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Abstract
Purpose  To investigate potential differences in pathological complete response (pCR) rates and overall survival (OS) between 
HER2-low and HER2-zero patients with early-stage hormone receptor (HR)-positive and triple-negative breast cancer 
(TNBC), in the neoadjuvant chemotherapy setting.
Methods  We identified early-stage invasive HER2-negative BC patients who received neoadjuvant chemotherapy diagnosed 
between 2010 and 2018 in the National Cancer Database. HER2-low was defined by immunohistochemistry (IHC) 1+ or 
2+ with negative in situ hybridization, and HER2-zero by IHC0. All the methods were applied separately in the HR-positive 
and TNBC cohorts. Logistic regression was used to estimate the association of HER2 status with pCR (i.e. ypT0/Tis and 
ypN0). Kaplan–Meier method and Cox proportional hazards model were applied to estimate the association of HER2 status 
with OS. Inverse probability weighting and/or multivariable regression were applied to all analyses.
Results  For HR-positive patients, 70.9% (n = 17,934) were HER2-low, whereas 51.1% (n = 10,238) of TNBC patients were 
HER2-low. For both HR-positive and TNBC cohorts, HER2-low status was significantly associated with lower pCR rates 
[HR-positive: 5.0% vs. 6.7%; weighted odds ratio (OR) = 0.81 (95% CI: 0.72–0.91), p < 0.001; TNBC: 21.6% vs. 24.4%; 
weighted OR = 0.91 (95% CI: 0.85–0.98), p = 0.007] and improved OS [HR-positive: weighted hazard ratio = 0.85 (95% CI: 
0.79–0.91), p < 0.001; TNBC: weighted hazard ratio = 0.91 (95% CI: 0.86–0.96), p < 0.001]. HER2-low status was associ-
ated with favorable OS among patients not achieving pCR [HR-positive: adjusted hazard ratio = 0.83 (95% CI: 0.77–0.89), 
p < 0.001; TNBC: adjusted hazard ratio = 0.88 (95% CI 0.83–0.94), p < 0.001], while no significant difference in OS was 
observed in patients who achieved pCR [HR-positive: adjusted hazard ratio = 1.00 (95% CI: 0.61–1.63), p > 0.99; TNBC: 
adjusted hazard ratio = 1.11 (95% CI: 0.85–1.45), p = 0.44].
Conclusion  In both early-stage HR-positive and TNBC patients, HER2-low status was associated with lower pCR rates. 
HER2-zero status might be considered an adverse prognostic factor for OS in patients not achieving pCR.
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complete response · Overall survival

Introduction

Breast cancer (BC) is the most common cancer among 
women in the US with high heterogeneity at both the biolog-
ical and clinical levels [1, 2]. This heterogenous disease can 
be divided into four subgroups, based on the immunohisto-
chemistry (IHC) and/or in situ hybridization (ISH) status of 
the estrogen receptor (ER), progesterone receptor (PR), and 

human epidermal growth factor receptor 2 (HER2), which 
often have different responses to treatment [3]. Accounting 
for 15–20% of BC cases, patients with HER2-positive dis-
ease (IHC 3+ , or IHC 2+ and ISH-positive) typically ben-
efit from anti-HER2 targeted therapy; however, those with 
HER2-negative disease (IHC 0, IHC 1+ , or IHC 2+ and 
ISH-negative) demonstrate minimal benefit from traditional 
anti-HER2 targeted therapy [4–7].

Within HER2-negative tumors, those with low to moder-
ate expression of HER2 without amplification are defined 
as HER2-low (IHC 1+ , or IHC 2+ and ISH-negative), Extended author information available on the last page of the article
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comprising 45–55% of all BC tumors [8–10]. Recently, 
novel antibody drug conjugates (ADCs) trials, including 
trastuzumab deruxtecan (T-DXd, DS-8201a) and trastu-
zumab duocarmazine (SYD985), have demonstrated clinical 
benefits in both HER2-positive and HER2-low BC patients 
[11–14], suggesting that HER2-low tumors may be a distinct 
entity largely overlooked in the existing literature.

As novel ADCs emerge, exploring HER2-low early-stage 
BC in the setting of neoadjuvant chemotherapy (NACT) 
gains importance for guiding future treatment regimens. 
However, studies related to HER2-low early-stage BC in 
response to NACT are limited. A pooled-multicenter clini-
cal trial on early-stage BC patients treated with NACT 
supported the notion that HER2-low BC tumors could 
be identified as a distinct biologic subtype [15]. Whether 
HER2-low could be characterized as a distinct subgroup 
of early-stage BC from HER2-zero, potentially impacting 
treatment decisions and prognosis, remains controversial, 
although detailed reporting of HER2 IHC and ISH status is 
recommended by national organizations [8, 16–21]. There-
fore, further exploratory studies with larger sample sizes 
and prolonged follow-up are warranted. Furthermore, the 
impact of HER2-low status on early-stage BC should be 
stratified by hormone receptor (HR) status since triple-neg-
ative breast cancer (TNBC; ER and PR negative) is notably 
distinct from HR-positive BC (ER and/or PR positive). For 
example, TNBC has different molecular features associated 
with more aggressive biological behaviors, such as higher 
proliferation rates and increased genetic instability, while 
HR-positive BC is typically associated with lower prolifera-
tion index and more indolent clinical course, which leads to 
different treatment response and prognosis [22–24].

In this retrospective cohort study, we aimed to assess 
the impact of HER2-low status (vs. HER2-zero) on pCR 
rates and overall survival (OS) in early-stage HR-positive 
or TNBC patients.

