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Abstract

Background: Radiotherapy after breast conservation has become the standard of care. Prior meta-analyses on effects of radio-
therapy predated availability of gene expression profiling (GEP) to assess recurrence risk and/or did not include all relevant
outcomes. This analysis used GEP information with pooled individual-level data to evaluate the impact of omitting radiother-
apy on recurrence and mortality.

Methods: We considered trials that evaluated or administered radiotherapy after lumpectomy in women with low-risk breast
cancer. Women included had undergone lumpectomy and were treated with hormonal therapy for stage I, ER+ and/or PR+,
HER2- breast cancer with Oncotype scores no greater than 18. Recurrence-free interval (RFI), type of RFI (locoregional or dis-
tant), and breast cancer-specific and overall survival were compared between no radiotherapy and radiotherapy using ad-
justed Cox models. All statistical tests were two-sided.

Results: The final sample included 1778 women from seven trials. Omission of radiotherapy was associated with an overall
adjusted hazard ratio of 2.59 (95% confidence interval [CI] = 1.38 to 4.89, P =.003) for RFI. There was a statistically significant
increase in any first locoregional recurrence (P =.001), but not distant recurrence events (P =.90), or breast cancer-specific

(P =.85) or overall survival (P =.61). Five-year RFI rate was high (93.5% for no radiotherapy vs 97.9% for radiotherapy; absolute
reduction =4.4%, 95% CI = 0.7% to 8.1%, P =.03). The effects of radiotherapy varied across subgroups, with lower RFI rates for
those with Oncotype scores of less than 11 (vs 11-18), older (vs younger), and ER+/PR+ status (vs other).

Conclusions: Omission of radiotherapy in hormone-sensitive patients with low recurrence risk may lead to a modest increase
in locoregional recurrence event rates, but does not appear to increase the rate of distant recurrence or death.

Over the last two decades, breast cancer survival has steadily
improved, in part due to early detection, use of new treatment
agents, and more intensive regimens (1). With increasing
knowledge of molecular heterogeneity, there is a growing recog-
nition that certain subgroups of breast cancer patients may
have comparable benefits and lower burden with less, rather
than more, treatment (2-4).
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A 2011 meta-analysis of 17 randomized clinical trials con-
ducted by the Early Breast Cancer Trialists’ Collaborative Group
(EBCTCG) found that although radiotherapy after breast-con-
serving surgery reduced overall recurrence rates in node-
negative patients, it only provided a modest survival benefit,
and that benefit appeared confined to subsets of patients who
experienced a 10% or greater reduction in local recurrence with
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radiotherapy (2). Additionally, reduction in recurrence varied by
age and tumor characteristics (2). For instance, one of the trials
that enrolled women aged 70 years and older concluded that
radiotherapy might be safely omitted in older patients with
hormone-sensitive breast cancer who are willing to accept a
slightly higher risk of local recurrence (3).

However, understanding factors associated with recurrence
risk has dramatically evolved since the 2011 EBCTCG analyses.
Molecular tumor markers and gene-expression profiling (GEP),
especially for hormone-sensitive breast cancer, are now the
standard of care for chemotherapy decision making. Further,
GEP is increasingly demonstrated as prognostic for locoregional
recurrence, supporting its potential to identify patients at the
lowest risk of recurrence where radiotherapy might be reason-
ably omitted. A recent retrospective study of tumor genomic pro-
filing of specimens from two older trials demonstrated a
statistically significant association between locoregional recur-
rence rates and recurrence-risk scores (5). Unfortunately, that
study did not examine the effects of radiotherapy and other out-
comes important in treatment decision making, such as distant
recurrence and mortality. It has become increasingly difficult to
conduct new randomized trials to compare broad outcomes re-
lated to radiotherapy in all clinically relevant subgroups, given
the large sample sizes required with low event rates, increasingly
effective hormonal therapy regimens, and the long follow-up re-
quired to capture any late distant events (3).

To help fill current gaps in clinical practice, this study deter-
mined the effect of radiotherapy on locoregional and distant re-
currence and breast cancer-specific and all-cause mortality
conditional on genomic risk assessments in a pooled analysis of
breast cancer patients from seven clinical trials (3,6-11). Our
results are intended to inform clinical debates about care for
groups that might consider omission of radiotherapy and to
highlight considerations for the efficient design of future clini-
cal trials.

