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Simple Summary: This retrospective analysis reports on the treatment outcomes of women diag-
nosed with high-risk breast cancer treated with chemotherapy in combination with radiotherapy
before the surgical removal of the tumor. It is well established that the lack of visible tumor cells in
the pathological tumors analysis by the time of surgery (known as pathological complete response,
PCR) is a factor that improves survival without the tumor reappearing in the body. However, it is
unknown whether that is only true when giving systemic therapy or when pCR is achieved with the
help of radiotherapy. We collected patient information and survival times to analyze the outcome in
our patient group. We found that women with a pCR treated with chemotherapy in combination
with radiotherapy can expect favorable long-term survival. This was true across different types of
breast cancer and chemotherapy substances.

Abstract: Background: Neoadjuvant radiotherapy (naRT) in addition to neoadjuvant chemotherapy
(naCT) has been used for locally advanced, inoperable breast cancer or to allow breast conserving
surgery (BCS). Retrospective analyses suggest that naRT + naCT might result in an improvement in
pathological complete response (pCR rate and disease-free survival). pCR is a surrogate parameter for
improved event-free and overall survival (OS) and allows for the adaption of the post-neoadjuvant
therapy regimens. However, it is not clear whether pCR achieved with the addition of naRT has
the same prognostic value. Patients and methods: We performed a retrospective re-analysis of
356 patients (cT1-cT4/cNO-N+) treated with naRT and naCT with a long-term follow-up. Patients
underwent naRT on the breast and regional lymph nodes combined with a boost to the primary
tumor. Chemotherapy with different agents was given either sequentially or concomitantly to naRT.
We used the Cox proportional hazard regression model to estimate the effect of pCR in our cohort
in different subgroups as well as chemotherapy protocols. Clinical response markers correlating
with OS were also analyzed. Results: For patients with median follow-ups of 20 years, 10 years,
15 years, 20 years, and 25 years, OS rates were 69.7%, 60.6%, 53.1%, and 45.1%, respectively. pCR was
achieved in 31.1% of patients and associated with a significant improvement in OS (HR = 0.58; CI-95%:
0.41-0.80; p = 0.001). The prognostic impact of pCR was evident across breast cancer subtypes and
chemotherapy regimens. Multivariate analysis showed that age, clinical tumor and nodal stage,
chemotherapy, and pCR were prognostic for OS. Conclusion: NaCT and naRT prior to surgical
resection achieve good long-term survival in high-risk breast cancer. pCR after naRT maintains its
prognostic value in breast cancer subtypes and across different subgroups. pCR driven by naRT and
naCT independently influences long-term survival.
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1. Introduction

Neoadjuvant or preoperative systemic therapy is the current standard treatment
paradigm in higher-risk breast cancer [1-5]. Systemic cytotoxic targeted HER2-therapy and
immune checkpoint inhibitors (ICI) are given to reduce macro- and microscopic disease
downstage of the primary tumor to allow for less invasive surgery, reduce postoperative
complications, and improve cosmetic outcomes. Adjuvant radiotherapy (RT) to the remain-
ing breast tissue, chest wall, or draining regional lymph nodes is administered selectively
according to the respective risk profile and response to the systemic treatment [6].

Neoadjuvant radiotherapy (naRT) was first introduced to downstage an unresectable
advanced breast tumor to allow for an operation [1,7]. With the advent of breast-conserving
surgery (BCS), naRT was also investigated with the aim to improve BCS rates [1].

Numerous trials have also tested the hypothesis that neoadjuvant systemic therapy
(naST) allows for an earlier initiation of systemic treatment in higher-risk patients, which
might improve survival due to the eradication of distant disease. A meta-analysis of
randomized trials comparing neoadjuvant to adjuvant chemotherapy showed equivalent
distant recurrence and breast cancer all-cause mortality rates [2]. However, naST enables
the eradication of all invasive tumor cells at the time of resection (pathological complete
response, pCR) which has been shown to correlate positively with survival [3-5,8].

Beyond the well-established indications, it has been hypothesized that administering
radiotherapy in the neoadjuvant setting could further improve pCR and disease-free
survival (DFS). A randomized trial and multiple retrospective analyses suggest a benefit
for naRT over postoperative RT in terms of DFS and overall survival (OS) [9-12] but are
not conclusive and not applicable to current treatments of breast cancer.

