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ARTICLE INFO ABSTRACT
Keywords: Background: Neoadjuvant chemotherapy (NACT) for early-stage breast cancer is associated with an increased risk
Adjuvant chemotherapy of locoregional recurrence (LRR). We investigated whether the risk of LRR after NACT varies across tumor
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subtypes.

Methods: We retrospectively reviewed the medical records of women who underwent breast-conserving surgery
for breast cancer at three institutions between January 1, 2004, and December 31, 2018. Patients received either
NACT or adjuvant chemotherapy (ACT), followed by radiotherapy. LRR was analyzed according to the hormone
receptor (HR) and human epidermal growth factor receptor-2 (HER2) status using propensity score matching,
log-rank test, and Cox regression analysis.

Results: Among 10,328 patients, 2479 (24.0 %) received NACT. Within the median follow-up of 84.5 (IQR,
35.1-118.5) months, the 10-year LRR-free survival rates were 94.5 % and 90.7 % for the ACT and NACT groups,
respectively (hazard ratio: 2.04, 95 % confidence interval [CI]: 1.68-2.46, p < 0.0001). NACT was significantly
associated with higher LRR in the HR+/HER2— (hazard ratio: 2.52, 95 % CI: 1.83-3.46, p < 0.0001) and HR—/
HER2- (hazard ratio: 1.85, 95 % CI: 1.37-2.50, p < 0.0001) subtypes. In the HR+/HER2— subtype, the elevated
risk remained significant after propensity-score matching and Cox-regression analysis. However, NACT was not
associated with LRR in the HR—/HER2— subtype after adjusting for other variables. Annual LRR pattern among
the HR+/HER2— subtype showed the highest incidence in the early period of treatment.

Conclusion: Patients with the HR+/HER2— subtype showed an increased risk of LRR after NACT, while those
with other subtypes showed comparable LRR-free survival.
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1. Introduction

Neoadjuvant chemotherapy (NACT) is now widely accepted as a
standard treatment option for breast cancer, and its use has increased
over time, especially in patients with advanced stages [1,2]. NACT
provides several advantages over upfront surgery, as it enables
breast-conserving surgery (BCS) for patients who are not initially inel-
igible, avoids the need for axillary node dissection by reducing disease
burden, eradicates micrometastatic disease early, and serves as an
excellent in vivo test for assessing response to systemic treatments [3-8].

Several previous studies have demonstrated the oncologic safety of
NACT compared to adjuvant chemotherapy (ACT) [9-12]. Especially,
the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
meta-analysis [11] reported the long-term outcomes of maintaining
oncologic safety of NACT. However, NACT was significantly associated
with a higher incidence of local recurrence, and this difference persisted
even after excluding patients who did not undergo surgery. Neverthe-
less, the results of this meta-analysis should be interpreted with caution.
Only a small number of patients received anthracycline with a taxane,
and none of the patients were treated with trastuzumab [13,14].
Moreover, since NACT increased the rate of BCS, the analysis including
those who underwent total mastectomy led to critical selection bias.

Interestingly, few studies have compared the recurrence rate be-
tween NACT and ACT in the aspect of the different molecular subtypes.
The locoregional recurrence (LRR) rates and incidence patterns differ
according to the hormone receptor (HR) and human epidermal growth
factor receptor-2 (HER2) status [15]. Moreover, as different subtypes
have varying tumor responses [16] and distinct shrinkage patterns after
chemotherapy [17], we assumed that the impact of NACT on LRR would
be different depending on the specific tumor subtypes.

Thus, we aimed to investigate whether the impact of NACT
compared with that of ACT on LRR differs according to tumor subtype in
patients with early-stage breast cancer. To mitigate potential bias, we
only included patients who underwent BCS followed by radiotherapy
[18].

2. Methods
2.1. Patients

We reviewed the clinicopathological records of female patients who
underwent BCS for breast cancer between January 1, 2004 and
December 31, 2018 at the three leading hospitals in South Korea. Pa-
tients who did not receive systemic chemotherapy or radiotherapy were
excluded. We also excluded patients with carcinoma in situ lesions,
recurrent breast cancer, male breast cancer, and synchronous or meta-
chronous malignancies in other organs. This study was approved by the
institutional review board (IRB) of each institution (IRB number: Seoul
National University Hospital, 2204-074-1316; Samsung Medical Center,
2023-09-076-001; Boramae Medical center, 10-2023-73). All proced-
ures were conducted in accordance with the Declaration of Helsinki
[19], and the requirement for informed consent was waived owing to the
retrospective nature of the study. This study was retrospectively regis-
tered at https://clinicaltrials.gov/(NCT ID: NCT06299930). The study
was reported according to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology guidelines (STROBE, Supplementary
Table 1) [20].