Methods

Data Sources

Members of the Cancer Intervention and Surveillance Modeling
Network (CISNET) Breast Cancer Working Group conducted this
study in collaboration with the National Cancer Institute (NCI)
Breast Cancer Steering Committee’s Breast Oncology Local
Disease (BOLD) Task Force, and clinical trial investigators from
the seven clinical trials. The study was considered exempt by
the Georgetown University Oncology Institutional Review Board
because it used de-identified secondary data released for re-
search purposes under NCI data-sharing policies.

Study Design and Population

We adapted the inclusion criteria from a recent clinical trial pro-
posed by NRG Oncology to evaluate omission of radiotherapy
after breast conservation among patients aged 40-74 years with
low-risk breast cancers with planned hormonal therapy and no
chemotherapy. “Low-risk” cancers were defined as AJCC (ver-
sion 6) primary invasive stage I disease (<2 cm pathological tu-
mor size, pathologically/clinically node-negative) (12), estrogen
receptor (ER)-positive and/or progesterone receptor (PR)-posi-
tive, and human epidermal growth factor-2 (HER2) negative or
unknown. An additional eligibility criterion was Oncotype DX
score of no more than 18 (Figure 1).
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Data Collection

Seventeen trials were included in the 2011 Oxford meta-analysis
of the effects of radiotherapy (2). Of these, we considered the
seven trials categorized as “evaluating the need for radiotherapy
after lumpectomy in low-risk patients” (3,6-11,13-15). Detailed
information about the trials is included in Supplementary
Table 1 (available online).

Study Endpoints

The primary endpoint was recurrence-free interval (RFI) (16,17),
and included time from random assignment/enrollment to any
occurrence of local (invasive), regional, or distant recurrence, or
breast cancer death. This endpoint was censored at the time of
contralateral breast cancer, other second primary cancers, or
other-cause death.

Secondary endpoints were RFI by type of recurrence
(locoregional or distant), overall survival (time from random
assignment/enrollment to death), and breast cancer-specific
survival (time from random assignment/enrollment to breast
cancer death). The patients were followed up to 10 years be-
cause many trials did not follow patients for recurrence beyond
this period. Published TAILORx data were truncated at five years
(8), so we utilized the same length of follow-up for that trial.

Intervention and Covariates

Radiotherapy (yes/no) was the intervention of interest. Other
factors examined as potential covariates or subgroups were pa-
tient age, tumor grade (low/moderate/high/unknown), ER and
PR status (ER+ and PR+/other), HER2 (negative/unknown), initial
hormonal treatment (tamoxifen/aromatase inhibitors/other),
tumor size (<1cm/>1cm), trial, and Oncotype DX score.

Statistical Analysis

The primary analysis was conducted by combining data from
the trials into a summary effect for radiotherapy without
weighting (18,19). Prior to pooling the data, the study-specific
effects of radiotherapy were estimated, and homogeneity was
examined using the Cochran Q test. Because the trials were not
homogeneous in effect, trial was included as a covariate in sub-
sequent analyses.

The TAILORx trial included Oncotype data and was pub-
lished after the 2011 Oxford overview (2,8). Therefore, except for
patients in the TAILORx study, Oncotype scores (0-100) were
imputed for the other six trials using a deterministic regres-
sion-based multiple imputation approach (20) and a
population-based donor dataset with Oncotype scores
(Supplementary Methods, available online) (21,22). The imputa-
tion model included age, tumor size, grade, radiation, and ER/PR
and HER? status. Coefficients and standard errors from all anal-
yses were adjusted for variability between imputations accord-
ing to the combination rules outlined by Rubin (1987) (20).

We examined the distribution of patient characteristics
overall, by radiotherapy and study. After individual data were
pooled and study-eligible patients selected, the women in the fi-
nal analytic sample were no longer randomly assigned to radio-
therapy. This resulted in an imbalance in baseline
characteristics between the no-RT vs RT groups. Therefore,
multivariable Cox proportional hazards models were used to ex-
amine study endpoints and derive survival plots by
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Sample from 7 Trials (N=9,377)

ER positive and/or PR positive, HER2
negative/unknown (N=8,816)

Pathological tumor size < 2 cm,
node negative
(N=6,325)

Breast Conserving Surgery
(N=4,249)

No Chemotherapy
(N=3,347)

Received hormonal therapy
(N=2,974)

Age 40-74
(N=2,390)

Oncotype DX score <18
(N'=1,778)

I
Radiotherapy
(n=1,405)"

|
No radiotherapy
(n=373)!

