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Illuminating the clinicopathological and
genomic landscape of HER2-null,
ultralow, and low breast cancers: insights
into diagnostic discordance between
biopsy and surgical excision
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Ming Li1,2,3,4, Meng-Yuan Cai1,2,3,4, Hong Lv1,2,3, Shu-Ling Zhou1,2,3, Yi-Fei Zhu1,2,3, Ruo-Hong Shui1,2,3 &
Wen-Tao Yang1,2,3

This study aimed to evaluate the representativeness of HER2-low and ultralow status in core needle
biopsies (CNB) with AI assistance and investigate the clinicopathological and molecular
characteristics of HER2-ultralow, HER2-null, and HER2-low breast cancer patients in the Chinese
population. CNB-surgical excision biopsy (SEB) concordance was high between HER2-null and
ultralow/low groups but limited in the ultralow subgroup. Univariate analyses showed that TNBC
subtype, HR negative expression, high Ki-67 index, and AR negative expression were potential
indicative factors for the discordance of HER2 status between CNB and SEB. Clinicopathological
features showed no significant differences between low and ultralow groups. Genomic analysis
revealed subtle mutation pattern differences. The HER2 copy number level did not show additional
value in distinguishing subgroups. Conclusions highlight the need to address CNB-SEB diagnostic
discordance, particularly in ultralow cases, emphasizing the necessity of HER2 retesting in surgical
specimens.

Breast cancer is a heterogeneous disease, and the status of human epidermal
growth factor receptor 2 (HER2) is crucial in determining the appropriate
treatment strategy. HER2 status is typically determined using immuno-
histochemistry (IHC) and in situ hybridization (ISH) techniques. The
groundbreaking data of DESTINY-Breast 04 trial on Trastuzumab der-
uxtecan (T-DXd), an antibody-drug conjugates (ADCs) of trastuzumab, in
HER2-low patients underscores the importance of distinguishing between
HER2 immunohistochemistry (IHC) scores of 0 andHER2-low(IHC scores
of 1+ or 2+ and have a negative ISH testing result)1. Up to 60% of HER2-
negative breast cancers are now classified as HER2-low2.

The DAISY trial reported that modest anti-tumor activity was also
observed in patients withHER2 IHC 03. HER2 0 can be divided intoHER2-
null and HER2-ultralow. HER2-null is defined as the absence of staining,
while HER2-ultralow is characterized by faint or barely perceptible and
incomplete staining in <10% of tumor cells4,5. The DESTINY-Breast06 trial

suggested the efficacy of ADCs in patients with HER2-ultralow breast
cancer, and the current data suggest that there is no need to discriminate
betweenHER2-lowandHER2-ultralowdisease due to the consistent benefit
in both populations6. The potential to target low levels HER2 expression in
clinical practice has increased the need for a more accurate classification of
low levels HER2 protein expression, especially distinguishing between
scores of null and ultralow/low.

However, in the real world, the accuracy of scoring HER2 IHC in the
low range (0 and 1+ ) is poor. On one hand, there is subjectivity in HER2
IHC staining scores and differences among and within observers7. On the
other hand, there is strong intra-tumoral heterogeneity in HER2-low
expression tumors, which may lead to poor consistency in HER2 inter-
pretation. Artificial intelligence (AI) based image analysis tools can recog-
nize tumor cells bymachine-learningHER2 immunohistochemical images,
evaluate the staining pattern of tumor cells, and analyze the expression level
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ofHER2 in tumor cells bymeasuring the staining intensity, completeness of
the cell membrane, and positive proportion, thus assisting in the inter-
pretation of HER2 results and generating reliable, reproducible results8.

Core needle biopsy (CNB) is a commonly used method for initial
diagnosis andHER2 assessment in breast cancer. EvaluatingHER2 status in
preoperative specimens is crucial for neoadjuvant therapy selection and is
the only sample for assessing tumorswith completepathological responseor
in metastatic patients ineligible for surgery. However, previous studies have
shown variable consistency rates of HER2 status between CNBs and sur-
gically excised specimens9–12. In Rossi C’s study, the concordance between
biopsy and surgical specimen for HER2 was 68%, and the concordance was
especially low (37%) in the HER2 1 + category10. Chen R’s study demon-
strated that the diagnostic value of CNB for determining HER2 status in
breast cancer was limited, especially in the HER2-low population13. The
diagnostic value of CNB in determining HER2-null, HER2-ultralow and
HER2-low status have not been adequately investigated. It is urgent for us to
further verify the concordance between CNB and surgical excision biopsy
(SEB), especially to evaluate the diagnostic value of CNB among patients
with HER2-ultralow and HER2-low breast cancer. A more precise
HER2 status assessment, combinedwith comprehensive characterization of
the clinical and molecular features of HER2-null and HER2-ultralow, is
required.

The aims of this study were to evaluate whether the HER2-low and
ultralow status in CNB can represent the whole tumorwith the assistance of
AI and to investigate the clinicopathological features and molecular char-
acteristics of patients with HER2-ultralow, HER2-null, and HER2-low
expression in the Chinese breast cancer population.

