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Abstract
Background  With the development of novel anti-HER2 targeted drugs, such as ADCs, it has become increasingly 
important to accurately interpret HER2 expression in breast cancer. Previous studies have demonstrated high intra-
observer and inter-observer variabilities in evaluating HER2 staining by human eyes. There exists a strong requirement 
to develop artificial intelligence (AI) systems to achieve high-precision HER2 expression scoring for better clinical 
therapy.

Methods  In the present study, we collected breast cancer tissue samples and stained consecutive sections with 
anti-Calponin and anti-HER2 antibodies. High-quality digital images were selected from immunohistochemical slides 
and interpreted as HER2 3+, 2+, 1+, and 0. AI models were trained and assessed using annotated training and testing 
sets. The AI model was trained to automatically identify ductal carcinoma in situ (DCIS) by Calponin staining and 
myoepithelial annotation and filter out DCIS components in HER2-stained slides using image-overlapping techniques. 
Furthermore, we organized two-phase validation studies. In phase one, pathologists interpreted 112 HER2 whole-slide 
images (WSIs) without AI assistance, whereas in phase two, pathologists read the same slides using the AI system after 
a washing period of 2 weeks.

Results  Our AI model greatly improved the accuracy of reading (0.902 vs. 0.710). The number of HER2 1 + patients 
misdiagnosed as HER2 0 was significantly reduced (32/279 vs. 65/279), and they benefitted from ADC drugs. In 
addition, the AI algorithm improved the intra-group consistency of HER2 readings by pathologists with different 
years of experience (intra-class correlation coefficient [ICC]: 0.872–0.926 vs. 0.818–0.908), with the improvement most 
pronounced among junior pathologists (0.885 vs. 0.818).

Conclusions  We proposed a high-precision AI system to identify and filter out DCIS components and automatically 
evaluate HER2 expression in invasive breast cancer.
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Background
Breast cancer is one of the most common malignant 
tumors in females globally, with high incidence and mor-
tality rates. It is known as “the killer of women’s health” 
[1, 2]. The expression of human epidermal growth fac-
tor receptor 2 (HER2) protein and gene is an essential 
indicator for deciding the treatment strategy for breast 
cancer [3, 4]. The expression of HER2 is usually deter-
mined by pathologists through immunohistochemistry 
(IHC) or fluorescence in situ hybridization (FISH) [5, 6]. 
After the exclusion of in situ components of carcinoma, 
it is divided into four levels based on the degree and pro-
portion of HER2 membrane staining in invasive cancer, 
namely, HER2 3+, 2+, 1+, 0 [7]. A combination with FISH 
further classifies it as HER2-positive (including HER2 
3 + or HER2 2+/FISH+) or HER2-negative (including 
HER2 2+/FISH − or HER2 1 + or 0) expression.

For more than 20 years, only patients with HER2-
positive breast cancer have benefited from traditional 
anti-HER2-targeting drugs such as trastuzumab [8, 9]. 
Therefore, clinically, HER2 immunohistochemical inter-
pretation is largely based on distinguishing between 
2 + and 3 + and between 2 + and 1+, with little attention 
given to the distinction between 0 and 1+. Recent clini-
cal trials have demonstrated that novel drugs such as 
antibody-drug conjugates(ADCs)not only have clini-
cal activity against typical HER2-positive breast cancer 
but also significant clinical activity against tumors with 
lower or moderate expression of HER2 [10–13]. Thus, 
patients with low HER2 expression (HER2 1 + or HER2 2 
+/FISH−) receive clinical attention. The traditional HER2 
expression immunohistochemical binary classification 
can no longer meet the treatment requirements of clini-
cal patients. Therefore, experts propose a more detailed 
three-category classification of HER2 expression, includ-
ing HER2 positive, HER2-low, and negative [14]. Several 
drugs are available for patients with low expression, such 
as ADCs, which is a newly developed drug with a high 
price. Therefore, it is essential to accurately interpret 
HER2 0, 1+, and 2 + expression to enable patients to use 
the drug economically and reduce the social and eco-
nomic burden.

