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ABSTRACT

PURPOSE Escalation of adjuvant systemic therapies (eg, with cyclin-dependent kinase
4 and 6 inhibitors) is now indicated for patients with clinically defined high-
risk estrogen receptor–positive (ER1)/human epidermal growth factor re-
ceptor 2–negative (HER2–) early breast cancer, although it is unclear which will 
benefit from additional therapies. We developed and validated a prognostic 
clinicopathologic assay identifying a subpopulation of high-risk patients with 
good prognosis after standard adjuvant therapies, who may safely forgo 
treatment escalation.

METHODS We trained a Cox proportional-hazards model that integrates clinicopathologic 
variables with features derived from digitized hematoxylin-and-eosin–stained 
resection slides from a retrospective data set. The model assigns each patient to 
a low-risk or not low-risk group, reflecting their predicted risk of recurrence. 
Blind validation was successively performed on high-risk patients from the 
prospective trials CANTO (ClinicalTrials.gov identifier: NCT01993498) and 
UNIRAD (ClinicalTrials.gov identifier: NCT01805271).

RESULTS Built on data from 6,164 patients with ER1/HER2– early-stage breast cancer, 
this assay integrates four clinicopathologic variables, and 10 slide-derived 
features capturing tumor architecture, microenvironment, and proliferation. 
In the combined CANTO and UNIRAD trials (n 5 633), 95.4% of the low-risk 
patients remained free of distant recurrence and death from breast cancer at
9 years, compared with 76.8% for the not low-risk group. Distant recurrence-
free interval (subdistribution hazard ratio [HR], 0.21 [95% CI, 0.09 to 0.52]; P < 
.001), invasive disease-free survival (HR, 0.31 [95% CI, 0.16 to 0.60]; P < .001), 
and overall survival (HR, 0.35 [95% CI, 0.13 to 0.97]; P 5 .044) were all sta-
tistically significant. Multivariate analyses showed that the assay provided 
predictive information beyond clinicopathologic variables. Analytical validation 
showed robustness to data variability.

CONCLUSION The assay demonstrated robust performance in identifying a core group of 
patients with high-risk ER1/HER2– breast cancer for whom additional adju-
vant treatment may be futile.

INTRODUCTION

Clinically defined high-risk estrogen receptor-positive 
(ER1), human epidermal growth factor receptor 2-negative 
(HER2–) early invasive breast cancers (eBC) account for 
approximately 16% of all eBC cases. 1,2 Until 2022, the standard

systemic treatment for these patients consisted of chemo-
therapy followed by endocrine therapy, 3 as observed in more 
than 90% of them. 4 With such a regimen, an estimated 60% of 
patients with high-risk ER1/HER22 eBC remain free of 
distant metastatic disease at 20 years, 5,6 highlighting that 
many of these patients may not require additional treatment
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beyond standard chemoendocrine therapy. However, fol-
lowing the results of the monarchE and NATALEE trials, 4,7 the 
addition of cyclin-dependent kinase 4 and 6 inhibitors (CDK4/ 
6i) to the chemoendocrine regimen is now recommended by 
most guidelines for high-risk ER1/HER2– eBC. 8,9

The current tools available for treatment selection are in-
sufficient for accurately distinguishing high-risk patients 
with eBC who will relapse after chemoendocrine therapy 
from those who will not. This includes genomic tools that 
have been mostly developed and validated to guide the use of 
adjuvant chemotherapy in low- or intermediate-risk eBC 
only. The inability to identify a subgroup of patients with 
high-risk eBC who are actually at low risk of relapse after 
chemoendocrine therapy represents a critical gap in clinical 
practice, since these patients are exposed to unnecessary 
contemporary treatment escalation, which could lead to 
toxicity and reduced quality of life.

To address this clinical need, we aimed at developing a 
novel data-driven prognostic assay capable of reclassifying 
patients initially considered at high risk of relapse but who 
are at low residual risk after standard adjuvant chemo-
endocrine therapy, and could safely forgo adjuvant treat-
ment escalation. The secondary objective was to validate 
the assay in large clinical trial cohorts to assess its ability to 
accurately identify patients at low risk of relapse who were 
treated with chemoendocrine therapy alone, without ad-
ditional treatment.

METHODS

Study Design and Data Sources

The study design comprised four phases (Fig 1): assay 
development, which focused on constructing an assay

integrating clinicopathologic and tumor slide data; as-
say locking-down, setting the final assay to ensure un-
biased application during validation; clinical validation, 
which assessed the assay’s validity in clinical trials data; 
and analytical validation, which evaluated the assay’s 
robustness under diverse clinical and technical conditions.