A cohort treated from 1990 to 2003 at the department of radiation oncology at the
Duesseldorf University Clinic consisting of a mixed cohort of patients with high-risk or
locally advanced tumors requiring neoadjuvant therapy, patients desiring a BCS, as well as
women with an anticipated unfavorable cosmetic outcome due to tumor location or high
tumor-to-breast ratio. We supplemented the previous cohort with 41 additional patients.

Previous publications by our group have reported possible increases in OS and DFS
with neoadjuvant therapy [13]. Further, we showed that pCR was prognostic for OS and
more likely to occur in smaller tumors and with increasing intervals to surgical resection [14].

The prognostic value of achieving a pCR with systemic treatment is well established.
However, the question of whether a pCR achieved with the addition of a local therapy such
as radiotherapy has the same prognostic value as a pCR achieved by systemic therapy alone
is not known. We performed a re-analysis with a long-term follow-up and a reassessment
of multiple factors to address this question.

2. Materials and Methods

We retrospectively revaluated the long-term outcomes of the cohort treated at the
University Clinic of Duesseldorf, Germany and the Gerresheim Hospital in Duesseldorf,
Germany from 1990 to 2003. The cohort has been described in more detail before [13,15-17].
The currently described cohort was supplemented by additional patients and a reassess-
ment of different factors such as cytotoxic chemotherapy, reevaluation of pCR using a
current definition, and updated survival status.

A total of 356 patients received naRT and chemotherapy before their definitive breast
cancer surgery. Resection was performed as either a breast-conserving surgery with or
without additional flab support or a mastectomy with or without reconstruction.

Clinical nodal assessments were obtained with use of clinical examinations and axillary
sonography. Axillary lymph node dissection was routinely performed in all patients.
Tangential radiation therapy of the breast was applied using photon or cobalt therapy.
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Regional nodal irradiation to the level IIl and IV axillary nodes and the internal mammary
nodes (IMN) was applied in selected patients. Axillary levels III and IV were treated with a
separate supraclavicular field and IMNs were covered by an extension of the tangential
breast fields. The dose was mainly 50 Gy in 25 fractions to the breast with either a 10 Gy
boost in 5 fractions to the tumor bed given with electrons, photons, or an interstitial HDR
brachytherapy boost of 10 Gy in one treatment. Brachytherapy was combined with one
course of hyperthermia immediately before interstitial treatment. Equivalent doses of 2 Gy
(EQD2) were calculated using an alpha/beta ratio of 3.7 [18].

Neoadjuvant chemotherapy (naCT) was given either sequentially (mostly before RT)
or concurrently to RT with multiple regimes. The systemic therapy regimen was decided
by the interdisciplinary team evaluating the patient and based on standard protocols,
individual risk factors, as well the patient’s response to ongoing therapy with clinical- and
ultrasound-guided restaging. According to the pathological outcome, the interdisciplinary
team also advise selected patients to undergo post-neoadjuvant systemic therapy. For the
analysis, chemotherapy schedules were categorized according to the current known effi-
cacy into “standard” regimes (AC/EC + taxane, AC/EC + CMEF, and AC/EC + taxane +
mitoxantrone) or “substandard” regimes (mitoxantrone only, AC/EC only, AC/EC + mi-
toxantrone, CMF £ mitoxantrone, and other rarely used regimes). Patients with hormone
receptor-positive tumors received endocrine therapy with tamoxifen, ovarian suppression,
aromatase inhibitor, or surgical ovarectomy. No HER2-targeted therapy was administered.

Biological breast cancer subtypes were defined according to hormone receptor status
(estrogen or progesterone) and HER?2 positivity or lack of positivity for both receptors
(triple negative). Retrospectively, the hormone receptor status was assessed by immuno-
histochemistry with cutoff values greater than 10 fmol/mg of protein regarded as pos-
itives [19]. HER2-positive breast cancer was subcategorized accordingly into hormone
receptor-positive (HR+/HER2+) or hormone receptor-negative (HR—/HER2+) subtypes.
The hormone receptor-positive and HER2-negative subtypes were further categorized into
luminal A-like and luminal B-like subtypes according to grading, estrogen and progesterone
receptor status, as well the Ki-67-value. Grade I and grade II tumors with ER and PR expres-
sion above 20% and Ki-67 values below 14% were categorized as luminal A-like [19-23].

