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Abstract
Background : Breast cancer with low-positive human epidermal growth factor receptor 2 (HER2) expression has triggered further
refinement of evaluation criteria forHER2 expression.We studied the clinicopathological features of early-stage breast cancer with
low-positive HER2 expression in China and analyzed prognostic factors.
Methods : Clinical and pathological data and prognostic information of patients with early-stage breast cancer with low-positive
HER2 expression treated by the member units of the Chinese Society of Breast Surgery and Chinese Society of Surgery of Chinese
Medical Association, from January 2015 to December 2016were collected. The prognostic factors of these patients were analyzed.
Results : Twenty-nine hospitals provided valid cases. From 2015 to 2016, a total of 25,096 cases of early-stage breast cancer were
treated, 7642 (30.5%) of which had low-positive HER2 expression and were included in the study. After ineligible cases were
excluded, 6486 patients were included in the study. The median follow-up time was 57 months (4–76 months). The disease-free
survival rate was 92.1% at 5 years, and the overall survival rate was 97.4% at 5 years. At the follow-up, 506 (7.8%) cases of
metastasis and 167 (2.6%) deaths were noted. Multivariate Cox regression analysis showed that tumor stage, lymphvascular
invasion, and the Ki67 index were related to recurrence and metastasis (P < 0.05). The recurrence risk prediction model was
established using a machine learning model and showed that the area under the receiving operator characteristic curve was 0.815
(95% confidence interval: 0.750–0.880).
Conclusions : Early-stage breast cancer patients with low-positive HER2 expression account for 30.5% of all patients. Tumor
stage, lymphvascular invasion, and the Ki67 index are factors affecting prognosis. The recurrence prediction model for breast
cancer with low-positiveHER2 expression based on amachine learningmodel had a good clinical reference value for predicting the
recurrence risk at 5 years.
Trial registration : ChiCTR.org.cn, ChiCTR2100046766.
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Introduction

In the 21st century, breast cancer has entered a new era of
classified treatment. The successful development of
targeted drugs, such as trastuzumab and pertuzumab,
has had significant survival benefits for patients with
human epidermal growth factor receptor 2 (HER2)-
positive breast cancer.[1,2] The successful development of
antibody-drug conjugates (ADCs), especially the finding
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that DS-8201a has continuous disease control in advanced
breast cancer with low-positive HER2 expression,[3] has
triggered further refinement of evaluation criteria for
HER2 expression status and in-depth consideration of
clinical issues related to the prognosis of breast cancer
with lowpositive HER2 expression status.

To analyze the clinical and pathological characteristics
of early-stage breast cancer with low-positive HER2
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expression in China and related factors affecting
prognosis, the Chinese Society of Breast Surgery (CSBrS)
organized a multicenter study (CSBrS-021). The clinical
and pathological data of 25,096 early-stage breast cancer
patients admitted to 29 hospitals of the CSBrS from
January 2015 to December 2016 were analyzed and
studied, and a machine learning model was used to
establish a metastasis risk prediction model to predict
recurrence and metastasis events. The findings are
reported below.
Methods

Ethical approval

This study was approved by the Ethics Committee of
Peking University First Hospital, and completed licensing
filing with China Human Genetic Resources.
Study subjects

Patients diagnosed with early invasive breast cancer at
CSBrS hospitals from January 1, 2015 to December 31,
2016 were selected as research subjects. To ensure the
consistency of the HER2 diagnostic criteria applied to the
included patients, the HER2 status was evaluated in
accordance with the American Society of Clinical
Oncology/College of American Pathologists (ASCO/
CAP)[4] 2013 HER2 diagnostic criteria for breast cancer.
Participating institutions

The CSBrS includes 40 tertiary grade A class hospitals in
China as member institutions, all of which meet the
qualifications of having an independent breast surgery
ward and a pathology laboratory that independently
issues pathological reports for breast cancer tissues. A
total of 29 CSBrS member hospitals participated in the
study and provided qualified cases.
Inclusion criteria