Age was categorized using a cutoff of 40 years because the number of
women aged <35 years, which is a generally accepted threshold for high
recurrence risk [21,22], was too few for the analysis. The year of diag-
nosis was categorized based on the median year of all included patients.

2.2. Treatments

NACT was administered preoperatively with or without additional
postoperative  chemotherapy, while ACT was administered
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postoperatively. Chemotherapy regimens were selected by the medical
oncologists based on the most appropriate treatment options available at
the time of treatment. Breast magnetic resonance imaging was period-
ically performed to evaluate the patient’s response to chemotherapy and
determine the extent of surgery. Based on each clinician’s judgment, clip
insertion at the tumor site was performed before or during NACT, in
patients who were expected to experience significant tumor size
reduction or achieve pCR. Each patient received either conventional
whole-breast radiation or hypo-fractionated radiation, with most pa-
tients also receiving boost radiation based on the judgement of each
radiologist (Supplementary Table 2).

2.3. Pathologic assessment

A positive HR (estrogen and/or progesterone receptors) status was
defined as >1% of stained cells or an Allred score of >2 on the immu-
nohistochemistry assay. The HER2 status was evaluated according to the
American Society of Clinical Oncology and College of American Pa-
thologists guidelines [23]. If equivocal results were obtained on
immunohistochemical (IHC) tests, the tumors were subsequently
reevaluated using fluorescence in situ hybridization (FISH) or
silver-enhanced in situ hybridization (SISH) tests; the HER2 status was
considered positive when the HER2/chromosome enumeration probe 17
ratio was >2.0. The subtype of the NACT group was evaluated using the
initial biopsy tissue, as the IHC profile of some tumors changed after
chemotherapy [24]. Notably, this study focused on investigating the
different outcomes according to the tumor subtypes; we excluded pa-
tients who were not diagnosed with any breast cancer molecular subtype
or who obtained an IHC score of 2+ but did not undergo FISH or SISH
tests. The Ki-67 expression level was classified as high or low based on
the cutoff value of each institution. The tumors of the NACT and ACT
groups were clinically and pathologically staged, respectively, accord-
ing to the American Joint Committee on Cancer Staging Manual, Eighth
Edition [25]. Pathological complete regression (pCR) was defined as the
absence of residual invasive cells in both breast and axillary lymph
nodes.

2.4. Definition of recurrence

The primary endpoint of our study was LRR events, which included
both local and regional recurrences. LRR was defined as the first
recurrence of cancer in the ipsilateral breast, skin, incision sites, or
regional lymph nodes, including the ipsilateral axillary, supraclavicular,
infraclavicular, and internal mammary lymph nodes. Ipsilateral breast
tumor recurrence (IBTR) was defined as the recurrence “in” the ipsi-
lateral breast. Distant metastasis (DM) was defined as any recurrences at
any sites outside the breast and regional lymph nodes. LRR-free survival
was defined as the time interval between the date of initial adminis-
tration of chemotherapy and the date of pathological or radiological
confirmation of LRR or the last follow-up date. DM-free survival referred
to the time interval until the date of DM confirmation or the last follow-
up date. Regarding the competing risk, DM events prior to LRR was
treated as censored at the time of occurrence.

2.5. Statistical analyses

Categorical variables were compared using Pearson’s chi-square test.
Mann-Whitney U and Kruskal-Wallis tests were used to compare
continuous variables. Cox proportional hazards regression analysis was
performed to adjust for related clinicopathological variables and esti-
mate hazard ratios. Variables with a two-sided p-value of <0.05 in the
univariate analysis were included in the multivariate analysis, and those
that showed a variance inflation factor of >4.0 in the multicollinearity
test were excluded. The model’s goodness of fit was evaluated using the
Hosmer-Lemeshow test, and a two-sided p-value of >0.05 indicated an
appropriate model.
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The study was consistent with reporting guidelines for propensity-
score matched analyses [26]. The propensity scores were estimated
using a logistic regression model that included the variables that were
differently distributed between the two groups and were used for
matching analysis: age at diagnosis, year of diagnosis, tumor size, axil-
lary lymph node status, HR and HER2 status, Ki-67 level, histologic
grade, and adjuvant treatment. We performed 1:1 propensity score
matching using the greedy nearest-neighbor method without replace-
ment using a caliper width of 0.10 standard deviation of the logit of the
propensity scores [27]. The standardized mean differences were calcu-
lated for each covariate to evaluate the balance between the two groups
before and after matching. A standardized mean difference value of less
than 0.1 was considered adequate balance. Missing data were treated
using a complete case analysis approach.