The development data set comprised 6,164 patients with 
ER1/HER2– eBC. This international, multicenter, retro-
spective cohort comprised 3,877 patients from ScanB, 10 1,396 
from METABRIC, 11 386 from TCGA-BRCA, 12 and 256 and 249 
from two Gustave Roussy cohorts. These patients were se-
lected from each data set according to predefined eligibility 
criteria: histologically confirmed ER1/HER2– eBC, defini-
tive surgery, and availability of follow-up data. The two 
Gustave Roussy cohorts additionally excluded patients who 
had received neoadjuvant chemotherapy. After the devel-
opment phase (Figs 1B), the assay was locked-down, 
meaning that no changes were done to any of its components 
to ensure an unbiased validation.

Validation was conducted exclusively on patients with high-
risk eBC, defined as histologically confirmed ER1/HER2– 

eBC with node-positive disease and at least one of the 
following: four or more positive lymph nodes, grade 3, tumor 
size ≥50 mm, or Ki-67 ≥20%, consistent with the definition 
in the monarchE trial. 4 A sensitivity analysis excluding pa-
tients with Ki-67 ≥20% as the sole high-risk criterion was 
also conducted. Validation was successively conducted on 
two independent external trial cohorts of high-risk ER1/ 
HER2– eBC: one from the CANTO (ClinicalTrials.gov iden-
tifier: NCT01993498) clinical trial and the other from the 
UNIRAD (ClinicalTrials.gov identifier: NCT01805271) clinical 
trial (Fig 1D). CANTO is a prospective trial conducted across 
26 French centers, where patients were treated according to 
guidelines before the adoption of contemporary escalation

CONTEXT

Key Objective
To develop and validate a clinicopathologic assay that identifies patients with high-risk estrogen receptor–positive/human 
epidermal growth factor 2–negative early invasive breast cancers who have a low risk of distant recurrence after standard 
therapy.

Knowledge Generated
The assay identified approximately 20% of clinically high-risk patients with over 95% 9-year freedom from distant recurrence 
across two independent trial cohorts.

Relevance (K.D. Miller)
Getting the right treatment to the right patient remains the holy grail of oncology. Adding information from digital pathology 
to standard clinicopathologic features moves us measurably closer to that goal, sparing approximately 20% of patients 
from the cost and toxicity associated with further treatment escalation.*

*Relevance section written by JCO Senior Deputy Editor Kathy D. Miller, MD.
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FIG 1. Study design. This figure illustrates the four-phase study design for developing and validating a prognostic assay for 
ER1/HER2– high-risk early breast cancer. (A) Clinical utility objective: the clinical positioning aimed to develop an assay 
identifying a subgroup of high-risk patients with minimal residual risk after adjuvant chemoendocrine therapy, who may 
safely forgo further treatment escalation. (B) Assay development: the prognostic model was trained using a data set of 6,164 
patients, integrating clinicopathologic variables with computationally extracted features from (continued on following page)
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therapies. 13 UNIRAD is a phase III randomized prospective 
trial conducted across 72 centers in France, Belgium, and 
the United Kingdom, which evaluated the efficacy of adding 
everolimus to chemoendocrine treatment in high-risk 
breast cancer. 14 Only patients from the control arm of the 
UNIRAD trial, who did not receive everolimus, were in-
cluded. For this study, Unicancer centrally managed patient 
selection, and patient and follow-up data collection. From 

each trial, 500 eligible patients were requested, consecutive 
from the first enrolled patient while ensuring eligibility 
compliance. Inclusion criteria were patients with high-risk 
ER1/HER2– eBC as defined above. Patients treated with 
neoadjuvant chemotherapy were excluded, as well as 
patients without available resection tumor blocks. Both 
cohorts excluded patients treated with CDK4/6 inhibitors, 
or any other therapy beyond endocrine or chemoendocrine, 
that is, patients of these cohorts received only hormone 
therapy with or without chemotherapy as adjuvant treat-
ment, following contemporary guidelines. Locally prepared 
hematoxylin-and-eosin (H&E)–stained formalin-fixed, 
paraffin-embedded (FFPE) resection slides were central-
ized from each inclusion center, and were digitized by 
Unicancer with a Pannoramic Scan II (3DHISTECH).

Development of the Prognostic Assay

The assay was designed to predict each patient’s individual 
risk of distant relapse using a single H&E-stained digitized 
slide from FFPE surgical resection tissue of the primary 
breast tumor, combined with standard clinicopathologic 
variables assessed at the time of surgery (Fig 1A). Each slide 
was quantitatively characterized using an automated image-
processing pipeline as previously described. 15,16 This pipeline 
used deep-learning models to annotate tissue structures, 
nuclei, and mitotic figures, from which 418 morphologic 
features capturing tumor architecture, microenvironment, 
and proliferation were derived (Fig 1C; Data Supplement, 
online only).

