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ARTICLE INFO ABSTRACT
Keywords: Background: Brain metastases (BM) are a major cause of mortality in breast cancer. While pathologic complete
Breast cancer response (pCR) after neoadjuvant chemotherapy is associated with favorable survival outcomes, its impact on

Pathologic complete response
Triple-negative breast cancer
Brain metastasis

BM development and prognosis remains unclear.

Methods: We retrospectively analyzed 1,244 patients with early-stage breast cancer who underwent neoadjuvant
chemotherapy followed by surgery. Clinicopathological features, BM incidence, and survival outcomes were
assessed. Propensity score matching (PSM) was applied to adjust for baseline differences. Gene expression
profiling was performed in BM samples from pCR and non-pCR patients.

Results: Of these, 437 (35.1 %) patients achieved pCR and 52 (4.2 %) developed BM. In TNBC, non-pCR patients
had a significantly higher BM rate (9.2 % vs. 3.3 %, P = 0.026), whereas no differences were observed in other
subtypes. Patients with BM who achieved pCR were more likely to present with single brain lesion (42.9 % vs.
10.5 %, P = 0.016), undergo craniotomy (71.4 % vs. 31.6 %, P = 0.010), and less frequently had extracranial
metastases (28.6 % vs. 73.7 %, P = 0.003). Median overall survival after BM was longer in the pCR (42 vs. 4
months, P = 0.002), and this benefit remained significant after PSM (43 vs. 10 months, P = 0.033). Tran-
scriptomic analysis identified distinct molecular profiles, with upregulation of RPL27A and CTLA4 in pCR BM
and non-pCR BM.

Conclusions: pCR was associated with lower metastatic burden and improved survival following BM diagnosis.
Molecular differences between pCR and non-pCR BM suggest distinct mechanisms of metastatic evolution,
suggesting the need for tailored surveillance and preventive strategies.

1. Introduction subtypes that exhibit higher BM propensities than hormone receptor
(HR)-positive breast cancer [1,3]. Advancements in systemic treat-

Breast cancer remains the leading cause of cancer-related mortality ments, including CDK4/6 inhibitors [4,5], HER2-targeted therapies [6,
worldwide, and brain metastases (BM) pose a significant clinical chal- 71, and immune checkpoint inhibitors [8] have improved survival out-
lenge [1,2]. Human epidermal growth factor receptor 2 (HER2)-positive comes for patients with metastatic breast cancer; however, the prognosis
and triple-negative breast cancer (TNBC) are molecular breast cancer for patients with BM remains poor, highlighting the need for improved
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risk stratification and effective treatment strategies.

Neoadjuvant chemotherapy is increasingly used to downstage tu-
mors and optimize adjuvant treatment strategies in patients with stage II
or III breast cancer, particularly those with HER2-positive breast cancer
and TNBC [9,10]. Pathologic complete response (pCR), defined as the
absence of residual invasive cancer in both the breast and lymph nodes
following neoadjuvant chemotherapy, is strongly associated with a
favorable prognosis [11,12]. Reportedly, patients who achieve pCR have
a lower incidence of distant metastases, likely due to the ability of
neoadjuvant chemotherapy to significantly eradicate microscopic
distant disease, consequently lowering the risk of distant metastasis
[13]. However, the effect of treatment response to neoadjuvant
chemotherapy on the development and prognosis of BM remains un-
clear. Understanding the relationship between the treatment response
and BM characteristics is essential to optimize surveillance strategies
and therapeutic interventions.

In this study, we aimed to evaluate the link between treatment
response and the BM clinical features, as well as survival outcomes, in
patients with breast cancer who received neoadjuvant chemotherapy.
Furthermore, we aimed to identify potential biological mechanisms by
conducting gene expression analysis to explore the molecular differ-
ences in BM cases depending on the response to neoadjuvant
chemotherapy.

2. Materials and methods
2.1. Patients

This study was approved by the Institutional Review Board of the
corresponding author’s institution (IRB no. 3-2025-0083). The study
followed the Good Clinical Practice guidelines and the principles of the
Declaration of Helsinki. The requirement for informed consent was
waived due to the retrospective study design.