Methods

Database and patient cohort

Established in 1989, the National Cancer Database (NCDB) 
is a nationwide hospital-based clinical cancer registry spon-
sored by the American College of Surgeons and American 
Cancer Society, capturing approximately 80% of all newly 
diagnosed breast cancers across the United States. [25] The 
present study was granted Duke University Institutional 
Review Board exemption and waiver of informed consent 
due to the use of de-identified patient data.

Adult female patients (18–80 years old) diagnosed with 
HER2-negative invasive early-stage BC between 2010 and 
2018, who received NACT, were identified from the NCDB 

(2019 release). Exclusion criteria were summarized in 
Fig. 1. Eligible patients were then divided into two study 
cohorts based on HR status (i.e. HR-positive vs HR-nega-
tive, where those with HR-negative disease were classified 
as having TNBC). Next, patients within the HR-positive and 
the TNBC cohorts were further subdivided into HER2-low 
and HER2-zero subgroups based on the HER2 IHC score 
and/or ISH status. Namely, patients with IHC 1+ , or IHC 
2+ and ISH-negative were defined as HER2-low, whereas 
patients with IHC 0 were defined as HER2-zero. The study 
was reported in accordance with the REMARK criteria. [26]

Study variables

Baseline clinicopathological variables of interest included 
age at diagnosis, race/ethnicity (Hispanic, non-Hispanic 
White, non-Hispanic Black, non-Hispanic Asian, and other), 
clinical T and N category (cT and cN), tumor grade, tumor 
histological type, Charlson-Deyo comorbidity score (0, 1, 
or > = 2), surgery type, facility type, and diagnosis year 
(2010–2012, 2013–2015, and 2016–2018). Furthermore, 
administration of adjuvant therapy including endocrine 
therapy (ET), immunotherapy (IT) and/or radiotherapy 
(RT) were included in the OS analyses. Of note, anti-HER2 
directed therapy is included as IT in the NCDB.

Statistical analysis

All the below methods were applied separately in the HR-
positive and TNBC cohorts. Based on the assumption of 
missing at random (MAR) and prior research demonstrat-
ing that excluding patients with missing data may skew 
the results [27], we performed multiple imputations by the 
chained equations to impute missing values for race and 
tumor grade (2.5% and 5.6% missingness for HR-positive 
cohort; 2.2% and 4.4% missingness for TNBC cohort). 
We hypothesized that the MAR assumption was plausible, 
because a wide range of variables which applied in the sub-
stantive analyses, were added into the imputation models, 
per suggestion by Sterne et al. [28] According to the guide-
lines, the number of imputations should be similar to the 
percentage of missing cases; therefore, we generated eight 
and seven complete datasets for subsequent analyses in the 
HR-positive and TNBC cohorts, respectively [29].

We compared baseline characteristics between HER2-low 
and HER2-zero patients separately for the HR-positive and 
TNBC cohorts. The balance in baseline characteristics was 
assessed by the standardized mean difference (SMD), and 
an SMD < 0.1 suggested an acceptable balance of the factors 
between the HER2-low and HER2-zero subgroups.

To control for confounding and selection bias, we 
applied inverse probability weighting (IPW) to adjust for 
the observed differences in baseline characteristics. Using 
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a multivariable logistic regression, we first estimated the 
propensity score (PS) in each imputed dataset, yielding the 
conditional probability of having HER2-low disease. This 
multivariable logistic model encompassed various clinico-
pathological risk factors, including the ten baseline charac-
teristics (i.e. age at diagnosis, race/ethnicity, cT and cN cat-
egory, tumor grade, histological type, Charlson-Deyo score, 
surgery type, facility type, and diagnosis year). The esti-
mated PSs from all the imputed datasets were then combined 
by averaging individual estimates in each dataset according 
to Rubin’s rules [30]. We applied the IPW method based 
on the estimated PS to weight each patient for balancing 
baseline characteristics between HER2-low and HER2-zero 
subgroups.

The outcomes of interest included pCR rate and OS. We 
compared pCR, defined as ypT0/Tis and ypN0, between the 
HER2-low and HER2-zero subgroups by performing IPW-
adjusted logistic regression. Odds ratios (OR) and 95% 
confidence intervals (CI) were reported. OS, defined as the 
time from the date of diagnosis to the date of last contact or 
death, was analyzed by IPW-adjusted Kaplan–Meier (KM) 
curves and log-rank test, as well as IPW-adjusted Cox pro-
portional hazards models with additional adjustment for the 

administration of adjuvant ET, IT, and RT. Hazard ratios 
with 95% CI of HER2-low versus HER2-zero were reported. 
Furthermore, we performed IPW-based subgroup analyses 
to investigate the differences in pCR and OS between the 
HER2-low and HER2-zero subgroups according to race/
ethnicity (non-Hispanic White and non-Hispanic Black), 
cT category (cT1-2 and cT3-4), cN category (cN0 and cN1-
3), histological type (ductal and non-ductal), and tumor 
grade (grade I-II and grade III). If post-weighting balance 
could not be reached in a certain subgroup, multivariable 
regression models were subsequently utilized for additional 
covariate adjustments. We also conducted interaction tests 
between HER2 status and baseline characteristics (i.e. race/
ethnicity, cT category, cN category, histological type, and 
tumor grade) to evaluate the heterogeneity of the predictive 
and prognostic impact of HER2 status across the subgroups.