A Cox proportional-hazards model with L1 regularization 
was fitted to the development cohort to identify the optimal 
subset of predictive features and their relative combinations 
for accurate prediction of distant relapse (Fig 1B). This model 
integrated 418 slide-derived features with 21 routine clini-
copathologic variables (including tumor size, grade, and 
receptor status). Post hoc cross-validation within the de-
velopment cohort was used to determine the optimal 
threshold for converting continuous risk scores into binary

classifications (low-risk v not low-risk), maximizing the 
proportion of patients classified as low-risk while ensuring 
that patients classified as low-risk would exhibit a distant 
recurrence rate below 5% at 8 years. Additional technical 
details regarding the Cox model development procedure are 
provided in the Data Supplement.

The assay was locked down upon completion of the devel-
opment phase on November 12, 2024.

Assay Validation

Each patient from the CANTO and UNIRAD trials was pro-
cessed individually and independently (Fig 1D). The assay 
was applied to each patient’s clinicopathologic and imaging 
data, assigning them to either the low-risk or not low-risk 
group. This assignment process was blinded to outcomes, 
ensuring no bias in risk group allocation. Once all patient 
assignments were completed, statistical analysis was 
conducted.

Statistical Analysis

The primary end point was distant recurrence-free interval 
(DRFI), measured as the time from surgery to the occurrence 
of distant metastasis or death from breast cancer, whichever 
came first. Secondary end points were overall survival (OS), 
defined as the time from surgery to death, and invasive 
disease-free survival (IDFS), defined as the time from surgery 
to the first occurrence of any recurrence, new cancer, or death 
from any cause. All end points were defined according to 
Standardized Definitions for Efficacy End Points criteria v2.0. 17

DRFI was analyzed using cumulative incidence functions, 
accounting for competing risks, with Gray’s test used for 
comparison between groups. Subdistribution hazard ratios 
(sHR) were estimated using Fine and Gray models. OS and 
IDFS were analyzed using Kaplan-Meier methods, with 
differences between groups evaluated by using the log-rank 
test. HRs were estimated using Cox proportional-hazards 
models.

Multivariable regression models adjusted for tumor size, 
grade, nodal status, and menopausal status tested the 
assay’s independence from standard clinicopathologic 
factors. To further assess whether standard clinicopath-
ologic variables alone could replicate the assay’s risk-
group classification (low-risk v not low-risk), a logistic

FIG 1. (Continued). H&E-stained histology digital slides (C). The assay was locked down at the end of the development phase, 
including after the choice of the cutoff converting continuous risk predictions to group classifications (low-risk or not low-risk). 
(D) Clinical validation: the assay was validated in two independent high-risk eBC cohorts, first from the CANTO clinical trial 
(n 5 402) and then from the UNIRAD clinical trial (n 5 231), assessing its prognostic performance for DRFI, IDFS, and OS. 
(E) Analytical validation: robustness was evaluated across tumor heterogeneity, different slide-scanning platforms, and 
clinicopathologic variability. CT, chemotherapy; DRFI, distant recurrence-free interval; ER1, estrogen receptor–positive; 
ET, endocrine therapy; H&E, hematoxylin-and-eosin; HER2–, human epidermal growth factor receptor 2–negative; IDFS, 
invasive disease-free survival; OS, overall survival.
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regression model was fitted. This model used only the 
clinicopathologic variables as predictors, and its perfor-
mance was evaluated using pseudo-R 2 to quantify the 
degree to which these variables alone could explain the 
assay’s classifications. Subgroup analyses assessed assay 
performance across clinically relevant categories, with 
interaction tests performed by including a product (group 3 

subgroup) in regression models. Exploratory unimodal 
models (slide-derived features alone or clinical variables 
alone or extended clinical variables alone) were compared 
with the final integrated assay to assess incremental pre-
dictive value (Data Supplement).

Secondary end points and subgroup analyses were explor-
atory; thus, no correction for multiple testing was applied. 
All statistical tests were two-sided with a significance level 
of a 5 .05, and CIs were set at 95%.

Analytical Validation

The assay’s robustness was assessed across the sources of 
input variability: tumor heterogeneity, slide preparation 
(cutting, staining), slide scanners, and clinicopathologic 
variable assessments (Fig 1E). For each experiment, vari-
ability was introduced in the assay’s input data depending 
on the source being tested. The assay was then applied to 
all variations of a patient’s data, and classification concor-
dance for low-risk versus not low-risk assignments was 
assessed to measure robustness. The overall result for each 
experiment was calculated as the average percentage con-
cordance across all variations of each patient.

For variability of tumor heterogeneity and pathology labo-
ratory protocols, two H&E slides from two different tumor 
blocks were prepared in two pathology laboratories for each 
of 200 cases—one from the block with the most tumor 
prepared (cut and stained) in Rennes, France, and another 
from a separate block with at least 50% tumor content 
compared with the former, if available, prepared in Villejuif, 
France. For scanner variability, the slide with the most 
tumor was scanned for 50 patients using three different 
scanning platforms: SlideView VS200 (Olympus, Tokyo, 
Japan), NanoZoomer S210 (Hamamatsu, Shizuoka, Japan), 
and Pannoramic 480 DX (3DHISTECH, Budapest, Hungary). 
For clinicopathologic variability, a Monte Carlo simulation 
was applied to the clinicopathologic variables of 100 pa-
tients, incorporating parameters derived from real-world 
discrepancies (Data Supplement).