A consortium diagram of the study population is shown in Supple-
mentary Fig. 1. We retrospectively identified 1,244 patients with early-
stage breast cancer who underwent neoadjuvant chemotherapy fol-
lowed by curative surgery between January 2006 and December 2022.
Clinicopathological data, including age at diagnosis, clinical T stage,
clinical node positivity, estrogen receptor (ER) status, progesterone re-
ceptor (PR) status, HER2 status, and pCR, were collected. Baseline
radiologic (ultrasound or MRI) findings according to the anatomical
stage based on the 8th American Joint Committee on Cancer guidelines
were used to assess clinical T stage and nodal status. Immunohisto-
chemistry (IHC) of pre-treatment core biopsy samples was used to
evaluate ER, PR, and HER2 status. Hormone receptor (HR) was
considered positive if either ER or PR was positive (Allred scores of 3-8
or > 1 % of stained cancer cell nuclei). HER2 status was defined as
positive for IHC scores of 3+ or 2+ with gene amplification by fluo-
rescent in situ hybridization analysis, and negative for IHC scores of 0 or
1+, according to the ASCO-CAP guidelines [14]. pCR was defined as the
absence of invasive tumor cells in both the breast and axilla (ypTO0/is,
ypNO) on pathological evaluation of the surgical specimen after neo-
adjuvant chemotherapy.

Among all patients, those with suspected intracranial lesions on
radiological evaluation or confirmed by pathological examination were
classified as having BM. In this cohort, we assessed the date of diagnosis
of brain metastasis whether brain metastasis represented the first
recurrence event, and the presence of extracranial metastases at the time
of diagnosis. Additionally, data regarding whole-brain radiotherapy
(WBRT), Karnofsky Performance status, and craniotomy performance
were collected.

2.2. Gene expression datasets and analysis

Nine samples were obtained from patients with BM who underwent
craniotomy. To obtain gene expression profiles using microarrays, total
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RNA was extracted from each tissue sample using the Qiagen RNeasy
Plus Mini kit. The collected RNA was loaded onto an Illumina
HumanHT-12 v4 Expression BeadChip (Illumina, San Diego, CA, USA).
Variance-stabilizing transformation and quantile normalization of data
using the R/Bioconductor lumi package were performed. Differentially
expressed genes (DEGs) were calculated using the limma package, with
grouping based on the pCR status. Volcano plots were generated using
the EnhancedVolcano package. Genes were functionally annotated via
overrepresentation analysis using GO gene sets and visualized as a dot
plot using the clusterProfiler package. The enriched GO terms were
stratified according to their kappa scores (>0.4). An enrichment plot
was generated using GenePattern 2.0.

2.3. Statistical analysis

According to BM and pCR status, continuous values were analyzed
using Student’s t-test, and categorical values were compared using chi-
square or Fisher’s exact tests. To elucidate the BM characteristics inde-
pendently associated with pCR, a binary Cox regression model was used,
adjusted for other related variables such as age (continuous value),
clinical tumor stage (2 vs. > 3), clinical nodal stage (0-1 vs. 2-3), and
subtypes (HR + HER2-vs. HR + HER2+ vs. HR-HER2+ vs. TNBC).

The brain metastasis-free interval (BMFI) was defined as the period
from the date of breast cancer diagnosis to the recurrence of the intra-
cranial lesion. Intracranial progression-free survival (iPFS) was defined
as the period from the date of brain metastasis to the progression of the
intracranial lesion. Overall survival (OS) was defined as the period from
the date of brain metastasis to death from any cause or the last censored
day. The Kaplan-Meier method was used to estimate the BMFI, iPFS, and
OS rates, and the results of the groups were compared using the log-rank
test.

