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Abstract
Purpose To compare pathological complete response (pCR) rates between all-intravenous (IV) dual
HER2 blockade and a mixed regimen of subcutaneous (SC) trastuzumab plus IV pertuzumab in HER2-
positive breast cancer, and to explore the interaction between route of administration and hormone
receptor (HR) status.

Methods This single-center retrospective study stratified patients treated between January 2019 and
December 2024 by route of administration. The primary endpoint was pCR (ypT0/is ypN0). The HR
status × route interaction was assessed with an interaction term and the likelihood ratio test; sensitivity
analyses used a clinical-stage proxy and a stricter HR-positivity threshold.

Results Of 562 eligible patients, 332 were analyzed. The overall pCR rate was 55.4% (184/332): 58.5%
(110/188) with all-IV versus 51.4% (74/144) with SC + IV (P = 0.237). HR-negative status (adjusted OR = 
2.13, 95% CI 1.34–3.38, P = 0.001) and high Ki67 expression (adjusted OR = 2.06, 95% CI 1.09–3.89, P = 
0.025) predicted pCR independently, whereas route of administration did not (OR = 0.78, P = 0.284). In
HR+/HER2 + patients, pCR was 52.0% (53/102) with all-IV versus 40.0% (32/80) with SC + IV; in
HR−/HER2 + patients, 65.5% (55/84) versus 66.1% (39/59). The adjusted interaction OR was 0.57 (95%
CI 0.22–1.46; P = 0.240); sensitivity analyses were non-significant.

Conclusion HR-negative status and high Ki67 independently predicted pCR. No significant interaction
was found between HR status and route of administration, and the two regimens did not differ
significantly overall; the difference favoring all-IV in HR+/HER2 + patients (Δ = 12.0%) is exploratory and
requires prospective verification.

Introduction
HER2-positive breast cancer accounts for 15%–20% of all breast cancers and, without targeted therapy,
is characterized by aggressive biology and poor prognosis [1, 2]. Trastuzumab substantially improved the
long-term outcomes of this subtype [2], and the subsequent development of anti-HER2 agents—most
notably the dual-blockade combination of trastuzumab and pertuzumab—transformed the neoadjuvant
treatment landscape [3–5]; in pivotal trials, pCR rates of 16.8%–66.2% have been reported across
treatment arms, depending on the regimen and the definition of pCR. Dual HER2 blockade has also been
evaluated in randomized phase III adjuvant trials [6, 7]. Because pCR is closely associated with improved
event-free survival [8, 9], it has been widely adopted as the primary endpoint of neoadjuvant trials.

International guidelines recommend dual-blockade regimens containing trastuzumab and pertuzumab
as neoadjuvant therapy for HER2-positive breast cancer [10]. Conventional intravenous (IV) dual
blockade requires separate infusions and is time-consuming. In October 2022, the subcutaneous (SC)
formulation of trastuzumab (Herceptin® SC, fixed dose 600 mg) was approved in China and included in
the National Reimbursement Drug List (NRDL) in March 2023. Because no standalone SC pertuzumab is
available in China and the fixed-dose SC combination (Phesgo) has not become widely accessible, a
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mixed regimen emerged spontaneously in practice: SC trastuzumab plus IV pertuzumab. This approach
shortens trastuzumab administration time and reduces the burden of venipuncture while retaining
routinely available IV pertuzumab; however, no head-to-head evidence compares it with all-IV dual
blockade, leaving a clear evidence gap.

Because real-world data from Chinese populations are of particular value for understanding differences
in treatment patterns and outcomes [11, 12], we conducted this single-center real-world study to
compare pCR outcomes between all-IV dual blockade and SC trastuzumab plus IV pertuzumab, to
identify independent predictors of pCR, and to explore a possible interaction between HR status and the
route of administration. Given the retrospective design, all subgroup and interaction analyses were
interpreted as exploratory (hypothesis-generating) findings.

Materials and methods

Study design and patients
This was a single-center retrospective study. Patients with HER2-positive breast cancer who received
neoadjuvant therapy at our center between January 2019 and December 2024 were reviewed. Of 562
eligible patients, 332 with complete pathological assessment and a clearly documented route of
administration of the targeted therapy were included (Fig. 1). The 230 excluded patients did not differ
significantly from included patients in baseline characteristics (all P > 0.40).