Femandez’s study in 2022 reported that the consistency 
of HER2 interpretation by pathologists was not high, 
among which the consistency rate of 0 and 1 + was only 
26%, and that of 2 + and 3 + was 58% [15]. This finding was 
attributed to the following reasons: (1) The interpreta-
tion of human eyes is subjective, with great differences 
between the division of percentage and the division of 
chromatism. (2) Weak staining of 1 + demands more 
careful observation under a high-power lens, resulting 

in greater inconsistencies between 0 and 1 + interpre-
tation [16]. (3) Because carcinoma in situ cannot be 
counted, human eye interpretation could interpret car-
cinoma in situ as resembling invasive carcinoma, or not 
interpret invasive carcinoma as resembling carcinoma 
in situ. Therefore, it is important to understand how to 
accurately judge the immunohistochemical expression of 
HER2 for proper drug usage. The emergence and prog-
ress of artificial intelligence (AI) technology has ushered 
in a new wave. Computer algorithms can overcome the 
subjectivity of human eye interpretation by providing 
automated/semi-automated analysis of pathological digi-
tal images [17] and reducing labor intensity. Therefore, 
we developed a clinically acceptable AI interpretation 
system based on the limitations of manual interpretation, 
automatically obtained the refined classification of HER2 
expression, and achieved clinical transformation to serve 
the clinic and assist patients with precision medicine.

Methods
Clinical data
A total of 300 paraffin-embedded specimens from 
patients with invasive breast cancer of no special type 
were collected from two medical institutions: the Third 
Affiliated Hospital of Guangzhou Medical University 
(TAHGZMU) and the Qianjiang City Central Hospital of 
Hubei Province (QJCH). The specimens were collected 
between 2021 and 2023 and included 200 cases from the 
former institution and 100 cases from the latter. Speci-
mens with unclear invasive lesions and defective slides 
(such as tissue folds or tears, excessive background stain-
ing, dirt, or cover slide defects) were not enrolled in our 
datasets. Breast cancer biopsy and surgical specimens 
with good fixation were selected, and all specimens were 
pathologically confirmed as invasive ductal breast cancer. 
Two experienced pathologists reviewed the hematoxy-
lin and eosin (H&E) and immunohistochemistry (IHC) 
slides of all specimens. In our study, 188 samples were 
selected for AI model learning and training, whereas 112 
samples were selected for AI model validation (including 
56 biopsy tissue samples and 56 surgical specimens, with 
70 from our center and 42 from external institutions). 
All paraffin samples were prepared as consecutive sec-
tions and stained with H&E and IHC (4b5, rabbit mono-
clonal antibodies; Ventana Medical Systems, Oro Valley, 
AZ, USA). Two experienced pathologists independently 
reviewed the slides and interpreted the cases according 
to the HER2 scoring guidelines [7]. Inconsistent cases 
were re-evaluated by a third pathologist. When consen-
sus could not be reached, the cases were discussed to 
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reach an agreement, and consistency scoring was used as 
the gold standard.

AI system development
All slides were scanned using a three-dimensional (3D) 
digital scanner (3DHISTECH Ltd., Budapest, HUN), and 
whole-slide images (WSIs) were obtained. All tissues 
and data were used after obtaining permission from the 
hospital’s institutional review board. As shown in Fig. 1, 
two consecutive sections stained with anti-HER2 and 
anti-Calponin antibodies were input into the HER2 cell 
detection module and the Calponin tissue segmentation 
module, respectively. The former was used to detect and 
grade tumor cells in the HER2 sections, whereas the lat-
ter was used to segment the myoepithelial tissue in the 
Calponin sections. Two 2.5× (magnification) thumbnail 
images of WSIs were placed in the VALIS [18] image reg-
istration module to obtain the transformation matrix for 
image registration.

The effective area of the section in the HER2 cell 
detection module was first segmented into multi-
ple 1024 × 1024 image blocks using a sliding window 
approach, and the images were processed at 40× mag-
nification to ensure the accuracy of cell detection and 
grading. All image blocks were input into the pre-trained 
CSRNet [19] to detect tumor cells and output a tumor 
cell detection map. Subsequently, the original image 
blocks and the tumor cell detection map were placed in 
the tumor cell HER2Cls classification module to classify 
the tumor cells and obtain their positions and grades in 
the HER2 section.