The inclusion criteria are as follows: females with invasive
breast cancer confirmed by pathological biopsy; cases with
no distant metastasis found on clinical examination;
HER2 test results consistent with a diagnosis of low-
positive HER2 expression, that is, immunohistochemistry
(IHC) 1 + , or IHC 2 +with negative in situ hybridization
(ISH); previous R0mastectomy; systematic treatment with
the recommended regimen completed according to guide-
lines[5]; and complete tumor IHC examination and
followup information.
Exclusion criteria

Exclusion criteria are as follows: males with breast cancer,
cases of first diagnosis of stage IV breast cancer or
metastatic breast cancer or bilateral breast cancer; HER2
positivity or IHC 0 status; an inability to undergo standard
systemic treatment and surgical treatment; a history of
previous tumor treatment; and incomplete information on
tumor IHC and follow-up data.
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HER2 status evaluation

Laboratory qualifications

In this study, the pathology laboratory of the reference
hospital was required to have a laboratory qualification
certificate for performing HER2 detection of breast
cancer. The pathology laboratory was required to be
certified by the National Pathology Quality Control
Center (PQCC) or the International Organization for
Standardization/China National Accreditation Service for
Conformity Assessment (ISO15189/CNAS-CL02) and to
conduct HER2 detection according to sound laboratory
standard operating procedures to ensure the reliability and
accuracy of the detection results.
Reagent used for HER2 detection

The pathology laboratory of the participating hospital
was required to use detection kits certified by the National
Medical Products Administration (NMPA) for HER2
detection of breast cancer: the acceptable HER2 probe kits
using IHC included VENTANA (4B5, Roche, USA),
HercepTestTM (Dako, Denmark), and domestic HER2
detection kits approved by the NMPA (IHC). The
acceptable fluorescence in situ hybridization (FISH) kits
included PathVysion (Abbott molecular, USA), Histra
(Jokoh, Japan), Inform (Roche, USA), ZytoLight (Zyto-
Vision GmbH, Germany), and CFDA-approved domestic
HER2 gene amplification test kits (FISH).
HER2 test standard

The HER2 testing and interpretation standards followed
the HER2 diagnostic guidelines revised by ASCO/CAP in
2013.[4] HER2 positive standard: IHC 3 + or IHC 2 + and
ISH positive; low-positive HER2 expression standard:
IHC 1 + or IHC 2 + and ISH negative; the HER2-negative
standard was IHC 0.
Other molecular marker tests

Hormone receptors, including estrogen receptor (ER) and
progesterone receptor (PR), and Ki67 test standards used
were based on the ASCO/CAP guidelines for ER and PR
testing[6] and were applied according to CAP guidelines[7]
for testing of biomarkers of breast cancer.
Antineoplastic protocols

Breast surgery includes breast-conserving therapy and
mastectomy, and axillary surgery includes sentinel lymph
node biopsy and axillary lymph node dissection of the
level I and II lymph nodes of the ipsilateral axilla.[8]
Systematic treatment was conducted with reference to the
National Comprehensive Cancer Network (NCCN)
guidelines. In accordance with adjuvant/(neoadjuvant)
chemotherapy regimens, as recommended by the guide-
lines, ≥4 treatment cycles were conducted for patients
with breast cancer meeting the indications, and adjuvant
endocrinotherapy for ≥5 years was conducted for patients
with hormone receptor-positive breast cancer and patients
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whowere still receiving endocrinotherapy at the end of the
follow-up period.
Follow-up

The main endpoint of the study was 5-year proportional
disease-free survival (DFS). DFS was measured from the
date when the patient received surgery to the date of
the recurrence and metastasis or to the last follow-up. The
secondary endpoint was 5-year proportional overall
survival (OS). OSwasmeasured from the date of diagnosis
of breast cancer to death from any cause or to the last
follow-up. All patients were followed up every 6 months,
and the last follow-up date was May 2021. Follow-ups
included breast and axillary lymph node B ultrasound,
abdominal B ultrasound/computed tomography (CT),
chest X-ray/chest CT, and other necessary examinations.
Figure 1: Flow chart of recurrence risk prediction model construction. (a) Cases with
effective recurrence and metastasis were allocated to the training set and the test set at a
ratio of 2:1. (b) The test set included effective cases with recurrence and metastasis and
effective cases without recurrence and metastasis at a ratio of 1:1; the remaining effective
cases without recurrence were assigned to the training set.
Statistical methods

