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Background: The HER2DX risk-score has undergone rigorous validation in prior investigations involving patients with
early-stage human epidermal growth factor receptor 2 (HER2)-positive (HER2þ) breast cancer. In this study, we
present the outcomes of the HER2DX risk-score within the most recent release of the Sweden Cancerome Analysis
NetworkdBreast (SCAN-B) HER2þ cohort. This updated examination benefits from a larger patient sample, an
extended follow-up duration, and detailed treatment information.
Materials and methods: Clinical and RNAseq data from the SCAN-B dataset were retrieved from Gene Expression
Omnibus (GSE81538). Among the 6600 patients, 819 had HER2þ breast cancer, with 757 individuals with research-
based HER2DX risk-scores and corresponding survival outcomes. The HER2DX risk-score was evaluated (i) as a
continuous variable and (ii) using predefined cut-offs. The primary endpoint for this study was overall survival (OS).
The KaplaneMeier method and Cox models were used to estimate OS and a multistate model with four states was
fitted to better characterize patients’ follow-up.
Results: The median follow-up time was 7.5 years (n ¼ 757). The most common systemic therapy was chemotherapy
with trastuzumab (82.0%) and most tumors were classified as T1-T2 (97.1%). The HER2DX risk-score as a continuous
variable was significantly associated with OS after adjustment for clinical variables and treatment regimen [hazard
ratios (HR) per 10-unit increment ¼ 1.31, 95% confidence interval (CI) 1.13-1.51, P < 0.001] as well as within
predefined risk groups (high versus low; HR ¼ 2.57, 95% CI 1.36-4.85, P < 0.001). Patients classified as HER2DX
high-risk also had higher risk of (i) breast cancer recurrence and (ii) death without previous recurrence. Within the
subgroup of HER2þ T1N0 tumors (n ¼ 297), those classified as high-risk demonstrated inferior OS compared to
low-risk tumors (7-year OS 77.8% versus 96.8%, P < 0.001). The HER2DX mRNA ERBB2 score was associated with
clinical HER2 status (area under the receiver operating characteristic curve ¼ 0.91).
Conclusions: In patients with early-stage HER2þ breast cancer, HER2DX risk-score provides prognostic information
beyond clinicopathological variables, including treatment regimen with or without trastuzumab.
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INTRODUCTION

Human epidermal growth factor receptor 2-positive (HER2þ)
breast cancer constitutesw20% of all breast cancer cases and
contributes significantly to mortality rates. In the context of
early-stage disease, (neo)adjuvant chemotherapy alongside
anti-HER2 trastuzumab has consistently shown substantial
https://doi.org/10.1016/j.esmoop.2024.102388 1
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advancements in survival outcomes.1 Nonetheless, the di-
versity amongpatients in termsof clinical and biological aspects
introduces variability in prognosis and treatment response.2,3

Various strategies have been developed to improve
treatment for early-stage HER2þ breast cancer, with the
goal of enhancing survival and quality of life. These include
adding more effective therapies and extending duration of
HER2-directed therapies4-7 by using drugs like pertuzumab
or neratinib to boost HER2 pathway inhibition,8,9 and
switching to trastuzumab emtansine (T-DM1) for patients
who do not achieve a pathological complete response (pCR)
after initial neoadjuvant therapy.10 However, while chemo-
therapy with trastuzumab alone effectively treats most
patients, concerns about excessive treatment have led to a
need for more tailored approaches. As a result, the tradi-
tional ‘one-size-fits-all’ treatment approach for early-stage
HER2þ breast cancer is becoming outdated.

Beyond tumor size, other factors strongly influence how
early-stage HER2þ breast cancer behaves and responds to
treatment. These factors include hormone receptor status,
breast cancer intrinsic subtypes,11,12 and the presence of
stromal tumor-infiltrating lymphocytes.13,14 These aspects
relate closely to treatment results and survival. However,
current treatment choices mainly rely on traditional mea-
sures like tumor size, lymph node involvement, hormone
receptor levels, and tumor response to preoperative ther-
apy. Creating a tool that combines clinical and biological
factors provides more useful insights than considering them
separately.