The HER2Cls classification module is largely used for 
the grading of detected tumor cells. The RGB channel 

image blocks are converted to HED channel images using 
color deconvolution, following which different thresholds 
are used to segment the cell membrane and cytoplasm 
of different intensities. The completeness and uniformity 
of cell membrane staining are determined by calculating 
the connectivity between each cytoplasm and its adja-
cent cytoplasm in high-intensity cell membrane regions, 
distinguishing between 3 + and non-3 + HER2. The final 
grade of the cell is determined by analyzing the stron-
gest staining intensity of the cell membrane surrounding 
non-3 + HER2 tumor cells.

The effective area of the section in the Calponin tis-
sue segmentation module was segmented into mul-
tiple 1024 × 1024 image blocks using a sliding window 
approach. The images were processed at 10× magnifica-
tion due to the large area of the myoepithelial tissue to 
obtain a myoepithelial tissue segmentation map from 
all image blocks using the pre-trained HRNet-48 [20]. 
Afterward, the segmentation map was used to outline the 
edges of the myoepithelial tissue, and the myoepithelial 
tissue segmentation was mapped onto the HER2 section 
using the transformation matrix obtained from the image 
registration module. Finally, DCIS regions were filtered 
out based on the myoepithelial tissue area, resulting in 
the HER2 index of the invasive carcinoma region.

Study design
The IHC of HER2 was interpreted by nine pathologists 
with different levels of practice experience, including 
three junior pathologists with 1 to 2 years of experience, 
three intermediate pathologists with 3 to 5 years of expe-
rience, and three senior pathologists with 6 to 10 years 
of experience. They all had experience interpreting HER2 

Fig. 1  Framework of the AI detection for HER2 and myoepithelium
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IHC in routine clinical practice. Firstly, the pathologists 
reviewed the 2018 ASCO/CAP guidelines and received 
training on using AI-assisted equipment. The study was 
divided into two phases. In phase one, the nine pathol-
ogists used WSIs to interpret 112 HER2 IHC slides (56 
biopsy specimens and 56 surgical specimens). The pathol-
ogists evaluating the WSIs of HER2 individually were 
called “HER2-pathologists.” After a washout period of 2 
weeks, phase two of the study was conducted, in which 
the pathologists reinterpreted the same slides using the 
AI-assisted system. The AI system termed “HER2-AI” 
provided the pathologists with the proportion of different 
staining scores for HER2 on different slides and displayed 
a comprehensive recommendation score as a reference 
for pathologists.

Statistics
Statistical analysis was performed using IBM SPSS Sta-
tistics (version 25.0; IBM) and GraphPad Prism 9.01 
(GraphPad Software). The accuracy of manual interpre-
tation and the performance of AI-assisted interpretation 
were evaluated using accuracy, precision, recall, and F1 
score. Cohen’s kappa was used to calculate the consis-
tency (accuracy) between the individual readings of 
pathologists of HER2 results or the results of pathologists 
evaluating HER2 with AI assistance and the gold stan-
dard. Fleiss’ kappa and intra-class correlation coefficient 
(ICC) were used to evaluate the concordance among 
observers. Kruskal–Wallis and Wilcoxon rank-sum tests 
were used to analyze the accuracy differences among 
the pathologists using different interpretation methods. 
P-values < 0.05 were considered significant.

Results
Model training and performance
Iterative training of a DL model was performed, fol-
lowed by evaluating a test set to demonstrate its ability 
to detect tumor regions. The DL model resulted in high 
performance on HER2 IHC WSIs. The performance met-
rics of each model in the module are depicted in Table 
S1. The accuracy of tumor cell detection was 0.856 in the 
HER2 cell detection module, with a mean absolute error 
of 0.0004. The accuracy of cell grade classification was 
0.8500, and the F1 score was 0.8200. The segmentation 
results showed that background-IoU and myoepithelium-
IoU were 0.9910 and 0.9100, respectively, in the Calponin 
segmentation module. The registration results in the 
HER2 and Calponin registration modules demonstrated 
a rigid registration error of 0.0830 and a non-rigid regis-
tration error of 0.0460. The myoepithelial segmentation 
model accurately identified the DCIS component in the 
tumor tissue by annotating and learning from the myoep-
ithelium in Calponin IHC WSI and filtered out the DCIS 
component in HER2 IHC WSI by image overlapping 

method, ultimately obtaining HER2 evaluation grading 
results in invasive carcinoma in HER2 IHC WSI (Fig. 2). 
Our DL model exhibited high performance in the test 
set of both biopsy and resection samples, automatically 
identifying tumor cells and classifying them with differ-
ent staining intensities and completeness of HER2 mem-
brane staining. Representative images of IHC sections 
and their AI results are depicted in Fig. 3.