To assess the impact of pCR on OS, we performed addi-
tional analyses by presenting the unweighted KM curves 
with log-rank tests for patients who achieved pCR versus 
those who did not achieve pCR (non-pCR) in the HR-pos-
itive and TNBC cohorts. Additional multivariable analy-
ses (MVA) using Cox regression with the aforementioned 
thirteen risk factors (i.e. ten baseline characteristics and 

Fig. 1   Consolidated standards of reporting trials (CONSORT) dia-
gram. Exclusion criteria included (1) patients whose estrogen recep-
tor or progesterone receptor status were unknown or borderline; (2) 
patients who received other types of neoadjuvant therapy including 
neoadjuvant endocrine therapy, radiotherapy, immunotherapy and 
other treatments; (3) patients with incomplete clinical and pathologi-
cal TNM information; (4) patients who had more than one malignant 

or in  situ primary neoplasm during their lifetime; (5) patients with 
unrealistic surgery date, such as those indicated as having received 
lumpectomy or mastectomy after last contact or death; (6) patients 
with missing or incomplete data on the number of positive lymph 
nodes; and (7) patients diagnosed with occult breast cancer. NCDB 
National Cancer Database, BC Breast cancer, TNBC Triple-negative 
breast cancer
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administration of adjuvant ET, IT and RT) were also used 
to compare OS differences between HER2-low and HER2-
zero in the HR-positive and TNBC cohorts according to pCR 
outcome (i.e. pCR versus non-pCR). In this study, robust 
sandwich covariance estimators were used in all models to 
account for the correlation of patients treated at the same 
facility.

Additionally, we conducted sensitivity analyses using 
multivariable logistic and Cox regressions on the complete 
dataset (excluding patients with missing data) with the afore-
mentioned risk factors (i.e. adjustment for ten baseline char-
acteristics for pCR, and additional adjustment for adminis-
tration of adjuvant ET, IT and RT for OS) to validate our 
findings. The E-values, defined as “the minimum strength 
of association of an unmeasured confounder with both expo-
sure and the outcome, conditional on measured covariates, 
to fully explain away exposure-outcome association”, were 
calculated to evaluate possible effects of the unmeasured 
confounders on study findings under no assumptions. [31, 
32] A large E-value implies that considerable unmeasured 
confounding would be needed to explain away the exposure-
outcome association [31].

All the analyses were performed by R version 4.2.3. And 
two-sided p < 0.05 was considered statistically significant. 
No adjustments were made for multiple comparisons.

Results

Clinicopathological characteristics

We identified 45,331 early-stage invasive BC patients who 
met eligibility criteria, of whom 55.8% (n = 25,302) were 
HR-positive and 44.2% (n = 20,029) had TNBC (Fig. 1). 
Among HR-positive patients, 70.9% (n = 17,934) were 
HER2-low, whereas 51.1% (n = 10,238) were HER2-low 
among TNBC patients, indicating that HER2-low was more 
common among HR-positive patients compared with TNBC 
patients (Chi-squared test p < 0.001; Supplemental Figure 
S1).

Among HR-positive patients, compared with HER2-
zero patients, HER2-low patients were more likely to be 
diagnosed as cN1-3 (64.1% vs. 62.4%), grade I-II (57.5% 
vs. 53.3%), have histological subtype as ductal (78.4% 
vs. 75.5%), and receive adjuvant ET (90.8% vs. 88.9%) 
(Table 1). Additionally, compared with Hispanic patients, of 
whom 68.6% were HER2-low, Non-Hispanic White (71.0%) 
and Non-Hispanic Black (70.9%) patients had higher propor-
tions of HER2-low status.

Among TNBC patients, compared with HER2-zero 
patients, HER2-low patients were more likely to be diag-
nosed as cN1-3 (45.3% vs. 42.9%), grade I-II (15.7% 
vs. 13.1%), and receive adjuvant RT (70.6% vs. 68.5%) 

(Table 2). Additionally, compared with Hispanic patients, of 
whom 45.5% were HER2-low, Non-Hispanic White (51.9%) 
and Non-Hispanic Black (50.6%) patients had higher propor-
tions of HER2-low status.

After IPW adjustment, SMDs were smaller than 0.1 
for all baseline characteristics between the HER2-low and 
HER2-zero subgroups (Tables 1, 2, and Supplemental Fig-
ure S2) indicating that the weighted population in the two 
subgroups was generally comparable in both the HR-positive 
and TNBC cohorts.

Outcomes analyses

In the HR-positive cohort, the median follow-up was 
65.2 months [interquartile range (IQR), 46.4–89.5]. In the 
TNBC cohort, the median follow-up was 59.5 months (IQR, 
43.5–81.5).

Hormone receptor‑positive cohort

Among HER2-low patients, 5.0% (n = 905) achieved pCR, 
compared with 6.7% (n = 493) of HER2-zero patients (Fig. 2 
and Supplemental Figure S3). The pCR rate increased as 
the diagnosis year increased from 2010 to 2018 (Fig. 3a). 
In the IPW-adjusted logistic model, HER2-low status was 
associated with a significantly lower pCR rate [IPW-adjusted 
odds ratio (OR) = 0.81, 95% CI: 0.72–0.91; p < 0.001; 
Fig. 2].

In subgroup analyses, differences in pCR rates between 
HER2-low and HER2-zero patients were significantly cor-
related with race/ethnicity (Non-Hispanic White: IPW-
adjusted OR = 0.74, 95% CI: 0.64–0.85 vs. Non-Hispanic 
Black: IPW-adjusted OR = 1.03, 95% CI: 0.78–1.35; p-inter-
action = 0.03; Fig. 2) and tumor grade (grade I-II: IPW-
adjusted OR = 0.64, 95% CI: 0.49–0.84 vs. grade III: IPW-
adjusted OR = 0.83, 95% CI: 0.73–0.95; p-interaction = 0.03; 
Fig. 2).