In this direction, the HER2DX genomic test was created in
2022 based on the expression of 27 genes and clinical at-
tributes.15-21 The test delivers two scores that predict both
long-term prognosis (i.e. risk-score) and the likelihood of pCR
in early HER2þ breast cancer following trastuzumab-based
neoadjuvant therapy. Merging biological data related to
immune response, cellular differentiation, tumor growth,
and HER2 gene expression with clinical factors like tumor size
and nodal status, the HER2DX assay has demonstrated its
potential to enhance treatment decision making.15,16,19,21

The Sweden Cancerome Analysis NetworkdBreast (SCAN-
B) is a collaborative and multidisciplinary initiative aimed at
addressing clinical and practical challenges in breast cancer
diagnosis and treatment.22-25 The performance of the
HER2DX risk-score was initially investigated in the initial
release of the SCAN-B cohort, comprising 378 patients
diagnosed with early-stage HER2þ breast cancer.15 However,
this analysis solely considered overall survival (OS) data as a
survival outcome, with no inclusion of coded treatment
regimens. Here, we embark on an extensive evaluation of
the HER2DX risk-score’s effectiveness and clinical utility using
a broader scope, involving 757 patients from the updated
SCAN-B cohort and including treatment information.

MATERIALS AND METHODS

SCAN-B patient dataset

The SCAN-B was launched in 2010 and has enrolled over
6000 patients, collecting tumor and blood samples at a
2 https://doi.org/10.1016/j.esmoop.2024.102388
consistent pace. The initiative operates across multiple
centers covering w85% of breast cancer cases in southern
Sweden. For this study, the clinical and RNAseq data from
SCAN-B was obtained from Gene Expression Omnibus
(GSE81538).22-25 Among 6600 patients, 819 (12.4%) had
HER2þ breast cancer and 757 (92.4%) had research-based
HER2DX risk-score and survival outcomes available. The
complete dataset used in this study can be found in the
Supplementary Material, available at https://doi.org/10.
1016/j.esmoop.2024.102388.

HER2DX risk-score

The HER2DX assay is based on four different gene signa-
tures comprising 27 genes, including: the 14-gene immu-
noglobulin (IGG) module, the 4-gene tumor cell
proliferation signature, the 5-gene luminal differentiation
signature, and the 4-gene HER2 amplicon signature.15 To
implement HER2DX, the standardized assay was applied to
RNAseq data, following the previously outlined procedure.15

Notably, the HER2DX assay is tailored for the nCounter
platform, necessitating appropriate normalization tech-
niques when transferring it to other gene expression plat-
forms. To assess the compatibility between nCounter and
RNAseq, our earlier analysis involving 30 paired HER2DX
tumor samples revealed a mean correlation coefficient of
0.89 (with a standard deviation of 0.16) across all 27
genes.26 The concordance rate between these two genomic
platforms for the HER2DX risk-score reached 96.7%. We
assessed the HER2DX risk-score through two approaches: (i)
as a continuous variable (from 0 up to 100) and (ii) as a risk
group categorized into low and high using an established
cut-off (high > 50).15

Endpoints

The primary endpoint for this study was OS defined as the
time from breast cancer diagnosis until death from any
cause.24,27 Secondary endpoint was (i) recurrence-free in-
terval (RFI) and (ii) death with and without a previous
breast cancer recurrence. In this study RFI was defined as
the time from breast cancer diagnosis until any recurrence
(local, regional, or distant), with death being a censoring
event. The comprehensive definition of all collected end-
points in the SCAN-B cohort was reported elsewehere.23

Statistical analysis

A descriptive analysis was carried out to summarize the
study population. OS was estimated using the Kaplane
Meier method and multivariable Cox models were used to
evaluate the association between baseline variables and OS
in terms of hazard ratios (HRs) with 95% confidence interval
(CI). Cumulative incidence functions were computed for RFI
in a competing risk setting. Fine and Gray competing risk
regression models were used to obtain a sub-distribution
HR with 95% CI. To better characterize the temporal evo-
lution of breast cancer status in a single model, a Markov
multistate model28,29 based on four states (alive without
recurrence, recurrence, death without recurrence, and
Volume 9 - Issue 3 - 2024
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Table 1. Baseline characteristics