Figure 1. Selection of patients with stage I, lymph node-negative, ER and/or PR+, HER2— breast cancer with Oncotype DX score < 18, treated with breast conservation
and hormonal therapy. *Randomly assigned to radiotherapy N =304, Radiotherapy given per treatment protocol N = 1101; tRandomly assigned to no radiotherapy
N =312, Radiotherapy not given per treatment protocol N=61. Assumed 100% compliance to protocol. ER = estrogen receptor; PR = progesterone receptor; HER2— =

human epidermal growth factor-2 negative.

radiotherapy, adjusting for other covariates. The primary test
statistic for multiple imputation estimates was a Student t test
with the degrees of freedom depending on the number of impu-
tations and the increase in variance of estimates due to missing
data; the results were considered statistically significant if the
two-sided P value was less than .05. All models consistently sup-
ported the assumption of proportional hazards and Cox-Snell
residuals indicated good model fit. Analyses were repeated to de-
termine the effects of radiotherapy on secondary outcomes. The
adjusted five- and 10-year RFI and breast cancer-specific and all-
cause survival rates were calculated using adjusted Cox propor-
tional hazards models. All statistical tests were two-sided.

Subgroup Analyses

Exploratory analyses were conducted to evaluate the effects
of radiotherapy within subgroups based on age at random
assignment/enrollment (<60/60-70/70+ years), hormone receptor

status (ER+ and PR+/other), Oncotype (0-10/11-18), grade (low
and intermediate/high), and tumor size (<1cm/>1cm).

Sensitivity Analyses

We evaluated RFI, locoregional RFI, and distant RFI using com-
peting risk models to estimate subdistribution hazard ratios
and 95% confidence intervals considering other-cause mortality
as a competing event using the methods described by Gray (23).
In competing risk analyses, differences in endpoints were ad-
justed for potential risk factors with statistical significance de-
termined using a two-sided Wald test.

We also performed a propensity score analysis of radiother-
apy effect on RFI and type of RFI. A logistic regression model es-
timated the propensity to receive radiotherapy, given patient
characteristics and study and interaction terms (Supplementary
Methods, available online). The results were then used to
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calculate inverse-probability-of-treatment-weighted estimates
in Cox models.

We examined the effects of radiotherapy on endpoints ex-
cluding women from NSABP B-14, B-20, and TAILORX trials, the
three trials where receipt of radiotherapy was not randomized.
A second sensitivity analysis examined the effect of including older
women (74 years and older). Adjusted RFI hazard ratios (HRs) were
also estimated with data truncated at five and nine years.

Results

Trials and Patient Characteristics

Of the trials (3,6-11,13-15) considered for the analysis, we ex-
cluded women if chemotherapy was included in the trial arm
(n=1) (15), information on ER/PR status was not provided (n=1)
(14), and/or the study could not provide individual-level data
(n=1) (13). Four of the included trials randomized radiotherapy:
Cancer and Leukemia Group-B [CALGBJ]-9343 (3), National
Surgical Adjuvant Breast and Bowel Project [NSABP] B-21 (9),
Toronto/Vancouver trial (6), and the German Breast Cancer
Study Group [GBSG-V]) (7). One trial allowed radiotherapy to be
assigned based on clinical decisions (Trial Assigning
Individualized Options for Treatment [TAILORx]) (8), and two
(NSABP B-14/B-20) (10,11) gave radiotherapy after breast conser-
vation to all patients as part of the treatment protocol.

The Oncotype imputation model and validation results are
provided in Supplementary Tables 2-5 and Supplementary
Figures 1-2 (available online). The imputation model showed
good fit, and the distributions of the estimated and actual
Oncotype scores were similar at the cohort level.

The final sample included 1778 women from seven trials.
The mean age of women in the sample was 59 years (median =
59, range = 40-74 years), with 50.8% younger than 60 years
(Table 1); 64.4% received tamoxifen. Women who did not receive
radiotherapy were older or had smaller tumor sizes than those
who received radiotherapy. The mean Oncotype DX score among
eligible women was 10 (median = 10, SD = 4, range = 0-18).
The five-year RFI rates across the trials included in the analysis
were low and comparable (range = 92.3-98.9%) (Supplementary
Table 6, available online).