Compared with HER2-zero, HER2-low patients consist-
ently had a favorable OS before and after IPW adjustment 
(unweighted 5-year OS rate: 86.2% vs. 83.5%; weighted 
5-year OS rate: 86.1% vs. 83.6%; both log-rank p < 0.001; 
Fig. 4a, Supplement Figure S4A and Table S1). Moreover, 
the analysis using the IPW-adjusted Cox model indicated 
that patients with HER2-low tumors had improved OS com-
pared to those with HER2-zero tumors (hazard ratio = 0.85, 
95% CI: 0.79–0.91; p < 0.001; Fig. 5). Particularly, HER2-
low patients with IHC 2+ and ISH-negative status had a 
favorable OS than those with IHC 1+ status, or HER2-zero 
status (unweighted log-rank p < 0.001; Supplement Figure 
S4B).

The magnitude of the survival benefit associated 
with HER2-low status (vs. HER2-zero) was greatest for 
those with cT3-4 tumors, although patients with cT1-2 
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Table 1   Distribution of baseline characteristics and adjuvant therapy among HER2-zero versus HER2-low patients with hormone receptor-posi-
tive breast cancer

IT Immunotheraphy, ET Endocrine therapy, RT Radiotherapy 
a T-test and Chi-squared test
b The weighted cohort indicated that assigning weights to each patient by inverse probability weighting method
c The variables about the receipt of adjuvant therapy were not adjusted using inverse probability weighting method, but were adjusted as separate 
covariates in survival analysis

HER2-zero (n = 7368) HER2-low (n = 17,934) p valuea Standardized mean difference

No. (%) Unweighted Weightedb

Age (y)
 Mean (SD) 51.41 (11.18) 51.72 (11.28) 0.04 0.028  < 0.001

Race/Ethnicity 0.07 0.037 0.004
 Non-Hispanic White 4957 (68.9) 12,139 (69.5)
 Non-Hispanic Black 1116 (15.5) 2714 (15.5)
 Hispanic 712 (9.9) 1557 (8.9)
 Other 409 (5.7) 1065 (6.1)

Clinical N category 0.02 0.043 0.002
 cN0 2772 (37.6) 6442 (35.9)
 cN1 3660 (49.7) 9285 (51.8)
 cN2 604 (8.2) 1406 (7.8)
 cN3 332 (4.5) 801 (4.5)

Clinical T category 0.83 0.013 0.003
 cT1 1223 (16.6) 3033 (16.9)
 cT2 3584 (48.6) 8765 (48.9)
 cT3 1706 (23.2) 4069 (22.7)
 cT4 855 (11.6) 2067 (11.5)

Tumor Grade  < 0.001 0.084 0.005
 Grade I 562 (8.1) 1460 (8.6)
 Grade II 3147 (45.3) 8277 (48.9)
 Grade III 3245 (46.7) 7200 (42.5)

Histological type  < 0.001 0.071 0.003
 Ductal 5566 (75.5) 14,060 (78.4)
 Lobular 1504 (20.4) 3294 (18.4)
 Other 298 (4.0) 580 (3.2)

Charlson-Deyo Score 0.46 0.017 0.003
 0 6448 (87.5) 15,787 (88.0)
 1 749 (10.2) 1764 (9.8)
  ≥ 2 171 (2.3) 383 (2.1)

Surgery type; Mastectomy 5016 (68.1) 12,228 (68.2) 0.88 0.002 0.003
Facility type 0.003 0.051 0.001
 Academic/Research 2709 (36.8) 6155 (34.3)
 Integrated Network 1576 (21.4) 3964 (22.1)
 Community 409 (5.6) 1024 (5.7)
 Comprehensive Community 2674 (36.3) 6791 (37.9)

Diagnosis year  < 0.001 0.145 0.001
 2010–2012 1694 (23.0) 5072 (28.3)
 2013–2015 2760 (37.5) 6851 (38.2)
 2016–2018 2914 (39.5) 6011 (33.5)

Adjuvant ITc; Yes 40 (0.5) 194 (1.1)  < 0.001 0.060 –
Adjuvant ETc; Yes 6552 (88.9) 16,276 (90.8)  < 0.001 0.061 –
Adjuvant RTc; Yes 6021 (81.7) 14,784 (82.4) 0.18 0.019 –



	 Breast Cancer Research and Treatment

1 3

Table 2   Distribution of baseline characteristics and adjuvant therapy among HER2-zero versus HER2-low patients with triple-negative breast 
cancer

IT Immunotheraphy, ET Endocrine therapy, RT Radiotherapy 
a T-test and Chi-squared test
b The weighted cohort indicated that assigning weights to each patient by inverse probability weighting method
c The variables about the receipt of adjuvant therapy were not adjusted using inverse probability weighting method, but were adjusted as separate 
covariates in survival analysis

HER2-zero (n = 9791) HER2-low (n = 10,238) p valuea Standardized mean difference

No. (%) Unweighted Weightedb

Age (y)
 Mean (SD) 51.41 (11.78) 52.36 (11.68)  < 0.001 0.081  < 0.001

Race/Ethnicity  < 0.001 0.071 0.002
 Non-Hispanic White 5905 (61.7) 6367 (63.7)
 Non-Hispanic Black 2389 (24.9) 2450 (24.5)
 Hispanic 882 (9.2) 737 (7.4)
 Other 401 (4.2) 449 (4.5)