Overall study interpretation
The results of HER2-pathologists and HER2-AI are pre-
sented in Fig. 4 (matrix plot). Compared to the gold stan-
dards, the accuracy and consistency of HER2 evaluation 
with AI assistance were superior to conventional digital 
slide-based assessment of HER2 grading. HER2-pathol-
ogists and HER2-AI exhibited the highest accuracy and 
consistency in HER2 3 + cases, followed by HER2 0 cases. 
Compared to HER2-pathologists, HER2-AI significantly 
decreased the number of cases where HER2 1 + lesions 
were misinterpreted as HER2 0 lesions. Simultaneously, 
in HER2-AI, a significant reduction in the number of 
cases where HER2 2 + lesions were misinterpreted as 
HER2 1 + lesions was observed.

Accuracy assessment of all pathologists in two phases
The final interpretation result in HER2-AI, referred to as 
AI-assisted pathologist review, was generated by adjust-
ing the score based on AI results and their perception. As 
shown in Fig.  5A, the total accuracy of HER2-AI using 
AI-assisted methods (accuracy: 0.902) was significantly 
higher compared to HER2-pathologists (accuracy: 0.710). 
The use of AI-assisted methods reduced the accuracy gap 
between all pathologists’ results and the gold standard 
by 0.192. Furthermore, the accuracy of pathologists in 
interpreting HER2 0, 1+, 2+, and 3 + tumors was evalu-
ated separately. In HER2-pathologists, accuracy (mean 
values of F1 scores were 0.768, 0.783, 0.716, and 0.764; 
precision values were 0.786, 0.830, 0.801, and 0.732; and 
recall values were 0.785, 0.783, 0.746, and 0.780;) for 
HER2 0, 1+, 2+, and 3 + tumors was relatively poor. The 
use of HER2-AI improved these values improved to vary-
ing degrees. For example, the F1 scores for HER2 0, 1+, 
2+, and 3 + increased to 0.959, 0.960, 0.831, and 0.874, 
respectively (Fig. 5B-D). Cohen’s kappa values were cal-
culated to assess the accuracy of HER2 interpretation 
when compared with the gold standard in both phases. 
The accuracy of HER2-AI was significantly higher than 
that of HER2-pathologists (Fig. 5E).

Next, the influence of different specimen types on 
HER2 interpretation was compared in the two stages. 
In the first stage, the accuracy of HER2 interpretation 
in resected samples was lower than that in biopsy sam-
ples. However, the accuracy of HER2 interpretation was 
significantly improved for both resected specimens and 
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biopsy specimens in the second stage, and the differ-
ence in HER2 interpretation between different specimen 
types was reduced (Fig. 5F). Compared to manual inter-
pretation alone, the accuracy of HER2 interpretation was 
significantly improved using the AI system, both for sam-
ples from our institution and from external institutions 
(Fig. 5G). In addition, nine pathologists were divided into 
three groups according to their length of practice. Fig-
ure  5H shows the comparison of accuracy between the 
three groups of pathologists in both HER2-pathologists 
and HER2-AI. In HER2-pathologists, the accuracy of 
junior and intermediate pathologists varied more than 
that of senior pathologists. In HER2-AI, junior and inter-
mediate pathologists both benefited from AI-assisted 
methods, whereas the impact on the accuracy of senior 
pathologists was negligible. The accuracy gap between 
pathologists with different experience levels was reduced 
following the adoption of AI-assisted methods, with 
the greatest improvement noted in junior pathologists, 
from 0.539 (95% confidence interval [CI]: 0.535–0.544) 
in HER2-pathologists to 0.800 (95% CI: 0.784–0.808) in 
HER2-AI (Fig. 5H).