Results
Concordance between historical and re-scoring results of CNB
Regarding the historical results of CNB, 84 cases were HER2 0, 398 cases
were HER2 1+ , 24 cases were HER2 2+ . After re-scoring, 54 cases were
classified as HER2-null, 12 as HER2-ultralow and 440 as HER2-low
(HER2 1+ , Fig. 1). Among the 84 HER2 0 cases, 54 cases were re-
classified asHER2-null, 9 asHER2-ultralow and 21 asHER2-low. Among
the 398HER2 1+ cases, none were re-classified asHER2-null, 3 as HER2-
ultralow and 395 as HER2-low. The concordance of HER2 0 and HER2-

low between historical and re-scoring results was 95.26% (Kappa = 0.678,
p < 0.001). This indicates a relatively high agreement between the initial
scoring and the pathologists’ re-scoring. When analyzed by AI, 32 were
HER2-ultralow and 474 were HER2-low (Fig. 1). Among the 54 HER2-
null cases determined by manual re-scoring, 21 were classified as HER2-
ultralow and 33 as HER2-low. Among the 12 HER2-ultralow cases
determined bymanual re-scoring, 4 were classified as HER2-ultralow and
8 as HER2-low. Among the 440 HER2-low cases determined by manual
re-scoring, 7 were classified as HER2-ultralow and 433 as HER2-low. The
concordance of HER2 0 and HER2-low between the AI and manual re-
scoring results was 90.51% (Kappa = 0.465, p < 0.001). The concordance
of IHC null, ultralow and low between AI and manual re-scoring results
was 86.36% (Kappa = 0.029, p < 0.001). In 32 HER2-ultralow cases iden-
tified by AI, the percentage of positive tumor cells was slightly lower in
patients in HER2-null cases than HER2-ultralow and low patients
determined by manual re-scoring (Fig. S1).

These results suggest that the AI algorithm shows a good concordance
withmanual scoring, although somedifferences still exist.Additionally,with
the assistance of AI, it was found that all HER2-null slides exhibited a small
amount of faintHER2membrane staining andwere re-classified as ultralow
by AI. This indicates that quantitative analysis based on AI may be more
sensitive in detecting this subgroup.

Concordance between CNB and SEB
Based on the manual re-score of SEB, 89(17.59%) cases were classified as
HER2-null, 51(10.08%) cases as HER2-ultralow and 366(72.34%) cases as
HER2-low.Thediscordance rate (forHER2-null, ultralowand low)between
CNB and SEB was 23.71%. Among the 12 HER2-ultralow cases in CNB,
34% changed toHER2-null and 33% changed toHER2-low in SEB. Among
the 54 HER2-null cases in CNB, 4 cases changed to HER2-ultralow and 14
changed to HER2-low in SEB. Among the 440 HER2-low cases in CNB, 44
cases changed to HER2-ultralow and 49 changed to HER2-null in SEB
(Fig. 2A).

The discordance rate (forHER20 and low) betweenmanual re-scoring
CNB and SEB was 22.13% (Kappa=0.208, p < 0.001). Regarding the con-
version of HER2 status from CNB to SEB, 28.79% (19/66) patients
experienced a conversion from HER2-null/ultralow to HER2-low status in
the SEB sample (manual scoring). 21.14% (93/440) showed a conversion
from HER2-low to HER2-null/ultralow.

The discordance rate (for HER2-null and ultralow/low) between re-
scoringCNBandSEBwas 14.03% (71/506,Kappa=0.427, p < 0.001).33.33%
(18/54) patients experienced a conversion from HER2-null to HER2-low/
ultralow status in the SEB sample. 11.73% (53/452) showed a conversion
from HER2-low/ultralow to HER2-null.

The discordance rate (for HER2 0 and low) between AI-based CNB
and SEB was 24.11% (Kappa = 0.125, p < 0.001). The discordance rate (for
HER2-null, ultralow and low) betweenAI-basedCNB and SEBwas 28.85%.
The discordance rate (for HER2-null and ultralow/low) between AI-based
CNB and SEB was 17.59%. Using the AI-based scoring, 21.88% (7/32)
patients experienced a conversion fromHER2-ultralow toHER2-low status
in the SEB sample and 24.26% (115/474) showed a conversion fromHER2-
low to HER2-null/ultralow (Fig. 2B, Fig. 3A–F). In the 32 HER2-ultralow
cases identified byAI inCNB, the percentage of positive tumor cells inCNB
slides was slightly lower in patients who converted to HER2-null/ ultralow
status than in HER2-low patients (p = 0.31, Fig. 3G). Among the 474HER2
1+ cases, the percentage of positive tumor cells in CNB slides was lower in
patients who converted to HER2-null/ ultralow status than in HER2-low
patients (p < 0.001, Fig. 3H).

Overall, the concordance of HER2-null, ultralow, and low status
between CNB and SEB was limited. The agreement could be improved by
clustering IHC categories, and the highest concordance between CNB and
SEB was observed when comparing HER2-null with the ultralow/low
grouped cluster. However, in theHER2-ultralow category, the concordance
remained limited.

Fig. 1 | Sankey diagrams demonstrating concordance of HER2 status among his-
torical score, manual re-scoring and AI based score in core needle biopsy (CNB).
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Clinicopathological characteristics comparison between HER2-
null and ultralow groups
There were no significant difference in clinicopathological parameters
between HER2-low and ultralow groups. Compared with HER2-null cases,
patients with HER2-ultralow expression were more likely to have positive
AR expression (p = 0.001). There was no significant difference in other
clinicopathological parameters such as age, histological grade, tumor size,
lymphnode status, andmolecular subtype betweenHER2-null andultralow
groups. Compared with HER2-null cases, patients with HER2-low
expression had a lower proportion of grade 3 tumors (p = 0.005), a lower
Ki-67 index (p = 0.003), a higher frequency of positive AR expression
(p < 0.001) and hormone receptor (HR) positive expression (p < 0.001).
Additionally, there was a significant difference in histological types between
the HER2-null and low groups (p = 0.011, Table 1).