SPSS (version 26.0; IBM, Armonk, NY, USA) was used for
data processing. Measurement data are described as
median deviation (min, max), and count and grade data
are described as number of cases and percentages. The chi-
squared test and Mann-Whitney U test were used to
analyze the relationship between HER2 status and
clinicopathological characteristics. Kaplan-Meier and
Cox multiple regression analyses were used to analyze
univariate and multivariate survival, 5-year DFS, and OS.
The t test was used for the univariate analysis of
clinicopathological features, and clinicopathological fea-
tures with P< 0.05 were selected as valid features for
inclusion in the machine learning model. All tests were
two-sided tests unless otherwise stated, and P< 0.05 is
considered statistically significant.
Recurrence prediction model

Data were discarded according to the inclusion criteria.
Accordingly, cases with missing effective factors or cases
with< 5 years of follow-up and without metastasis were
removed. Cases with effective recurrence and metastasis
were allocated to the training set and the test set at a ratio of
2:1, and the test set included effective cases with recurrence
and metastasis and effective cases without recurrence and
metastasis at a ratio of 1:1; the remaining effective cases
without recurrence were assigned to the training set
[Figure 1]. The Scikit-learnmachine learning tool of Python
software (ht-tps://www.python.org/) was used to construct
recurrence prediction models. Six prediction models were
constructed using the random forest model, support vector
machine (SVM), k-nearest neighbor (KNN) method,
logistic regression, naive Bayesian model (NBM), and
AdaBoost. Grid search was used to determine the optimal
hyperparameter of each model resulting in the best
efficiency. The best prediction model was selected by
comparing the area under the receiving operator character-
istic (ROC) curve (AUC). Themodel was initially assigned,
the training set samples were trained, and the test set
samples were used to conduct external tests of the
model[9] [Figure 1]. Model performance was evaluated
using ROC curves and the sensitivity, specificity, positive
predictivevalue (PPV),andnegativepredictivevalue (NPV).
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Results

Quality control of the HER2 test standard

In this study, clinical records were collected from 29
hospitals affiliated with the CSBrS, Chinese Society of
Surgery of the ChineseMedical Association. Among them,
23 had pathology laboratories certified by PPCC and six
were certified by ISO15189/CNAS-CL02 International
Standardization Organization (ISO). All HER2 IHC test
kits used by the 29 included hospitals were approved by
NMPA: 23 hospitals used Ventana (Roche, USA), three
used HercepTestTM (Dako, Denmark), 3 hospitals used
domestic HER2 antibody provided by Genesd bio Co.,
Zsgb-bio Co and Anbipin Co. Ltd.[10] All the participating
hospitals used the NMPA HER2 fluorescence assay kits
for HER2 FISH.
General information

From January 1, 2015 to December 31, 2016 a total of
25,096 women with early invasive breast cancer were
treated at 29 academic hospitals. A total of 6547 cases of
HER2-positive breast cancer were noted, accounting for
26.1% (17.50%–47.10%) of invasive breast cancers
during that period; additionally, 7642 patients met the
diagnostic standards for low-positive HER2 expression,
accounting for 30.5% (7.80%–72.7%) of breast cancers
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during that period. After ineligible cases were excluded, a
total of 6486 patients met the inclusion criteria and were
included in this study [Figures 2 and 3].