Analyses were conducted using SPSS (version 26.0; SPSS Inc., IBM,
Armonk, NY, USA) or R Statistical software (version 3.6.3; R Foundation
for Statistical Computing, Vienna, Austria). Kaplan-Meier curves were
drawn using GraphPad Prism (version 10.0; GraphPad Software, San
Diego, USA). The patterns of annual recurrence incidence were
smoothed using the kernel smoothing method with the ksmooth function
in R. A two-sided p-value of <0.05 was considered significant.

3. Results
3.1. Patient’s demographics

In total, 10,328 female patients met the inclusion criteria and were
included in the study (Supplementary Fig. 1). The median age at the
time of diagnosis was 48.0 (interquartile range [IQR]: 42.0-55.0) years,
and more than half of the patients were treated after 2013 (54.9 %)
(Table 1). Approximately 51.1 %, 24.8 %, 13.6 %, and 10.5 % of the
patients had the HR+/HER2—, HR—/HER2—, HR+/HER2+, and HR—/
HER2+ subtypes, respectively. Detailed information on the clinico-
pathological features according to tumor subtype is listed in Supple-
mentary Table 3.

Of the total study participants, 2479 (24.0 %) underwent NACT,
while 7849 (76.0 %) underwent upfront surgery. Patients in the NACT
group were younger and had more aggressive pathological features,
including T/N stage, Ki-67 levels, histological grade, and HR negativity
(Table 1). The most frequently administered chemotherapy regimen in
the NACT group was anthracycline with taxane (80.7 %), while
anthracycline without taxane was the most frequently administered
regimen in the ACT group (43.1 %). After NACT, 843 (34.6 %) patients
achieved pCR, and those with the HR—/HER2+ and HR—/HER2—
subtypes achieved pCR rates of 59.8 % and 38.7 %, respectively
(Supplementary Table 4).

3.2. LRR after NACT versus ACT according to the tumor subtype

Within the median follow-up of 84.5 (IQR: 35.1-118.50) months, the
10-year LRR-free survival rate for all patients was 93.6 %. As shown in
Fig. 1A, the NACT group showed significantly poorer LRR-free survival
than the ACT group (hazard ratio: 2.04, 95 % confidence interval [CI]:
1.68-2.46, log-rank p < 0.0001). As the observed difference in survival
could be due to the uneven distribution of well-known risk factors be-
tween the two groups, we conducted a 1:1 propensity score matching
analysis incorporating age at diagnosis, year of diagnosis, tumor size,
axillary lymph node status, HR and HER2 status, Ki-67 level, histologic
grade, and adjuvant treatment (Table 2). A total of 2880 patients were
included in the propensity-score matching analysis, and the LRR-free
survival was significantly poorer in the NACT group than in the ACT
group (hazard ratio: 1.87, 95 % CI: 1.35-2.57, log-rank p = 0.0001;
Fig. 1B).

Next, we investigated the impact of the NACT versus the ACT on LRR
according to tumor subtypes. Patients with the HR—/HER2— subtype
had the worst LRR-free survival, followed by those with the HR—/
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Table 1
Demographic and clinicopathological characteristics of patients.
All patients Neoadjuvant Adjuvant
(n =10328) chemotherapy (n =  chemotherapy (n
2479) = 7849)
Age at diagnosis, 48.0 47.0 (40.0-54.0) 48.0 (43.0-55.0)
years (42.0-55.0)
<40 2124 (20.6 %) 661 (26.7 %) 1463 (18.6 %)
>40 8204 (79.4 %) 1818 (73.3 %) 6386 (81.4 %)
Year of diagnosis
2000-2012 4662 (45.1 %) 688 (27.8 %) 3974 (50.6 %)
2013-2018 5666 (54.9 %) 1791 (72.2 %) 3875 (49.4 %)
Institution

Institution A 5032 (48.7 %)

4990 (48.3 %)

1471 (59.3 %)
997 (40.2 %)

3561 (45.4 %)

Institution B 3993 (50.9 %)