Inclusion and exclusion criteria
Inclusion criteria: (1) histologically confirmed HER2-positive breast cancer (IHC 3 + or FISH+); (2)
neoadjuvant chemotherapy combined with dual HER2 blockade; (3) completion of neoadjuvant therapy
followed by surgical resection; (4) available postoperative pathological assessment; and (5) a clearly
documented route of administration. Exclusion criteria: previous breast cancer, concomitant other
malignancies, incomplete neoadjuvant treatment, missing pathological data, or an unclear route of
administration.

Treatment regimens
In the dual-IV group, trastuzumab was given intravenously (loading dose 8 mg/kg, then 6 mg/kg
maintenance, weight-based) with IV pertuzumab. In the SC + IV group, trastuzumab was given
subcutaneously at a fixed 600 mg dose with IV pertuzumab. Both groups received neoadjuvant
chemotherapy with dual HER2 blockade (TCbHP or other anthracycline/taxane-based regimens
combined with dual blockade, i.e., THP or AC-TPH).

Efficacy assessment
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The primary endpoint was pCR, defined as ypT0/is ypN0 in the surgical specimen (no residual invasive
carcinoma in the breast or axillary lymph nodes; residual ductal carcinoma in situ allowed). Isolated
tumor cells were recorded as ypN0(i+) and counted as node-negative (ypN0).

Statistical analysis
Categorical variables were compared using the χ² or Fisher’s exact test and continuous variables using
the independent-samples t test or the Mann–Whitney U test. Multivariable logistic regression was used
to identify independent predictors of pCR, with results reported as adjusted odds ratios (ORs) and 95%
confidence intervals (CIs). Missing data were handled by available-case analysis without imputation:
percentages were calculated using the number of available cases for each variable as the denominator,
and the multivariable models included only patients with complete covariates.

To evaluate the interaction between HR status and the route of administration, an HR status × route
interaction term was introduced and models with and without the interaction term were compared using
the likelihood ratio test; the interaction model was adjusted for Ki67 expression and age, and sensitivity
analyses used a clinical-stage proxy variable and a stricter definition of HR positivity (estrogen receptor
[ER] or progesterone receptor [PR] ≥ 2%). Simple effects within subgroups were estimated within the
same adjusted model framework and were not independent unadjusted 2×2 tests. The interaction
between HR status and Ki67 expression (> 20% vs ≤ 20%) was assessed in the same framework,
adjusted for the route of administration and age, with a sensitivity analysis using the stricter HR-
positivity definition.

Post hoc sensitivity power estimations were performed for the subgroup comparisons: taking the
observed 12.0% pCR difference in the HR+/HER2 + subgroup as the target effect size, power was
approximately 36.0% for that comparison, 25.3% for the overall comparison, and 5.1% for the HR−
subgroup. Because the interaction and subgroup analyses were post hoc and exploratory, no adjustment
for multiple comparisons was applied; subgroup P values are descriptive only, and interaction was
assessed solely by the likelihood ratio test of the interaction term.

The analysis dataset and code versions were locked in advance, and all statistics presented in the
figures and tables were generated directly by the analysis code without manual modification. Analyses
were performed using SPSS 26.0 and R 4.3.1; two-sided P < 0.05 was considered statistically significant.

Results

Baseline characteristics
A total of 332 patients were included (dual-IV, n = 188; SC + IV, n = 144). The two groups were well
balanced in age, body weight, HR status, Ki67 expression, comorbidities, and menopausal status (all P > 
0.05). Because some patients had been diagnosed and partially evaluated at other hospitals before
referral, the corresponding pathological and clinical data could not be completely retrieved, and the
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number of available cases differed across variables: HR status, 325 (7 missing); Ki67 expression, 324 (8
missing); body weight and menopausal status, 257 each (75 missing each). All patients received dual
HER2 blockade combined with chemotherapy: 81.0% (269/332) received TCbHP and 19.0% (63/332)
other regimens combined with targeted therapy (THP or AC-TPH). Remaining baseline characteristics
are summarized in Table 1.