Primary Endpoint-RFI

Omission of radiotherapy was associated with approximately a
2.5-fold increase of any occurrence of locoregional, distant re-
currence or breast cancer death (adjusted RFI HR = 2.59, 95% CI
= 1.38 to 4.89; P=.003) (Table 2). The adjusted five-year RFI rate
with radiotherapy was 97.9% compared with 93.5% without ra-
diotherapy (absolute difference = 4.4%, 95% CI = 0.7% to 8.1%;
P =.03) (Figure 2A). The adjusted 10-year RFI rate with radiother-
apy was 95.3% and 86.1% without radiotherapy (absolute differ-
ence = 9.2%, 95% CI = 1.8% to 16.6%, P=.02).

Omission of radiotherapy statistically significantly increased
the risk of locoregional recurrence events (adjusted HR = 3.91,
95% CI = 1.81 to 8.45, P=.001), but not the risk of distant recur-
rence (P=.90) (Table 2). The adjusted five-year locoregional RFI
rate with radiotherapy was 98.6% compared with 93.7% without
radiotherapy (absolute difference = 4.9%, 95% CI = 2.5% to 7.2%,
P <.001), whereas the 10-year adjusted rate with radiotherapy
was 96.6% and 85.5% without radiotherapy (absolute difference
= 11.1%, 95% CI = 6.8% to 15.4%, P <.001). The results were
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unchanged in propensity score weighted and competing risk
analyses (Table 2).

Overall and Breast Cancer-Specific Survival

Radiotherapy was not statistically significantly associated with
overall (P=.61) or breast cancer-specific survival (P=.85)
(Table 2). The adjusted five- and 10-year overall survival rates
were 96.8% and 88.2% with radiotherapy compared with 97.3%
and 90.1% without radiotherapy, respectively (absolute differ-
ence at five years = —0.5%, 95% CI = —4.8% to 3.8%, P=.39, 10
years = —1.9%, 95% CI = —16.5% to 12.7%, P=.39) (Figure 2B).
The adjusted five-year breast cancer-specific survival rate with
radiotherapy was 99.2% and 99.1% without radiotherapy (abso-
lute difference = 0.1%, 95% CI = —1.3% to 1.5%, P = .40).

Subgroup Analyses

The adjusted RFI hazard ratios and five-year rates by radiother-
apy tended to vary by patient characteristics (Table 3). The dif-
ferences in RFI rates for omission of radiotherapy followed a
similar pattern, with smaller absolute differences in RFI rates in
the lower risk subgroups compared to the higher risk
subgroups.

Sensitivity Analyses

Exclusion of the three trials where radiotherapy was not ran-
domized (B-14/B-20/TAILORx trials), exclusion of the TAILORx
trial only, use of different study follow-up, or differences in ages
included in the sample did not substantially change the results
(Table 4).

Discussion

This study extends prior research to examine the effects of
omitting radiotherapy in breast cancer patients aged 40-74
years who are at low risk of recurrence based on information
about molecular subtypes and tumor gene expression profiles.
Although the absolute differences in RFI rates were small,
results indicated that omitting radiotherapy would increase the
risk of recurrence, even in a group defined as low risk by gene
expression profile. This result is largely due to a statistically sig-
nificant increase in locoregional recurrence events with omis-
sion of radiotherapy, with no statistically significant effect on
distant recurrences or death. However, there may be patient
subgroups within the low-risk population where it may be rea-
sonable to consider omitting radiotherapy, such as those with
the lowest Oncotype scores or low tumor grade. Finally, there
was no statistically significant effect of radiotherapy on distant
recurrence, breast cancer-specific mortality, or all-cause mor-
tality, suggesting that this is an appropriate population for the
investigation of radiotherapy omission among women willing
to tolerate a modest increased risk of locoregional recurrence.
The recent EBCTCG meta-analyses of 10 801 patients from 17
trials demonstrated that omission of radiotherapy increased
the five-year risk of any breast cancer recurrence in node-
negative women from 10.6% to 22.5% (absolute difference =
11.9%) (2). In contrast, by only focusing on hormone-sensitive
breast cancers with favorable prognosis further defined by esti-
mated Oncotype scores, we found that omission of radiotherapy
increased the 5-year risk of any recurrence by a more modest
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Table 1. Sample characteristics