Institution C 306 (3.0 %) 11 (0.4 %) 295 (3.8 %)
Axilla surgery
Sentinel lymph 6151 (59.6 %) 1257 (50.7 %) 4894 (62.4 %)
node biopsy
Axillary lymph 4169 (40.4%) 1219 (49.2 %) 2950 (37.6 %)
node dissection
Unknown 8 (0.1 %) 3(0.1 %) 5 (0.1 %)
T stage”
T1 4283 (41.5 %) 191 (7.7 %) 4092 (52.1 %)
T2 5392(52.2%) 1741 (70.2 %) 3651 (46.5 %)
T3-4 553 (5.4 %) 449 (18.1 %) 104 (1.3 %)
Unknown 100 (1.0 %) 98 (4.0 %) 2 (0.0 %)
N stage”
NO 4834 (46.8%) 204 (8.2 %) 4630 (59.0 %)
N1 3622(35.1%) 1084 (43.7 %) 2538 (32.3 %)
N2 1265 (12.2 %) 777 (31.3 %) 488 (6.2 %)
N3 488 (4.7 %) 301 (12.1 %) 187 (2.4 %)
Unknown 119 (1.2 %) 113 (4.6 %) 6 (0.1 %)
Ki-67 index
Low 5515 (53.4 %) 1090 (44.0 %) 4425 (56.4 %)
High 4719 (45.7%) 1357 (54.7 %) 3362 (42.8 %)
Unknown 94 (0.9 %) 32 (1.3 %) 62 (0.8 %)
Histologic grade
I-II 5054 (48.9%) 1144 (46.1 %) 3910 (49.8 %)
111 4668 (45.2%) 924 (37.3 %) 3744 (47.7 %)
Unknown 606 (5.9 %) 411 (16.6 %) 195 (2.5 %)
Tumor subtypes
HR+/HER2- 5275(51.1%) 858 (34.6 %) 4417 (56.3 %)
HR-+/HER2+ 1407 (13.6 %) 437 (17.6 %) 970 (12.4 %)
HR-/HER2+ 1080 (10.5 %) 430 (17.3 %) 650 (8.3 %)
HR-/HER2- 2566 (24.8%) 754 (30.4 %) 1812 (23.1 %)
Chemotherapy regimen
Both 4792 (46.4 %) 2001 (80.7 %) 2791 (35.6 %)
anthracycline and
taxane
Anthracycline- 3455 (33.5 %) 72 (2.9 %) 3383 (43.1 %)

based, no taxane

Taxane-based, no 646 (6.3 %) 320 (12.9 %) 326 (4.2 %)

anthracycline

Others 1122(10.9%) 53 (2.1 %) 1069 (13.6 %)

Unknown 313 (3.0 %) 33(1.3%) 280 (3.6 %)
Adjuvant hormonal treatment

Administered 6654 (64.4 %) 1303 (52.6 %) 5351 (68.2 %)

Not administered 3641(35.3%) 1174 (47.4 %) 2467 (31.4 %)

Unknown 33 (0.3 %) 2 (0.1 %) 31 (0.4 %)

HER2-targeted treatment
Administered 1771 (17.1 %)
Not administered 8337 (80.7 %)
Unknown 220 (2.1 %)

786 (31.7 %)
1676 (67.6 %)
17 (0.7 %)

985(12.5 %)
6661 (84.9 %)
203 (2.6 %)

Data are presented as the median (IQR) or number (%).
Abbreviations: HR, hormone receptor; HER2, human epidermal growth factor
receptor-2.

2 Stratified according to the American Joint Committee on Cancer (AJCC) 8th
TNM stage. Patients in the neoadjuvant chemotherapy group were evaluated
clinically.

HER2+, HR+/HER2+, and HR+/HER2— subtypes (Supplementary Fig.
2). As shown in Fig. 1C-F, the subgroup analysis demonstrated a sig-
nificant difference in the LRR-free survival of patients with the HR+/
HER2— and HR—/HER2— subtypes between the NACT and ACT groups
(HR+/HER2—, hazard ratio: 2.52, 95 % CL: 1.83-3.46, log-rank p <
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Fig. 1. Kaplan-Meier curves of the locoregional recurrence-free survival of all patients (A) after 1:1 propensity score matching (B) and according to tumor subtypes
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(C-F). The p-value was calculated using a log-rank test, and the hazard ratio was calculated using univariable Cox regression analyses.
Abbreviations: HER2, human epidermal growth factor 2; HR, hormone receptor; LRR, locoregional recurrence.
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Table 2
Baseline characteristics before and after propensity score matching.
Before propensity score matching After propensity score matching
Neoadjuvant chemotherapy Adjuvant chemotherapy SMD Neoadjuvant chemotherapy Adjuvant chemotherapy SMD