Ethics Statement

All patients provided informed consent for data use in 
the CANTO and UNIRAD trials; given the retrospective na-
ture of this work, a waiver of informed consent was 
granted. Patients in the development data set from Gustave 
Roussy provided informed consent. The study was ap-
proved by the Gustave Roussy Institutional Review Board 
(IRB2024-458).

RESULTS

Assay Development

Table 1 shows clinicopathologic characteristics of the 6,164 
patients of the development cohort (median age was 
62 years). Median tumor size was 22.3 mm, and 13.3% of 
patients had four or more positive lymph nodes. Tumor 
grade was distributed as follows: grade 1 (15.6%), grade 2 
(49.6%), and grade 3 (25.6%).

The assay’s development phase resulted in a Cox model that 
integrates 14 features, including four clinicopathologic 
variables (number of positive lymph nodes, pathologic 
tumor size, grade, and percentage of progesterone receptor– 

positive tumor cells), and 10 slide-derived features (illus-
trated in the Data Supplement, Fig S12) capturing tumor 
architecture (tumor area, tumor density at the invasive 
front, density of invasive tumor nests, and density of in situ 
tumor nests), tumor microenvironment (area of inflam-
matory stroma, stromal cell nuclei size, healthy gland size 
variance, and stromal proportion near in situ tumor), and 
tumor proliferation (mitotic hotspot count and mitotic 
density). The assay generates a continuous relapse risk score 
for each patient, which is then classified into either a low-
risk or not low-risk category using a binary cutoff determined 
from the development set. The expected performance of the 
assay, as determined by cross-validation, was 0.26 sHR for 
DRFI (95% CI, 0.18 to 0.38; P < .001).

Clinical Validation

The CANTO validation cohort comprised 402 patients clin-
ically defined at high-risk (Fig 2; Table 1), with a median 
follow-up of 89 months (IQR, 62-109). Key demographic 
and clinical characteristics are reported in Table 1. Among 
402 patients with clinically high-risk tumors, the assay 
identified 85 patients (21.1%) in the low-risk group. At 
9 years, 94.7% of the low-risk patients remained free from 

distant recurrence and death from breast cancer, compared 
with 77.4% for the not low-risk patients (Table 2). DRFI sHR 
between low-risk and not low-risk groups was statistically 
significant (sHR, 0.24 [95% CI, 0.09 to 0.64]; P 5 .004), as 
was IDFS (HR, 0.33 [95% CI, 0.16 to 0.68]; P 5 .003). OS HR 
was 0.37, but did not reach statistical significance (95% CI, 
0.11 to 1.22; P 5 .10).

The UNIRAD validation cohort comprised 231 patients 
clinically defined at high-risk (Fig 2; Table 1), with a median 
follow-up of 84 months (IQR, 62-105). Among 231 patients 
with clinically high-risk tumors, the assay identified 38 
patients (16.5%) in the low-risk group. At 9 years, 97.3% of 
the low-risk patients remained free from distant recurrence 
and death from breast cancer, compared with 74.9% for the 
not low-risk patients (Table 2). DRFI sHR was 0.21, but did not 
reach statistical significance (95% CI, 0.02 to 1.14; P 5 .07), 
which we hypothesize is due to the low number of patients,
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TABLE 1. Baseline Characteristics in the Development and Validation Cohorts

Characteristic

Development 
Cohort 

(N 5 6,164)
CANTO 

(n 5 402)
UNIRAD 
(n 5 231)

Combined 
CANTO and 
UNIRAD 
(n 5 633)

Age, median, years (IQR) 62.5 (52.5-71.8) 55.2 (45.2-65.2) 52.0 (46.5-62.0) 54.0 (46.0-64.0)

Age, years, No. (%)

<55 1,827 (29.6) 200 (49.2) 129 (55.8) 329 (52.0)

≥55 4,337 (70.4) 202 (50.2) 102 (44.2) 304 (48.0)

Menopausal status, a No. (%)

Premenopausal 595 (9.7) 174 (43.3) 85 (36.8) 259 (40.9)

Postmenopausal 4,911 (79.7) 220 (54.7) 145 (62.8) 365 (57.7)

Missing 658 (10.7) 8 (2.0) 1 (0.4) 9 (1.4)

Primary tumor size, cm, No. (%)

≤2 3,497 (56.7) 131 (32.6) 64 (27.7) 195 (30.8)

2-5 2,318 (37.6) 213 (53.0) 109 (47.2) 322 (50.9)