Clinical data analysis

A total of 6486 patients met the inclusion criteria for this
study. Their median age was 50 years (20–90 years). The
proportion of patients with low-positive HER2 expression
ranged from 7.8% to 72.7% [Figure 2]. Among them,
3643 had HER2 IHC 1 + (56.2%), and 2843 had IHC
2 + (ISH negative) (43.8%). Significant differences were
found between the two groups in tumor staging,
histological type, histological grade, the Ki67 index,
lymphvascular invasion, and hormone receptor status
(P< 0.05); significant differences were also found between
the two groups in the proportion of patients who received
breast-conserving surgery, chemotherapy, and adjuvant
endocrine therapy (P< 0.01) [Table 1].
Survival analysis

A total of 6486 patients with low-positive HER2
expression were followed up, with a median follow-up
time of 57 months (4–76 months). A total of 506 (7.8%)
cases of metastasis occurred during the follow-up, and the
5-year DFS was 92.1%; 167 (2.6%) patients died, and the
5-year OS was 97.4%. The univariate Cox regression
analysis of recurrent and metastatic events found that age,
tumor stage, lymphvascular invasion, the Ki67 index,
histological grade, and hormone receptor status were
related to prognosis (P< 0.01). Multivariate Cox regres-
sion analysis verified that tumor stage, lymphvascular
invasion, and the Ki67 indexwere still related to prognosis
(P< 0.05) [Table 2].
Recurrence risk prediction model

Machine learning methods were used to establish a
recurrence risk prediction model for the 506 cases of low-
positive HER2 expression cases in this study. The t test
analysis obtained 15 effective features, including T
staging, N staging, TNM staging, histological grade,
vascular tumor thrombus, ER status, PR status, prognos-
tic stage, Ki67 index (continuous variable), Ki67 index
(grouping variable), chemotherapy, neoadjuvant chemo-
therapy, breast surgery, axillary surgery, and endocrine
therapy (P< 0.05), which were included as independent
variables in the constructed model [Table 3]. A total of
1915 patients with< 5 years of follow-up and 2835
patients with any effective feature missing were excluded.
A total of 209 cases of recurrence andmetastasis and 1534
cases without recurrence and metastasis were included in
the study. Six prediction models were conducted using the
random forest model, SVM, KNN, logistic regression,
NBM, and AdaBoost [Figure 4]. The random forest model
had the highest AUC and was chosen as the final
recurrence prediction model. The final hyperparameters
used to select the network were as follows: the number of
trees in the forest was ten, the criterion used tomeasure the
quality of a split was Gini, the random state was one, and
the other parameters were set to default.
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Discussion

Breast cancer is the most common malignant tumor in
women. The literature reports 420,000 new breast cancer
patients in China in 2020.[11] Since the 21st century, with
the continuous deepening of breast cancer awareness,
breast cancer patients have been receiving specific
treatment based on the classification of breast cancer.
The molecular subtype of cancer not only is closely related
to its prognosis but also serves as the basis for clinical
treatment decisions. HER2-positive breast cancer has
received extra attention in clinical practice due to its high
invasiveness.[12] In recent years, with the successful
development of targeted drugs and the standardized use
of anti-HER2 therapy, the prognosis of breast cancer
patients with HER2 positive has markedly improved.[13]
In 2016, the 8th edition of the American Joint Committee
on Cancer regarding breast cancer staging clearly stated
that HER positivity is no longer a poor prognostic factor
when targeted therapy is applied.[14] On this basis, further
indepth research on issues related to HER2 expression
levels is becoming a new clinical hotspot. In 2021, the
NCCN Clinical Practice Guidelines for Breast Cancer and
the CSCO Clinical Diagnosis and Treatment Guidelines
voiced opinions regarding focusing on breast cancers with
low-positive HER2 expression.[15] To this end, the CSBrS
initiated a multicenter study on early-stage breast cancer
with low-positive HER2 expression to analyze clinico-
pathological information affecting its prognosis in China
and to explore the establishment of a risk prediction
model.