In the HR positive subgroup (Table S1), no significant difference in
clinicopathological parameters were observed between HER2-low and
ultralow groups, nor between HER2-null and ultralow groups. However,
patients with HER2-low expression were more likely to have positive AR
expression than those with HER2-null expression (p = 0.034). In the HR-
negative subgroup (Table 2), there were no significant differences in clin-
icopathological parameters between the HER2-low and ultralow groups.
Patients with HER2-low expression had a lower proportion of T3 tumors
than those with HER2-null expression (p = 0.024). Compared with HER2-
null cases, HER2-ultralow cases were more likely to belong to the luminal
androgen receptor (LAR) subgroup (p = 0.007) and to have lymph node
metastasis (p = 0.048). In both the HR-positive and HR-negative groups,
there were no statistically significant differences in disease-free survival and
overall survival among the three groups, probably due to the relatively short
follow-up period (Fig. S2A–D).

A total of 71 (14.03%) patients showed discordance between CNB and
SEB based on clinical classification (for HER2-null and ultralow/low).
Univariate analyses indicated that TNBC subtype, HR negative expression,
high Ki-67 index, and AR negative expression were potential indicative
factors for the discordance of HER2 status (Table 3).

Overall, there were no significant differences in clinicopathological
parameters between the HER2-low and ultralow groups. In TNBC, HER2-
ultralow cases were more likely to belong to the LAR subgroup and to have

lymph node metastasis than HER2-null cases. These results showed that
HER2-ultralow cases demonstrated overlapping clinicopathological char-
acteristics with HER2-low cases.

Genomic landscape of the HER2-null, HER2-ultralow and HER2-
low breast cancers
In all 506 cases, the most prevalent mutations were TP53, PIK3CA,
MAPK3K1, and GATA3. In HER2-null breast cancer patients, the most
commonly mutated genes were TP53 (60.7%), PIK3CA (27.0%),
PIK3R1(9.0%) and KMT2D (9.0%). However, in HER2-ultralow cases, the
most commonly mutated genes were TP53 (51.0%), PIK3CA (39.2%),
MAP3K1(11.8%) and PDGFRB (9.8%). In HER2-low cases, the most
commonly mutated genes were PIK3CA (42.1%), TP53 (35.8%),
MAP3K1(11.5%) and GATA3 (9.01%). There was some variation in the
frequency of the same genes among the three groups. Given the distribution
of HR status was different between HER2-null and low cases, we investi-
gated the differences of mutation landscape in HR positive and negative
subgroup separately (Fig. 4). In the HR positive subgroup, the mutation
frequencies of MAP3K1 (2.0% vs. 14.1%; p = 0.016), KMT2D (12.0% vs.
3.0%; p = 0.012) and KMT2B (10.0% vs. 2.0%; p = 0.012) were significantly
different between HER2-null and HER2-low cases. Additionally, the
mutation frequency of IRS1 (8.3% vs. 1.7%; p = 0.044) differed significantly
between HER2-ultralow and HER2-low cases (Figs. 4A, 5A). To compre-
hensively understand the functional implications of somatic mutations, we
constructed landscapes depicting the altered genes within oncogenic sig-
naling pathways (Fig. S3A). In HER2-ultralow cases, the most commonly
mutated oncogenic signaling pathwayswere PIK3CA/AKT/mTOR (63.9%)
TP53 (38.9%), and RTK-RAS (33.3%). In HER2-low cases, the most com-
monly mutated oncogenic signaling pathways were PIK3CA/AKT/mTOR
(63.8%) TP53 (30.5%), and RTK-RAS (27.9%). In HER2-null cases, the
most commonlymutated oncogenic signaling pathwayswere also PIK3CA/
AKT/mTOR (52.0%) TP53 (40.0%), and RTK-RAS (36.0%). The distinc-
tions among HER2-low, HER2-ultralow, and HER2-null cases in HR-
positive breast cancer were subtle and did not show statistically significant
differences.

In the HR negative subgroup, PIK3R1(17.9% vs. 2.9%; p = 0.011) and
SMARCA4(0.0% vs. 11.8%; p = 0.026) showed significantly different

Fig. 2 | Sankey diagrams. A Sankey diagrams depicting the changes inHER2manual re-score from core needle biopsy (CNB) to surgical excision specimens (SEB).B Sankey
diagrams depicting the changes in HER2 AI-based score from core needle biopsy (CNB) to surgical excision specimens (SEB).
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frequencies betweenHER2-null andHER2-low cases, and PREX2 (0.0% vs.
20.0%; p = 0.018) had a significantly different frequency between HER2-
ultralow and HER2-null (Figs. 4B, 5A). In HER2-ultralow cases, the most
commonly mutated oncogenic signaling pathways were TP53 (86.7%),
NOTCH (46.7%) and PIK3CA/AKT/mTOR (46.7%). In HER2-low cases,
the most commonly mutated oncogenic signaling pathways were TP53
(73.5%), RTK-RAS (35.3%) and PIK3CA/AKT/mTOR (30.9%). In HER2-
null cases, themost commonlymutated oncogenic signaling pathways were
TP53 (89.7%), RTK-RAS (53.8%) and PIK3CA/AKT/mTOR (35.9%, Fig.
S3B). The distinctions were not statistically different.

We compared theHER2 copynumber levelswith the IHC scores of the
following HER2 subcategories: HER2-null, HER2-ultralow and HER2-low.
The HER2 copy number level was significantly higher in HER2-low cases
than in the HER2-null group (P < 0.001), but there was substantial overlap
in the copy number levels between IHC null and IHC low groups (Fig. 5B).

TheHER2 copy number level was slightly higher inHER2-low cases than in
the HER2-ultralow group (p = 0.870), and it was also slightly higher in
HER2-ultralow cases than in the HER2-null group (p = 0.427). The per-
centage of positive tumor cells in CNB slides was positively correlated with
HER2 copy number levels (p < 0.001, Fig. 5C).

Taken together, HER2 copy number level does not appear to
provide additional value in distinguishing HER2-null from HER2-
low and ultralow tumors. Comparing the frequencies of somatic
mutations among HER2-null, HER2-ultralow and HER2-low sub-
group across the most frequently mutated genes in these cases, we
found that the HER2-null and HER2-low subgroup had moderately
different mutation patterns, the HER2-null and HER2-ultralow
subgroups had slightly different mutation patterns, and the HER2-
low andHER2-ultralow subgroup also had slightly different mutation
patterns.