Clinical N category 0.003 0.053  < 0.001
 cN0 5590 (57.1) 5603 (54.7)
 cN1 3085 (31.5) 3447 (33.7)
 cN2 649 (6.6) 660 (6.4)
 cN3 467 (4.8) 528 (5.2)

Clinical T category 0.32 0.026  < 0.001
 cT1 1965 (20.1) 1951 (19.1)
 cT2 5373 (54.9) 5666 (55.3)
 cT3 1598 (16.3) 1697 (16.6)
 cT4 855 (8.7) 924 (9.0)

Tumor Grade  < 0.001 0.074 0.002
 Grade I 69 (0.7) 92 (0.9)
 Grade II 1160 (12.4) 1450 (14.8)
 Grade III 8114 (86.8) 8254 (84.3)

Histological type 0.001 0.054  < 0.001
 Ductal 8737 (89.2) 9254 (90.4)
 Lobular 339 (3.5) 373 (3.6)
 Other 715 (7.3) 611 (6.0)

Charlson-Deyo Score 0.27 0.023  < 0.001
 0 8483 (86.6) 8822 (86.2)
 1 1025 (10.5) 1138 (11.1)
  ≥ 2 283 (2.9) 278 (2.7)

Surgery Type; Mastectomy 5751 (58.7) 6053 (59.1) 0.59 0.008  < 0.001
Facility Type  < 0.001 0.096  < 0.001
 Academic/Research 3781 (38.6) 3486 (34.0)
 Integrated Network 2163 (22.1) 2373 (23.2)
 Community 487 (5.0) 536 (5.2)
 Comprehensive Community 3360 (34.3) 3843 (37.5)

Diagnosis Year  < 0.001 0.179  < 0.001
 2010–2012 1899 (19.4) 2466 (24.1)
 2013–2015 3523 (36.0) 4071 (39.8)
 2016–2018 4369 (44.6) 3701 (36.1)

Adjuvant ITc; Yes 62 (0.6) 89 (0.9) 0.06 0.027 –
Adjuvant ETc; Yes 171 (1.7) 235 (2.3) 0.007 0.039 –
Adjuvant RTc; Yes 6705 (68.5) 7232 (70.6) 0.001 0.047 –
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tumors also significantly benefited (cT1-2: IPW-adjusted 
hazard ratio = 0.89, 95% CI: 0.81–0.98 vs. cT3-4: IPW-
adjusted hazard ratio = 0.80, 95% CI: 0.73–0.88; p-inter-
action < 0.05; Fig. 5). However, an OS advantage was 
only present in ductal patients and not in non-ductal 
patients (ductal: IPW-adjusted hazard ratio = 0.80, 95% 
CI: 0.74–0.86 vs. non-ductal: IPW-adjusted hazard 

ratio = 1.02, 95% CI: 0.89–1.17; P-interaction = 0.002; 
Fig. 5).

Additional analyses examining the impact of pCR 
on OS revealed a notably favorable OS among patients 
achieving pCR compared to those not achieving pCR 
(log-rank p < 0.001; Fig. 6a). When stratifying the HR-
positive cohort by pCR outcome, we found no significant 

Fig. 2   Pathological complete response rate by HER2 status among 
the NCDB breast cancer patients diagnosed between 2010 and 2018. 
Pathological complete response was defined as ypT0/Tis and ypN0. 
Post-weighting balance was not achieved in non-ductal and grade I-II 
subgroups among the TNBC cohort; therefore, multivariable logistic 
regression based on imputed datasets was applied. Other subgroup 
analyses still applied IPW method. p-interaction < 0.05, from multi-

variable analysis based on imputed datasets, implied significant het-
erogeneity in the predictive impact of HER2-low status within sub-
groups of a specific variable. The multivariable logistic models were 
adjusted for age at diagnosis, race/ethnicity, cT and cN category, 
tumor grade, histological type, Charlson-Deyo score, surgery type, 
facility type, and diagnosis year. OR odds ratio, HR hormone recep-
tor, TNBC triple-negative breast cancer
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difference in OS between HER2-low and HER2-zero for 
patients achieving pCR (unweighted log-rank p = 0.66; 
MVA-adjusted hazard ratio = 1.00, 95% CI: 0.61–1.63, 
p > 0.99; Fig. 7a). However, HER2-low status was associ-
ated with an OS benefit for patients not achieving pCR 
(unweighted log-rank p < 0.001; MVA-adjusted hazard 
ratio = 0.83, 95% CI: 0.77–0.89, p < 0.001; Fig. 7b). In 
addition to HER2 status, the MVA also revealed that age 
at diagnosis, race/ethnicity, cT and cN category, tumor 
grade, Charlson-Deyo score, surgery type, facility type, 
and adjuvant ET were significant prognostic factors for OS 
among non-pCR patients (all p < 0.001; Table 3).

Triple‑Negative Breast Cancer Cohort

Among HER2-low patients, 21.6% (n = 2212) achieved 
pCR, compared with 24.4% (n = 2388) of HER2-zero 
patients (Fig.  2 and Supplemental Figure S3). The 
pCR rate exhibited an upward trend as the diagnosis 
year increased from 2010 to 2018 (Fig. 3b). In the IPW-
adjusted logistic model, a small but significant reduc-
tion in pCR rate associated with HER2-low status was 
observed [IPW-adjusted OR = 0.91, 95% CI: 0.85–0.98; 
p = 0.007; Fig. 2]. Subgroup analyses demonstrated no 
significant heterogeneity for the differences in pCR rates 

Fig. 3   The change of patho-
logical complete response rate 
according to the year of diag-
nosis. Panel a shows change of 
pathological complete response 
(pCR) rate according to the year 
of diagnosis among hormone 
receptor-positive cohort; Panel 
b shows change of pathological 
complete response rate accord-
ing to the year of diagnosis 
among triple-negative breast 
cancer cohort
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Fig. 4   Kaplan–Meier curves of HER2-low versus HER2-zero after 
IPW adjustment  among the NCDB breast cancer patients diag-
nosed between 2010 and 2018. Panel a shows OS in HER2-zero and 
HER2-low patients from the HR-positive cohort; Panel b shows OS 

in HER2-zero and HER2-low patients from the TNBC cohort. IPW 
inverse probability weighting, OS overall survival, HR hormone 
receptor, TNBC triple-negative breast cancer
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between HER2 status based on race, cT and cN cate-
gory, histological type, and tumor grade (all p-interac-
tion > 0.05; Fig. 2).