Radiotherapy (n=1405) No radiotherapy (n=373)

Characteristic Total (%) (N=1778) % No. Col % No. Col % p*
Mean age (SD), y 1778 59 (9) 1405 58 (9) 373 63 (9) <.001
Age at random assignment/enrollment
<60 years 903 50.8 773 55.1 130 34.8 <.001
60-70 years 296 16.6 174 12.3 122 32.7
>70 years 579 32.6 458 32.6 121 325
Tumor grade
Low 439 24.7 341 24.3 98 26.3 <.001
Intermediate 765 43.0 610 43.4 155 41.6
High 157 8.8 121 8.6 36 9.6
Missing/Unknown 417 235 333 23.7 84 225
Pathological tumor size, cm
<1 518 29.1 357 254 161 43.1 <.001
>1 1005 56.5 904 64.3 101 27.1
Unknown (but stage I or <2 cm per protocol) 255 14.4 144 10.3 111 29.8
Hormone status
ER+ and PR+ 1361 76.5 1143 81.3 218 58.4 <.001
Other (ER+ or PR+ or one unknown and the other +) 417 235 262 18.7 155 41.6
HER?2 status
Known negative 986 55.5 835 59.5 151 40.5 <.001
Unknown 792 44.5 570 40.5 222 59.5
Initial endocrine therapy
Tamoxifen 1145 64.4 815 58 330 88.5 <.001
At 434 244 403 28.7 31 8.3
Al and Tamoxifen 161 9.1 152 10.9 9 2.4
Ovarian suppression (+/- Al or Tam) 38 2.1 35 2.5 3 0.8
Study
NSABP B-21 216 12.2 103 7.4 113 30.3 <.001
CALGB 9343 135 7.6 68 4.8 67 17.9
Toronto/Vancouver Trial 177 10 87 6.2 90 24.1
GBSGV 88 4.9 46 33 42 11.3
TAILORx 809 45.5 748 53.2 61 16.4
NSABP B-14 208 11.7 208 14.8 -1 -
NSABP B-20 145 8.1 145 10.3 % —+
Years of diagnosis
1980-1989 353 19.8 353 25.1 -3 -1 <.001
1990-2000 616 34.7 304 21.7 312 83.7
2001 or later 809 45.5 748 53.2 61 16.3
Overall median length of follow-up (range), y 1778 5 1405 5 373 8 <.001
(0.1-23) (0.1-23) (0.2-18)
Radiotherapy randomized
Yes 616 34.7 304 21.6 312 83.7 <.001
No 1162 65.3 1101 78.4 61 16.3
Oncotype DX risk group
0-10 1120 63.0 959 68.3 161 43.1 <.001
11-18 658 37.0 446 31.7 212 56.9

*Two-sided P values are based on ;2 or Student t tests. ER = estrogen receptor; PR = progesterone receptor; Al = aromatase inhibitor; NSABP = National Surgical
Adjuvant Breast and Bowel Project; CALGB = Cancer And Leukemia Group B; TAILORx = Trial Assigning IndividuaLized Options for Treatment (Rx); GBSG V = German

Breast Cancer Study Group V.
tApproximately 20% women younger than age 60 years and 30% women aged 60 years

and older received aromatase inhibitors only.

$Radiotherapy was given to women per treatment protocol. Assumed 100% compliance to protocol.

absolute difference of 4.4%. Further, our analysis showed that
the vast majority of recurrences prevented by radiotherapy are
clinically salvageable locoregional events rather than distant
metastases (5,13). The effect of radiotherapy on the absolute
differences of RFI and locoregional RFI increased with increas-
ing follow-up. Locoregional recurrences are known to occur
later in follow-up especially among ER-positive tumors.
Therefore, the benefits of radiotherapy on reducing the risk of
locoregional recurrence may increase with even longer-term
follow-up than included in this analysis. Radiation-induced

harms will also be more likely to be observed with longer
follow-up.