2.1. Endpoint Definition

We defined pCR as the state when there are no residual tumor cells in the lymph nodes
or the breast/chest wall with residual component strictly in situ (ypT0/is ypNO) according
to Chevallier’s classification [24]. “Any primary tumor downstaging” was defined as
any reduction in tumor stage between the clinical assessment before treatment initiation
and the pathological assessment at the time of surgery. The mean tumor size reduction
was the maximum diameter measured in the ultrasound subtracted by the maximum
diameter assessed in the pathological analysis. For the evaluation of the residual tumor
volume, we idealized a spherical tumor volume from the measured diameter. Overall
survival (OS) was calculated from the start date of radiotherapy to death or last follow-up
date. For patients alive on the data cutoff date, survival was censored at the last study
follow-up date.

2.2. Statistical Analysis

Patient characteristics are described using the rates, means, and medians of continuous
and categorical variables. Survival analysis was done according to the Kaplan-Meier
method. In order to assess the effect of various variables on overall survival, we performed
a Cox proportional hazards regression analysis. For the multivariate analysis, we used
known prognostic factors (age, clinical tumor and nodal stage, grading, and subtype) as
well as significant factors from the univariate Cox regression analysis. Variables were
entered simultaneously into the model. For the analysis of collinearity, we measured the
variance inflation factor and kept the most clinically relevant variables.
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Furthermore, we aimed to compare the effect of a pCR on OS in various subgroups
including the breast cancer subtypes and chemotherapy regimens used. Two-sided p-values
below the threshold of 0.05 were considered to be statistically significant. We performed all
statistical analyses using SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 27.0. Armonk, NY, USA: IBM Corp.) Figures and were created using Microsoft
Excel for Microsoft Office 365 Pro Plus (Redmond, Washington, WA, USA).

3. Results

An overview of the included trial population is shown in Table 1. The patient charac-
teristics of the majority of the include population were previously described [13]. Median
follow-up for the entire trial group was 20 years and 24.6 years for surviving patients.
Breast-conserving surgery was performed in 178 (50.0%) patients, while 178 (50.0%) un-
derwent mastectomy. The primary tumor location was on the right side in 156 (44.7%)
patients and on the left side in 179 patients (49.4%). A total of 54.5% of the patients had
grade 3 tumors and 66.5% had clinical T3—4 tumors. Half of the patients were clinically
node positive (49.9%). The rates of the breast cancer subtypes were luminal A-like in 14.6%
of patients, luminal B-like in 47.2%, HR+/HER2+ in 7.3%, HR— /HER2+ in 7.0%, triple
negative in 17.1%, and of unknown subtype in 6.7%.

Table 1. Overview of the baseline and treatment characteristics of the patient cohort. Data are
presented as absolute numbers and percentages.

Characteristics N (%) Characteristics N (%) Characteristics N (%)
Median FU [y] 20.4 Clinical Tumor Stage 356 Resection type 356
Median Age [y] 53.5 cT1 3 (0.8%) BCS 178 (50.0%)
Age <45y 70 (19.7%) cT2 116 (32.6%)  Mastectomy 178 (50.0%)

o o Neoadjuvant Systemic
Age 45y-55y 135 (37.9%) ¢T3 155 (43.8%) Therapy 356

o o No Neoadjuvant Systemic o
Age>55y 151 (42.4%) T4 82 (23.0%) Therapy 15 (4.2%)
Side Primary Tumor 356 Clinical Nodal Stage 341 Agent Concomitant to RT 122 (34.3%)
Right 159 (44.7%)  cNO 171 (50.1%)  “Standard” Regime 98 (27.5%)
Left 176 (49.4%)  cN+ 170 (49.9%) AC/EC + Taxane 11 (3.1%)
Unknown 21 (5.9%) Clinical Stage 356 AC/EC + CMF 82 (23.0%)

. . o Combination of “Standard” o
Histological type 356 I 1 (0.3%) Regime + One Agent 5 (1.4%)
Ductal 247 (69.4%) IIA 68 (19.1%) “Substandard” Regime 243 (68.3%)
Lobular 66 (18.5%) 1IB 124 (34.8%)  Mitoxantrone 109 (30.6%)
Mixed ductal/lobular 2 (0.6%) IIA 80 (22.5%) AC/EC (4-6 cylces) 113 (31.7%)
Other 13 (3.7%) 1B 82 (23.0%) AC/EC + Mitoxantrone 4 (1.1%)
Unknown 28 (7.9%) IIc 1(0.3%) CMF (3-6 cycles) 4 (1.1%)
Histological Grading 356 Growth pattern 356 CMF + Mitoxantrone 7 (2.0%)
Other (Taxane; Epirubicine +
Grade 1 24 (6.7%) Unifocal 272 (76.4%)  Taxane; EC + Vinorelbine; 6 (1.7%)
Epirubicine + Taxane + CMF)
Grade 2 138 (38.8%)  Multifocal 27 (7.6%) TAlfi‘:;;““l Adjuvant Systemic ) 1 4o
Grade 3 194 (54.5%)  Multicentric 41 (11.5%) 2-4x EC 3 (0.8%)
Breast Cancer 356 Unknown 16 (45%)  3-6x CMF 27 (7.6%)
Subtype
. . Radiation Treatment
HR+ Luminal A-like 52 (14.6%) Details 356 2-4x Taxane 10 (2.8%)
) Lo Other (CMF + Taxane;
HR+ Luminal B-like 168 (47.2%) Mean Time Interval RT 193;SD = Epirubicine + Taxane; EC + 5 (1.4%)
to Rx [days] 80

