available online). Model M used the “low-risk” results summa-
rized in the Overview by patient age, tumor size and grade, ER
status, and whether assigned tamoxifen (16).

The first four trials (17–20) in Supplementary Table 1 (avail-
able online) were included in our pooled analysis and were con-
sidered by both models, with Model M incorporating the results
via the statistical summaries in the Overview. The last three tri-
als (30–32) in the table were considered by Model M (via the
Overview) but not by Model GE. These latter trials included
patients with lower risk on average than the first four trials.
However, the lower-risk trials evinced an even greater relative
reduction in rate of local recurrence for RT. Therefore, defining

Table 4. Simulated five-year follow-up results for omission of breast radiotherapy vs radiotherapy in low-risk invasive breast cancer patients*

Primary and secondary endpoints
Mean hazard

ratio (SD)

Mean 5-y rate
Absolute

difference (SD), %No radiotherapy (SD), % Radiotherapy (SD), %

Recurrence-free interval†
Model GE 1.8 (0.7) 92.7 (2.9) 95.5 (2.2) 2.8 (2.3)
Model M 2.4 (0.9) 88.4 (2.0) 94.5 (1.6) 6.1 (2.6)

Recurrence-free interval—loco-regional
recurrences as the first event

Model GE 2.8 (1.6) 93.7 (3.0) 97.1 (2.0) 3.4 (2.0)
Recurrence-free interval—distant recurrences

as the first event
Model GE 0.8 (0.7)‡ 99.0 (0.9) 98.4 (1.5) –0.6 (1.1)

Breast cancer–specific survival
Model GE 1.0 (0.5)§ 97.8 (1.6) 97.4 (2.0) –0.4 (0.9)
Model M 1.2 (0.4) 95.7 (0.9) 96.2 (0.9) 0.5 (1.3)

Overall survival
Model GE 1.1 (0.4) 97.2 (0.7) 97.2 (0.7) 0 (0.8)
Model M 1.1 (0.2) 93.6 (1.1) 94.1 (1.1) 0.5 (1.6)

*Low risk was defined in the proposed trial as patients with estrogen receptor–positive and/or progesterone receptor–positive, human epidermal growth factor receptor

2–negative, lymph node–negative invasive breast cancers with pathologic tumor size of 2 cm or smaller, Oncotype DX scores of 18 or lower, who were given hormonal

therapy following breast-conserving surgery but no adjuvant chemotherapy. The use of an Oncotype DX score cut-point of 18 or lower was based on the proposed trial

specifications.

†The corresponding median hazard ratios for the recurrence-free interval for no-radiotherapy (RT) vs RT across 1000 replications were 1.7 and 2.3 for Model GE and

Model M, respectively. The median hazard ratio for loco-regional recurrence at first event was 2.5 (Model GE only); breast cancer–specific survival rates were 0.8 (GE)

and 1.1 (M); and overall survival rates were 1.0 (GE) and 1.1 (M).

‡This result is based on 959 trial replicates. Replicates in which no distant recurrences occurred in the no-radiotherapy group were excluded.

§This result is based on 995 trial replicates. Five replicates in which no breast cancer deaths occurred in the no-radiotherapy group were excluded.
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a population at lower risk may actually increase the relative
benefit of RT.

The dominant role played by local recurrence in RFI and the
greater relative benefit of RT in the lowest risk trials in the
Overview (30–32) help explain the greater relative benefit of RT
concluded by Model M. More importantly, it suggests that when
using a relative measure of RT efficacy such as hazard ratio,
there is no identifiable level of risk below which omitting RT is
noninferior.

Clinical trials assessing the omission of RT in low-risk
patients should use an absolute measure of efficacy. With such
an approach, when risk is sufficiently low, random assignment
may not be necessary. A case in point is the low-risk cohort of
TAILORx, which showed that omitting chemotherapy for
patients with an Oncotype score of 10 or lower achieved a five-
year RFI of 98.7% (95% CI ¼ 97.9% to 99.2%) (26). Having a chemo-
therapy arm, presumably with five-year RFI between 98.0% and
100.0% would have been irrelevant. At least four ongoing single-
arm trials are assessing outcomes for omitting radiotherapy in
low-risk breast cancer (33–36).