Table 1
Baseline characteristics of the two treatment groups (n = 332).

Characteristic Dual-IV group (n = 
188)

SC + IV group (n = 
144)

P value

Age, mean ± SD (years) 51.2 ± 10.5 51.5 ± 9.7 0.819

Body weight, mean ± SD (kg) 62.8 ± 9.4 64.6 ± 10.4 0.168

HR-positive, n (%) 102 (54.8%) 80 (57.6%) 0.708

Ki67 > 20%, n (%) 158 (85.4%) 116 (83.5%) 0.744

Postmenopausal, n (%) 97 (55.7%) 41 (49.4%) 0.412

Comorbidity present, n (%) 49 (26.1%) 33 (22.9%) 0.596

Chemotherapy regimen: TCbHP, n (%) 146 (77.7%) 123 (85.4%) 0.100

Note: Continuous variables are expressed as mean ± SD and categorical variables as n (%); P values
were derived from independent-samples t tests and χ² tests, respectively. HR, hormone receptor; TCbHP,
docetaxel + carboplatin + trastuzumab + pertuzumab. Percentages for categorical variables were
calculated using the number of available cases for each variable as the denominator: age, 332; body
weight, 257; HR status, 325; Ki67, 324; menopausal status, 257; comorbidities, 332; chemotherapy
regimen, 332; missing values were not imputed.

Overall efficacy
The overall pCR rate was 55.4% (184/332): 58.5% (110/188) in the dual-IV group and 51.4% (74/144) in
the SC + IV group (Δ = 7.1%; χ² test with Yates’ correction, P = 0.237; Fisher’s exact test, P = 0.221). The
difference was not statistically significant.

Univariable analysis
Results of the univariable analyses are shown in Table 2. Among the 325 patients with known HR status,
the pCR rate was significantly higher in HR-negative than in HR-positive patients (65.7% vs 46.7%, χ² P < 
0.001); it was also higher in patients with Ki67 > 20% (n = 324; 58.0% vs 38.0%, P = 0.014). Route of
administration (P = 0.237), age (P = 0.920), menopausal status (P = 0.197), comorbidities (P = 0.128), and
chemotherapy regimen (P = 0.907) were not statistically significant.

When HR status and Ki67 expression were combined, pCR rates showed a clear gradient across the four
subgroups: 67.2% (86/128) in HR-negative/Ki67 > 20%, 53.3% (8/15) in HR-negative/Ki67 ≤ 20%, 50.0%
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(73/146) in HR-positive/Ki67 > 20%, and 31.4% (11/35) in HR-positive/Ki67 ≤ 20% (Fig. 2).

Table 2
Univariable analysis of predictors of pCR.

Variable Category pCR, n/N (%) P value n

HR status HR-negative 94/143 (65.7%) < 0.001 325

  HR-positive 85/182 (46.7%)    

Ki67 > 20% 159/274 (58.0%) 0.014 324

  ≤ 20% 19/50 (38.0%)    

Treatment regimen Dual-IV 110/188 (58.5%) 0.237 332

  SC + IV 74/144 (51.4%)    

Age > 55 years 68/121 (56.2%) 0.920 332

  ≤ 55 years 116/211 (55.0%)    

Comorbidity Present 39/82 (47.6%) 0.128 332

  Absent 145/250 (58.0%)    

Menopausal status Postmenopausal 84/138 (60.9%) 0.197 257

  Premenopausal 62/119 (52.1%)    

Chemotherapy regimen TCbHP 150/269 (55.8%) 0.907 332

  HP + other chemotherapy 34/63 (54.0%)    

Note: Percentages for each variable were calculated using the number of available cases as the
denominator; missing values were not imputed: HR status unknown in 7 patients (n = 325), Ki67 missing
in 8 patients (n = 324), menopausal status missing in 75 patients (n = 257). P values were derived from
χ² tests with Yates’ correction. All percentages were calculated directly from the counts. pCR,
pathological complete response.