Fig. 3 | HER2 status conversion between core needle biopsy (CNB) and surgical
excision specimens (SEB). A–F Reprehensive images showing the conversion of
HER2 status from CNB to SEB. G Density plot illustrating the percentage of HER2
positive tumor cells in 32 CNB slides with HER2-ultralow status, categorized by the

HER2 immunohistochemistry (IHC) status of the corresponding SEB. H Density
plot showing the percentage of HER2 - positive tumor cells in 474 CNB slides with
HER2-low status, classified according to the HER2 IHC status of the respective SEB.
All *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant.
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Table 1 | Clinicopathological features of the HER2-low, ultralow and null breast cancer cases

characteristics overall HER2 status in SEB

506 null ultralow low p

n % n % n % null vs ultralow null vs low low vs ultralow

89 17.6 51 10.1 366 72.3

Age 0.323 0.660 0.416

<50 208 41.1 39 43.8 18 35.3 151 41.3

≥50 298 58.9 50 56.2 33 64.7 215 58.7

Histological grade 0.621 0.005 0.107

1,2 316 62.5 45 50.6 28 54.9 243 66.4

3 190 37.5 44 49.4 23 45.1 123 33.6

Tumor size 0.409 0.138 0.929

T1 237 46.8 49 55.1 24 47.1 164 44.8

T2 249 49.2 35 39.3 26 51.0 188 51.4

T3 19 3.8 4 4.5 1 2.0 14 3.8

unavailable 1 0.2 1 1.1 0 0.0 0 0.0

Lymph node status 0.513 0.149 0.698

N0 302 59.7 59 66.3 31 60.8 212 57.9

N1-3 204 40.3 30 33.7 20 39.2 154 42.1

Molecular subtype 0.228 <0.001 0.092

luminal A 206 40.7 24 27.0 16 31.4 166 45.4

luminal B 178 35.2 26 29.2 20 39.2 132 36.1

TNBC 122 24.1 39 43.8 15 29.4 68 18.6

Hormone receptor 0.092 <0.001 0.070

positive 384 75.9 50 56.2 36 70.6 298 81.4

negative 122 24.1 39 43.8 15 29.4 68 18.6

Ki-67 0.401 0.003 0.163

low 250 49.4 32 36.0 22 43.1 196 53.6

high 256 50.6 57 64.0 29 56.9 170 46.4

AR 0.001 <0.001 0.749

positive 398 78.7 47 52.8 41 80.4 310 84.7

negative 99 19.6 38 42.7 8 15.7 53 14.5

unknown 9 1.8 4 4.5 2 3.9 3 0.8

Neoadjuvant therapy >0.999 0.454 0.529

yes 32 6.3 7 7.9 4 7.8 21 5.7

no 474 93.7 82 92.1 47 92.2 345 94.3

Multifocal/multicentric breast cancer 0.487 0.390 >0.999

yes 29 5.7 7 7.9 2 3.9 20 5.5

no 477 94.3 82 92.1 49 96.1 346 94.5

Histological type 0.175 0.011 0.404

invasive breast cancer of no special type 458 90.5 81 91.0 45 88.2 332 90.7

invasive lobular breast cancer 24 4.7 1 1.1 4 7.8 19 5.2

metaplastic breast cancer 2 0.4 2 2.2 0 0.0 0 0.0

invasive carcinoma with apocrine differentiation 1 0.2 1 1.1 0 0.0 0 0.0

invasive micropapillary carcinoma 2 0.4 0 0.0 0 0.0 2 0.5

invasive solid papillary carcinoma 2 0.4 0 0.0 1 2.0 1 0.3

mixed metaplastic carcinoma (metaplastic
carcinoma+ invasive breast cancer of no special type)

5 1.0 2 2.2 0 0.0 3 0.8

mixed invasive carcinoma (invasive lobular breast
cancer + invasive breast cancer of no special type)

6 1.2 0 0.0 0 0.0 6 1.6

adenoid cystic carcinoma 1 0.2 1 1.1 0 0.0 0 0.0

mucinous carcinoma 5 1.0 1 1.1 1 2.0 3 0.8

The bold values serve to highlight statistically significant results derived from comparative analyses or correlation tests across different groups.
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Discussion
The recent research on HER2-low levels breast cancer has expanded the
spectrumofHER2positivity in breast cancer and the concepts ofHER2-low
and HER2-ultralow have emerged as crucial areas of study. HER2-ultralow
is characterized by faint/barely perceptible and incomplete staining in <10%
of tumor cells.

The advantages of IHC testing include its wide availability, relatively
low cost, easy preservation of stained slides, and the use of a familiar routine
microscope14. It should be noted that the current standard HER2 assays
(IHC and ISH) were developed to identify patients with HER2

overexpression who could benefit from trastuzumab, and they are likely to
be inaccurate in distinguishing low levels of HER2 expression (ultralow and
low) from HER2-null. The detection of low levels of HER2 expression by
IHCmight be affected by several pre-analytical and analytical issues, such as
the ischemia time, formalin fixation and artifacts, storage time ofwax blocks
andwhite pieces, and technical and biological heterogeneity15. Thismakes it
extremely difficult to accurately identify low levels of HER2 status, whether
through manual scoring or AI algorithms. Previous studies have evaluated
the interobserver reproducibility of HER2 IHC and demonstrated that the
interobserver agreementwas limited. Baez-Navarro X’s study indicated that