In the BM cohort, one-to-one propensity score matching (PSM) was
performed using the nearest-neighbor matching method with a caliper
width of 0.2 standard deviations of the logit distance measured using the
R package, “Matchlt.” Clinicopathological factors, including age at
diagnosis, subtype, number of metastatic lesions, brain metastasis as 1st
recurrence event, extracranial metastasis, and Karnofsky Performance
Status, were included in the PSM.

All statistical analyses were performed using SPSS version 27 (SPSS:
Chicago, IL, USA) and R version 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria). Statistical significance was set at P < 0.05.

3. Results
3.1. Study population

We analyzed 1,244 patients with early-stage breast cancer who un-
derwent neoadjuvant chemotherapy. The patients’ median age was 48
years (interquartile range, 42-56 years), and most patients were at
clinical stage 2 or higher or clinically node-positive (Table 1). A total of
437 patients (35.1 %) achieved pCR. The pCR rates by subtype were 5.2
% in HR + HER2-, 40.7 % in HR + HER2+, 68.2 % in HR-HER2+, and
39.8 % in TNBC (P < 0.001, Supplementary Fig. 2). The majority of
patients with HR + HER2-breast cancer received anthracycline and
taxane-based neoadjuvant chemotherapy. Among those with HER2-
positive breast cancer, 86 % received HER2-targeted therapy, with
dual HER2-blockade in approximately 80 %. In TNBC, only five patients
received the pembrolizumab-based neoadjuvant chemotherapy; 66.5 %
received anthracycline and taxane-based regimen and 32.2 % also
received carboplatin (Supplementary Table S1).

Overall, 52 patients (4.2 %) experienced BM. Patients with BM had a
higher clinical nodal stage (clinical node-positive rate: 98.1 % vs. 84.3
%, P < 0.001) and TNBC proportion (50.0 % vs. 29.6 %, P = 0.006) than
those without brain metastases. The pCR rate was lower in patients with
BM (26.9 % vs. 35.5 %, P = 0.205); however, this difference was not
significant (Table 1). The incidence of BM by subtype was 1.8 % in HR +
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Table 1
Characteristics of patients who underwent neoadjuvant chemotherapy for brain
metastasis.

Variables Non-brain Brain metastasis Total (N = P-value
metastasis (N = (N =52) 1,244)
1,192)
Age 48 (42-56) 47.5 48 (42-56) 0.565
(median, (41.25-55.5)
IQR)
Clinical 0.163*
tumor
stage
1 78 (6.5) 0 78 (6.3)
2 696 (58.4) 34 (65.4) 730 (58.7)
>3 418 (35.1) 18 (34.6) 436 (35.0)
Clinical <0.001
nodal
stage
0 187 (15.7) 1(1.9 188 (15.1)
1 510 (42.8) 13 (25.0) 523 (42.0)
2 444 (37.2) 30 (57.7) 474 (38.0)
3 51 (4.3) 8 (15.4) 59 (4.7)
Subtypes 0.006
HR + 381 (32.0) 7 (13.5) 388 (31.2)
HER2-
HR + 208 (17.4) 8(15.4) 216 (17.4)
HER2+
HR- 250 (21.0) 11 (21.2) 261 (21.0)
HER2+
TNBC 353 (29.6) 26 (50.0) 379 (30.5)
pCR 0.205
No 769 (64.5) 38(73.1) 807 (64.9)
Yes 423 (35.5) 14 (26.9) 437 (35.1)

Note: Unless otherwise noted, the values represent the number of patients with
percentages in parentheses.

P-values were obtained using the Fisher’s exact test.

IQR, interquartile range; HR, hormone receptor; HER2, human epidermal
growth factor receptor 2; TNBC, triple-negative breast cancer; pCR, pathological
complete response.

HER2-, 3.7 % in HR + HER2+, 4.2 % in HR-HER2+, and 6.7 % in TNBC
(Fig. 1). Similarly, the reate of BM as the first site of recurrence was
lowest in HR + HER2-with a stepwise increase toward TNBC
(Supplementary Fig. 3). Notably, in TNBC, the non-pCR group had a
significantly higher rate of BM than the pCR group (9.2 % vs. 3.3 %, P =
0.026), a pattern absent in the other subtypes (Fig. 1).