Multivariable logistic regression analysis
Results are presented in Table 3 and Fig. 3 (complete-case analysis set, n = 324). HR-negative status
(adjusted OR = 2.13, 95% CI 1.34–3.38, P = 0.001) and high Ki67 expression (adjusted OR = 2.06, 95% CI
1.09–3.89, P = 0.025) were independent predictors of pCR, whereas the main effect of the route of
administration was not statistically significant (adjusted OR = 0.78, 95% CI 0.50–1.23, P = 0.284).
Stratified and interaction analyses were conducted within the adjusted covariate framework; interaction
was assessed solely by the likelihood ratio test of the interaction term, and stratified subgroup P values
were not used for inference.
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Table 3
Multivariable logistic regression analysis of pCR (main model, n = 324).

Variable Category Adjusted OR 95% CI P value

HR status HR-negative vs HR-
positive

2.13 1.34–3.38 0.001

Ki67 expression > 20% vs ≤ 20% 2.06 1.09–3.89 0.025

Treatment regimen SC + IV vs dual-IV 0.78 0.50–1.23 0.284

Age > 55 vs ≤ 55 years 0.88 0.55–1.41 0.590

Note: OR, odds ratio; CI, confidence interval. The model included HR status, Ki67 expression, treatment
regimen, and age (> 55 years). Because HR status was missing in 7 patients and Ki67 in 8 patients, the
complete-case analysis set comprised n = 324.

Interaction between HR status and the route of
administration
The interaction between HR status and the route of administration did not reach statistical significance.
In the multivariable model adjusted for Ki67 expression and age (n = 324), the HR status × route
interaction term had an OR of 0.57 (95% CI 0.22–1.46; likelihood ratio test χ² = 1.38, df = 1, P = 0.240); the
unadjusted model yielded an OR of 0.60 (95% CI 0.24–1.50, P = 0.274). Using “node-positive disease or
largest tumor diameter > 50 mm” as a clinical-stage proxy variable (n = 309), the interaction OR was 0.44
(95% CI 0.16–1.17, χ² = 2.77, P = 0.096); repeating the analysis with a stricter HR-positivity definition (ER
or PR ≥ 2%) yielded interaction P values of 0.160–0.383. Thus the interaction effect was not statistically
significant under any covariate-adjustment strategy or HR threshold. Adjusted simple effects within
subgroups are provided for descriptive reference only: HR+/HER2+, OR = 0.64 (95% CI 0.35–1.18, P = 
0.157); HR−/HER2+, OR = 1.14 (95% CI 0.55–2.35, P = 0.723). The corresponding observed pCR rates are
shown in Fig. 4: 52.0% (53/102) with all-IV dual blockade versus 40.0% (32/80) with the mixed regimen in
HR+/HER2 + patients, and 65.5% (55/84) versus 66.1% (39/59) in HR−/HER2 + patients. Both the simple
effects and the unadjusted 2×2 stratified results are descriptive; interaction was assessed solely by the
likelihood ratio test of the interaction term.

Interaction between HR status and Ki67 expression
The interaction between HR status and Ki67 expression did not reach statistical significance. In the
model adjusted for the route of administration and age (n = 324), the HR status × Ki67 interaction term
had an OR of 1.29 (95% CI 0.34–4.94; likelihood ratio test χ² = 0.14, df = 1, P = 0.711); the unadjusted
model yielded an OR of 1.22 (95% CI 0.32–4.62, P = 0.772). Repeating the analysis with a stricter HR-
positivity definition (ER or PR ≥ 2%) yielded interaction P values of 0.845–0.947. Adjusted simple effects
within subgroups are provided for descriptive reference only: in HR+/HER2 + tumors, high Ki67
expression was associated with a higher pCR rate (OR = 2.37, 95% CI 1.07–5.26, P = 0.034), whereas the
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corresponding association in HR−/HER2 + tumors was not statistically significant (OR = 1.74, 95% CI
0.58–5.21, P = 0.322). The observed pCR rates across the four subgroups are shown in Fig. 2.