The pooled analysis included seven clinical trials rele-
vant for evaluating the risk of omitting radiotherapy in
low-risk breast cancer. In contrast to previous studies, the
majority of women included in the current analysis were
younger (<60years) and diagnosed after year 2000, allowing
us to evaluate the likely effects of omitting radiotherapy in
younger women with low Oncotype scores. Although studies
were selected for using modern radiotherapy regimens and
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Table 2. Hazard ratios for recurrence-free interval and overall and breast cancer-specific survival for omission vs receipt of radiotherapy

No. of events/Total No. of women

Study endpoints No. No RT RT HR (95% CI) p*
RFI
Unweighted (no RT vs RT)t 1778 53/373 91/1405 2.59 (1.38 to 4.89) .003
Propensity weighted (no RT vs RT) 1778 2.75 (1.67 to 4.54) <.001
Competing risk model (no RT vs RT)t 1778 2.63 (1.40 to 4.92) .003
Locoregional RFI§
Unweighted (no RT vs RT) t 1741 38/366 30/1375 3.91 (1.81 to 8.45) .001
Propensity weighted (no RT vs RT) 1741 3.92 (1.87 to 8.20) <.001
Competing risk model (no RT vs RT) 1741 3.97 (1.85 to 8.50) <.001
Distant RFI||
Unweighted (no RT vs RT) t 1710 7/335 30/1375 0.90 (0.26 to 3.10) .90
Propensity weighted (no RT vs RT)t 1710 0.84 (0.30 to 2.34) .81
Competing risk model (no RT vs RT) 1710 0.82 (0.24 to 2.75) 75
Mortality outcomes
All-cause mortality T 1778 44/373 104/1405 0.88 (0.53 to 1.44) .61
Breast cancer-specific mortality t 1778 6/373 19/1405 1.14 (0.30 to 4.43) .85

*Two-sided P values are based on Student t test. RFI = recurrence-free interval; CI = confidence interval; RT = radiotherapy.
tAdjusted for patient age, tumor grade (low, moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), HER2 (negative or unknown), initial hormonal treat-
ment (tamoxifen, aromatase inhibitors or other), tumor size, trial, and Oncotype DX recurrence score.

tInverse probability of treatment weighted (IPTW) analysis.
§Excluding distant recurrence events.
|Excluding locoregional recurrence events.

most of the women included in this study were diagnosed
after the year 2000, medical care and breast cancer treat-
ment have changed over the past 20 years, potentially limit-
ing the generalizability of the study findings to current
populations.

The results of the subgroup analyses for RFI with omission
of radiotherapy were consistent with past studies showing that
certain subgroups have sufficiently low recurrence risks to po-
tentially opt out of radiation (2). Although the rate of events ob-
served was low and the original studies were not powered to
detect subgroup effects, the trends in absolute differences in
the pooled data suggest that there may be lower risk categories
within subgroups defined by age, Oncotype, tumor size, hor-
monal status, and/or grade where the increase in recurrence is
sufficiently small (and primarily locoregional) without radio-
therapy. In these cases, decisions about use of radiotherapy
might be preference-based. These results suggest that future tri-
als should consider including sufficiently large samples in sub-
groups to detect relevant differences in primary endpoints and
to collect data on patient preferences for study outcomes.

The results of this pooled data analysis were robust, but sev-
eral caveats should be considered in evaluating the findings.
First, when data were combined, radiotherapy was either no
longer randomly assigned or may not have been randomly
assigned in the original trial. The selection of patients to radio-
therapy and/or imbalance of any unmeasured covariates by ra-
diotherapy group could have biased results. However, results of
the propensity-weighted analyses were similar to unweighted
analyses and findings from the pooled sample were similar to
prior published studies (7,14,24) and the Oxford Overview (2) for
comparable populations, so the results are not likely to be spuri-
ous. Second, we could not assess the effect of radiotherapy
among postmenopausal women receiving aromatase inhibitors.
Future research might consider whether aromatase inhibitors
lower the risk of recurrence sufficiently more than tamoxifen
such that omission of radiotherapy might not lead to an ele-
vated risk of recurrence events. Here, 64% of women younger

than 60years received tamoxifen; and there were too few
patients aged 4049 years to estimate radiotherapy effects sepa-
rately for premenopausal patients. The younger women were
predominantly from the TAILORx trial and systematically dif-
ferent to other patients in this age group from older trials.
Next, we could not differentiate clinically from pathologically
determined node status among women enrolled in certain tri-
als. However, given that the majority of women included in the
trials required or included pathologically determined node-
negative status (52%), we do not expect our findings to differ by
clinical vs pathological node status. Finally, we did not impute
missing HER2 information for this analysis, assuming that
HER2 was missing at random and independent of time-to-
events. The magnitude and direction of potential biases intro-
duced by missing HER2 data are unknown.