3.2. Characteristics of brain metastasis by treatment response
Among the patients with BM, 38 (73.1 %) had residual invasive
disease after neoadjuvant chemotherapy, while 14 (26.9 %) achieved

PCR (Table 2). Additionally, BM as the first recurrence event was more
frequent in the pCR cohort (78.6 % vs. 47.4 %, P = 0.044). The median

BM rate
[ Total O pCR [ non-pCR P =0.026

6. P=0205

6.9
P=0477" P=0747"
47 48
42 42
44 37 3.9
a2 P > 0.999* 33
34
3

2] 18 19
14
0 0

Total (N=1,244)  HR+HER2- (N=388) HR+HER2+ (N=216) HR-HER2+(N=261)  TNBC (N =379)

N

Fig. 1. Brain metastasis rate according to breast cancer subtypes stratified
by pathologic complete response (pCR). HR, hormone receptor; HER2,
human epidermal growth factor receptor 2; TNBC, triple-negative
breast cancer.
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Table 2
Characteristics according to pCR status in patients with brain metastasis.

Variables Non-pCR(n=38) pCR(n=14) P-value

Age 46 (26-67) 52 (36-64) 0.260

Clinical tumor stage >0.999*
2 25 (65.8) 9 (64.3)
>3 13 (34.2) 5(35.7)

Clinical nodal stage 0.472%
0-1 11 (28.9) 2(14.3)
2-3 27 (71.1) 12 (85.7)

Subtypes 0.014*
HR + HER2- 7 (18.4) 0
HR + HER2+ 6 (15.8) 2(14.3)
HR-HER2+ 4 (10.5) 7 (50.0)
TNBC 21 (55.3) 5(35.7)

Craniotomy 0.010
No 26 (68.4) 4 (28.6)
Yes 12 (31.6) 10 (71.4)

WBRT 0.254*
No 9(23.7) 1(7.1)
Yes 29 (76.3) 13 (92.9)

No. of brain metastatic lesion 0.016*
1 4 (10.5) 6 (42.9)
>2 34 (89.5) 8(57.1)

Brain metastasis as 1st 0.044
recurrence
No 20 (52.6) 3(21.4)
Yes 18 (47.4) 11 (78.6)

Extracranial metastasis 0.003
No 10 (26.3) 10 (71.4)
Yes 28 (73.7) 4 (28.6)

Karnofsky Performance Status 0.813*
>80 17 (44.7) 5(35.7)
70-80 17 (44.7) 8(57.1)
<70 4 (10.5) 1(7.1D)

*P-value was obtained using Fisher’s exact test.

PCR, pathologic complete response; HR, hormone receptor; HER2, human
epidermal growth factor receptor 2; TNBC, triple-negative breast cancer; WBRT,
whole-brain radiotherapy.

BMFI was 20 and 21 months in the non-pCR and pCR groups, respec-
tively, with no significant difference between the two groups (P = 0.877,
Supplementary Fig. 4).

Compared with those in the non-pCR group, patients in the pCR
group had a higher proportion of craniotomy procedures (71.4 % vs.
31.6 %, P = 0.010), single brain lesions (42.9 % vs. 10.5 %, P = 0.016),
and BM as the first recurrence event (78.6 % vs. 47.4 %, P = 0.044). In
contrast, the proportion of patients with extracranial metastases at the
time of BM diagnosis (28.6 % vs. 73.7 %, P = 0.003) was lower in the
PCR group (Table 2). Particularly, in the multivariable analysis adjusted
for other relevant factors, the multiple metastatic brain lesions (odds
ratio [OR], 0.11; 95 % confidential interval [CI], 0.01-0.92; P = 0.041)
and extracranial metastases (OR, 0.11; 95 % CI, 0.02-0.74; P = 0.023)
were significantly associated with pCR (Table 3).