Overall cohort
(n [ 757)

T1-N0 tumors
(n [ 297)

Age, years, median (IQR) 65 (50-75) 60 (50-70)
Age, years, n (%)
<65 468 (61.8) 198 (66.7)
>65 289 (38.2) 99 (33.3)

Clinical tumor stage, n (%)
T1 441 (58.3) 297 (100)
T2 294 (38.8) 0 (0)
T3-4 22 (2.9) 0 (0)

Clinical nodal stage, n (%)
N0 424 (56.0) 297 (100)
N1 233 (30.8) 0 (0)
N2 100 (13.2) 0 (0)

Nottingham histological grade, n (%)
1-2 226 (29.9) 117 (39.4)
3 531 (70.1) 180 (60.6)

Hormone receptor status, n (%)
Negative 216 (28.5) 73 (24.6)
Positive 541 (71.5) 224 (75.4)

Treatment, n (%)
None 42 (5.5) 18 (6.1)
CT and/or ET 94 (12.4) 26 (8.8)
Trastuzumab þ CT 181 (23.9) 68 (22.9)
Trastuzumab þ CT þ ET 440 (58.1) 185 (62.3)

HER2DX-risk group, n (%)
Low-risk 251 (33.2) 209 (70.4)
High-risk 506 (66.8) 88 (29.6)

CT, chemotherapy; ET, endocrine therapy; IQR, interquartile range.
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death after recurrence) and three possible transitions was
defined (Supplementary Figure S1, available at https://doi.
org/10.1016/j.esmoop.2024.102388). Stratified Cox pro-
portional hazard models were fitted for each transition to
estimate the difference between HER2DX risk groups.30 As
the percentage of missing data did not exceed 5% in any
variable, multiple imputation of random missing values was
carried out via the mice R package (Supplementary
Table S1, available at https://doi.org/10.1016/j.esmoop.
2024.102388). The median follow-up was calculated using
the reverse KaplaneMeier method. A significance level of
0.05 was set for a two-sided test and all analyses were
undertaken using the R statistical software version 4.1.2.

RESULTS

Participant characteristics

The analysis of the HER2þ cohort encompassed 757 pa-
tients with survival outcome, with a median follow-up
period of 7.5 years. Briefly, the mean age was 65.0 years,
the representation of clinical T1 disease was 58.3%, N0
(56.0%), hormone receptor positivity (71.5%), and Not-
tingham histological grade 3 (70.1%). Most of the patients
received chemotherapy with trastuzumab (82.0%). Of note,
42 (5.5%) patients did not receive any adjuvant treatment
(Table 1). No clear associations between the type of sys-
temic therapy administered and baseline clinicopathological
variables were identified (Supplementary Table S2, available
at https://doi.org/10.1016/j.esmoop.2024.102388).
HER2DX risk-score findings

The HER2DX risk-score classified 33.2% of patients (n¼ 251)
into the HER2DX low-risk category. Analyzing the
clinicopathological variables based on the HER2DX risk-
score, we observed distinct representations in two cases:
T1 versus T2-4 in HER2DX low-risk (47.4% versus 13.3%),
and N0 versus N1-2 in HER2DX low-risk (59.2% versus 0%).
Nevertheless, the distribution of HER2DX risk groups was
more homogeneous regarding age, hormone receptor sta-
tus, histological grade, and treatment regimen
(Supplementary Table S3, available at https://doi.org/10.
1016/j.esmoop.2024.102388).
HER2DX risk-score and OS