Table 2 | Clinicopathological features of the HER2-low, ultralow and null subgroup in hormone receptor negative breast
cancer cases

characteristics overall HER2 status in SEB

122 null ultralow low p

n % n % n % null vs
ultralow

null
vs
low

low vs
ultral-
ow

39 32.0 15 12.3 68 55.7

Age 0.492 0.694 0.646

<50 49 40.2 17 43.6 5 33.3 27 39.7

≥50 73 59.8 22 56.4 10 66.7 41 60.3

Histological grade 0.252 0.123 >0.999

1,2 18 14.8 9 23.1 1 6.7 8 11.8

3 104 85.2 30 76.9 14 93.3 60 88.2

Tumor size 0.0 0.0 0.0 0.0 0.146 0.024 >0.999

T1 44 36.1 19 48.7 4 26.7 21 30.9

T2 74 60.7 17 43.6 11 73.3 46 67.6

T3 4 3.3 3 7.7 0 0.0 1 1.5

Lymph node status 0.048 0.530 0.098

N0 76 62.3 27 69.2 6 40.0 43 63.2

N1-3 46 37.7 12 30.8 9 60.0 25 36.8

Molecular subtype 0.007 0.117 0.407

LAR 29 23.8 4 10.3 7 46.7 18 26.5

IM 13 10.7 3 7.7 2 13.3 8 11.8

BLIS 78 63.9 31 79.5 6 40.0 41 60.3

MES/UC/UNKNOWN 2 1.6 1 2.6 0 0.0 1 1.5

Ki-67 0.552 0.704 >0.999

low 7 5.7 3 7.7 0 0.0 4 5.9

high 115 94.3 36 92.3 15 100.0 64 94.1

Neoadjuvant therapy 0.170 0.541 0.341

yes 13 10.7 6 15.4 0 0.0 7 10.3

no 109 89.3 33 84.6 15 100.0 61 89.7

Multifocal/multicentric breast cancer 0.610 0.136 0.083

yes 6 4.9 3 7.7 2 13.3 1 1.5

no 116 95.1 36 92.3 13 86.7 67 98.5

Histological type >0.999 0.079 >0.999

invasive breast cancer of no special type 113 92.6 34 87.2 15 100.0 64 94.1

invasive lobular breast cancer 2 1.6 0 0.0 0 0.0 2 2.9

metaplastic breast cancer 2 1.6 2 5.1 0 0.0 0 0.0

invasive carcinoma with apocrine differentiation 1 0.8 1 2.6 0 0.0 0 0.0

mixedmetaplastic carcinoma (metaplastic carcinoma+ invasive
breast cancer of no special type)

3 2.5 1 2.6 0 0.0 2 2.9

adenoid cystic carcinoma 1 0.8 1 2.6 0 0.0 0 0.0

The bold values serve to highlight statistically significant results derived from comparative analyses or correlation tests across different groups.
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Table 3 | Univariable and multivariable analyses of factors associated with the discordance of HER2 status

characteristics overall HER2 status between CNB
and SEB

univariable
analyses

Multivariable
analyses

506 discordance concordance p OR [95%CI] p OR [95%CI]

n % n %

71 14.0 435 86.0

Age 0.570

<50 208 41.1 27 38.0 181 41.6

≥50 298 58.9 44 62.0 254 58.4

Histological grade 0.377

1,2 316 62.5 41 57.7 275 63.2

3 190 37.5 30 42.3 160 36.8

Tumor size 0.081

T1 237 46.8 42 59.2 195 44.8

T2 249 49.2 27 38.0 222 51.0

T3 19 3.8 2 2.8 17 3.9

unavailable 1 0.2 0 0.0 1 0.2

Lymph node status 0.672

N0 302 59.7 44 62.0 258 59.3

N1-3 204 40.3 27 38.0 177 40.7

Molecular subtype 0.800 1.136
(0.422-
3.067)

luminal A 206 40.7 21 29.6 185 42.5 0.001 2.747(1.486-
5.078)

luminal B 178 35.2 21 29.6 157 36.1 0.007 2.331(1.257-
4.322)

TNBC 122 24.1 29 40.8 93 21.4

Hormone receptor <0.001 0.394(0.233-
0.666)

0.151 0.502
(0.196-
1.287)

positive 384 75.9 42 59.2 342 78.6

negative 122 24.1 29 40.8 93 21.4

Ki-67 0.039 1.714(1.025-
2.868)

0.911 0.947
(0.362-
2.481)

low 250 49.4 27 38.0 223 51.3

high 256 50.6 44 62.0 212 48.7

AR 0.002 0.408(0.235-
0.710)

0.568 0.760(0.297-
1.945)

positive 398 78.7 46 64.8 352 80.9

negative 99 19.6 24 33.8 75 17.2

unknown 9 1.8 1 1.4 8 1.8

Neoadjuvant therapy 0.068

yes 32 6.3 1 1.4 31 7.1

no 474 93.7 70 98.6 404 92.9

Multifocal/multicentric breast cancer 0.274

yes 29 5.7 6 8.5 23 5.3

no 477 94.3 65 91.5 412 94.7

Histological type 0.072

invasive breast cancer of no special type 458 90.5 65 91.5 393 90.3

invasive lobular breast cancer 24 4.7 1 1.4 23 5.3

metaplastic breast cancer 2 0.4 1 1.4 1 0.2

invasive carcinoma with apocrine differentiation 1 0.2 1 1.4 0 0.0

invasive micropapillary carcinoma 2 0.4 0 0.0 2 0.5

invasive solid papillary carcinoma 2 0.4 0 0.0 2 0.5
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the interobserver agreement could be improved by clustering IHC cate-
gories, and the highest reproducibility was observed when comparing IHC
no staining with the ultralow/1+ /2+ grouped cluster (74.3% of cases with
100% agreement)16. In this study, we found that the highest concordance
between CNB and SEB was observed when comparing HER2-null with the
combined ultralow/low clustering group.