Taxane)
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Table 1. Cont.

Characteristics N (%) Characteristics N (%) Characteristics N (%)
Mean Tumor Bed D 64 Gy; Neoadjuvant + Adjuvant
HR+/HER2+ 26 (7.3%) ean “umor bed LOS¢  Range: 48.6- o oaoJuva juva
as EQD2 (3.7) Systemic Therapy
75.5 Gy
HR— /HER2+ 25 (7.0%) Regional Nodal 302 (84.8%) “Standard” Regime 113 (32.0%)
Irradiation
. . o Brachytherapy Boost + o " p . o
Triple Negative 61 (17.1%) Hyperthermia 108 (30.3%) Substandard” Regime 229 (64.0%)
Unknown 24 (6.7%) Tumor Bed Boost 340 (95.5%) Endocrine Therapy 275 (77.2%)

The mean interval between the start of radiotherapy and resection was 193 days, with
a standard deviation of 80 days. Radiotherapy to the whole breast was given with either
photons or cobalt radiation and regional nodal irradiation was performed in 84.8% with
different target volumes. Tumor bed boosts were given in the majority of patients (95.5%),
using brachytherapy + hyperthermia in 30.3%. The 2 Gy equivalent dose to the tumor bed
ranged between 48.6 Gy and 75.5 Gy with a mean dose of 64 Gy.

Cytotoxic systemic therapy was administered in 95.8% of patients, of which 98 patients
(27.5%) received a “standard” regime and 243 (68.3%) received a “substandard” regime.
Adjuvant chemotherapy was given in 44 patients (12.4%). Endocrine therapy was pre-
scribed in 275 women (77.2%) using tamoxifen, aromatase inhibitors, ovarian suppression,
or surgical castration.

Table 2 shows the response parameters to the combined preoperative radiotherapy and
systemic therapy. Out of the 356 patients, 15 women had an axillary lymph node dissection
before the start of chemotherapy or radiation therapy. These women were excluded for the
assessment of pCR and nodal response.

Table 2. Overview of the response parameters of the patient cohort. Data presented as absolute
numbers and percentages.

Response Parameters N (%) Response Parameters N (%)
Ij;;i‘iijggzr; deiE%y followed by breast 341 (95.8%) Breast Cancer Subtype PCR

PCR (ypT0/Tis and ypNO) 106 (31.1%) e HR+ Luminal A-like 8 (15.4%)
Pathological Tumor Stage 356 o HR+ Luminal B-like 42 (25.0%)
ypTO 125 (35.1%) o HR+/HER2+ 8 (30.8%)
ypTis 16 (4.5%) o HR—/HER2+ 10 (40.0%)
ypT0/Tis 141 (39.6%) o Triple Negative 25 (41.0%)
ypT1l 144 (40.4%) e Unknown 15 (62.5%)
ypT2 52 (14.6%) Response to Neoadjuvant Therapy

ypT3 6 (1.7%) Any Primary Tumor Downstaging 328 (92.1%)
ypT4 13 (3.7%) cNO to ypNO 137 (40.2%)
Pathological Nodal Stage 341 cN+ to ypNO 99 (29.0%)
ypNO 236 (69.2%) cNO to ypN+ 34 (10.0%)
ypN1 57 (16.7%) cN+ to ypN+ 71 (20.8%)
ypN2 32 (9.4%) Mean T-Size Reduction [mm] 45.4

ypN3 16 (4.7%) Mean Residual Tumor Volume [%] 13.0
Axillary Lymph Node Dissection Median Residual Tumor Volume [%] 0.2

Mean Number of dissected Nodes 19

Mean Number of + Nodes 7

Figure 1 shows the survival curves according to the estimation by Kaplan-Meier

statistic for all patients in the cohort and according to pCR status. 10-year, 15-year, 20-year
and 25 year OS were 69.7%, 60.6%, 53.1% and 45.1% in the whole cohort. Patients that
were diagnosed with a pCR had a significantly higher survival probability (HR = 0.58;
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CI-95%: 0.41-0.80; p = 0.001), which persisted over the observation period. After a 20-year
follow-up, 65.6% diagnosed with a pCR were still alive, compared to 48.8% without pCR.