3.3. Prognosis in patients with brain metastasis

In the BM cohort, survival outcomes differed significantly depending
on treatment response to neoadjuvant chemotherapy. iPFS was 17 and 3
months in the pCR and non-pCR groups, respectively (P = 0.001, Sup-
plementary Fig. 5A). During the median follow up of 5.5 months, the
median OS from the time of BM diagnosis was 42 and 4 months in the
PCR and non-pCR groups, respectively (P = 0.002; Fig. 2A). Further-
more, OS tended to be longer in HER2-positive breast cancer, but the
difference did not reach statistical significance (Supplementary Fig. 6).

PSM was performed to adjust for baseline differences between pa-
tients who achieved pCR with a more favorable prognostic potential
than those with invasive residual disease after neoadjuvant chemo-
therapy. After matching, the characteristics of the two groups were well
balanced (Supplementary Table 2). In the PSM cohort, the pCR group
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Table 3
Relationship between pCR and characteristics of brain metastasis.
Features of brain metastasis pCR Adjusted 95 % CI P-
OR" value
Multiple brain metastasis (>2 non- Ref
sites) pCR
pCR 0.11 0.01- 0.041
0.92
Late recurrence (>2nd line) non- Ref
pCR
pCR 0.28 0.05- 0.136
1.49
Extracranial metastasis non- Ref
pCR
pCR 0.11 0.02- 0.023
0.74

PCR, pathologic complete response; OR, odds ratio; CI, confidence interval.
@ Adjusted for age (continuous value), cT stage (2 vs. > 3), cN stage (0-1 vs.
2-3), subtypes (HR + HER2-vs. HR + HER2+ vs. HR-HER2+ vs. TNBC).
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Fig. 2. Overall survival according to pathologic complete response (pCR) in (A)
all patients with brain metastasis and (B) a propensity score-matched cohort.

continued to exhibit superior iPFS (median iPFS: 21 months in the pCR
group vs. 5 months in the non-pCR group, P = 0.001; Supplementary
Fig. 5B) and OS (median OS: 43 months in pCR group vs. 10 months in
the non-pCR group, P = 0.033; Fig. 2B).

3.4. Gene expression in patients with brain metastasis

In this cohort, we analyzed nine patients with BM, comprising five
non-pCR patients and four with pCR. Among the five non-pCR patients,
four had TNBC and one had HER2-positive breast cancer. Among the
four patients with pCR, three had HER2-positive breast cancer and one
had TNBC (Fig. 3A and B). Overall, 186 DEGs were identified. In the pCR
group, 77 upregulated DEGs were identified, including RPL27A, CTLA4,
CD82, GPR183, MEIS1, EXOC7, DOK3, RASSF6, SORCS2, POU2F1, and
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IL17RE. In the non-pCR group, 28 upregulated DEGs were identified,
including PLXND1, TNC (Tenascin-C), CITED1, EGFL6, FLRT1, PNKP,
UROD, and MARCHF6. The results of the analysis based on the TNBC and
HER2 subtypes are presented in Supplementary Fig. 7 as a volcano plot.
Given the small sample size, there may have been overlapping genes
between the non-pCR vs. pCR and TNBC vs. HER2 groups. To differen-
tiate between these effects, correlation analysis was conducted, identi-
fying SNX25, TUBBP9, and RPS17P14 as genes associated with pCR,
while LDHC and SNORA48B were associated with non-pCR
(Supplementary Fig. 8). Gene Set Enrichment Analysis of 50 hallmark
gene sets revealed increased activity of MYC targets V1 and V2, KRAS
signaling, beta-catenin signaling, and hypoxia pathways in the pCR
group. In the non-pCR group, upregulation of NOTCH, MTORC1, p53,
and DNA repair-related pathways was observed (Fig. 3C). Regarding
immune-related hallmark pathways, the pCR group showed increased
activity in epithelial-mesenchymal transition, interferon-alpha response,
TGF-beta, and IL6-JAK-STAT3 signaling. In contrast, the non-pCR group
exhibited upregulation of IL2-STAT5 signaling, interferon-gamma
response, and complement pathway (Fig. 3D).