An in vitro study established that cells containing 0–20,000,
20,000–100,000, 100,000–500,000, and more than 2,000,000 receptors
corresponded to IHC null, IHC ultralow, IHC 1+ or 2+ , and IHC 3+ ,
respectively. The slight difference in receptor number between IHCnull and
ultralowmay explain the difficulty in distinguishing IHCnull fromultralow
with the current diagnostic methods. Inaccurate HER2 evaluation can lead
to the misassignment of many patients for treatment with T-DXd. There is
an urgent need for novel quantitative assays to improve our ability to
identify patients with HER2-low breast cancer. Determining the threshold
of HER2 expression in the beneficial population is an issue worthy of future
attention. The AI algorithm developed in this study has shown potential in
assisting with HER2 assessment. Compared with manual scoring, it can
provide a more objective and consistent assessment, reducing the impact of
interobserver variability. In our study, with the assistance of AI, all HER2-
null slides were found to have a small amount of faint HER2 membrane
staining and were classified as ultralow by AI, suggesting that AI-based
quantitative analysis may be more sensitive in detecting this subgroup.
Among the 32 HER2-ultralow cases identified by AI, the percentage of
positive tumor cells was lower in patients with HER2-null cases than in
those with HER2-ultralow and low cases determined bymanual re-scoring.

Developing more sensitive and specific assays would improve the
diagnostic accuracy for HER2-ultralow. The findings of Baez-Navarro X
et al. indicate a strong agreement between mRNA expression quantified by
reverse transcription quantitative polymerase chain reaction (RT-qPCR)
andHER2 IHC scores17. However, therewere discrepancies in classification.
Specifically, 10 of 17 HER2 0/ultralow cases by IHC (58.8%) were classified
asHER2-lowbyMammaTyper, 2of 71 cases (2.8%)wereHER2-lowby IHC
and HER2 0/ultralow by MammaTyper, and 2 (2.8%) were HER2-low by
IHC and HER2-positive by RP-qPCR17. Li X’s study indicated that HER2
RNA levels detected by RNAscope strongly correlated with HER2 protein
levels and with HER2 IHCH-scores from the PATHWAY andHercepTest
assays. RNAscope results were strongly associated withHER2 protein levels
and patients’ response to T-DXd treatment.However, neither protein levels
norRNAlevels significantly differed among cases scored0, ultralow, and1+
by PATHWAY andHercepTest18. Another study examined whetherHER2
mRNA detected through the 21-gene assay, Oncotype DX, could refine the
diagnosis of HER2-low and HER2-0, and demonstrated that due to the
substantial overlap, HER2 gene expression was unable to properly distin-
guishHER2-low andHER2-0. In addition, there was no difference inHER2
gene expression between the HER2-null and HER2-ultralow subgroups19.

Moreover, breast tumors are known to be heterogeneous, and different
regions of the tumor may have varying HER2 expression levels. CNB
samples a relatively small portion of the tumor. This limited sampling may

not fully represent the heterogeneity of the entire tumor, and this hetero-
geneity can lead to differences betweenCNBand SEBresults20. Intertumoral
HER2 IHC heterogeneity is more prevalent in HER2-low samples, con-
tributing to inconsistent interpretation of HER2-low results21. It should be
noted that a subset of HER2-null tumors in CNB samplesmight respond to
targeted therapy due to intratumor heterogeneity. SEB provides a more
comprehensive sample of the tumor, including a larger portion and is more
likely to capture the full range of HER2 expression levels within the tumor.
In this study, the low concordance between CNB and SEB in the HER2-
ultralow category (only 25% in our study) highlights the challenges asso-
ciated with its diagnosis. The high conversion rates betweenHER2-ultralow
and other statuses (34% to null and 33% to low in our study) further
emphasize the instability and ambiguity of this category. Additionally, the
spatial and temporal evolutionofHER2-lowexpressionalso affect theHER2
interpretation22. Shang J’s study investigated the evolution of HER2- low
from primary breast cancer to residual breast cancer after neoadjuvant
therapy and demonstrated the inconsistency rate of HER2 expression was
21.42% between primary breast cancer and residual tumor after neoadju-
vant therapy, mainly manifested as the conversion of HER2-low cases to
HER2-0 (10.19%) and the conversion of HER2-0 to HER2-low (6.45%).
Therefore, re-detection of HER2 in breast cancer after neoadjuvant therapy
should be recommended andmay lead to new treatment opportunities for a
certain proportion of patients23.

Currently, there is limited research on whether patients with HER2-
ultralow breast cancer exhibit distinct clinicopathological features com-
pared to those with HER2-null and HER2-low tumors. Chen Z et al. found
that HER2-ultralow BC patients demonstrated distinct clinicopathological
features from HER2-null and HER2-low tumors. However, HER2 status
(null, ultralow, or low) had no prognostic value in this HER2-negative BC
population. HER2-ultralow patients differed from HER2-low patients in
terms of N stage, HR status, Ki-67 expression, and type of surgery. There
were also significant differences in histologic type and postoperative
endocrine therapy between HER2-ultralow and HER2-null patients24.
Another study demonstrated that among HR-positive BC, HER2-null has
lower Ki-67 expression compared to HER2-ultralow andHER2-low group.
Among TNBC, HER2-ultralow has lower Ki-67 expression compared to
HER2-low group. There are no other significant differences among these
three groups25. In our study, no significant difference in clinicopathological
parameters was found betweenHER2-low and ultralow groups. In all cases,
HER2-null and low group differed in terms of histological type, histological
grade, Ki-67 index, AR expression and HR expression. In TNBC, HER2-
ultralow cases were more likely to belong to the LAR subgroup and to have
lymph node metastasis than HER2-null cases. These results showed that
HER2-ultralow cases showed overlapping clinicopathological characteristic
with HER2-low cases. In both the HR-positive and HR-negative groups,
there were no statistically significant differences in disease-free survival and
overall survival among the three groups, probably due to the relatively short
follow-upperiod.Analyses of large retrospective cohorts of patientswithBC
often reported inconsistent findings. Most studies have identified no major