Compared with HER2-zero, HER2-low patients demon-
strated a significantly improved OS only after IPW adjust-
ment (weighted 5-year OS rate: 75.5% vs. 74.0%, log-rank 
p = 0.002; unweighted 5-year OS rate: 75.1% vs. 74.7%, 
log-rank p = 0.15; Fig. 4b, Supplement Figure S4C and 

Table  S1). Furthermore, the IPW-adjusted Cox model 
revealed HER2-low tumors had a small but significant 
OS advantage compared to those with HER2-zero tumors 
(hazard ratio = 0.91, 95% CI: 0.86–0.96; p < 0.001; Fig. 5). 
More specifically, only patients with HER2 IHC 2+ and 
ISH-negative status had a more favorable OS than those 
with HER2-zero status (unweighted log-rank p = 0.08 for 
HER2-low, IHC 2+ and ISH-negative vs. HER2-low, IHC 

Fig. 5   Overall survival analyses by HER2 status among the NCDB 
breast cancer patients diagnosed between 2010 and 2018. Overall sur-
vival was defined as the time from the date of diagnosis to the date of 
last contact or death. Post-weighting balance was not achieved in the 
non-ductal and grade I-II subgroups among the TNBC cohort; there-
fore, multivariable Cox regression based on imputed datasets was 
instead applied. Other subgroup analyses still applied IPW method. 
p-interaction < 0.05, from multivariable analysis based on imputed 

datasets, implied significant heterogeneity in the survival impact of 
HER2-low status within subgroups of a specific variable. The multi-
variable Cox models were adjusted for age at diagnosis, race/ethnic-
ity, cT and cN category, tumor grade, histological type, Charlson-
Deyo score, surgery type, facility type, diagnosis year, and receipt of 
adjuvant endocrine therapy, immunotherapy, and radiotherapy. HR 
hormone receptor, TNBC triple-negative breast cancer
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1+ vs. HER2-zero; unweighted log-rank p = 0.03 for HER2-
low, IHC 2+ and ISH-negative vs. HER2-zero; unweighted 
log-rank p = 0.08 for HER2-low, IHC 2+ and ISH-negative 
vs. HER2-low, IHC 1+ ; unweighted log-rank p = 0.51 for 
HER2-low, IHC 1+ vs. HER2-zero; Supplement Figure 
S4D). Except for the tumor grade subgroup, the OS benefit 
observed with the HER2-low tumors was not associated with 

other subgroup factors (all p-interaction > 0.05; Fig. 5). The 
OS advantage was only observed in the grade I-II patients 
and not in the grade III patients (grade I-II: IPW-adjusted 
hazard ratio = 0.69, 95% CI: 0.59–0.82 vs. grade III: IPW-
adjusted hazard ratio = 0.94, 95% CI: 0.89–1.01; p-interac-
tion < 0.001; Fig. 5).

Fig. 6   Kaplan–Meier curves 
of patients with versus without 
pathological complete response. 
Panel a shows the Kaplan–
Meier (KM) curves according to 
pathological complete response 
(pCR) with unweighted log-rank 
test result for hormone receptor-
positive cohort; Panel b shows 
the KM curves according to 
pCR with unweighted log-rank 
test result for triple-negative 
breast cancer cohort
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Further analyses in the TNBC cohort also showed a 
significantly improved OS among patients achieving pCR 
compared to those not achieving pCR (log-rank p < 0.001; 
Fig. 6b). When dividing the TNBC cohort into two sub-
groups by pCR outcome, no significant difference in OS was 
observed between HER2-low and HER2-zero patients who 
achieved pCR (unweighted log-rank p = 0.31; MVA-adjusted 
hazard ratio = 1.11, 95% CI: 0.85–1.45, p = 0.44; Fig. 7c). 
Conversely, among patients not achieving pCR, HER2-low 
tumors were associated with a survival benefit (unweighted 
log-rank p = 0.003; MVA-adjusted hazard ratio = 0.88, 95% 
CI: 0.83–0.94, p < 0.001; Fig. 7d). In addition to HER2 sta-
tus, the MVA also identified other factors as significant prog-
nostic indicators of OS among TNBC patients not achieving 

pCR, including age at diagnosis, race/ethnicity, cT and cN 
category, tumor grade, Charlson-Deyo score, surgery type, 
and diagnosis year (all p < 0.001 except p = 0.007 for diag-
nosis year; Table 3).

Sensitivity analyses

In the complete case analyses, the results were all consistent 
with the above IPW-based results (Supplement Table S2). 
We applied the E-value method to assess the possible effect 
of unmeasured confounding on our study findings, and found 
that the E-values were relatively small, ranging from 1.0 to 
1.8 (Supplement Table S3).