Discussion
In this single-center real-world study of 332 patients receiving neoadjuvant dual HER2 blockade for
HER2-positive breast cancer, the overall pCR rate was 55.4%. HR-negative status (P = 0.001) and high
Ki67 expression (P = 0.025) were independent predictors of pCR, whereas the main effect of the route of
administration was not statistically significant. No statistically significant interaction between HR status
and the route of administration was demonstrated (P = 0.240), and the 12.0% numerical pCR difference
in the HR+/HER2 + subgroup is an exploratory finding requiring prospective verification.

Overall pCR rate: context and interpretation
The overall pCR rate was 55.4%. NeoSphere reported pCR (ypT0/is) rates of 16.8%–45.8% across four
treatment arms [4], TRYPHAENA 57.3%–66.2% across its three arms, including 66.2% in the carboplatin-
containing arm [5], and TRAIN-2 68% (140/206) with the anthracycline-free TCbHP regimen (ypT0/is,
ypN0) [13]. Our relatively high rate is plausibly explained by the fact that 81.0% (269/332) of patients
received TCbHP, a regimen with high pCR rates in HER2-positive disease [13], and by reimbursement
through the NRDL since March 2023, which reduced treatment interruptions caused by financial barriers.
Compared with TRAIN-2, however, our cohort shows a real-world implementation gap, reflecting
heterogeneity in dose intensity and adherence outside trials. Overall, our results are comparable to those
of previous trials of carboplatin-containing dual-blockade neoadjuvant therapy.

HR status: a core predictor of pCR
HR-negative status was the strongest independent predictor of pCR (adjusted OR = 2.13, 95% CI 1.34–
3.38, P = 0.001), with a 19-percentage-point difference in pCR rates (65.7% vs 46.7%, P < 0.001). HR-
positive (luminal B/HER2+) tumors harbor dual oncogenic drivers—the HER2 pathway and ER signaling—
so that even when HER2 signaling is suppressed, ER-mediated transcription can sustain cell survival.
Preclinical work shows that ER activation upregulates PI3K/Akt signaling downstream of HER2, partially
bypassing HER2 blockade [14]. In contrast, the proliferative drive of HR−/HER2+ (HER2-enriched) tumors
depends almost entirely on the HER2 amplicon, rendering them highly sensitive to dual blockade. This is
consistent with NeoALTTO (pCR in the dual-blockade arm: 61.3% in HR-negative vs 41.6% in HR-positive
tumors) [15] and with a pooled analysis of 12 neoadjuvant trials [8].

HR+/HER2 + disease is molecularly heterogeneous. Transcriptome-based subtyping shows that
approximately 30% of HR+/HER2 + tumors are of the HER2-enriched (HER2-E) PAM50 subtype,
characterized by highly activated ERBB2 signaling and relatively suppressed ER signaling, and are
relatively sensitive to anti-HER2 therapy; the remaining ~ 70% display a luminal phenotype dominated by
ER signaling and respond poorly to chemotherapy plus anti-HER2 therapy [16]. This is consistent with the
lower pCR rate we observed in HR-positive patients (46.7%) and indicates that HR+/HER2 + disease is
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not homogeneous but contains an internal response gradient determined by the balance between ER and
HER2 signaling. In a meta-analysis of 16 neoadjuvant studies, the HER2-E subtype was associated with
higher pCR rates (OR = 3.50, P < 0.001) in both HR-positive (OR = 3.61) and HR-negative (OR = 2.28)
tumors, and HR-negative status was itself an independent predictor (OR = 2.41, P < 0.001) [17]. HR status
and intrinsic subtype are therefore highly correlated but not interchangeable, and together they may
characterize the driver-dependency landscape of the tumor.

Notably, the effect sizes of HR-negative status and high Ki67 expression in our model were similar
(adjusted ORs 2.13 and 2.06) and pointed in the same direction. A real-world cohort of 353 Chinese
patients similarly found ER status, PR status, HER2 expression intensity, and Ki67 to be independent
predictors of pCR (nomogram AUC 0.73), with the highest pCR rate in ER − PR−HER2 + patients
(131/208) and the lowest in ER + PR+HER2 + patients (19/73) [12]—consistent with our finding of a
higher pCR rate in HR−/HER2+ (65.5%) than in HR+/HER2 + patients (46.7%). These findings, echoing
previous Chinese and international cohorts, indicate that HR status maintains stable discriminative
performance as a stratification marker of neoadjuvant response in a Chinese real-world population.