Table 3 (continued) | Univariable and multivariable analyses of factors associated with the discordance of HER2 status

characteristics overall HER2 status between CNB
and SEB

univariable
analyses

Multivariable
analyses

506 discordance concordance p OR [95%CI] p OR [95%CI]

n % n %

mixedmetaplastic carcinoma (metaplastic carcinoma+ invasive breast
cancer of no special type)

5 1.0 1 1.4 4 0.9

mixed invasive carcinoma (invasive lobular breast cancer + invasive
breast cancer of no special type)

6 1.2 0 0.0 6 1.4

adenoid cystic carcinoma 1 0.2 1 1.4 0 0.0

mucinous carcinoma 5 1.0 1 1.4 4 0.9

The bold values serve to highlight statistically significant results derived from comparative analyses or correlation tests across different groups.
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difference in clinicopathologic characteristics nor prognosis for HER2-low
expression, few studies have instead suggested a better or worse prognosis
associated with HER2-low BC2,26. A meta-analysis with a large sample of
patients demonstrated that compared to patients with HER2-0 BC, those
with HER2-low BC had better OS in the overall and HR-positive

populations but similar OS in the HR-negative populations. HER2-low BC
hadbetterDFS in theHR-positive populations but similarDFS in the overall
and HR-negative populations and the overall populations27. Guan F’s study
revealed that the HER2-ultralow expression group displayed lower rates of
ER, PR, and AR positivity, as well as fewer Luminal types compared to the

Fig. 4 |Molecular landscape across threeHER2 subgroups.Molecular landscape of HER2-null, ultralow and low breast cancers in hormone receptor (HR) positive (A) and
negative cases (B). Genes marked with * represent those with differential mutation frequencies among HER2-null, HER2-ultralow and HER2-low patients.
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HER2-low group, and exhibited a higher likelihood of lymph node metas-
tasis than the HER2-null group28. HER2-low tumors tend to have more
mutations in PI3K-AKT signaling pathway-related genes than HER2-0
tumors1,29,30. In our study, the distinctions among HER2-low, HER2-
ultralow andHER2-null cases in bothHR-positive and negative cases breast
cancer were subtle and did not show statistically significant differences.
Additionally, comparing the frequency of somatic mutations among the
HER2-null, ultralow, and lowsubgroupsacross themost frequentlymutated
genes in these cases showed that the HER2-null and low subgroups had
moderately different mutation patterns, the HER2-null and ultralow sub-
groups had slightly different mutation patterns, and the HER2-low and
ultralow subgroups also had slightly different mutation patterns.

We also investigated whether the HER2 copy numbers could improve
the discrimination between HER2-null, HER2-ultralow and HER2-low
tumors. TheHER2 copy number levelwas significantly higher inHER2-low
cases than in theHER2-null group, but showed substantial overlap between
IHCnull and IHC low groups.We did not observe any statistical differences
in HER2 copy number level between HER2-low cases and HER2-ultralow
group, or between the HER2-ultralow and HER2-null group. HER2 copy
number level does not seem to have additional value to separate HER2-null
fromHER2-low and ultralow tumors. LambeinK et al. found that themean
HER2 copynumberwas higher in score 1+ tumors than in score 0 tumors31,
which is consistent with our study. In Baez-Navarro X’s study, they also did
not observe any statistical differences in the mean HER2 copy number
between IHC 0 and 1+ , regardless of the inclusion of the ultralow group16.

This study has several limitations. First, it was based on a single-center
retrospective cohort, and larger-scale prospective studies need to be carried
out to validate our findings. Second, although AI has shown promising
results in this study, the limitations of digital image analysis techniques and
other factors can still affect the accuracy ofHER2 assessment. Issues such as
image quality, resolution, and the ability to accurately detect and classify
cells can influence the final results. Specific training and particular attention
during HER2 assessment techniques and interpretation to recognize the
subtle staining patterns associated with HER2-ultralow will help ensure
appropriate identification of HER2-low and HER2-ultralow tumor. How-
ever, it should be noticed that even with pretrained pathologists, there may
still be some differences in judgment, especially for cases with borderline
HER2 staining.

In conclusion, this study demonstrated the limited diagnostic value of
CNB for determiningHER2-low status and ultralow status in breast cancer.
The concordance between CNB and SEBwas found to be limited, especially
in the HER2-ultralow category. The agreement could be improved by
clustering IHC categories, and the highest concordance between CNB and
SEB was observed when comparing HER2-null with the ultralow/low

grouped cluster. No significant difference in clinicopathological character-
istics was observed between HER2-low and ultralow groups. The distinc-
tions of genomic landscape among HER2-low, HER2-ultralow and HER2-
null cases in both HR-positive and negative cases breast cancer were subtle.
AI-based quantitative analysis may be more sensitive to detect HER2-
ultralow. These findings indicate the necessity of retestingHER2 in excision
specimens to ensure accurate diagnosis and appropriate treatment deci-
sions. Future studies should focus on improving the accuracy of HER2
assessment inCNBand further exploring the potential ofAI in breast cancer
diagnosis.