All patients n = 1965 n =7374 n = 1440 n = 1440
Age at diagnosis, years 47.2 (10.0) 48.7 (7.2) —0.16 47.4 (9.9) 47.7 (9.1) —0.03
Year of diagnosis, 2013-2018 1791 (72.2 %) 3875 (49.4 %) 0.49 952 (66.1 %) 972 (67.5 %) —0.03
Tumor size < 2 cm® 191 (7.7 %) 4092 (52.1 %) 1.66 152 (10.6 %) 146 (10.1 %) —0.02
ALN metastasis, absent” 2162 (87.2 %) 3213 (40.9 %) 1.77 176 (12.2 %) 183 (12.7 %) 0.02
HR status (+)° 1295 (52.2 %) 5387 (68.6 %) 0.23 960 (66.7 %) 1020 (70.8 %) 0.08
HER2 status (+)" 867 (35.0 %) 1620 (20.6 %) —0.26 324 (22.5 %) 309 (21.5 %) —0.02
High Ki-67 index 1357 (54.7 %) 3362 (42.8 %) 0.14 679 (47.2 %) 619 (4.0 %) 0.08
Histologic grade, III 924 (37.3 %) 3744 (47.7 %) —0.10 657 (45.6 %) 620 (43.1 %) 0.05
Hormone treatment, yes 1303 (52.6 %) 5351 (68.2 %) 0.22 956 (66.4 %) 1016 (70.6 %) 0.08
HER2-targeted treatment, yes 786 (31.7 %) 985 (12.5 %) —0.38 267 (18.5 %) 254 (17.6 %) —0.02

HR-+/HER2- subtype” n = 858 n = 4417 n =734 n =734
Age at diagnosis, years 46.2 (9.8) 48.2 (8.8) -0.19 46.4 (9.6) 46.7 (8.9) —0.036
Year of diagnosis, 2013-2018 597 (69.6 %) 2121 (48.0 %) 0.47 521 (71.0 %) 522 (71.1 %) —0.003
Tumor size < 2 cm® 78 (9.1 %) 2255 (51.1 %) 1.42 70 (9.5 %) 74 (10.1 %) 0.019
ALN metastasis, absent” 81 (9.4 %) 2149 (48.7 %) 1.25 74 (10.1 %) 69 (9.4 %) —0.023
High Ki-67 index 313 (36.5 %) 1493 (33.8 %) —0.03 244 (33.2 %) 225 (30.7 %) 0.055
Histologic grade, III 241 (28.1 %) 1265 (28.6 %) —0.00 214 (29.2 %) 190 (25.9 %) 0.072

HR-/HER2- subtype n =754 n = 1812 n =319 n =319
Age at diagnosis, years 46.3 (10.3) 48.8 (10.1) —0.26 48.0 (10.5) 47.8 (10.1) 0.021
Year of diagnosis, 2013-2018 531 (70.4 %) 882 (48.7 %) 0.32 521 (71.0 %) 522 (71.1 %) —0.019
Tumor size < 2 cm® 63 (8.4 %) 912 (50.3 %) 1.59 70 (9.5 %) 74 (10.1 %) 0.024
ALN metastasis, absent” 62 (8.2 %) 1398 (77.2 %) 2.45 74 (10.1 %) 69 (9.4 %) 0.045
High Ki-67 index 522 (69.2 %) 1082 (59.7 %) 0.14 244 (33.2 %) 225 (30.7 %) 0.027
Histologic grade, III 386 (51.2 %) 1484 (81.9 %) —0.41 214 (29.2 %) 190 (25.9 %) —0.046

Data are presented as the mean (standard deviation) or number (%).

Abbreviations: SMD, standardized mean difference; ALN, axillary lymph nodes; HR, hormone receptor; HER2, human epidermal growth factor receptor-2.
@ Patients in the neoadjuvant chemotherapy group were evaluated clinically.
> Among patients who administered hormone treatments.

A HR+HER2- subtype B HRJHER?2- subtype

Variables Hazard ratio (95% Cl) p-value Variables Hazard ratio (95% Cl) p-value
Year of diagnosis : Year of diagnosis :

2004~2012 n 1 (ref) 2004~2012 ] 1 (ref)

2013~2018 —— 0.93 (0.66-1.31) 0.68 2013~2018 —— 0.65 (0.45-0.93) 0.01
Institution Institution :

Institution A [ | 1 (ref) Institution A u 1 (ref)

Institution B —— 0.83 (0.57-1.19) 0.31 Institution B —— 1.08 (0.75-1.58) 0.66

Institution C . 0.87 (0.31-2.43) 0.79 Institution C — 0.67 (0.16-2.83) 0.59
Age at diagnosis : Age at diagnosis :

<40 ] 1 (ref) <40 | ] 1 (ref)

>40 —— : 0.36 (0.27-0.50) <0.0001 >40 —— 0.61 (0.44-0.85) 0.0034
T stage* : T stage* :

T | ] 1 (ref) T [ | 1 (ref)

T2 —— 1.35 (0.94-1.94) 0.10 T2 —— 1.74 (1.16-2.60) 0.0078

T3-4 : —l>  4.11(2.32-7.28) <0.0001 T3-4 . —E—  3.12(1.64-5.95) 0.0005
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Fig. 2. Forest plot for the multivariable Cox regression analyses of factors associated with locoregional recurrence-free survival. Hosmer-Lemeshow goodness-of-fit
test results: HR-+/HER2—: %, 13.88; p-value = 0.09; HR—/HER2—: 2, 3.23; p-value = 0.92. Adjuvant hormonal treatment showed multicollinearity for locoregional
recurrence; hence, it was excluded from the multivariate analysis.