Standardization of HER2 diagnostic criteria is an
important basis for making correct treatment decisions
in clinical practice. This study required the participating
hospitals to have laboratory qualifications such as the
China National PQCC or International Organization for
Standardization/ China Conformity Assessment Country
(ISO15189/ CNAS-CL02) certification, to follow the 2013
ASCO/ CAP requirements for breast cancer HER2
detection, and to use CFDA-approved IHC and fluores-
cence hybridization kits for HER2 detection. This study
collected the data of 25,096 new early-stage breast cancers
patients. Among them, HER2-positive breast cancer
(6547 cases) accounted for 26.1% of invasive breast
cancers during the study period, which is consistent with
literature reports,[16] indicating reliability of data from
participating hospitals.

In recent years, the research and development of new
ADCs has attracted considerable attention, and HER2
IHC 1 + and 2 + and ISH-negative cancers have been
widely recognized as having low-positive HER2 expres-
sion. A phase II clinical trial showed that an ADC drug,
DS-8201a, can achieve sustained lesion reduction in
patients with advanced breast cancer and persistent low-
positive HER2 expression despite multiple lines of rescue
treatment[3]; thus, it offers good prospects for expanding
the indications for and potential benefits of HER2
treatment while simultaneously emphasizing the clinical
need for greater refinement of HER2 status evaluations.
The reported proportion of low-positive HER2 expression
breast cancer was from 45% to 55%,[17] and different
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Figure 2: Inclusion process. HER2: Human epidermal growth factor receptor 2.

Figure 3: Proportion of low-positive HER2 expression and HER2-positive cases at participating hospitals. HER2: Human epidermal growth factor receptor 2.
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detection kits used had an influence on the proportion of
low-positive HER2 expression breast cancer. Hercep-
TestTM (Dako, Denmark) classed several patients as IHC 0
that are HER2 IHC1 + /2 + (ISH-) by VENTANA (Roche,
USA).[18] In this study, the HER2 status of the included
701
patients was evaluated according to the 2013 ASCO/CAP
standard. A total of 7642 patients with low-positive
HER2 expression were included, accounting for 30.5% of
the total breast cancer patients in the same period, which
was lower than other reported proportions. A possible
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Table 1: Clinicopathological data of HER2 IHC 1+ and IHC 2+ (ISH negative) breast cancer patients.

Characteristics HER2 IHC 1 + HER2 IHC 2+ (ISH negative) x2 P value

Median age (years) 50 (20, 90)∗ 50 (22, 90)∗ –0.470 0.638
Menstrual status 0.411 0.522
Menopausal 1702 (46.7) 1351 (47.5)
Premenopausal 1941 (53.8) 1492 (52.5)

T stage –3.134† 0.001
T0 2 (0.1) 0
T1 1859 (51.0) 1324 (46.6)
T2 1585 (43.5) 1382 (48.6)
T3 160 (4.4) 107 (3.8)
T4 37 (1.0) 30 (1.0)

N stage –4.020† <0.001
N0 2163 (59.4) 1531 (53.9)
N1 1001 (27.4) 919 (32.3)
N2 324 (8.9) 247 (8.7)
N3 155 (4.3) 146 (5.1)

TNM staging –3.388† 0.001
Stage I 1284 (35.2) 879 (30.9)
Stage II 1814 (49.8) 1505 (52.9)
Stage III 545 (15.0) 459 (16.2)

Histological type 11.796 0.003
IDC-NOS 3258 (89.4) 2605 (91.6)
ILC 136 (3.7) 68 (2.4)
Other types 249 (6.9) 170 (6.0)

Histological grade –3.412† 0.002
G1 289 (10.1) 161 (7.7)
G2 2121 (74.0) 1551 (73.8)
G3 457 (15.9) 389 (18.5)
Missing 776 742

Lymphvascular invasion 5.564 0.018
Positive 480 (18.8) 465 (21.6)
Negative 2069 (81.2) 1688 (78.4)
Missing 1094 690

ER status 24.461 <0.001
Positive 3054 (83.8) 2507 (88.2)
Negative 589 (16.2) 336 (11.8)

PR status 16.947 <0.001
Positive 2756 (75.7) 2274 (80.0)
Negative 887 (24.3) 569 (20.0)