There are several limitations that should be considered in
evaluating our results. First, we used evidence provided by
meta-analyses. Their value in modeling is limited by any gaps in
evidence from the trials included. One gap is the effect of RT by

Oncotype. Another limitation in breast cancer trials is that the
disease is dynamic because of improvements in therapy and use
of screening mammography. Prognosis depends greatly on
method of detection in addition to factors such as tumor size,
nodal status, tumor grade, and hormone receptor status (37–40).
No RCT has evaluated RT depending on method of detection.

Another evidence gap relates to our methods for deriving
estimates of breast cancer–specific mortality. We intended to
model the course of disease from type or types of first recur-
rence to second recurrence (if any) to death. This turned out to
be impossible. The Overview does not provide the joint relation-
ship between first recurrence and death, and our pooled analy-
sis contained little information about deaths following first
recurrence.

An additional limitation is that HER2 testing was not usually
done in the trials considered. Perhaps most importantly, we did
not consider excess mortality attributable to radiotherapy,
which is a special concern for high-risk individuals such as
smokers (41).

Our study highlights several issues. One is the clinical and
design implication of use of relative vs absolute risk. A related
issue is the appropriate primary endpoint in clinical trials of RT
in patients with low-risk breast cancer. RFI counts local, re-
gional, and distant recurrences equally. But these events are

Figure 1. Distributions of hazard ratios and upper limits of the two-sided 90% confidence intervals for recurrence-free interval by model. A) Distribution of hazard ratios

by model for recurrence-free interval for omission of radiotherapy vs radiotherapy in 1000 trial replications. Results are for patients age 40 to 74 years. Low-risk was de-

fined in the proposed trial as estrogen receptor–positive (ERþ) and/or progesterone receptor–positive (PRþ), human epidermal growth factor 2 (HER2)–negative, lymph

node–negative invasive breast cancers with pathologic tumor size less than or equal to 2 cm, Oncotype DX scores of 18 or lower, who were given hormonal therapy fol-

lowing breast conserving surgery but no adjuvant chemotherapy. The use of an Oncotype DX score cut-point of 18 or lower was based on the proposed trial specifica-

tions. B) Distribution of the upper limits of the two-sided 90% confidence intervals of the hazard ratios for recurrence-free interval for omission of radiotherapy vs

radiotherapy in 1000 trial replications by model. The histograms illustrate the distribution of the upper limits of a two-sided 90% confidence interval of the hazard ra-

tios for recurrence-free interval by model across 1000 simulated clinical trials evaluating noninferiority of omission of breast radiotherapy among low-risk invasive

breast cancer patients. The proposed trial specified that the null hypothesis of inferiority would be rejected if the upper limit of the 90% confidence interval were less

than 1.7. The gray line indicates an upper limit of the 90% confidence interval of 1.7. HR ¼ hazard ratio; RT ¼ radiotherapy.
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not comparable in terms of patient management or impact on
survival and quality of life. The benefit of RT on RFI is driven by
local recurrences. For low-risk patients, this benefit may not
translate into longer survival. Given the burden of RT and its po-
tential adverse effects, patient preferences should be consid-
ered in trials evaluating the omission of RT.

What new information does our modeling and simulation
provide about radiotherapy in breast cancer? Although there is
substantial uncertainty in the trial’s outcome, it would be un-
likely to show noninferiority of omitting radiotherapy. The pri-
mary reason is using relative instead of absolute benefit of
radiotherapy. In addition, the evidence is clear that radiother-
apy is effective in lowering the rate of local recurrence regard-
less of risk. For lower-risk patients, distant recurrence becomes
less common, and local recurrence becomes even the more im-
portant when RFI is the endpoint. An implication is that for
low-risk populations the primary statistical measure of benefit
of RT should not be the hazard ratio.

Our study illustrates the utility of a collaborative approach.
Modelers cannot appropriately model a disease and its clinical
trials without working closely with experts in managing and
researching the disease. One way that collaboration improves
the designs of clinical trials is that preparing for carrying out
models forces designers to systematically think through design
issues, data sources, and implications of the trial.