4. Discussion

In this study, the effect of the treatment response to neoadjuvant
chemotherapy on BM patterns and survival outcomes was investigated.
Among 1,244 patients who received neoadjuvant chemotherapy, 52
(4.2 %) developed BM. One of the key findings of our study was the
differential incidence of BM based on breast cancer subtypes stratified
by treatment response. Consistent with previous studies [15,16], we
observed that patients with TNBC exhibited the highest brain metastasis
rate (6.7 %), followed by HER2-positive subtypes (4.2 % in HR-HER2+
and 3.7 % in HR + HER2+); however, HR + HER2-had the lowest
incidence (1.8 %). Notably, in HER2-positive breast cancer, BM rates did
not significantly differ between the pCR and non-pCR groups, consistent
with data from the Memorial Sloan Kettering Cancer Center involving
patients treated with trastuzumab- and pertuzumab-based neoadjuvant
systemic therapy [17]. In contrast, among patients with TNBC, those
with residual invasive disease had a significantly higher BM rate than
those who achieved pCR (9.2 % vs. 3.3 %), suggesting that achieving
PCR may mitigate the risk of BM in TNBC and highlighting the impor-
tance of effective neoadjuvant chemotherapy for this aggressive
subtype.

We also analyzed BM characteristics based on the treatment response
to neoadjuvant chemotherapy. Patients with residual invasive disease
(non-pCR) are more likely to have multiple brain lesions and extracra-
nial metastases at the time of BM diagnosis. Moreover, prognosis
differed significantly according to the pCR status; the median iPFS was
notably longer in the pCR group (17 months vs. 3 months), and the
median OS from the time of BM diagnosis was markedly prolonged (42
months vs. 4 months). The difference in survival outcomes between the
two groups remained significant after PSM was performed to balance the
baseline characteristics. These findings indicate that patients who ach-
ieve pCR can still develop brain metastases; however, their metastatic
burden tends to be more localized and may be more amenable to
aggressive local treatment strategies, including surgical resection or
brain radiotherapy.

Previous studies have revealed that patients with brain oligometa-
stases (those with four or fewer metastatic lesions) have a more favor-
able prognosis than those with extensive metastases [18]. Surgical
resection with or without radiotherapy has been associated with sur-
vival benefits in patients with a single brain lesion [19-22]. Among the
patients in the pCR group in our study, 43 % had a single brain metas-
tasis, and approximately 70 % underwent craniotomy. Conversely, the
extracranial disease, more frequently observed in the non-pCR group,
was associated with a significantly worse prognosis, despite the active
application of local therapy [21,22]. In addition to these clinical fea-
tures, our gene expression analysis revealed upregulation of NOTCH,
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Fig. 3. Molecular profiling of brain metastases based on pathologic complete response (pCR) status. (A) Heatmap of differentially expressed genes (DEGs) in
brain metastasis (BM) samples from breast cancer patients with and without pathologic complete response (pCR) following neoadjuvant chemotherapy. (B) Volcano
plot illustrating the distribution of DEGs between pCR and non-pCR BM samples. (C) Gene Ontology (GO) enrichment analysis of genes upregulated in the pCR group.
(Oncologic pathway) (D) GO analysis of genes upregulated in the pCR groups (Immune related pathway).

MTORCI, p53, and DNA repair-related pathways in the non-pCR group,
suggesting that these findings may be associated with a more aggressive
tumor biology. Collectively, these findings underscore the need for
prompt and intensive management strategies in the non-CR patients
with BM and highlight the prognostic value of pCR status in predicting
intracranial disease behavior.