Methods
HER2 AI algorithm development
The D-Path AI platform, an innovative deep-learning framework for
membrane segmentation was developed to assess HER2 status in breast
cancer CNB specimens. It is a three-phaseAI analysis framework consisting
of the following steps: (1) segmenting tumor areas while excluding ductal
carcinoma in situ (DCIS); (2) detecting and classifying tumor cells based on
the membrane staining pattern; and (3) grading HER2 IHC scores
according to the 2018 HER2 ASCO/CAP guideline (Fig. S4). This frame-
work leverages nuclei point-level supervision from IHC images. This fra-
mework consists of twonetworks: Seg-Net andTran-Net. Seg-Net generates
segmentation results for the membranes and nuclei of various tumor cells
with different HER2 expression statuses. It employs a U-Net architecture
with residual connections to enhance feature extraction and segmentation
accuracy, and trained with a custom loss function that combines binary
cross-entropy and dice coefficient to address class imbalance. Tran-Net,
based on a transformer model, encodes segmented images into semantic
points. This encoding process captures essential spatial relationships and
contextual information for accurate cell type discrimination. This approach
allowed us to accurately identify the invasive tumor cells and classified into
different categories based on the intensity and completeness of the mem-
brane staining. Weak and incomplete membrane staining, moderate and
completemembrane staining, and strong and completemembrane staining
were distinguished, and corresponding cell numbers and proportions were
calculated.

Study samples
All consecutive core needle biopsies (CNB) of primary invasive breast
cancers (IBCs) diagnosed at our institute in 2021—with historical HER2
IHC scores of 0 or low (1+ and 2+ /FISH-) and previously subjected to
next-generation sequencing (using the FUSCC NGS panel, which detects
somatic and germline mutations across 484 breast cancer-specific genes)—
were rescored by a review committee blinded to the original results. SEBs

Fig. 5 | Somatic mutation differences and HER2 copy number variations across
three HER2 subgroups. A Bar plots showing the differentially mutated somatic
genes rate of the top 30 geneswithin 506 breast cancers.BDensity plot displaying the
HER2 copy number in 506 CNB slides, grouped by theHER2 IHC status determined

by manual scoring in CNB. All *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not sig-
nificant.CAssociation between the percentage of positive tumor cells as determined
by AI and HER2 copy number per cell quantified by next -generation
sequencing (NGS).
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were obtained following lumpectomy or mastectomy. Following rescoring,
506 CNB cases that were reclassified as HER2 0 or 1+ with paired SEB
specimens were enrolled in this study. Experiments and data generation
were in accordance with the ethical standards of relevant national and
international rules and regulations (GCP, Declaration of Helsinki). This
studywas approved by the Ethics Committee of FudanUniversity Shanghai
CancerCenter, and each participant signed an informed consent document.

CNBs were mostly performed by ultrasound guidance with 14-gauge
needles, and 4–5 pieces were obtained. The CNB specimens were fixed in
10% neutral formalin for 8–10 h, embedded in paraffin, and sectioned at a
thickness of 4 um. SEBs were sliced at 5- to 10-mm intervals after operation
and fixed in 10%neutral buffered formalin for 8–24 h. Then, tissue samples
were in paraffin, and sectioned at a thickness of 4 um prior to analysis.
Subsequently, hematoxylin and eosin(H&E) and IHC staining were carried
out. The HER2 IHC staining was performed on an automated Ventana
BenchmarkXT slide Stainer using a specific antibody (Ventana 4B5) against
HER2.Moreover, external controls encompassing varied staining intensities
and degrees of completeness were established. All samples were prepared
with similar preanalytical conditions and analytical processes.

The relevant clinical-pathological characteristics, such as age, histolo-
gical grade, tumor size, lymph node status, and molecular subtype, were
collected. TNBCs were classified into different subtypes based on the
staining results: (a) IHC-based luminal androgen receptor (IHC-LAR; AR-
positive [+]), (b) IHC-based immunomodulatory (IHC-IM; AR-negative
[-],CD8+ ), (c) IHC-basedbasal-like immune-suppressed (IHC-BLIS;AR-
, CD8-, FOXC1+ ), and (d) others(including MES)32.

Evaluation of HER2 expression
Paired CNBs and SEBs were independently rescored by two pretrained
expert pathologists according to the latest ASCO/CAP Guidelines Update
for HER2 diagnosis33. According to the latest ASCO/CAP Guidelines
Update, IHC0 is defined as no staining observed ormembrane staining that
is incomplete and is faint or barely perceptible and within ≤ 10% of the
invasive tumor cells. If the proportion is over 10%, tumor is defined as IHC
1+ . The definition of IHC 2+ is invasive breast cancer with weak to
moderate complete membrane staining observed in > 10% of tumor cells,
and when over 10% of circumferential membrane staining is complete and
intense, tumor is defined as IHC3+ . HER2 0 is further divided intoHER2-
ultralow and HER2-null. IHC null is defined as no observed staining, and
HER2-ultralow is defined as membrane staining that is incomplete and is
faint or barely perceptible and within ≤ 10% of the invasive tumor cells. In
addition, HER2 low is defined as IHC 1+ or 2+ /ISH-negative. In this
study, HER2 low incorporated 1+ only for CNB, while also incorporated a
small number of 2+ /ISH-negative case for SEBs.

Two pathologists with approximately 5 years of experience read the
cases independently. If the results between the two readers matched, it was
recorded as the final result. Otherwise, the adjudicator (a third pathologist)
would review the slides and each reader’s scores before making the final
judgement on HER2 IHC status. All of the HER2 slides of CNBs were
digitalized. The developed AI algorithm was used to score the HER2 status
of the CNB samples. Then, the performance of the AI algorithm was
compared with the pathologist scores to evaluate its accuracy and
concordance.

Statistical analysis
The clinicopathological parameters were compared among the different
subgroups using chi-square analysis. Statistical analyses were performed
using SPSS 26.0 (SPSS, Chicago, IL, USA) or GraphPad Prism 9.0
(GraphPad Software, La Jolla, CA, USA). A p < 0.05 was considered sta-
tistically significant.

Data availability
The code and datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Code availability
The code used during the current study are available from the corre-
sponding author on reasonable request.
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