Modeling and simulation can help designers by 1) predicting
a proposed trial’s outcome based on available information and
quantifying the uncertainty associated with that prediction; 2)
investigating key inputs, such as patient eligibility criteria and
assumed treatment effects, and revealing assumptions for
which results are highly sensitive to conclusions and pointing
to preparatory investigations that could help reduce the uncer-
tainty in key factors; 3) supplementing results of actual trials by
synthesizing with information from historical trials. Overall,

Table 5. Scenario analyses: RFI rates for 1000 simulations of a proposed trial of omission of breast radiotherapy vs radiotherapy in low-risk*
breast cancer for age and Oncotype DX subgroups, and nine years of follow-up

Primary endpoint

Mean recurrence-free interval rate†

Absolute difference (SD), %No radiotherapy (SD), % Radiotherapy (SD), %

Age
5-y RFI- age <60 y

Model GE 89.6 (4.4) 93.8 (3.4) 4.2 (3.4)
Model M 86.2 (3.2) 93.6 (2.5) 7.4 (4.0)

5-y RFI- age 60þ y
Model GE 95.5 (1.9) 97.1 (1.6) 1.5 (1.9)
Model M 90.1 (1.9) 95.2 (1.5) 5.1 (2.3)

Oncotype DX recurrence score group
5-y RFI- RS <11

Model GE 93.2 (3.1) 95.8 (2.4) 2.6 (2.9)
Model M 88.5 (1.9) 94.5 (1.5) 6.0 (2.4)

5-y RFI- RS 11–18
Model GE 92.5 (3.1) 95.4 (2.3) 2.9 (2.5)
Model M 88.3 (2.0) 94.4 (1.7) 6.2 (2.6)

Follow-up time
9-y RFI†

Model GE 87.4 (4.9) 92.1 (3.8) 4.7 (3.8)
Model M 80.4 (3.2) 90.4 (2.7) 10.2 (4.3)

*Low risk was defined in the proposed trial as patients with estrogen receptor–positive and/or progesterone receptor–positive, human epidermal growth factor receptor

2–negative, lymph node–negative invasive breast cancers with pathologic tumor size of 2 cm or smaller, Oncotype DX scores of 18 or lower, who were given hormonal

therapy following breast-conserving surgery but no adjuvant chemotherapy. The use of an Oncotype score cut-point of 18 or lower was based on the proposed trial

specifications. RFI ¼ recurrence-free interval; RT ¼ radiotherapy.

†RFI rate at nine years was derived as (1-r)9, where r is the annual recurrence rate.

Table 6. Percentage of trials showing noninferiority out of 1000 sim-
ulations of a proposed trial of omission of breast radiotherapy vs ra-
diotherapy in low-risk breast cancer at alternative noninferiority
margins

Alternative noninferiority margins Percentage of trials

1.8 hazard ratio for RFI—no-RT vs RT*
Model GE 22.2
Model M 5.3

1.9 hazard ratio for RFI—no-RT vs RT
Model GE 26.1
Model M 6.5

2.0 hazard ratio for RFI—no-RT vs RT
Model GE 30.4
Model M 8.7

*RFI ¼ recurrence-free interval; RT ¼ radiotherapy.

Table 7. Simulated five-year follow-up results for omission of radio-
therapy vs radiotherapy in alternative risk groups defined by age
and grade, model M only

Risk category

Mean
hazard

ratio (SD)

Mean 5-y RFI*
Absolute

difference
(SD), %

No RT
(SD), % RT (SD), %

Age 50–74 y/low
grade

2.0 (1.0) 94.0 (1.5) 96.5 (1.3) 2.5 (1.9)

Age 50–74 y/low
grade or age 70–74
y/intermediate
grade

2.1 (0.9) 92.9 (1.6) 96.1 (1.2) 3.2 (2.0)

*RFI ¼ recurrence-free interval; RT ¼ radiotherapy.

A
R

T
IC

LE

1366 | JNCI J Natl Cancer Inst, 2018, Vol. 110, No. 12



this type of simulation modeling adds value by helping to mod-
ify or redesign a proposed trial, including possibly changing its
primary endpoint and ultimately informing whether a particu-
lar trial has the likelihood to change practice. Such analyses
could be broadly employed by various stakeholders to inform
prioritization and resource allocation of future trial proposals.
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