Ki67: an independent proliferation-related predictor
High Ki67 expression (> 20%) was associated with a significantly higher pCR rate (58.0% vs 38.0%, P = 
0.014; adjusted OR = 2.06, 95% CI 1.09–3.89, P = 0.025). Highly proliferative tumors depend more heavily
on active DNA replication and are therefore more susceptible to taxanes and platinum agents that
disrupt mitotic spindle assembly. The value of proliferative activity as a predictor of pCR has been
confirmed in multiple studies [18], and analysis of the GeparSixto trial showed that immune-related
markers, including tumor-infiltrating lymphocytes, predict neoadjuvant response in HER2-positive
patients [19].

The predictive value of Ki67 in HER2-positive breast cancer remains controversial, mainly because of
interobserver variability and the lack of a uniformly accepted cutoff; reported thresholds vary widely
(14%–40%) [20, 21]. In a real-world study of 353 HER2-positive patients, a 30% cutoff was significantly
associated with pCR (P = 0.010) and remained an independent predictor in multivariable analysis [12]; in
a bi-centric cohort of 244 patients, however, Ki67 categorized as ≤ 15%, 15%–35%, or > 35% was not
associated with pCR (P = 0.25), and only HER2 IHC 3+ (63.2% vs 45%, P = 0.031) and HR status (74.4% vs
53.1%, P = 0.001) were predictive [22]. Ki67 performance therefore depends markedly on threshold and
population. The 20% cutoff used here balances clinical operability and captured a significant signal, but
requires prospective validation.

HR negativity and high Ki67 partially overlap in HER2-positive disease, but their independent
contributions in the multivariable model indicate distinct biological information: HR status reflects
pathway redundancy and endocrine survival signaling, whereas Ki67 reflects proliferation rate and
chemotherapy sensitivity. Both provide additive, actionable information for predicting pCR. Consistent
with this interpretation, no statistically significant HR status × Ki67 interaction was observed (P = 0.711);
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the association between high Ki67 expression and pCR was numerically stronger in HR+/HER2 + tumors
(adjusted OR = 2.37, P = 0.034) than in HR−/HER2 + tumors (OR = 1.74, P = 0.322).

Route of administration and HR status: a numerical
difference rather than a statistical interaction
The mixed regimen of SC trastuzumab plus IV pertuzumab is now widely used in China, but real-world
head-to-head evidence against all-IV dual blockade is lacking; to our knowledge this is the first real-world
comparison. FeDeriCa (n = 500) established the non-inferiority of the fixed-dose SC combination Phesgo
versus all-IV dual blockade (pCR 59.7% vs 59.5%) [23], and the Chinese FDChina study (n = 200) showed
comparable total pCR rates (55.6% vs 56.4%) [24]; our results apply only to the mixed regimen and
cannot be extrapolated to Phesgo or other fully SC dual-blockade formulations. The single-arm
MetaPHER study in metastatic breast cancer confirmed only acceptable safety without a comparator
[25]. Because most patients prefer SC administration [26, 27] and SC may save administration time and
costs [28], regimen choice should not rest solely on pCR differences.

In the HR+/HER2 + subgroup, the pCR rate with the mixed regimen was 12.0 percentage points lower
than with all-IV dual blockade (40.0% vs 52.0%), whereas in the HR−/HER2 + subgroup the rates were
almost identical (66.1% vs 65.5%, Δ = 0.6%). However, the adjusted interaction analysis did not confirm a
statistically significant HR status × route interaction: the interaction term OR was 0.57 (95% CI 0.22–
1.46, P = 0.240), the unadjusted model gave P = 0.274, and across sensitivity analyses the interaction P
values ranged from 0.096 to 0.383. The 12.0% difference in HR+/HER2 + patients is therefore an
exploratory numerical difference that cannot yet be attributed to effect modification by HR status and
requires verification in larger or prospective studies.