Despite the distinct BM characteristics based on treatment response,
there was no significant difference in the period from the initial diag-
nosis to the development of BM between the pCR and non-pCR groups.
This finding may be explained by several factors. Considering the low
incidence of BM as the first site of recurrence in the non-pCR cohort,
these patients frequently experience early extracranial progression and
shorter survival. These competing-risks increase censoring and may
attenuate differences in observed BMFI. Furthermore, patients who
achieve pCR but subsequently develop BM may constitute a biologically
selected subgroup with intrinsically aggressive metastatic potential,
thereby exhibiting a similar interval to intracranial relapse. These ob-
servations suggest that treatment response primarily affects the like-
lihood—not the temporal pattern—of BM development.

Recently, active surveillance for BM has been considered, even in
asymptomatic patients with HER2-positive breast cancer and TNBC [7,
23]. However, our findings suggest that active screening eligibility
criteria are not sufficiently refined by the treatment response to neo-
adjuvant chemotherapy. Nevertheless, active screening may be

necessary for patients in the pCR group who develop BM, have a lower
tumor burden, and are expected to achieve significantly improved sur-
vival outcomes with aggressive treatment. Additionally, emerging
technologies for minimal residual disease assessment, such as circu-
lating tumor DNA or tumor cell detection, are expected to facilitate early
detection of BM, particularly in the excellent treatment response sub-
population [24,25].

Although accumulating evidence has linked well—-established clini-
copathological factors—younger age, higher clinical, pathologic stage,
tumor grade, or Ki-67 expression—to BM risk [15,26], the specific
molecular mechanisms underlying BM development based on treatment
response remain unclear. RPL27A is significantly upregulated in TNBC
BM, through the activation of EIF2 signaling, thereby promoting tumor
progression. However, this upregulation may be a TNBC effect rather
than a consequence of pCR [27]. Similarly, CTLA4 expression varies
according to the breast cancer subtype, with higher levels in
HER2-positive and TNBC BM, suggesting a potential role in immune
checkpoint inhibitor therapy. Notably, high CTLA4 expression may be
related to patients with TNBC and HER2 achieving pCR, indicating a
possible link between immune modulation and treatment response [28].
PLXND1, a key target in tumor-associated endothelial cells, is elevated in
these cells but shows reduced expression in patients with pCR, sug-
gesting a potential prognostic role; however, paradoxically, it may also
indicate the reduced efficacy of PLXNDI-targeted therapy in the pCR
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group [29]. Based on these findings, further investigation into the mo-
lecular pathways driving breast cancer BM is necessary, particularly in
relation to treatment responses and immune modulation.

This study has some limitations. First, the retrospective nature of our
analysis introduced a potential selection bias, although PSM was per-
formed to balance the baseline characteristics of patients with BM, un-
measured confounders might have influenced the observed survival
differences. Second, despite the large overall cohort, the absolute
number of patients who subsequently developed brain metastases was
relatively small (4.2 %), inherently limiting the statistical power of
subgroup analyses. Third, the number of BM samples available for
transcriptomic profiling was limited. This reflects both the low incidence
of BM after curative-intent neoadjuvant therapy and the practical dif-
ficulty of obtaining sufficient tissue from all affected patients. Because
this study was not prospectively designed, corresponding primary bi-
opsy samples were note collected for comparative analyses, which woud
have further strengthened the translational insights into metastatic
evolution. Finally, bulk RNA sequencing may not fully capture intra-
tumoral heterogeneity; single-cell or spatial approaches could provide
more granular information. Future prospective studies with larger co-
horts integrating paired primary and intracranial tissue with high-
resolution molecular profiling are warranted to validate these findings
and further elucidate the mechanisms underlying BM development ac-
cording to treatment response.

This study highlights different BM characteristics based on treatment
response to neoadjuvant chemotherapy in patients with breast cancer.
Patients who achieved pCR exhibited a lower BM burden and signifi-
cantly improved survival. The molecular differences between patients
with pCR and non-pCR with BM suggest distinct metastatic pathways
with potential therapeutic implications. These findings also indicate that
treatment response to neoadjuvant chemotherapy may serve as practical
indicatior to tailor surveillance intensity and subsequent treatment.
Future research should focus on refining surveillance strategies and
exploring targeted therapies for patients with BM to mitigate high-risk
metastatic profiles.
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