>5 284 (4.6) 58 (14.4) 54 (23.4) 112 (17.7)

Missing 65 (1.0) 0 4 (1.7) 4 (0.6)

Positive lymph nodes, No. (%)

0 3,335 (54.1) 0 0 0

1-3 1,966 (31.9) 221 (55.0) 107 (46.3) 328 (51.8)

4-9 658 (10.7) 136 (33.8) 84 (36.4) 220 (34.8)

≥10 161 (2.6) 45 (11.2) 40 (17.3) 85 (13.4)

Missing 44 (0.7) 0 0 0

Tumor stage, No. (%)

I 2,373 (38.5) 0 0 0

IIA 1,896 (30.8) 85 (21.1) 41 (17.7) 126 (19.9)

IIB 964 (15.6) 108 (26.9) 46 (19.9) 154 (24.3)

IIIA 748 (12.1) 164 (40.8) 100 (43.3) 264 (41.7)

IIIB 26 (0.4) 0 0 0

IIIC 157 (2.5) 45 (11.2) 40 (17.3) 85 (13.4)

Missing 0 0 4 (1.7) 4 (0.6)

Histologic grade, No. (%)

Grade 1 959 (15.6) 41 (10.2) 12 (5.2) 53 (8.4)

Grade 2 3,055 (49.6) 192 (47.8) 121 (52.4) 313 (49.4)

Grade 3 1,576 (25.6) 168 (41.8) 98 (42.4) 266 (42.0)

Missing 574 (9.3) 1 (0.2) 0 1 (0.2)

Chemotherapy, No. (%)

Adjuvant chemotherapy 525 (8.5) 393 (97.8) 229 (99.1) 622 (98.3)

No chemotherapy 4,881 (79.2) 9 (2.2) 2 (0.9) 11 (1.7)

Missing 758 (12.3) 0 0 0

Endocrine therapy, No. (%)

Neoadjuvant endocrine therapy 8 (0.1) 4 (1.0) 0 4 (0.6)

Adjuvant endocrine therapy 3,982 (64.6) 392 (99.0) 231 (100) 623 (98.4)

Endocrine therapy, missing timing 997 (16.2) 1 (0.2) 0 1 (0.2)

No endocrine therapy 419 (6.8) 5 (1.2) 0 5 (0.8)

Missing 758 (12.3) 1 (0.2) 0 1 (0.2)

Ki-67 status, No. (%)

<20% 2,433 (36.9) 69 (17.2) 47 (20.3) 116 (18.3)

≥20% 1,809 (29.3) 177 (44.0) 105 (45.5) 282 (44.5)

Missing 1,922 (31.2) 156 (38.9) 79 (34.2) 235 (37.1)

(continued on following page)
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as was the case for OS (HR, 0.27 [95% CI, 0.04 to 2.05]; 
P 5 .21). IDFS HR was 0.24 and was statistically significant 
(95% CI, 0.06 to 0.99]; P 5 .049).

On the combined CANTO and UNIRAD validation cohorts, the 
assay identified 123/633 patients (19.4%) in the low-risk 
group. At 9 years, 95.4% of the low-risk assigned patients 
remained free of distant recurrence and death from breast 
cancer, compared with 76.8% for the not low-risk patients. 
Statistical significance was reached for both DRFI (0.21 [95% 

CI, 0.09 to 0.52]; P < .001; Fig 3A), IDFS (0.31 [95% CI, 0.16 to 
0.60]; P < .001; Fig 3B), and OS (0.35 [95% CI, 0.13 to 0.97]; 
P 5 .044; Fig 3C).

Absolute performance results are synthesized in Table 2 and 
relative performance in the Data Supplement (Table S1).

To address concerns about the use of Ki-67 ≥20% as a high-
risk criterion, we performed a sensitivity analysis excluding 
patients who were included solely on that basis (n 5 114). In 
this reduced validation cohort (n 5 519), the assay main-
tained strong performance for DRFI (sHR, 0.17 [95% CI, 0.04 
to 0.72]; P 5 .008), IDFS (HR, 0.19 [95% CI, 0.06 to 0.60]; 
P 5 .001), and OS (HR, 0.48 [95% CI, 0.15 to 1.56]; P 5 .22) 
(Data Supplement, Table S2). Absolute 9-year event-free 
rates in the low-risk group remained high: 96.5% for 
DRFI, 94.0% for IDFS, and 93.3% for OS. Rates for the

TABLE 1. Baseline Characteristics in the Development and Validation Cohorts (continued)

Characteristic

Development 
Cohort 

(N 5 6,164)
CANTO 

(n 5 402)
UNIRAD 
(n 5 231)

Combined 
CANTO and 
UNIRAD 
(n 5 633)

Patients meeting high-risk criteria, No.