Because no significant interaction was demonstrated, the following pharmacokinetic explanation is an
exploratory, post hoc hypothesis and remains to be verified. Population pharmacokinetic analyses
indicate that exposure to the fixed-dose SC formulation is influenced by covariates such as lean body
weight and Asian region, although these were not considered clinically relevant in that study [29]; their
impact under the Chinese body-weight distribution remains to be verified directly. We hypothesize that
Chinese patients generally weigh less than Western populations (baseline weight here 62.8–64.6 kg),
that the fixed 600 mg SC dose produces exposure varying with body weight differently from weight-
based IV dosing, and that in HR−/HER2 + tumors the intrinsically high sensitivity to dual blockade makes
small exposure differences unlikely to affect efficacy, whereas HR+/HER2 + tumors, which are also
driven by endocrine signaling, have lower baseline sensitivity and may be more sensitive to subtle
exposure differences. Serum concentrations were not measured, so this remains a conjecture.

Beyond pharmacokinetics, bidirectional ER–HER2 crosstalk provides mechanistic support: ER can
activate shared growth factor kinase cascades (including AKT and ERK1/2 MAPK), whereas HER2
signaling can enhance ER transcriptional activity [30, 31]. When HER2 inhibition is incomplete, residual
crosstalk can sustain proliferation. This hypothesis could be tested prospectively by stratifying patients
by HR status with pre-specified measurement of trastuzumab trough concentrations.
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Study limitations
This study has several limitations. First, it was a single-center retrospective study without randomized
allocation; despite baseline balance, selection bias from unmeasured confounders cannot be excluded
and generalizability is limited. Second, the interaction and subgroup analyses were post hoc and
exploratory, without adjustment for multiple comparisons, so type I error inflation is possible. The post
hoc sensitivity power estimation indicated that even if a between-group pCR difference of 12.0% truly
existed, the current sample size would be unlikely to detect it reliably; therefore a real subgroup
difference or interaction cannot be completely excluded. This estimate is a post hoc sensitivity
calculation, not a pre-specified sample size calculation. Third, pCR was the sole surrogate efficacy
endpoint; long-term outcomes such as event-free survival and overall survival were not collected, and
between-group pCR differences do not necessarily translate into survival benefit. Fourth, SC + IV here
denotes the mixed regimen of SC trastuzumab plus IV pertuzumab, not the globally approved fully SC
fixed-dose combination Phesgo, so our results cannot be extrapolated to Phesgo or other fully SC
formulations. Fifth, serum trastuzumab concentrations were not measured, so the exposure hypothesis
could not be verified directly.

Future directions
Future research should: run a prospective HR-stratified randomized trial in HR+/HER2 + patients
comparing SC trastuzumab plus IV pertuzumab with all-IV dual blockade, using the 12.0% pCR difference
as the target effect size (> 300 patients per group at 80% power), which would provide the most reliable
test of the hypothesis; measure trastuzumab trough concentrations prospectively in SC and IV cohorts,
correlated with HR status and pCR; directly compare Phesgo with the mixed regimen; explore adaptive
approaches based on interim magnetic resonance imaging response after 2–3 cycles together with
immune-combination strategies, since immune checkpoint inhibition has not yet demonstrated a clear
benefit in HER2-positive breast cancer [32–34]; validate the findings across multiple centers; and build a
composite nomogram integrating HR status and Ki67 into a validated pCR prediction model.

Conclusion
In this real-world cohort of 332 patients receiving neoadjuvant dual HER2 blockade for HER2-positive
breast cancer, the overall pCR rate was 55.4%, confirming the effectiveness of TCbHP-based dual-
blockade neoadjuvant therapy in a Chinese real-world population. HR-negative status and high Ki67
expression were independent predictors of pCR. The mixed regimen and all-IV dual blockade showed
comparable efficacy, and no statistically significant interaction between the route of administration and
HR status was identified: a 12.0% numerical pCR difference was observed in the HR+/HER2 + subgroup,
whereas the two regimens performed similarly in the HR−/HER2 + subgroup (Δ = 0.6%). This numerical
difference is exploratory and requires prospective verification. The sample size is insufficient to
demonstrate equivalence between the regimens and only indicates that no statistically significant
difference was observed; a real pCR difference of approximately 12% in the HR+/HER2 + subgroup
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