Fig. 7   Kaplan–Meier curves of HER2-low versus HER2-zero strati-
fied by pCR outcome among the NCDB breast cancer patients diag-
nosed between 2010 and 2018. Panel a shows overall survival (OS) 
in HER2-zero and HER2-low patients who achieved pathological 
complete response (pCR) among the hormone receptor (HR)-positive 
cohort; Panel b shows OS in HER2-zero and HER2-low patients who 

did not achieve pCR from the HR-positive cohort; Panel c shows OS 
in HER2-zero and HER2-low patients who achieved pCR from the 
triple-negative breast cancer (TNBC) cohort; Panel d shows OS in 
HER2-zero and HER2-low patients who did not achieve pCR from 
the TNBC cohort
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Table 3   Multivariable analysis 
for overall survival among the 
non-pCR patients diagnosed 
between 2010 and 2018 in the 
NCDB

HR-positive Cohort HR-negative (TNBC) Cohort

Hazard ratio (95% CI) p value a Hazard ratio (95% CI) p value a

HER2 status  < 0.001  < 0.001
 HER2-zero 1 [Reference] 1 [Reference]
 HER2-low 0.83 (0.77, 0.89) 0.88 (0.83, 0.94)

Age (y) 1.01 (1.01, 1.02)  < 0.001 1.01 (1.01, 1.01)  < 0.001
Race/Ethnicity  < 0.001  < 0.001
 Non-Hispanic White 1 [Reference] 1 [Reference]
 Non-Hispanic Black 1.24 (1.14, 1.35) 1.07 (0.99, 1.14)
 Hispanic 0.84 (0.74, 0.96) 0.88 (0.78, 0.99)
 Other 0.78 (0.67, 0.92) 0.70 (0.59, 0.83)

Clinical N category  < 0.001  < 0.001
 cN0 1 [Reference] 1 [Reference]
 cN1 1.62 (1.49, 1.76) 2.02 (1.88, 2.18)
 cN2 2.06 (1.83, 2.32) 2.42 (2.17, 2.69)
 cN3 2.77 (2.42, 3.17) 2.89 (2.56, 3.26)

Clinical T category  < 0.001  < 0.001
 cT1 1 [Reference] 1 [Reference]
 cT2 1.34 (1.21, 1.50) 1.44 (1.31, 1.58)
 cT3 1.71 (1.52, 1.92) 1.90 (1.70, 2.12)
 cT4 2.25 (1.99, 2.55) 2.30 (2.03, 2.60)

Tumor Grade  < 0.001  < 0.001
 Grade I 0.37 (0.32, 0.43) 0.64 (0.43, 0.94)
 Grade II 0.59 (0.55, 0.63) 0.83 (0.75, 0.91)
 Grade III 1 [Reference] 1 [Reference]

Histological type 0.06 0.12
 Ductal 1 [Reference] 1 [Reference]
 Lobular 1.10 (1.01, 1.19) 1.16 (1.01, 1.33)
 Other 1.09 (0.93, 1.28) 1.03 (0.91, 1.15)

Charlson-Deyo Score  < 0.001  < 0.001
 0 1 [Reference] 1 [Reference]
 1 1.36 (1.24, 1.49) 1.24 (1.14, 1.36)
  ≥ 2 1.81 (1.51, 2.16) 1.43 (1.22, 1.67)

Surgery Type  < 0.001  < 0.001
 Lumpectomy 1 [Reference] 1 [Reference]
 Mastectomy 1.30 (1.20, 1.41) 1.54 (1.43, 1.67)

Facility Type  < 0.001 0.05
 Academic/Research 1 [Reference] 1 [Reference]
 Integrated Network 1.12 (1.03, 1.22) 1.05 (0.97, 1.14)
 Community 1.49 (1.31, 1.70) 1.07 (0.92, 1.23)
 Comprehensive Community 1.20 (1.11, 1.29) 1.10 (1.03, 1.18)

Diagnosis Year 0.18 0.007
 2010–2012 1 [Reference] 1 [Reference]
 2013–2015 0.95 (0.88, 1.02) 0.99 (0.92, 1.06)
 2016–2018 0.92 (0.84, 1.01) 0.89 (0.82, 0.96)

Adjuvant endocrine therapy  < 0.001 0.75
 Yes 1 [Reference] 1.03 (0.85, 1.25)
 No 2.28 (2.07, 2.52) 1 [Reference]

Adjuvant radiotherapy 0.92 0.06
 Yes 1 [Reference] 1 [Reference]
 No 1.00 (0.90, 1.10) 0.92 (0.84, 1.00)

Adjuvant immunotherapy 0.69 0.80
 Yes 0.93 (0.65, 1.32) 1.04 (0.78, 1.39)
 No 1 [Reference] 1 [Reference]
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Discussion

To our knowledge, this real-world cohort study is the 
first to compare the response to NACT and OS between 
HER2-low and HER2-zero early-stage BC, using a PS-
based method, in separate cohorts of HR-positive and 
TNBC patients. The present study mainly demonstrated 
that HER2-low tumors were associated with lower pCR 
rates yet improved OS in both HR-positive and TNBC 
patients, compared with HER2-zero tumors. This implies 
that HER2-low early-stage BC could be considered a dis-
tinct entity in clinical practice. Another main finding of 
this study was that, in both HR-positive and TNBC sub-
types, HER2 status was identified as a prognostic factor, 
and HER2-zero was associated with unfavorable OS, 
especially in patients not achieving pCR, while no sig-
nificant difference in OS was observed between HER2-
low and HER2-zero patients achieving pCR, regardless of 
HR status. Notably, the differences in pCR rates between 
HER2-low and HER2-zero patients were significantly cor-
related with race/ethnicity among the HR-positive cohort, 
although the significant differences in pCR rates were 
only observed in the non-Hispanic White subgroup and 
not in the non-Hispanic Black subgroup, suggesting racial 
disparities due to factors that could not be evaluated in 
the current study (either factors known and not measured, 
or factors unknown at this time). Also, we observed that 
compared to Hispanic patients, Non-Hispanic White and 
Non-Hispanic Black patients had higher proportions of 
HER2-low status irrespective of HR status.