Excluding patients with Ki-67 ≥20% as the sole high-risk criterion 1,536 320 199 519

Including all patients with at least one high-risk criterion 
(including Ki-67 ≥ 20%)

1,881 402 231 633

NOTE. Values may not add to 100% because of rounding error, or because data are unavailable, or could not be assessed.
a Menopausal status is at the time of diagnosis, with all male patients categorized as premenopausal. Pathologic tumor size, number of positive 
lymph nodes, and tumor stage are derived after primary surgery.

CANTO Cohort

Patients included in the CANTO study
(N = 11,342)

Patients with high-risk ER+/HER2– eBC
(n = 1,650)

(n = 18)Patients with missing follow-up data

Patients with available primary tumor block
(n = 420)

Included in the study
(n = 402)

(n = 259)
(n = 2,655)
(n = 6,778)

Patients with bilateral BC
Patients HER2+ or ER–
None of the high-risk criteria at surgery
  (number of positive nodes �4 and/or
  tumor size � 50 mm and/or histologic
  grade 3 and/or Ki-67 �20%)

UNIRAD Cohort

Patients included in the UNIRAD study
(N = 1,278)

Placebo arm
(n = 641)

Patients with available primary tumor block
(n = 362)

(n = 4)
(n = 632)

Patients with metastatic disease 
Patients in the everolimus arm

Patients without neoadjuvant chemotherapy 
(n = 294)

Included in the study 
(n = 231)

(n = 63)
(n = 4)

(n = 59)

Patients without high-risk ER+/HER2– eBC 
  pN0 
  None of the high-risk criteria at surgery 
    (number of positive nodes � 4 and/or 
    tumor size � 50 mm and/or histologic 
    grade 3 and/or Ki-67 � 20%)

FIG 2. Flowchart of UNIRAD and CANTO. The flowchart illustrates the selection process for patients from the UNIRAD and CANTO cohorts 
included in the analysis. Patients were initially screened on the basis of the availability of primary tumor blocks, with exclusions made for those 
without samples. Patients who received neoadjuvant chemotherapy were excluded, as were those who did not meet the high-risk criteria, which 
included having node-positive tumor with at least one of the following: four or more positive lymph nodes, tumor size ≥50 mm, histologic grade 3, 
or Ki-67 ≥20%. In the UNIRAD cohort, 231 patients with high-risk ER1/HER22 eBC were included, while 402 patients were included from the 
CANTO cohort after excluding individuals with missing follow-up or event data. BC, breast cancer; eBC, early invasive breast cancer; 
ER1, estrogen receptor–positive; ER2, estrogen receptor–negative; HER21, human epidermal growth factor receptor 2–positive; 
HER2–, human epidermal growth factor receptor 2–negative.
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not low-risk group were 77.9%, 71.0%, and 86.8%, respec-
tively (Data Supplement, Table S3 and Fig S13). These 
findings confirm the assay’s robustness, independent of Ki-
67–based inclusion.

Subgroup Analyses

The low-risk group’s DRFI remained consistent across 
subgroups (Fig 4A), with sHR ranging from 0.17 to 0.44. All P 
values for subgroup interactions were nonsignificant. HR for 
IDFS ranged from 0.23 to 0.71 (Figs 4B), with no significant 
interaction P values. In particular, the sHR for DRFI was 
consistent across premenopausal patients (sHR, 0.19 
[95% CI, 0.05 to 0.76]; P 5 .02) and postmenopausal patients 
(sHR, 0.24 [95% CI, 0.07 to 0.76]; P 5 .01), as was the case for 
IDFS (premenopausal HR, 0.31 [95% CI, 0.11 to 0.87]; P 5 .03, 
and postmenopausal HR, 0.33 [95% CI, 0.14 to 0.76]; P 5 .01). 
35 of the 266 patients with grade 3 were assigned to the low-
risk group. Among grade 3 patients, 0/35 assigned low-risk 
had an IDFS event, while 52/231 (22.51%) assigned not low-
risk had an IDFS event. No patient with more than 10 lymph 
nodes were assigned to the low-risk group, and one patient 
out of 112 with a tumor size larger than 5 cm was assigned to 
the low-risk group. Excluding pN3 and pT3 patients, the 
assay identified 26.1% (122/467) of the patients as low-risk 
(Data Supplement, Table S4).

Independence Testing

The DRFI sHR of the assigned groups, adjusted for meno-
pausal status, tumor size, nodal status, and grade, was 
statistically significant (sHR, 0.37 [95% CI, 0.14 to 0.96];

P 5 .04). The adjusted HR for IDFS was also statistically 
significant (HR, 0.43 [95% CI, 0.21 to 0.87]; P 5 .02). Logistic 
regression confirmed that clinicopathologic variables alone 
could not fully account for the assay’s binary predictions 
(pseudo R 2 5 0.35). Exploratory unimodal models (routine 
clinicopathologic variables or slide-derived variables) ob-
tained worse results than the current bimodal assay, with 
sHR ranging from 1.74 to 2.64 compared with the latter (Data 
Supplement, Tables S4 and S5, and Fig S14). These findings 
suggest that the assay captures additional, independent in-
formation beyond what is provided by clinicopathologic data.