Overall Survival

pCR vs. Non-pCR: HR=0.58; CI-95%: 0.41-0.80; p=0.001

10y: All 69.7%; pCR: 83.3%; Non-pCR: 65.7%

307
101
200

10

263
91
162

15
Years

219
80
133

20

188
68
113

All (n=356)
——pCR (n=106)

——Non pCR (n=235)

25

106
45
60

30

o

Figure 1. Overall survival of the whole cohort and groups separated by pathological complete
response. The comparison using Cox regression analysis is presented with hazard ratio, the cor-
responding confidence interval, and p-value. Patients with ALND before systemic therapy were
excluded from pCR analysis. pCR: pathologic complete response, HR: hazard ratio, ALND = axillary

lymph node dissection, n: number of patients.

Figure 2 summarizes the effect of pCR on overall survival in different subgroups.

The positive effect of a pCR was evident in all investigated subgroups (age, resection type,
primary tumor side, histology, breast cancer subtype, grading, growth pattern, clinical
T- and N- Stage, tumor stage, and use of endocrine or chemotherapy therapy) with no
significant interaction tests.
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Overall Survival
CI-95% CI -95%

PCR vs. Non-pCR n by pCR HR “low high P

ypTO/Tis ypNO 341 e — 0.58 0.41 0.80 0.001
Age Interaction  0.733
<asy 66 = 0.63 0.29 135 0234
45-55y 129 B 055 030 100  0.048
>SSy 146 . 0.65 0.41 1.05 0.076
Resection Type Interaction 0.975
BCS 174 0.61 038 097  0.037
MTx 167 ‘ 0.64 0.39 104 0070
Side Interaction 0.878
Right 154 = 053 033 085 0.009
Left 166 = 0.69 0.42 114 0.148
Unclear 21 i 0.32 0.09 116 0.083
Histology Interaction 0.401
Ductal 237 e — 063 0.43 092  0.018
Lobular 66 053 0.22 128 0156
Other 1 ' 051 0.06 463 0552
Unknown 25 4 0.41 0.12 145 0.167
Breast Cancer Subtype Interaction  0.508
Luminal-A 52 a 0.45 0.10 193 0.281
Luminal-8 162 : 054 032 091  0.022
HR#/HER2+ 25 i 032 0.07 145 0139
HR-/HER2+ 23 : 0.64 0.22 182 039
Triple Negative 55 i 0.49 0.24 0.99 0.046
Unknown 24 = 0.59 021 169 0.327
Grading Interaction 0.793
Grade 1 24 057 0.07 453 0592
Grade 2 138 ! 058 032 104 0068
Grade3 179 0.54 0.36 081 0.003
Growth Pattern Interaction 0.233
Unifocal 259 _._ 0.66 0.45 0.97 0.033
Multifocal 27 = 043 0.14 136 0150
Multicentric 40 . 0.47 0.18 125 0.130
Missing 15 - 0.20 0.02 167 0.138
Clinical T-Stage Interaction 0.181
T2 111 | 104 055 196 0906
T3 149 s 051 030 086  0.011
jar] 78 B 0.58 0.30 113 0.108
Clinical N-Stage Interaction 0.426
cNO m = 0.64 0.40 103 0068
cNe 170 —— 0.52 0.33 083 0.006
Stage Interaction 0.355
A 66 " 115 050 263 0740
e F31 = 0.66 038 115 0139
A 73 = 0.48 0.22 1.03 0.061
I} 78 % 0.58 0.30 113 0.108
Endocrine therapy Interaction  0.339
Yes 269 —_— 051 034 076 0.001
None 72 5 0.77 0.41 143 0.412
Chemotherapy Neoadjuvant Interaction  0.249
None 15 = 297 033 2661 0331
Standard 98 . 3 0.42 023 079 0.007
Substandard 28 D == 0.69 0.46 1.03 0.071
Chemotherapy Neoadjuvant + Adjuvant Interaction 0.112
None 14 i 2713 0302 24348 0373
Standard 115 . 2 0408 0222 0748  0.004
Substandard 212 e —— 0749 0496 1131 0170

r T T r T —— r T T T —
0.1 Overall Survival Improved with pCR Hazarld%atio Overall Survival Worse with pCR