Consistency assessment in each phase for all pathologists
A heatmap was used to visualize the changes in con-
sistency between HER2-pathologists and HER2-AI 
(Fig. 6A). AI algorithms significantly improved the over-
all inter-observer consistency among pathologists. In the 
first phase, pathologists achieved moderate agreement 
in HER2 scoring when independently reviewing digi-
tal slides (Fleiss Kappa ≈ 0.575; 95% CI: 0.575–0.576). In 
comparison to HER2-pathologists, AI-assisted evalua-
tion in the second phase significantly enhanced the con-
sistency of HER2 interpretation (Fleiss Kappa ≈ 0.687; 
95% CI: 0.687–0.688) (Fig. 6B). We further analyzed the 
differences in consistency among pathologists with dif-
ferent years of experience. As shown in Fig. 6C, the con-
sistency among pathologists of different experience levels 
improved significantly in HER2-AI. In HER2-patholo-
gists, the highest consistency was observed among senior 
pathologists (ICC ≈ 0.908; 95% CI: 0.514–0.626), 
whereas junior pathologists had the lowest consistency 
(ICC ≈ 0.818; 95% CI: 0.514–0.626). In HER2-AI, the 
consistency among pathologists of all experience levels 
notably improved, particularly of those with lower years 
of experience. For example, the consistency of junior 
pathologists increased from 0.818 to 0.885, manifesting 
the greatest advancement.

Fig. 2  The flowchart of AI in accurate Interpretation of HER2 in invasive breast cancer. A, B Using consecutive sections stained with HER2 and calponin 
respectively. C AI recognizes HER2 staining (including DCIS). D AI recognizes DCIS components by calponin staining. E Through image overlay technology, 
AI filters out DCIS component and automatically identifies HER2 expression in invasive cancer components. Green, No staining; Bright yellow-green, Faint/
barely perceptible & Incomplete; Orange, Weak to moderate & complete; Red, Intense & complete
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Discussion
HER2 is an independent prognostic indicator for breast 
cancer and has been used in selecting treatment plans 
[21]. Improved treatment strategies for breast cancer, 
especially the emergence of novel ADC drugs [10, 22], 
have updated the traditional HER2 expression immuno-
histochemical classification. Scholars have emphasized 
the significance of more accurately evaluating and clas-
sifying HER2, which demands higher detection require-
ments for HER2 interpretation. Previous literature 
reports that pathologists showed a high agreement in 
HER2 0 and 3 + and less satisfactory agreement in HER2 
1 + and HER2 2 + tumors [23]. For instance, Marchio et 
al. reported that HER2 IHC scores showed poor consis-
tency, particularly in HER2 2 + cases [24], increasing the 
number of unnecessary FISH examinations and work 

intensity. Fernandez et al. recently reported an agree-
ment of only 26% between HER2 0 and 1 + among 18 
pathologists [15]. Artificial intelligence can be effective in 
solving the subjectivity of human eyes in HER2 interpre-
tation. In the present study, we set up rigorous compari-
son tests between manual interpretation and AI-assisted 
interpretation. Overall, our DL model displayed excel-
lent performance in accuracy, precision, recall, and F1. 
Our study demonstrated that the AI model significantly 
improved the overall accuracy (0.710 vs. 0.901) and con-
sistency of HER2 (Fleiss Kappa: 0.575 vs. 0.687). Consis-
tent with previous studies [23, 25], our study found that 
pathologists and AI-assisted systems displayed the high-
est accuracy and consistency in HER2 3 + cases, followed 
by HER2 0 cases. Compared to human eye interpretation, 
the AI-assisted system significantly reduced the number 

Fig. 3  HER2 images under AI-assisted interpretation. Green, No staining; Bright yellow-green, Faint/barely perceptible & Incomplete; Orange, Weak to 
moderate & complete; Red, Intense & complete
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of cases in which HER2 1 + lesions were misinterpreted 
as HER2 0 lesions. This allowed the subset of misjudged 
patients to benefit from novel ADC drugs. The number 
of cases in which HER2 2 + lesions were misinterpreted as 
HER2 1 + lesions was significantly reduced in our study. 
These misdiagnosed patients could benefit from tradi-
tional anti-HER2-targeting drugs, such as trastuzumab, 
reducing their financial burden.