Another consideration is that Oncotype results were im-
puted because they were not available in the original trials (ex-
cept for TAILORX) (8). We employed a population-based donor
dataset (22), and a deterministic regression-based multiple im-
putation approach (20), to estimate missing Oncotype scores.
Although the distribution of observable patient characteristics
between the population-based donor dataset and the pooled
clinical trial dataset were comparable, women eligible for clini-
cal trials could differ from population-based data in terms of eli-
gibility, compliance, and other unobservable characteristics. As
a result, even though our imputation was robust, it may have
not removed all bias due to missing data. Additionally, women
receiving Oncotype testing in the population-based registry
mostly included women with low- and intermediate-risk can-
cers (21,22). However, women enrolled in these trials were se-
lected to participate in the trials without knowledge of
Oncotype; therefore they may have had higher or lower scores
than the source population from which they were drawn. Hence
it is not possible to infer the impact of the Oncotype score impu-
tation on misclassification and bias.

Finally, even in this large pooled sample there were few
events, limiting power to detect statistically significant
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Figure 2. Recurrence-free interval (RFI) and overall survival (OS) by receipt of radiotherapy (RT). Recurrence-free interval (A) and overall survival (B) were determined
using a Cox model adjusted for patient age, tumor grade (low, moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), HER2 (negative or unknown), type of
initial hormonal treatment (tamoxifen, aromatase inhibitors, or other), tumor size, trial, and Oncotype DX recurrence score. Evaluated at mean age, tumor size,
Oncotype DX recurrence score, and tamoxifen hormonal treatment, low grade, ER+/PR+ status, and in studies where radiotherapy was randomized. P values for rate
differences are based on a two-tailed Z test.

differences in radiotherapy effects in subgroups. However, the the impact of radiation-induced harms (4). However, these
trends in absolute differences in RFI rates were consistent with would have likely been captured in the analysis as other-cause
clinical expectations. The trials included did not explicitly con- deaths, and radiotherapy did not decrease overall survival.
sider any excess deaths due to radiotherapy-induced lung can- Although these effects are uncommon, especially among non-

cer or cardiovascular disease, so we could not directly assess smokers (4), it will be important to specifically capture these
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Table 3. Hazard ratios and five-year recurrence-free interval rates for omission vs receipt of radiotherapy for patient subgroups

No. of events/Total No. of women 5-year RFI rates, %

Characteristics N No RT RT HR (95% CI) No RT RT  Absolute differences, % (95% CI)
Overall* 1778 53/373 91/1405 2.59 (1.38 to 4.89) 93.5 97.9 4.4 (0.7 to 8.1)
Hormone statust

ER+ and PR+ 1361 25/218 39/1143 2.47(0.92 to 6.68) 945 980 3.5(-1.3t0 8.3)

Other 417 20/155 22/262 2.55 (1.15 to 5.66) 92.0 97.7 5.7 (0.4 to 11.8)
Oncotype DX recurrence scoref

0-10 1120 10/161 16/959 2.39 (0.87 t0 6.58) 947 986 3.9(-1.2t0 8.9)

11-18 658 19/212 25/446 2.62 (1.10 to 6.28) 92.0 97.3 5.3(0.3 to 11.0)
Age Group, at random assignment/enrollment§

<60y 903 17/130 42/773 2.45 (1.00 to 7.82) 90.0 954 5.4 (2.9 t0 13.7)

60-70y 296 13/122 12/174 2.37 (0.89 to 10.35) 93.4 98.4 5.0 (1.0 t0 9.0)

>70y 579 14/121 6/458 1.99 (0.29 to 13.47) 95.1 98.1 3.0(-0.9t0 6.9)
Grade ||

Low 439 6/98 9/341 2.33(0.59 to 9.20) 99.0 99.8 0.8(—1.4t02.9)

Intermediate/High 922 20/191 23/731 2.16 (0.90 to 5.18) 91.6 9%6.1 4.5 (-1.9to0 10.9)
Tumor size{|