Abbreviations: HR, hormone receptor; HER2, human epidermal growth factor 2; LRR, locoregional recurrence.
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0.0001; HR—/HER2—, hazard ratio: 1.85, 95 % CI: 1.37-2.50, log-rank
p < 0.0001). However, the LRR-free survival rates between the two
groups were comparable in patients with the HER2+ subtype.

Thus, we conducted further analysis for the HR+/HER2— and HR—/
HER2- subtypes. Among patients with the HR+/HER2— subtype, NACT
remained significantly associated with poor LRR after adjusting for
related clinicopathologic variables affecting recurrence in their univar-
iate analysis (hazard ratio: 1.61, 95 % CI: 1.01-2.56, adjusted p = 0.046;
Fig. 2A, Supplementary Table 5). Additionally, the 1:1 propensity score
matching analysis also revealed that the NACT group had a significantly
poorer LRR-free survival (hazard ratio: 1.96, 95 % CI: 1.19-3.21, log-
rank p = 0.007; Table 2, Fig. 3A). Among patients with the HR—/
HER2- subtype, the timing of chemotherapy was not associated with
LRR after Cox proportional hazards regression analysis (hazard ratio:
0.95, 95 % CI: 0.58-1.59, adjusted p = 0.86, Fig. 2B) and propensity
score matching analysis (hazard ratio: 1.01, 95 % CI: 0.61-1.69, log-
rank p = 0.96, Fig. 3B).

3.3. Annual recurrence pattern between NACT and ACT

To investigate the reason for the difference in LRR between the NACT
and ACT groups, we performed a post-hoc analysis to determine the
annual incidence of LRR after the completion of chemotherapy. The
recurrence patterns of patients with the HR—/HER2— subtype were
similar in the NACT and ACT groups, with the highest peak in the second
year of treatment, followed by a dramatic decrease (Fig. 4B). In patients
with HR+/HER2— subtype, the ACT group showed an increasing
pattern for years without indistinguishable peak. However, the NACT
group showed a higher recurrence rate during the first two years of
treatment, which then gradually decreased (Fig. 4A).

3.4. DM-free survival and overall survival

The 10-year DM-free survival rate of the NACT and the ACT groups
was 84.3 % and 92.9 %, respectively. The NACT group showed signifi-
cantly poorer DM-free survival than the ACT group (hazard ratio: 2.43,
95 % CI: 2.09-2.82, log-rank p < 0.0001), and subgroup analysis ac-
cording to tumor subtypes revealed the similar results (Supplementary
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Fig. 3). In addition, patients after NACT showed worse overall survival
than after ACT, especially for patients with the HR+/HER2— subtype
(hazard ratio: 2.17, 95 % CI: 1.61-2.94, log-rank p < 0.0001) and the
HR—/HER2- subtype (hazard ratio: 2.21, 95 % CI: 1.72-2.85, log-rank
p < 0.0001) (Supplementary Fig. 4). However, NACT or ACT was not
remained to be associated with DM or overall survival after Cox pro-
portional hazards regression analysis for each tumor subtype.

3.5. Sensitivity analysis

Treating distant metastasis as a censored event can lead to the un-
derestimation of LRR and overestimation of survival outcomes, espe-
cially for aggressive tumors. Thus, we conducted a post-hoc sensitivity
analysis without considering distant metastasis as a competing event
and included all LRR events that occurred after distant metastasis. This
analysis showed similar results; that is, patients with the HR+/HER2—
subtype in the NACT group showed poorer LRR-free survival (before
matching, hazard ratio: 2.45, 95 % CI: 1.80-3.32, log-rank p < 0.0001;
after matching, hazard ratio: 1.80, 95 % CI: 1.13-2.87, log-rank p =
0.012), while no difference was found in the LRR rate among those with
other subtypes between the two groups (Supplementary Fig. 5).

In addition, with regard to the different pCR rates between tumor
subtypes, we conducted an additional post-hoc analysis after excluding
patients who achieved pCR in the NACT group (Fig. 5). The LRR-free
survival of the non-pCR group was poorer than that of the ACT group
for all subtypes, although the difference was not statistically significant
among the HR+/HER2+ and HR—/HER2+ subtypes. Next, we con-
ducted subgroup analysis according to the axillary surgery methods.
Among those who underwent sentinel lymph node biopsy or omitted
axillary surgery, the poorer LRR-free survival of the NACT compared to
that of the ACT was shown in only the HR+/HER2— subtype (hazard
ratio: 2.40, 95 % CIL: 1.43-4.03, log-rank p < 0.0001) (Supplementary
Fig. 6). After axillary lymph node dissection, LRR-free survival rate was
significantly different among the HR+/HER2— (hazard ratio: 2.55, 95 %
CI: 1.68-3.85, log-rank p < 0.0001) and the HR-/HER2— subtypes
(hazard ratio: 1.92, 95 % CL 1.26-2.94, log-rank p 0.002)
(Supplementary Fig. 7).