In the present study, we performed separate analyses 
in HR-positive and TNBC patients, since HR-positive and 
TNBC are considered two distinct subtypes. Our study 
reported that HER2-low tumors were associated with lower 
pCR rates in both HR-positive and TNBC patients. In com-
parison, Denkert et al. only reported a significantly positive 
association of HER2-low tumors with pCR rates in HR-pos-
itive tumors [15], whereas Li et al. only observed significant 
differences in pCR rates between HER2-low and HER2-zero 
in HR-negative tumors [33]. This discrepancy may be due to 
the different NACT regimens implemented in the different 
studies or variability in the study cohorts. Furthermore, we 
observed that the pCR rate gradually increased with diagno-
sis year from 2010 to 2018, and such a large time duration 
could partially explain why the pCR rate in the present study 
was smaller than that in previous studies. [15, 16] In terms 
of survival, we observed that HER2-low patients had a sig-
nificantly better OS regardless of the HR status. In previous 
studies, Denkert et al. observed that patients with HER2-low 

tumors showed a significantly longer OS than patients with 
HER2-zero tumors, which was also true in a subset of HR-
negative BC patients [15]. Similarly, Almstedt et al. found 
that HER2-low patients had a significantly favorable OS 
compared with HER2-zero patients, and the survival dif-
ferences remained significant in HR-positive tumors [34]. 
In general, the observed differences in treatment responses 
to NACT and long-term outcomes indicated that HER2-low 
and HER2-zero tumors could be meaningfully distinguished 
in clinical practice.

Intriguingly, in both HR-positive and TNBC patients, the 
higher pCR rate among those with HER2-zero tumors did 
not translate to better survival outcomes. We postulated this 
“paradox” could be related to unmeasured and unbalanced 
aggressive characteristics, e.g., Ki-67 and TP53 mutations, 
which are considered correlates for aggressiveness and 
might explain the lower pCR rates and better OS in HER2-
low tumors [8, 9, 15]. These findings highlight that while 
pCR is an important outcome, it is not always directly cor-
related with survival outcomes, which merits consideration 
when designing clinical trials and selecting the most appro-
priate study end points.

Another noteworthy finding was that, among patients not 
achieving pCR, HER2-low status was identified as a prog-
nostic factor and associated with improved OS, while no sig-
nificant difference in OS was observed between HER2-low 
and HER2-zero patients who achieved pCR. Hence, HER2-
zero should be recognized as an additional adverse prognos-
tic factor, specifically in patients not achieving pCR. This 
unique subgroup with worse outcomes (HER2-zero patients 
not achieving pCR) may be a critical cohort to evaluate in 
future studies.

This large cohort study applied PS-based methods 
to investigate potential differences in pCR rates and OS 
between HER2-low and HER2-zero patients with early-
stage HR-positive or TNBC, ensuring balanced risk factors 
between HER2-zero and HER2-low subgroups. However, 
several limitations should be noted. Registry data in the 
NCDB may have some systematic errors in registrar cod-
ing or reporting, and no central HER2 testing was con-
ducted. Additionally, the American Society of Clinical 
Oncology/College of American Pathologists (ASCO/CAP) 
made significant updates to their guidelines in 2013 and 
2018 in regards to HER2 testing in BC, such us reclas-
sifying HER2 ultra-low as HER2-zero in the ASCO/CAP 
2013 guideline, and eliminating ISH equivocal status 
in the ASCO/CAP 2018 guidelines [35–37]. Due to the 
overlapping time periods with our study, these updates 
are also reflected in our study, as we observed a higher 

Table 3   (continued) a  A Wald test was applied to obtain the p values. Multivariable Cox regression models on imputed datasets 
were applied among HR-positive and TNBC patients who did not achieve pathological complete response. 
pCR pathological complete response, HR hormone receptor, TNBC triple-negative breast cancer
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rate of HER2-zero BC diagnoses in the late 2010s com-
pared to early 2010s (Supplemental Table S4). This could 
introduce a slight bias that potentially overestimates the 
survival differences between HER2-low and HER2-zero 
BC tumors, although detailed reporting of HER2 IHC and 
ISH status is recommended by ASCO/CAP 2023 guide-
line. [21] Despite applying PS-based methods to control 
measurable confounders, we cannot exclude residual bias 
from unmeasured confounders. Of note, Ki-67 is only 
available for patients diagnosed after 2018. Therefore, 
future studies including Ki-67 and other confounders 
are warranted. Although the E-values are small, achiev-
ing associations of unmeasured confounders with HER2 
status or outcomes through pathways independent of all 
risk factors, remains challenging. [31] Finally, the NCDB 
lacks additional granularity, such as disease-free survival 
and more detailed systemic therapy regimen information, 
which could impact findings.

In conclusion, in both early-stage HR-positive TNBC 
patients, HER2-low status was associated with lower pCR 
rates compared with HER2-zero status. HER2-zero status 
might be recognized as a negative prognostic factor for 
OS in patients not achieving pCR, and better therapeu-
tic strategies are needed to improve the prognosis of this 
subgroup.
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