<lcm 635 24/209 19/426 2.37 (1.07 to 5.26) 92.8 96.4 3.6(—1.6t08.7)

>1cm 1143 20/164 42/979 2.74 (142 t0 5.32) 92.0 96.8 4.8(-2.6t012.2)

*Cox models adjusted for patient age, tumor grade (low, moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), HER2 (negative or unknown), initial hor-
monal treatment (tamoxifen, aromatase inhibitors or other), tumor size, trial, and Oncotype DX recurrence score. RFI rates evaluated at mean age, tumor size,
Oncotype DX recurrence score, and tamoxifen hormonal treatment, low grade, ER+/ PR+ status and in studies where radiotherapy was randomized. RFI = recurrence-
free interval; CI = confidence interval; HR = hazard ratio; RT = radiotherapy.

tCox models adjusted for patient age, tumor grade (low, moderate, high, or unknown), tumor size, trial type, and Oncotype DX recurrence score.

$Cox models adjusted for patient age, tumor grade (low, moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), tumor size, trial type, and Oncotype DX®
recurrence score.

§Cox models adjusted for patient age, tumor grade (low/moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), tumor size, trial type and Oncotype DX® re-
currence score.

||Cox models adjusted for patient age, ER/PR status (ER+ and PR+ or other), tumor size, trial type, and Oncotype DX® recurrence score.

fICox models adjusted for patient age, ER/PR status (ER+ and PR+ or other), and Oncotype DX recurrence score.

Table 4. Sensitivity analyses

No. of events/Total No. of women

Study endpoints N No RT RT HR* (95% CI) Pt
Excluding NSABP B-14, B-20, and TAILORX (radiotherapy not randomized)
RFI 616 43/312 17/304 2.70 (1.36 to 5.36) .005
Locoregional RFI 603 37/306 10/297 4.11 (1.78 t0 9.47) .001
Distant RFI 570 6/275 7/295 0.95 (0.26 to 3.48) .94
Excluding TAILORx only I
RFI 969 44/312 54/657 2.66 (1.36 to 5.23) .005 3]
Locoregional RFI 935 37/305 27/630 3.97 (1.72 t0 9.10) .001 E
Distant RFI 906 6/275 28/631 0.99 (0.27 to 3.64) .98 <
Including ages 40 to 75 years and older
RFI 2080 54/524 76/1556 2.01 (1.18 to 3.45) .01
Locoregional RFI 1994 35/501 23/1493 3.81(1.88t07.72) <.001
Distant RFI 1974 10/472 41/1502 0.65 (0.26 to 1.60) .40
5-year study duration
RFI 1778 22/373 37/1405 2.55 (1.06 to 6.18) .04
Locoregional RFI 1742 19/367 19/1375 3.69 (1.36 to 10.03) .01
Distant RFI 1710
9-year study duration
RFI 1778 22/373 37/1405 2.64 (1.35 to 5.15) .005
Locoregional RFI 1742 41/367 55/1375 4.25 (1.58 t0 9.81) .001
Distant RFI 1710 6/335 28/1375 0.90 (0.25 to 3.19) .87

*Cox models adjusted for patient age, tumor grade (low, moderate, high, or unknown), ER/PR status (ER+ and PR+ or other), HER2 (negative or unknown), type of initial
hormonal treatment (tamoxifen, aromatase inhibitors or other), tumor size, study type, and Oncotype DX recurrence score. RFI = recurrence-free interval; CI = confi-
dence interval; HR = hazard ratio; NSABP = National Surgical Adjuvant Breast and Bowel Project; TAILORx = Trial Assigning IndividuaLized Options for Treatment (Rx).
1Two-sided P values are based on Student t test.
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events in future trials to more completely understand the bal-
ance of benefits and harms of radiotherapy in low-risk patients.

Overall, the results of this pooled analysis suggest that omis-
sion of radiotherapy after breast conservation in hormone-sen-
sitive, low-risk patients could lead to higher relative differences,
but small absolute differences in RFI rates. Clinical decision
making is usually based on absolute differences. Moreover,
omission of radiotherapy does not appear to increase distant
recurrences or early death in this low-risk population. Future
trial design with modern clinical management should consider
focusing on subgroups within the population presently consid-
ered low risk for recurrence to determine if there are those who
can safely omit radiotherapy after breast conservation.
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