HER2DX risk-score as a continuous variable was statistically
associated with OS after adjustment by clinical variables
and treatment regimen (HR per 10-unit increment ¼ 1.31,
95% CI 1.13-1.51, P < 0.001). However, no association was
observed between hormone receptor status and OS in the
multivariable model (Figure 1A). The predefined HER2DX
risk groups (high versus low) also identified patients with
different OS outcomes. The HER2DX low-risk group dis-
played a 7-year OS rate of 94.5%, compared to 78.6% for
the HER2DX high-risk group (HR ¼ 3.87, 95% CI 2.26-6.65,
P < 0.001) (Figure 1B). Consistent results were observed in
the RFI analysis (Supplementary Figure S2, available at
https://doi.org/10.1016/j.esmoop.2024.102388).
Volume 9 - Issue 3 - 2024
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To characterize the temporal evolution of breast cancer
status, a multistate model was fitted stratifying by the
HER2DX risk group. Patients classified as HER2DX high-risk
had higher risk of breast cancer recurrence during follow-
up (HR ¼ 2.44, 95% CI 1.37-4.36, P < 0.001), with an
elevated posterior probability of experiencing mortality due
to breast cancer (the probability at 7 years was 8.1% and
2.8% in the HER2DX high- and low-risk groups, respectively).
The risk of death without a previous recurrence was also
higher in HER2DX high-risk patients (HR ¼ 3.74, 95% CI
1.86-7.53, P < 0.001) with a 7-year probability of 12.3%
compared with 3.6% in the HER2DX low-risk group. Overall,
the probability of being alive without recurrence at 7 years
was 70.1% and 90.8% in the HER2DX high- and low-risk
groups, respectively (Figure 2 and Supplementary
Table S4, available at https://doi.org/10.1016/j.esmoop.
2024.102388).
HER2DX risk-score in stage I disease

A total of 297 patients with HER2þ stage I disease (i.e.
T1N0) were identified. Among these, the majority received
chemotherapy with trastuzumab (85.2%). The majority of
tumors were hormone receptor positive (75.4%), and Not-
tingham histological grade 3 (60.6%). Of note, 18 (6.1%)
patients did not receive any adjuvant treatment (Table 1).

In the subgroup of patients with stage I disease, the
HER2DX risk-score was associated with OS and RFI after
adjusting for clinical variables and treatment regimen
(Supplementary Table S5, available at https://doi.org/10.
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757 1.31 (1.13-1.51) <0.001

Variable N

HER2DX risk score (10-units increment)

Age (10-units increment)

Clinical nodal stage

Clinical tumor stage

Nottingham

Hormone receptor

Treatment

Low

High

251

506

Reference

2.57 (1.36-4.85) 0.004

HER2DX risk groupsa

T1

T2

T3-T4

N0

N1

N2

1-2

3

Negative

Positive

None

441

294

22

424

233

100

218

539

216

541

42

94

181

440

Reference

0.97 (0.62-1.53)

3.52 (1.62-7.65)

Reference

0.42 (0.23-0.78)

0.87 (0.45-1.69)

Reference

1.29 (0.84-1.99)

Reference

1.27 (0.64-2.52)

Reference

0.86 (0.44-1.71)

0.35 (0.18-0.70)

0.21 (0.10-0.43)

0.903

0.001
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0.679

0.252

0.491

0.673
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<0.001
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Figure 1. Association of HER2DX risk-score with overall survival in the HER2-positive cohort of 757 patients. (A) Multivariable Cox model to evaluate OS (n ¼ 757).
(B) KaplaneMeier curves by HER2DX risk group.
CI, confidence interval; CT, chemotherapy; ET, endocrine therapy; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; T, Trastuzumab.
aA separate multivariable model was estimated using HER2DX risk groups instead of HER2DX risk-score. To avoid multicollinearity, HER2DX risk groups and HER2DX risk-
score cannot be included in the same model.
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Figure 2. Multistate model showing the prediction probabilities of being in each state by the HER2DX risk group during a follow-up of 10 years.