Figure 2. Cox regression analysis of overall survival by pCR-status (yes vs. no) status in different
subgroups with hazard ratios, their corresponding confidence intervals and fitting interaction tests
presented in a forest plot. pCR: pathologic complete response, BCS: breast-conserving surgery, MTx:
mastectomy, HR+: hormone receptor positive, HER2: human epithelial growth factor receptor 2,
c: clinical, T: tumor, N: nodal, G: grading, HR: hazard ratio, CI: confidence interval. Statistically
significant differences are marked in bold.

Furthermore, we selected various factors that might influence survival in the investi-
gated cohort. The univariate Cox regression analysis is shown as a forest plot in Figure 3.
Higher age, mastectomy, higher clinical stage, clinical node positivity, pathological tumor
and node positivity, failure of pathological complete response, and omission of chemother-
apy were associated with worse OS.

In the multivariate assessment of OS, shown in Figure 4, we detected improved OS
with lower age, lower clinical tumor stage (sign ficant for cT2 vs. cT4 stage), clinical node
negativity, pathological complete response after neoadjuvant therapy, and with the use of
chemotherapy (significant for substandard chemotherapy vs. no chemotherapy).



Cancers 2022, 14, 4031

8of 17

Overall Survival Overall Survival
C195% CI-95% Univariable Analysis Factors up CHESNCSSX Univariable Analysis
Factors HR P low _high
ow __high
Age at RT 103 102 105 <0.001 PCR (ypTO/ypTis ypNO) 058} 041 (080, 0.001 =
; Any T-Downgrading 070 043 114 0150 —a1
Resection Type (BCSvs. MTX) 0.55 042 073 <0.001 i ypTO 079 059 1.06 0119 -
Side Primary Tumor 0.167 Residual T-Volume % 105 097 115 0250
Left vs Right 077 058 103 0074 it ypT-Stage 0.003
YpT1vs. ypT0 110 080 152 0547
Unknown vs. Right 106 059 189 0853
= YPT2 vs. ypTO 139 091 210 0126 T
Histology 0.680 YpT3 vs. ypTO 160 058 439 0363 Tt
Ductal/Lobular vs. Ductal 068 010 484 0.697 = vs. ypTO 328 177 608 <0.001 s
Lobular vs. Ductal 102 070 148 0932 —L— ypN+ 375 264 533 <0.001 -
ypN-Stage <0.001
Other vs. Ductal 139 068 284 0364 = YPNLv3 ypNO 565 K51 i ki —
Unknown vs. Ductal 135 083 220 0233 - YPN2 vs ypNO 338 220 521 <0.001 ——
Biological Subtype 0052 YPN3 vs ypNO 11.07 627 19.53 <0.001 ——
Luminal-8 vs. Luminal-A 147 092 236 0109 e €NO to ypNO 052 038 071 <0.001 -
N+ to ypNO 070 050 098 0.035 =
HR4/HER2# vs. Luminal-A 138 070 272 0348 N+ toypNs 3681 210 :3.95 r<DiBad -
HR-/HER2+ vs. Luminal-A 28 149 536 0001 N0 to ypN+ 188 123 288 0.003 ——
Triple Negative vs. Luminal-A  1.67 097  2.86 0.063 —
Unknown vs. Luminal-A 133 067 263 0417 o i 0:002
Standard vs. None 051 028 093 0.028 ——
Grading 0150 Substandard vs. None 038 022 068 0.001 ——
1vs3 057 029 112 0101 L Neoadjuvant+Adjuvant CTx <0.001
2vs3 082 061 110 0.186 —ft Standard vs. None 048 027 087 0.016 o
e P e Substandard vs. None 032 018 057 <0.001
Neoadjuvant CTx (Type)
Muttifocal vs. Unifocal 115 068 196 0.604 e — No Neoadjuvant CTx Ref. 0.057
Multicentric vs. Unifocal 149 098 224 0.060 il EC/AC + CMF vs. None 049 026 090 0.022 ——
Stage <0.001 4x EC/AC + Taxan vs. None 048 018 127 0139 el ——
pree— Y 3drug combination vs. None 118 0.39 3.63 0.768 —_—y
ACHTSiage . Mitoxantron vs. None 041 022 074 0.004 ——
CT1vs.cT4 032 004 228 0253 . 4-6x EC vs. None 037 020 069 0.002 ——
cT2vs. cT4 030 020 045 <0.001 e md AC/EC + Mitoxantron vs. None  0.38  0.08 1.68 0.200 ee——e—
v e [Gas 0E oo —— CMF + Mitoxantron vs.None 023 0.06 0.80 0.021 memmmmmefffees
CMF vs. None 041 009 183 0244 mu———
ini 4 k . —l—
Clinical N+ 147110 19 0008 Other vs. None 026 0.06 116 0.078 il
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Figure 3. Univariate Cox regression analysis of overall survival with hazard ratios and their
corresponding confidence intervals presented in a forest plot. RT: Radiotherapy, BCS: breast-
conserving surgery, MTx: mastectomy, HR+: hormone receptor positive, HER2: human epithe-
lial growth factor receptor 2, TN: triple negative, G: grading, HR: hazard ratio, CI: confidence
interval, pCR: pathologic complete response, c: clinical, T: tumor, N: nodal, CTx: chemotherapy,
AC: adriamycin/cyclophosphamide, EC: epirubicine/cyclophosphamide, CMF: cyclophosphamide,
methotrexate, fluorouracil. Statistically significant differences are marked in bold.