We analyzed the effect of different specimen types (fine 
needle aspiration vs. surgical resection) on HER2 inter-
pretation results. Compared to small biopsy samples, 
pathologists displayed higher inter-observer variability 
to interpret surgical resection specimens during tradi-
tional HER2 interpretation. AI assistance reduced the 
interpretive difference between these two types of speci-
mens, improving the consistency and reproducibility. In 
addition, we validated samples from two different labo-
ratories. Our AI model displayed high accuracy and con-
sistency in both types of specimens from the two centers. 
The two comparative verification studies demonstrated 
that the accuracy of HER2 interpretation improved sig-
nificantly with the assistance of AI algorithms, par-
ticularly for HER2 0 and 1 + cases, irrespective of the 

pathologists’ years of experience. This is one of the few 
studies providing direct evidence that AI assistance can 
help pathologists better and more accurately diagnose 
HER2 3+, 2+, 1+, and 0 in breast cancer. In this study, 
all pathologists with different levels of experience ben-
efited from the AI-assisted approach. Unsurprisingly, the 
improvement in accuracy and consistency was greatest in 
the junior pathologist group. AI-assisted improvement 
was present but not as significant in the intermediate- 
and high-level pathologist groups. This may be due to the 
fact that junior pathologists are less experienced in HER2 
interpretation and are more likely to accept AI results. 
However, experienced pathologists, who were more 
confident in their assessment, showed more resistance 
to accepting the AI results. The subjective perception of 
DAB color intensity and width by the human eye, par-
ticularly in cases of weak or nearly imperceptible HER2 
1 + staining, often leads to poor inter- and intra-observer 
consistency in HER2 IHC evaluation. The HER2 staining 
in certain immunohistochemistry sections was faint that 
some pathologists did not recognize it, yet AI was able 
to detect it. While AI assistance provided limited benefit 
to experienced pathologists, it reduced the number of 

Fig. 4  112 cases were evaluated for HER2 scoring by 9 pathologists in two phases. The numbers represent the corresponding HER2 scores. “GS”represents 
the gold standard (at the top of the figure)
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Fig. 5  The accuracy of pathologists was compared in two-phase studies. A-D The evaluation of total accuracy and the statistical comparisons of inter-
group significance. E The accuracy of pathologists significantly improved with the assistance of AI algorithms. F Surgical samples and biopsy samples 
were compared in two-phase experiments. G The AI system achieved similar high performance in samples from two centers. H The accuracy of junior, 
intermediate, and senior pathologists was compared in two phases. (ns, P ≥ 0.05; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001)
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Fig. 6  Consistency of HER2 scoring in two phases. A The heatmap shows overall consistency between the two phases. B Fleiss’ kappa was used to 
measure the consistency between observers for HER2-pathologists and HER2-AI. C Intraobserver concordance of pathologists at different levels between 
HER2-pathologists (blue) and HER2-AI (Red). (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001)
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cases where they misclassified HER2 1 + as 0+, as shown 
in Fig. 4. Moreover, the human eye exhibits a substantial 
margin of error when estimating the percentage of HER2 
staining, particularly in cases with marked heterogeneous 
expression. In clinical practice, disagreements among 
pathologists were more frequent when HER2 expres-
sion hovered around the critical 10% threshold. AI-
based evaluation techniques provided a more objective 
and quantitative method, offering pathologists valuable 
reference data, which could effectively reduce such dis-
crepancies. The role of AI in the context of experienced 
pathologists was to assist them in revisiting their initial 
assessments, helping to prevent potential diagnostic 
errors. Concurrently, the AI algorithm evaluated HER2 
staining and its percentage in a relatively objective and 
reproducible manner. The visualization of the AI model’s 
results, acting as a second opinion, served to bolster the 
pathologist’s diagnostic confidence. In cases where opin-
ions were inconsistent, the pathologist’s attention could 
be directed to the case, and a third-party consultation 
could be sought if necessary.