Prognostic staging –1.895† 0.058
Stage I 1576 (55.0) 1095 (52.1)
Stage II 448 (15.6) 350 (16.7)
Stage III 843 (29.4) 656 (31.2)
Missing 776 742

Ki67 index –4.214† <0.001
<15% 929 (32.4) 549 (26.1)
15%–30% 828 (28.8) 653 (31.1)
>30% 1113 (38.8) 900 (42.8)
Missing 773 741

Chemotherapy 18.517 <0.001
Yes 2813 (77.6) 2317 (81.6)
No 813 (22.4) 521 (18.4)
Missing 17 5

Neoadjuvant therapy 2.585 0.108
Yes 522 (18.6) 390 (16.8)
No 2291 (81.4) 1927 (83.2)
Missing or no chemotherapy 830 526

Breast surgery 10.226 0.001
Breast-conserving surgery 905 (24.8) 610 (21.5)
Total mastectomy 2738 (75.2) 2233 (78.5)

Chinese Medical Journal 2022;135(6) www.cmj.org
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Table 1

(continued).

Characteristics HER2 IHC 1 + HER2 IHC 2+ (ISH negative) x2 P value

Axillary surgery 8.941 0.063
SLN negative, not dissected 1320 (36.2) 980 (34.5)
Lymph node metastasis, ALND 458 (12.6) 419 (14.7)
SLN positive, not ALND 43 (1.2) 42 (1.5)
Direct dissection 1800 (49.4) 1380 (48.5)
Not performed 22 (0.6) 22 (0.8)

Radiotherapy 0.030 0.863
Yes 1692 (48.0) 1311 (47.8)
No 1832 (52.0) 1432 (52.2)
Missing 119 100

Endocrine therapy 9.906 0.002
Yes 2947 (82.7) 2398 (85.6)
No 618 (17.3) 404 (14.4)
Missing 78 41

∗
Median age (min, max). †Mann-Whitney U test. ALND: Axillary Lymph Node Dissection; ER: Estrogen receptor; HER2: Human epidermal growth
factor receptor 2; IDC-NOS: Invasive breast carcinoma of no special type; IHC: Immunohistochemistry; ILC: Invasive lobular carcinoma; ISH: In situ
hybridization; PR: Progesterone receptor; SLN: Sentinel lymph node; TNM: Tumour (T), regional lymph nodes (N), and metastatic involvement (M).

Table 2: Analysis of prognostic factors related to breast cancer recurrence and metastasis in cases of low-positive HER2 expression.

Univariate analysis Multivariate analysis
Variable Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

HER2 status
HER2 2+ (ISH-) vs. HER2 1+ 0.925 (0.770–1.111) 0.403

Age
35 years vs. �35 years 0.595 (0.443–0.800) 0.001 0.747 (0.472–1.185) 0.747

Menstrual status
Menopausal vs. premenopausal 1.007 (0.840–1.207) 0.938

T stage
T3–T4 vs. T0–T2 4.720 (3.731–5.970) <0.001 3.142 (2.181–4.526) <0.001

N stage
N1–N3 vs. N0 2.838 (2.340–3.440) <0.001 1.289 (0.894–1.860) 0.174

Histological grade
G2–G3 vs. G1 1.575 (1.210–2.051) 0.001 1.005 (0.725–1.394) 0.974

Lymphvascular invasion
Yes vs. No 2.418 (1.930–3.031) <0.001 1.684 (1.260–2.251) <0.001

Ki67 index
>30% vs. �30% 1.668 (1.334–2.085) <0.001 1.411 (1.067–1.867) 0.016

HR status
HR negative vs. HR positive 1.622 (1.297–2.028) <0.001 1.100 (0.765–1.581) 0.606

TNM staging
Stage II–III vs. Stage I 4.095 (3.407–4.922) <0.001 2.069 (1.438–2.978) <0.001

Prognostic staging
Stage II–III vs. Stage I 3.537 (2.739–4.568) <0.001 1.478 (1.016–2.150) 0.041

CI: Confidence interval; HER2: Human epidermal growth factor receptor 2; HR: Hormone receptor; ISH: In situ hybridization.
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reason for this discrep-ancy is that HER2 IHC test kits
used by 21% (6/29) of participating hospitals were not
VENTANA (Roche, USA). An additional reason may be
that some patients with IHC 2 + breast cancer with low-
positive HER2 expression were not included in the
analysis because they did not undergo ISH testing during
the study period. Besides, many patients with missing
follow-up information were eliminated from the group,
703
resulting in lower proportion of low-positive HER2
expression breast cancer than reported.