Overall Survival

Factor Multivariate Analysis ur Cl-95% CI-95%
low  high
Age at RT 1.02 101 104 0.008
Resection Type (MTx vs. BCS) —— 112 082 1.55 0473
Clinical T-Stage 0.002
CT1vs.cT4 = 0.48 007 3.58 0.486
CT2 vs. cT4 —_— 042 027 066 <0.001
cT3 vs. cT4 —a—1 077 055 110 0.148
Clinical Node Positive (No vs. Yes) —— 137 1.02 184 0.038
PCR (ypTO/ypTis ypNO) (Yes vs. No) —— 0.69 049 097 0.034
Neoadjuvant + Adjuvant CTx 0.038
Standard vs. None —_— 070 036 134 0.280
Substandard vs. None — 0.52 027 0.97 0.040
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Figure 4. Multivariate Cox regression analysis of overall survival with hazard ratios and their
corresponding confidence intervals presented in a forest plot. RT: radiotherapy, CTx: chemotherapy,
BCS: breast-conserving surgery, MTx: mastectomy, pCR: pathologic complete response, T: tumor, G:
grading, HR: hazard ratio, CI: confidence interval. Pathological complete response in the primary
tumor and axillary lymph nodes was diagnosed in 106 patients (31.1%) with 15.4% in HR+ luminal A,
25.0% in HR+ luminal B, 30.8% in HR+/HER2+, 30.8% in HR—/HER2+ and 41.0% in triple-negative
tumors. Statistically significant differences are marked in bold.
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Nodal response assessment to neoadjuvant therapy documented that cNO to ypNO was
present in 137 women (40.2%), cNO to ypN+ in 34 women (10.0%), cN+ to ypNO in 99 women
(29.0%), and cN+ to ypN+ in 71 women (20.8%). The mean reduction in tumor diameter
measured by ultrasound compared to the pathological tumor diameter after resection was
45.4 mm. When idealizing the tumor as a spherical volume before and after naRCT the
mean and median residual volumes were 13% and 0.2%.

Figure 5 assessed the survival rates in different response groups to the preoperative
therapy according to primary tumor and nodal status. The risk of death was numerically
higher in all groups with residual tumor in the breast. The comparisons were significant
for ypT4 vs. ypT0/Tis. The amount of residual cancer in the lymph nodes after naCT and
naRT was also associated with worse survival in our analysis.

1.0 Overall Survival
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04 YPT3 vs. ypTO/Tis: HR=1.60 CI-95%: 0.58-4.39 p=0.363
0.0 ypT4 vs. ypTO/Tis: HR=3.28 CI-95%: 1.77-6.08 p<0.001
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0.1 YPN2 vs. ypNO: HR=3.38 C1-95%: 2.20-5.21 p<0.001
ypN3 vs. ypNO: HR=11.07 CI-95%: 6.27-19.53 p<0.001

0 5 10 45 20 25 30
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Figure 5. Analysis of survival of different postoperative T-stages and N-stages. The comparisons
are presented with hazard ratios and their corresponding confidence intervals and p-values against
ypT0/Tis and ypNO. HR: hazard ratio, ypT: postoperative primary tumor stage, ypN: postoperative
nodal stage, CI: confidence interval, n: number of patients.