Lastly, the different periods of chemotherapy regimens can increase
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Fig. 3. Kaplan-Meier curves for locoregional recurrence-free survival after 1:1 propensity score matching among patients with the HR+/HER2— (A) and HR—/

HER2- (B) subtypes

Abbreviations: HER2, human epidermal growth factor 2; HR, hormone receptor; LRR, locoregional recurrence.
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Fig. 4. Patterns of annual recurrence incidence per 1000 patients for patients with the HR+/HER2— (A) and HR—/HER2— (B) subtypes
Abbreviations: HER2, human epidermal growth factor 2; HR, hormone receptor; LRR, locoregional recurrence.

lead time bias. To minimize this potential bias, LRR-free survival was
analyzed based on the period after the completion of the pre-planned
chemotherapy. Results showed that ACT had better LRR-free survival
than NACT in patients with the HR+/HER2— subtype, before and after
new 1:1 propensity score matching analysis (Supplementary Fig. 8).

4. Dicussion

In early-stage breast cancer, NACT has been widely accepted as a
common treatment option [1,2], and its long-term oncological safety has
been reported in previous studies [10,11]. The current study demon-
strated that NACT was associated with a higher frequency of LRR than
ACT. However, this difference was only observed in patients with the
HR+/HER2— subtype, while those with other subtypes showed com-
parable outcomes between the two groups.

Previously, three meta-analyses investigating several randomized
controlled trials compared the survival outcomes of NACT and those of
ACT [9-11]. The meta-analysis conducted by the EBCTCG [11]
demonstrated no significant differences in the distant metastasis and
mortality rates but showed a higher LRR incidence in patients after
NACT (risk ratio: 1.28, 95 % CI: 1.06-1.55, log-rank p = 0.010). Mauri
et al. [10] also found no difference in the overall survival, disease pro-
gression, or distant metastasis rates between the NACT and ACT groups,
although NACT was significantly associated with higher LRR incidence
(risk ratio: 1.22, 95 % CI: 1.04-1.43, p = 0.015), which was more sig-
nificant when surgery was omitted (risk ratio: 1.53, 95 % CI: 1.11-2.10,
p = 0.009). Although these studies provided the most reliable evidence,
their results should be interpreted with caution. For instance, the
chemotherapy regimens were outdated, as the included trials were
conducted decades ago. Additionally, trials included patients who un-
derwent mastectomy, which is associated with lower LRR than BCS [28].
These situations increase the critical bias when LRR is compared as an
endpoint because patients in the NACT group were more likely to un-
dergo BCS than those in the ACT group, as noted in the EBCTCG study.
Finally, owing to the nature of the meta-analysis, patient-level infor-
mation was unavailable, and subgroup analysis according to tumor
subtypes could not be performed.

Several retrospective studies also reported the impact of NACT
compared with that of ACT on LRR incidence in patients who underwent
BCS. Cho et al. [29] retrospectively investigated 1687 patients recruited

from a single institution and found a significant difference in the IBTR
and LRR-free survival rates between NACT and ACT. Conversely, Yang
et al. [30] showed no difference in the IBTR rate after propensity score
matching; other studies [31,32] also reported no difference in survival
outcomes after tumor stage-wise comparison. However, these studies
had short median follow-up periods and only included a limited number
of patients. The current study has some strengths in that we reported the
results of a substantial number of cohorts from multiple institutions with
a prolonged follow-up time. To the best of our knowledge, this study is
the first to investigate whether the impact of NACT compared with that
of ACT on LRR incidence differs among tumor subtypes.