Robustness of the Assay

For robustness to tumor heterogeneity and pathology lab-
oratory protocols, among the 200 sampled patients, 127 
tumors had an additional tumor block containing at least 
50% tumor content compared with the block with most 
tumor. The assay’s assigned groups between interblock 
slides were concordant in 96.9% of cases (123/127). For 
scanning platforms robustness, the assay obtained a re-
producibility of 100% (150/150) across each pair of digitized 
slides scanned on three scanners (450 pairs of slides; Data 
Supplement, Figs S15-S18). For the assessment of clinico-
pathologic variables, 97.8% of the assigned groups were 
concordant across all 1,000 Monte Carlo simulations for each 
of the 100 patients.

DISCUSSION

Our assay identifies a subgroup of patients with ER1/HER2– 

eBC who, despite meeting contemporary criteria for adjuvant

TABLE 2. Prospective-Retrospective Absolute Performance Metrics of the Assay

End Point and Cohort

Patients Assigned “Low-Risk” Patients Assigned “Not Low-Risk”

Rate at 5 Years Rate at 9 Years Rate at 5 Years Rate at 9 Years

Freedom from distant recurrence and death from breast cancer

CANTO 98.7 6 2.5 94.7 6 3.8 86.4 6 2.1 77.4 6 2.9

UNIRAD 97.3 6 4.4 97.3 6 4.4 92.9 6 2.0 74.9 6 4.4

Combined 98.2 6 1.6 95.4 6 2.8 89.0 6 1.5 76.8 6 2.4

IDFS

CANTO 96.1 6 2.9 89.2 6 4.2 80.9 6 2.3 68.9 6 3.1

UNIRAD 97.3 6 4.4 93.2 6 6.0 90.9 6 2.2 70.7 6 4.5

Combined 96.5 6 2.0 90.3 6 3.3 84.8 6 1.7 69.9 6 2.6

OS

CANTO 100.0 6 0.0 93.2 6 5.0 95.3 6 1.3 87.1 6 2.4

UNIRAD 97.3 6 4.4 97.3 6 4.4 96.8 6 1.4 88.8 6 3.7

Combined 99.2 6 1.4 94.5 6 3.4 95.9 6 1.0 87.8 6 1.9

NOTE. Bold highlights the primary end point (DRFI) for the low-risk group. Event-free survival rates at 5 years and 9 years for patients stratified into 
low-risk and not low-risk groups on the basis of the assay classification. For freedom from distant recurrence and death from breast cancer, event 
rates were estimated using the CIF, accounting for competing risks. For OS and IDFS, event rates were estimated using the KM method. Values are 
expressed as point estimates 6 SE. SEs were derived from Greenwood’s formula for KM estimates and the Aalen-Johansen estimator for CIF 
estimates.
Abbreviations: CIF, cumulative incidence function; DRFI, distant recurrence-free interval; IDFS, invasive disease-free survival; KM, Kaplan-Meier; 
OS, overall survival.
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HR = 0.31 (95% CI, 0.16 to 0.60) 
Log-rank P < .001

64 (51) 50 (64) 34 (80) 10 (103) 2 (111)

510 (0) 

Assigned low-risk

No. at risk (censored) 

Assigned not low-risk 503 (2) 474 (17) 440 (31) 399 (52) 345 (93) 283 (144) 222 (193) 161 (240) 94 (302) 43 (349) 8 (384)
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HR = 0.35 (95% CI, 0.13 to 0.97) 
Log-rank P = .035
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Assigned low-risk

No. at risk (censored) 
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FIG 3. Survival analyses by risk group (low-risk v not low-risk) assigned by the assay. Survival 
outcomes for DRFI, IDFS, and OS on the combined CANTO and UNIRAD cohorts, stratified by the risk 
group classification (low-risk v not low-risk) assigned by the assay. (A) DRFI estimated using the CIF 
to account for competing risks such as deaths unrelated to breast cancer. sHR and 95% CI were 
calculated using the Fine and Gray model, with P values obtained from Gray’s test. (B) IDFS estimated 
using Kaplan-Meier survival analysis. HR and 95% CI were derived from Cox proportional-hazards 
models, with statistical significance assessed using the log-rank test. (C) OS also estimated using 
Kaplan-Meier survival analysis, with HR and 95% CI calculated using Cox proportional-hazards models 
and P values obtained from the log-rank test. In each figure, survival curves for the low-risk group (teal) 
and not low-risk group (red) are shown. Numbers at risk are displayed below the x-axis. Summary 
estimates of sHR (for DRFI) or HR (for IDFS and OS), with (continued on following page)
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FIG 3. (Continued). their corresponding P values, are reported within the plots. CIF, cumulative in-
cidence function; DRFI, distant recurrence-free interval; IDFS, invasive disease-free survival; HR, 
hazard ratio; OS, overall survival; sHR, subdistribution hazard ratios.
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FIG 4. Subgroup analyses of DRFI and IDFS. Forest plots showing subgroup analyses of survival outcomes for (A) DRFI and (B) IDFS on the 
combined CANTO and UNIRAD cohorts. The x-axis represents sHR for (A) or HR for (B), with the vertical dashed line at 1.0 indicating no difference 
between the assigned low-risk and not low-risk groups. Squares represent the point estimates, with their size proportional to the number of 
patients in each subgroup. Horizontal lines denote 95% CI. In both plots, the overall hazard ratio and confidence interval are summarized in the row 