G. Villacampa et al. ESMO Open
1016/j.esmoop.2024.102388). Additionally, the risk groups
were also significantly associated with OS (Figure 3). Spe-
cifically, the HER2DX low-risk group displayed a 7-year OS
rate of 96.8%, compared to 77.8% for the HER2DX high-risk
group (HR ¼ 4.95, 95% CI 2.21-11.1, P < 0.001). The find-
ings were observed independently of the hormone receptor
status (Supplementary Figure S3, available at https://doi.
org/10.1016/j.esmoop.2024.102388).
HER2DX ERBB2 mRNA score and clinical HER2 status

ERBB2 mRNA expression can help identify clinical HER2
status,15 according to the American Society of Clinical
Oncology/College of American Pathologists guidelines.31

The HER2DX mRNA ERBB2 score to predict HER2 status
was tested in a SCAN-B-independent dataset of 6505 cases
with HER2 information (5686 HER2-negative and 819
HER2þ). The area under the receiver operating character-
istic curve of ERBB2 expression to predict clinical HER2
status was 0.91 (95% CI 0.90-0.92). Few HER2þ cases were
identified as ERBB2-low (4.4%, 36/819) (Figure 4A and B).
HER2DX ERBB2 mRNA score and benefit from trastuzumab

ERBB2 mRNA expression within HER2þ breast cancer can
help identify patients with a high response to anti-HER2
therapies.15,20 In SCAN-B, 171 patients with HER2þ dis-
ease did not receive trastuzumab. Thus, we explored the
relationship between ERBB2 mRNA score and survival out-
comes according to trastuzumab use in the SCAN-B cohort
after adjusting for tumor size and nodal status. Patients
classified as HER2DX ERBB2-low did not show a clear
benefit of trastuzumab (HR ¼ 1.00, 95% CI 0.21-4.77),
whereas this benefit was clear in HER2DX ERBB2-medium
(HR ¼ 0.10, 95% CI 0.01-0.92) and HER2DX ERBB2-high
(HR ¼ 0.15, 95% CI 0.10-0.23) (Figure 4C).
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DISCUSSION

The present study contributes valuable insights into the
prognostic value of the HER2DX risk-score in early-stage
HER2þ breast cancer, utilizing an extensive analysis of
757 patients from the SCAN-B dataset. Our findings confirm
previous observations of the HER2DX risk-score in other
cohorts,15,16,19,21 as well as in SCAN-B with <380 patients
and less follow-up (i.e. 1.9 versus 7.5 years).15 In addition,
the present study confirmed the association between
ERBB2 mRNA scores and clinical HER2 status and opens the
door to identify patients with HER2þ breast cancer with
low or null benefit from trastuzumab (i.e. ERBB2-low).

In the past, the one-size-fits-all approach in treating
HER2þ breast cancer tumors has proven insufficient, given
the vast differences among patients in terms of both clinical
and biological factors. This opens up the opportunity to tailor
treatments for individuals who might not require the most
aggressive regimens.2 In stage I disease, 3 months of pacli-
taxel plus 1 year of trastuzumab is considered the standard
of care for most patients based on the results of the APT
trial,19 a single-arm study involving 410 patients. While this
treatment strategy has gained widespread adoption, there is
ongoing debate regarding its applicability to specific patient
subsets not comprehensively represented in the APT trial.
This includes individuals with hormone receptor-negative
tumors or those with tumor sizes between 2 and 3 cm,
who were eligible but not well-represented in the study.
Furthermore, the effectiveness of adjuvant trastuzumab in
patients with tumors<1 cm in size remains uncertain, as this
particular group was not part of pivotal randomized phase III
clinical trials exploring adjuvant trastuzumab. Therefore,
HER2DX stands to aid in better identifying stage I disease
patients who could benefit from a less-intensive treatment
regimen and those who might derive greater benefit from a
more aggressive approach.19
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In terms of reducing trastuzumab treatment duration,
several non-inferiority studies have shown a slight decrease
in recurrence risk and a minor increase in heart-related
side-effects when using the treatment for 12 months
instead of a shorter period.4-7,32 While clinical guidelines
have not endorsed shorter trastuzumab durations for most
patients, HER2DX could help pinpoint patients at low risk of
recurrence, making them suitable for this approach. For
instance, individuals with comorbidities, those who experi-
ence cardiac toxicity or stage I with HER2DX low-risk might
be good candidates for shorter trastuzumab treatment. In
contrast, some patients with HER2DX high-risk stage I tu-
mors could potentially benefit from more intense treat-
ment, such as a combination of multiagent adjuvant
chemotherapy along with trastuzumab administered for a
year.