A combination of pathologists’ expertise and AI mod-
els to provide easily perceptible AI results can improve 
the reliability of pathologist scoring. Recently, computer 
algorithms, such as AI models, have become an objec-
tive and repeatable IHC scoring method for reducing the 
number of suspicious HER-2 cases [17, 26]. For example, 
Yue et al. reported that their AI-assisted microscope 
improved the accuracy of HER2 3 + and 2 + scores, reduc-
ing recall of FISH-positive results in IHC 2 + tumors [25]. 
Similarly, Wu et al.’s study focused specifically on HER2 
0 and 1 + interpretation and demonstrated that their AI-
assisted system significantly improved the accuracy and 
consistency of pathologists’ HER2 interpretation [27]. A 
limitation of current AI studies related to HER2 interpre-
tation is their inability to distinguish between carcinoma 
in situ and invasive carcinoma. The inability to exclude in 
situ carcinoma components significantly produces biased 
HER2 interpretation. In clinical work, several specimens 
contain DCIS components to a greater or lesser extent, 
it is challenging for the pathologists to distinguish them 
microscopically. A recent literature review has high-
lighted the potential for automated assessment of the 
Ki-67 marker in breast cancer. This could be achieved by 
filtering out the in situ cancer component in Ki67-stained 
sections using image alignment techniques [28]. In this 
study, we attempted to use image overlap techniques to 
achieve the effect of filtering out in situ carcinoma in 
breast cancer. Our AI model increased an algorithm to 
automatically filter out DCIS components by myoepi-
thelial marker Calponin. When the AI system recognizes 
cancer cells in the specimen, it only provides automatic 
quantification results and visualization of HER2 expres-
sion status in invasive carcinoma components, thereby 

greatly improving the accuracy and reliability of AI auto-
matic interpretation of HER2 in practice.

Our AI system is designed to automatically process 
tumor detection, cell segmentation, and positivity dif-
ferentiation after pathologists upload the WSIs to the 
system. The system provides quantitative values as a sec-
ond opinion for pathologists by pre-reading the HER2 
slides. In addition, the AI-assisted system is highly use-
ful for pathologists during HER2 diagnosis. Our AI sys-
tem marks the HER2 membranous-stained cells with 
different staining intensities and completeness on the 
image following segmentation. Some studies have dem-
onstrated that AI-assisted systems, capable of quickly 
evaluating digital sections and providing visual interpre-
tation results, can significantly enhance efficiency and 
reduce the workload of pathologists. For instance, the AI-
assisted PD-L1 interpretation system developed by Prof. 
Ling et al. not only improved the diagnostic reproduc-
ibility among pathologists but also significantly reduced 
the time required for interpreting PD-L1 [29]. In our AI 
model, labelled images of HER2-positive invasive cancer 
cells could be readily and quickly evaluated by patholo-
gists. Therefore, we speculated that AI-assisted inter-
pretation may enhance the efficiency of pathologists in 
interpreting HER2 and reduce the workload of patholo-
gists, which is one of the advantages of developing an 
AI-assisted system. Overall, our findings revealed the 
potential advantages of AI systems, which could improve 
accuracy and consistency by providing pre-read HER2 
results and visualizing HER2-expressing cells, thereby 
assisting pathologists in making more reliable diagnoses.

The present study had certain limitations. Firstly, the 
sample size was relatively limited, comprising only 300 
patients and two research centers, with a relatively small 
dataset. Collecting more datasets from multiple institu-
tions would improve the robustness of the AI model. In 
addition, more multicenter clinical trials would verify its 
performance in real-world settings. Secondly, the DL-
based tumor detection model occasionally misidentifies 
non-tumor cells and misclassified HER2-positive cells, 
generating a certain bias in the HER2 output. Thirdly, 
we only focused on samples of invasive breast cancer 
of no special type, and other specific subtypes were not 
included in the study. Finally, quality control is necessary 
for the clinical application of AI tools, and it is recom-
mended to integrate human–machine interactions in the 
future HER2 diagnostic workflow.

In summary, our study extended the application of AI 
systems to detecting breast cancer, identifying and filter-
ing in situ cancer, and providing better HER2 staining 
scoring. The AI system displayed high consistency with 
professional pathologists in HER2 scoring interpretation, 
especially in HER2-low cases. The pre-read quantitative 
results and HER2-expressing cell visualization provided 
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by the AI system could enhance diagnostic reproduc-
ibility and efficiency. This study demonstrates that AI-
assisted systems could be an effective and valuable tool to 
overcome the challenges of HER2 assessment in the field 
of targeted therapy.
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