Several factors can contribute to the higher LRR after NACT, which
was observed exclusively in patients with the HR+/HER2— subtype.
First, the shrinkage patterns during NACT differed according to subtype:
the HR+/HER2— subtype usually shrinks with a multifocal pattern,
while the HR—/HER2+ subtype shrinks with a concentric pattern [33,
34]. Moreover, preoperative magnetic resonance imaging had a lower
sensitivity in evaluating residual tumors after NACT in patients with the
HR-+/HER2— subtype than in those with other subtypes [35]. These
findings imply that tumor islands or residual intraductal components
that were assumed to be completely regressed at the tumor site would
have made it challenging to secure adequate margins during surgery,
especially in those with the HR+/HER2— subtype. This hypothesis is
supported by our findings, which demonstrated a high annual LRR
incidence in the early period of NACT treatment for the HR+/HER2—
subtype, which was not observed after ACT. Furthermore, additional
post-hoc analysis revealed that the IBTR-free survival of patients with
the HR+/HER2— subtype significantly differed between the two groups,
and the difference was greater than that of the LRR incidence (hazard
ratio: 2.71, 95 % CI: 1.77-4.14; log-rank p < 0.0001; Supplementary Fig.
9). However, patients with other subtypes showed comparable IBTR-free
survival rates between the NACT and ACT groups. Thus, the high LRR
incidence observed in patients with the HR+/HER2— subtype after
NACT could be attributed to the increased risk of surgical failure.

Another possible explanation could be the different chemotherapy
responses of various tumor subtypes [16,36]. Data from the combined
analysis of the National Surgical Adjuvant Breast and Bowel Projects
B-18 and B-27 [35] and European Organization for Research and
Treatment of Cancer 10994/BIG 1-00 study [37] reported that improved
tumor response was an independent predictor of lower LRR risk. Several
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Fig. 5. Kaplan-Meier curves for LRR-free survival after excluding patients who achieved pCR
Abbreviations: pCR, pathologic complete regression; HR, hormone receptor; HER2, human epidermal growth factor 2; LRR, locoregional recurrence.

other retrospective studies have also demonstrated similar results [38,
39]. Our findings of subgroup analysis imply that the low pCR rate and
poor response to chemotherapy could have resulted in higher LRR in the
NACT group, especially in patients with the HR+/HER2— subtype.
Conversely, the high pCR rate in patients with other subtypes may
explain the lack of a difference in the LRR risk between the two groups.

The use of NACT in patients with the HR+/HER2— subtype has
remained controversial for years. Although NACT offers several benefits,
it also has several drawbacks: 1) NACT enables cancer cells to proliferate
and metastasize [40]; 2) the tumor burden targeted by NACT would
surpass that encountered in ACT after surgery, potentially leading to
more treatment-resistant clones [41]; and 3) patients are compelled to
harbor anxiety and distress for several months, especially when pCR is
not achieved [42]. These disadvantages are accentuated in those with
the HR+/HER2— subtype, with a relatively low rate of reduction in
surgical extent [43] and higher LRR rates after NACT. Considering the

risk-benefit balance of NACT, a multidisciplinary strategy is recom-
mended for treating HR+/HER2— breast cancer.

Although our study is the first to provide patient-level evidence
supporting the high LRR incidence after NACT for different tumor sub-
types, it has some limitations. First, the inherent nature of the retro-
spective study introduced hidden biases. Discordant chemotherapy and
radiation treatment regimens over the long-term period require cautious
interpretation when applying the results to the current real-world
practice. Moreover, we did not consider physician-related factors or
various treatment and surveillance strategies across multiple in-
stitutions. Second, patients in the NACT group were assessed using core
needle biopsy and clinical staging, whereas those in the ACT group were
assessed based on the pathological reports from the resected specimens.
This discrepancy in the methods used to evaluate patient characteristics
between the two groups makes it challenging to compare the two
groups. Furthermore, we could not adjust for several pathological
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variables, such as lymphovascular invasion, because core needle biopsy
does not provide sufficient information. Lastly, the assessment of pa-
tients’ eligibility for BCS before NACT could not be performed owing to
the limitations of the retrospective design. Notably, tumors that are
downsized by NACT are consistently associated with higher LRR after
surgery [11]. To address this issue, we additionally compared patients
with T2 or smaller tumors in the NACT group and all patients in the ACT
group, and the results were not significantly different from those of
previous analyses (Supplementary Fig. 10). Similarly, patients with
large tumors after NACT may opt for total mastectomy, which could
potentially affect the results of those with subtypes other than the
HR+/HER2- subtype.

5. Conclusion

In conclusion, although NACT shows comparable DM-free survival
and overall survival compared to ACT, it is significantly associated with
an elevated risk of LRR. However, this risk was only observed in patients
with the HR+/HER2— subtype, especially in the early period after
treatment; meanwhile, those with the other subtypes did not show a
significant difference between the two treatments. When administering
NACT for patients with HR+/HER— breast cancer, comprehensive
evaluations, including preoperative radiologic exams, accurate tumor
localization, and detailed pathologic reports on margin status, along
with appropriate radiation treatments and intensive surveillance, should
be performed to minimize the LRR risk. Moreover, among patients with
HR -+ subtypes, a multigene assay using core-needle biopsy specimens
would help identify those who may benefit from NACT. Additional
prospective studies with a larger sample size are also required to vali-
date our findings.
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