The prognosis of early-stage breast cancer patients with
low-positive HER2 expression is a matter of widespread
concern. It is reported the local recurrence-free rates of
patients with low-positive HER2 expression are lower
than those of patients with HER2-zero breast cancer.[19]
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Table 3: Effective features of a 5-year recurrence risk model for
breast cancer with low-positive HER2 expression.

Variable t test P value

T stage –6.6856792 3.16 � 10–11

N stage –7.0331876 2.98 � 10–12

TNM staging –7.4456521 1.57 � 10–13

Histological grade –3.0961791 0.002
Lymphvascular invasion 5.8209306 7.05 � 10–9

ER status –2.2399913 0.025
PR status –3.0788973 0.002
Prognostic stage –5.9334610 3.63 � 10–9

Ki67 index (continuous variable) –4.7105960 2.68 � 10–6

Ki67 index (grouping variable) –3.9762508 7.31 � 10–5

Chemotherapy 2.5179750 0.012
Neoadjuvant chemotherapy 6.2394494 5.61 � 10–10

Breast surgery –3.7477011 1.85 � 10–4

Axillary surgery –5.3146575 1.22 � 10–7

Endocrine therapy –2.2796274 0.022

ER: Estrogen receptor; HER2: Human epidermal growth factor receptor
2; PR: Progesterone receptor; TNM: Tumour (T), regional lymph nodes
(N), and metastatic involvement (M).

Table 4: AUCs of recurrence risk prediction models using different
methods.

Model AUC of test set

Random forest model 0.8146
SVM 0.6420
KNN 0.7348
Logistic regression 0.7113
NBM 0.6928
AdaBoost 0.6023

AUC: Area under the receiving operator characteristic curve; CI:
Confidence interval; KNN: K-nearest neighbor; NBM: Naive Bayesian
model; SVM: Support vector machine.

Figure 4: The ROC curves of the 5-year recurrence risk models for the training set and
test set for low-positive HER2 expression breast cancer. (A) ROC curve of the recurrence
risk model, training set. (B) ROC curve of the recurrence risk model, test set. HER2: Human
epidermal growth factor receptor 2; ROC: Receiving operator characteristic.
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In addition, the 3-year DFS and OS rates of patients with
lowpositive HER2 expression have been found to be
higher.[20] In this study, HER2 status was evaluated with
reference to the 2013 ASCO/CAP criteria. The follow-up
data of 7642 early-stage breast cancer patients with low-
positive HER2 expression revealed a 5-year DFS of 92.1%
and a 5-year OS of 97.4%, suggesting that the overall
prognosis of this type of early-stage breast cancer is good.
At the same time, no significant difference in prognosis
was found between the IHC 1 + and IHC 2 + /ISH-negative
patients (P= 0.403), which is consistent with the conclu-
sion of the subgroup analysis of the NSABP-B47 study.[21]
Significant differences in tumor staging, histological type,
histological grade, the Ki67 index, lymphvascular inva-
sion, and hormone receptor status were observed between
the two groups (P< 0.05). Significant differences were
also found in the proportion of patients who underwent
breastconserving surgery and systemic treatments such as
chemotherapy and endocrinotherapy (P< 0.01). The
reasons need to be further studied. The univariate analysis
of cases with metastasis found that age, tumor stage,
lymphvascular invasion, the Ki67 index, histological
grade, and hormone receptor status were correlated with
prognosis (P< 0.01). The multivariate analysis verified
that tumor stage, lymphvascular invasion, and the Ki67
index were still correlated with the prognosis (P< 0.05),
suggesting that the tumor burden and invasiveness are
important prognostic factors for breast cancer with
lowpositive HER2 expression.