labeled Overall. Rows marked with * indicate subgroups where no events occurred in the low-risk group, making it impossible to compute HR or 
sHR values for those categories. (A; DRFI): sHR were estimated using Fine and Gray models to account for competing risks (deaths unrelated to 
breast cancer). Gray’s test was used to compute P values for differences across subgroups, and p-interaction values evaluate heterogeneity 
between subgroups. (B; IDFS): HRs were calculated using Cox proportional-hazards models. The log-rank test was used to compute P values for 
differences across subgroups, and p-interaction values assess heterogeneity between subgroups. DRFI, distant recurrence-free interval; 
HR, hazard ratio; IDFS, invasive disease-free survival; sHR, subdistribution hazard ratio.

10 | © 2025 by American Society of Clinical Oncology

Bidard et al

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 1
72

.2
25

.8
3.

33
 o

n 
Se

pt
em

be
r 

15
, 2

02
5 

fr
om

 1
72

.2
25

.0
83

.0
33

C
op

yr
ig

ht
 ©

 2
02

5 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



therapy escalation, demonstrate excellent long-term out-
comes after chemoendocrine therapy alone. Under current 
guidelines, these patients would typically be considered for 
additional targeted treatments such as CDK4/6 inhibitors 
and inclusion in trials. 8,9,18 However, our validation dem-
onstrates that the assay-defined low-risk group has min-
imal residual relapse risk without these intensified 
therapies. Thus, this selective de-escalation approach 
could reduce unnecessary treatment exposure, associated 
toxicity, and health care costs while preserving excellent 
patient outcomes.

This assay-driven de-escalation paradigm mirrors the 
evolution of chemotherapy de-escalation over the past two 
decades, with landmark trials such as TAILORx, MINDACT, 
and RxPONDER. 19-21 Notably, the low-risk group identified by 
our assay demonstrates relapse rates comparable with node-
negative intermediate-risk patients reported in the TAILORx 
trial (5.5% at 9 years for pN0 intermediate-risk v 4.6% at
9 years for our assay, with 87 and 84 months of median 
follow-up, respectively). 19 Given that the patients in the 
Oncotype DX intermediate-risk subgroup have been deemed 
ineligible for adjuvant escalation, 8,22 our assay’s similar 
residual risk suggests that the newly identified low-risk 
patients could similarly avoid additional adjuvant inter-
ventions without compromising survival. Hence, the logic 
guiding chemotherapy de-escalation could be extended to 
targeted therapy escalation, reinforcing the principle of 
optimization of individualized treatment.

The prospective-retrospective design of this study offers 
a significant strength, replicating the conditions of a

prospective trial. 23 Importantly, the assay was locked-
down after development, without any changes after-
ward, and the validation was blinded to outcomes and to 
cohort distributions. Clinical utility beyond treatment 
selection intervention was further demonstrated with the 
independence to the traditional clinicopathologic vari-
ables used for treatment selection.

Our study has several limitations. First, the validation cohorts 
did not include, by design, patients treated with neoadjuvant 
chemotherapy. Its performance on patients thus treated is 
therefore unknown. Additionally, the assay’s ability to predict 
relapse risk from presurgical biopsies remains uncertain. Both 
these aspects could be addressed in future studies. Moreover, 
the assay identified almost no patients with N3 disease (≥10 
positive lymph nodes) or T3 tumors (>5 cm) as low-risk, 
which limits its applicability in these very high-risk sub-
groups. However, since the majority of patients currently 
eligible for adjuvant contemporary treatment escalation do 
not have N3 or T3 tumors, 1,2 the assay retains substantial 
clinical utility for identifying patients who may safely avoid 
treatment escalation.

Our findings illustrate how detailed characterization of tu-
mor biology using contemporary computational methods 
can reveal novel prognostic insights with the potential to 
refine clinical decision making in breast cancer. Given its 
simplicity, robustness, and reliance on routinely collected 
clinicopathologic variables and standard H&E slides, our 
assay is particularly well suited for eventual integration into 
routine clinical practice, offering a pragmatic approach to-
ward more personalized patient care.
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