For stage II-III disease, more intense treatments involving
drugs like pertuzumab, T-DM1, and neratinib are being
considered either concurrently with, as an alternative to, or
following a year of trastuzumab therapy.8-10 Notably, the
stage II-III patients assessed in this study in the SCAN-B
dataset received treatments solely based on chemo-
therapy, trastuzumab, and endocrine therapy. Nevertheless,
6 https://doi.org/10.1016/j.esmoop.2024.102388
the HER2DX low-risk group exhibited an exceptional 7-year
prognosis. On one hand, the added benefit from pertuzu-
mab and neratinib is relatively modest (<3% in terms of
reducing recurrence).8,9 On the other hand, T-DM1 has
exhibited significant outcomes, elevating the likelihood of
survival without invasive disease by 13.7% at the 7-year
mark compared to standard trastuzumab,10 particularly for
patients not achieving a pCR following standard anti-HER2-
based chemotherapy.33 It is noteworthy that in KATHERINE,
two out of three patients in the control group experienced
no events after 7 years. Given this scenario, there is an
urgent necessity to accurately identify which patients with
stage II-III HER2þ disease could derive benefits from these
intensified therapies, aiming for efficacy while minimizing
unnecessary side-effects and financial burdens.

In addition, our findings in this study shed light on the
critical role of ERBB2 mRNA expression as a potential pre-
dictive biomarker for the effectiveness of trastuzumab
treatment in patients with HER2þ breast cancer. Indeed,
not all patients with HER2þ breast cancer derive the same
level of benefit from trastuzumab, and identifying those
who are most likely to respond optimally to the treatment is
of paramount importance to personalize therapeutic
Volume 9 - Issue 3 - 2024
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decisions. In a prior study, HER2DX ERBB2 mRNA score has
shown to predict pCR following five cycles of trastuzumab-
pertuzumab and endocrine therapy in hormone-sensitive
HER2þ breast cancer in tumor samples from the PER-
ELISA phase II trial, where the pCR rate in the HER2DX
ERBB2 mRNA-low group was 0.0%, versus 7.7% and 53.3%
in the HER2DX ERBB2 mRNA-med and -high groups,
respectively.20 Similarly, HER2DX ERBB2 mRNA score has
been associated with overall response following T-DM1
monotherapy in the advanced HER2þ setting, with an
observed overall response rate of 0%, 29%, and 56% in
HER2DX ERBB2-low, -med, and -high groups, respectively.34

Collectively, the results from the SCAN-B analysis and the
two studies suggest a consistent pattern.

While our study provides promising evidence of the
HER2DX risk-score’s clinical value, certain limitations should
be acknowledged. Firstly, despite the robustness of our
findings, further validation in larger, diverse patient cohorts
Volume 9 - Issue 3 - 2024
is essential to confirm the generalizability of the HER2DX
risk-score across different populations and clinical contexts.
Additionally, the study’s retrospective nature and the po-
tential for unaccounted confounding factors could influence
our results. Moreover, as treatment regimens were not
consistently coded in the SCAN-B dataset, we could not fully
explore the interplay between HER2DX risk-score and specific
chemotherapeutic approaches (e.g. anthracycline use),
which may influence patient outcomes. Lastly, the study was
unable to estimate the risk of breast cancer mortality due to
the lack of information regarding the specific cause of death.

In conclusion, this comprehensive analysis of the HER2DX
risk-score’s prognostic significance within the SCAN-B
dataset provides valuable insights into its potential as a
valuable tool for clinical decision making in early-stage
HER2þ breast cancer. Further studies and prospective tri-
als will refine the integration of this test into routine clinical
practice.
https://doi.org/10.1016/j.esmoop.2024.102388 7
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