In recent years, machine learning methods have provided
important help for establishing tumor clinical prognosis
models.[22,23] Machine learning is a multidisciplinary field
involving probability theory, statistics, convex analysis,
computer science, and other disciplines. The core idea of
machine learning is based on various mathematical
backgrounds using the increasing computing power of
computers to analyze valuable mathematical laws from
data and produce effective theories for practical work
guidance. Machine learning can be categorized in many
ways. In different application scenarios, selecting an
appropriate model according to the data distribution is
important to achieve the best prediction effect. At present,
among the machine learning algorithms, some with
excellent performance receive more attention. Compared
with traditional regression algorithms, machine learning
algorithms such as SVMs, decision trees, Bayesian net-
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Table 5: Machine learning model for predicting the 5-year recurrence risk in breast cancer patients with low-positive HER2 expression.

Data set AUC 95% CI Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Training set 0.983 0.977–0.990 98.6 77.9 29.9 99.8
Test set 0.815 0.750–0.880 78.3 71.0 73.0 76.6

AUC: Area under the receiving operator characteristic curve; CI: Confidence interval; HER2: Human epidermal growth factor receptor 2; NPV:
Negative predictive value; PPV: Positive predictive value.

Chinese Medical Journal 2022;135(6) www.cmj.org
works, KNN algorithms, conditional random fields, and
lifting methods have a stronger fit ability and can perform
data distribution rule analysis. Because machine learning
methods are based on different mathematical principles,
they have different advantages. SVMs have advantages in
various kinds of linearly indivisible data sets due to their
multiple kernel functions. In scenarios with independent
features, a naive Bayesian network shows higher
performance for processing individual abnormal data,
while for a random forest, the “randomness” in its design
theory confers the ability to effectively balance errors in
data sets with unbalanced data proportions, thus
analyzing the importance of each feature, and it also
has a high value for determining the correlation between
the features.[23] Because the data in this study are from
patients from multiple centers, the amount of data is
large, and the distribution of the data is uneven. Machine
learning methods are used for data processing. After
excluding cases with any feature missing, a total of 209
cases of recurrence and metastasis and 1534 cases
without recurrence and metastasis were included in the
study. T tests identified 15 effective features, including T
stage, N stage, TNM staging, histological grade,
lymphvascular invasion, ER status, PR status, prognostic
stage, Ki67 index (continuous variable), Ki67 index
(grouping variable), chemotherapy, neoadjuvant chemo-
therapy, breast surgery, axillary surgery, and endocrine
therapy (P< 0.05), which were included as independent
variables for model construction. Decision trees, random
forests, SVMs, K nearest neighbors, and other machine
learning algorithms were used to preprocess the data
[Table 4]. The random forests were found to effectively
eliminate irrelevant factors and analyze correlations
between effective features and predicted values to identify
differences and commonalities in data. The random
forests fit best for the recurrence prediction model in our
study.[9,24] AUC of recurrence risk prediction model in
training set was 0.983 (95% confidence interval [CI]:
0.977–0.990), and the test set AUC was 0.815 (95% CI:
0.750–0.880). The sensitivity of the 5-year recurrence
risk prediction model for breast cancer with low-positive
HER2 expression was 78.3%, and the specificity was
71.0%. The PPV of the model was 73.0%, and the NPV
was 76.6% [Table 5], indicating that the model is
valuable for identifying recurrence and metastasis in
early-stage breast cancer with low-positive HER2
expression. This study provides a new reference for
refining classified treatment for early-stage breast cancer
with low-positive HER2 expression.

The definition of low-positive HER2 expression breast
cancer has led to innovations in classified treatment.
Machine learning is valuable for predicting the risk of
705
recurrence in breast cancer with low-positive HER2
expression and provides a reference for redefining the
indications for anti-HER2 therapy.
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