Figure 6 showed the long-term survival according to nodal response, demonstrating
that both groups with ypNO status had favorable survival compared to node positivity
after primary systemic therapy and radiotherapy. Patients with pathological node negative
status had similar long-term survival, regardless of primary clinical status.

In both categories of neoadjuvant systemic therapy, “standard” protocol or “substan-
dard” protocol pCR was numerically favorably associated with OS (Figure 7). This compar-
ison was statistically significant for patients receiving a standard chemotherapy schedule
(Standard CTx: HR = 0.42; CI-95%: 0.23-0.79; p = 0.007; substandard CTx: HR = 0.69;
CI-95%: 0.46-1.03; p = 0.071; No CTx: HR = 2.97; CI-95%:0.33-26.61; p = 0.331). Again,
we did not find a significant interaction between the chemotherapy regime and pCR on OS
(p =0.249).
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Figure 6. Analysis of the impact of clinical and pathological nodal status on overall survival. The com-
parisons of each group are set against the remaining patients in the whole cohort and are presented
with hazard ratios and their corresponding confidence intervals and p-values. HR: hazard ratio, ypT:
postoperative primary tumor stage, ypN: postoperative nodal stage, CI: confidence interval, pCR:
pathological complete response, n: number of patients.
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Figure 7. Analysis of the impact of pathological complete response (pCR) on overall survival between
different preoperative chemotherapy regimens. The comparisons are presented with hazard ratios
and their corresponding confidence intervals and p-values. HR: hazard ratio, CTx: chemotherapy, CI:
confidence interval, pCR: pathological complete response, n: number of patients.
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Next, we further assessed whether pCR achieved by combined naCT and naRT is
prognostic in different subgroups. According to Figure 8, pCR was a positive prognos-
tic factor in all investigated biologic subtypes, although statistical significance was only
reached for the luminal-B like and triple-negative tumor subgroups (HR+ luminal B-like:
HR = 0.54; CI-95%: 0.32-0.91; p = 0.022; triple negative: HR = 0.49; CI-95%: 0.24-0.99;
p = 0.046). We did not find a significant interaction between pCR and biological subtype
(p = 0.508).
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Figure 8. Analysis of the impact of pathological complete response (pCR) on overall survival
in different breast cancer subtypes. The comparisons are presented with hazard ratios and their
corresponding confidence intervals and p-values. HR+: hormone receptor positive, HER2+: human
epithelial growth factor receptor 2, pCR: pathologic complete response, HR: hazard ratio, n: number
of patients.

4. Discussion

The results of this cohort including patients with high-risk breast cancer treated with
naCT and naRT followed by breast-conserving surgery or mastectomy showed acceptable
survival rates, with 53.1% being alive after a 20-year follow-up. Long-term adverse events
were also reported to be rare and cosmetic outcomes and quality of life assessments
were favorable [25,26].

4.1. PCR as a Prognostic Factor

Our results demonstrate that pCR following naRCT was an independent prognostic
factor for long-term overall survival across all investigated subgroups including different
histological entities, biological subtypes, stages, growth patterns, and systemic agents.

Two large meta-analyses have already described the value of pCR for long-term
mortality according to different subtypes in women treated with neoadjuvant systemic
therapy [3,4]. Minckwitz and colleagues reported a trend to higher impact of pCR on OS
with older age, more advanced nodal burden, and more biologically aggressive subtypes
such as those with ductal histology and higher grades as well as those that are hormone
receptor negative and/or HER2 enriched. Similarly, the CTNeoBC meta-analysis demon-
strated that pCR had no significant effect in the subgroup analysis in T1-tumors, lobular
histology, grade I, and hormone receptor-positive disease, demonstrating a lower impact in
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less aggressive diseases. Our subgroup results are similar regarding tumor and nodal status
as well as lower grading. Expectantly, women with more aggressive tumors were more
likely to achieve a pCR; however, we found no impact of lobular histology and biological
subtype when these women had a pCR, compared to other groups. Women with HR+
luminal B-like and triple-negative tumors had a statistically significant benefit from pCR,
but numerically, all subgroups benefited from a pCR, even the luminal A-like tumors.
The reasons for these discrepancies could be due to the addition of radiotherapy, limited
sample size, or suboptimal systemic therapy. The pCR rates in the ctNeoBC analysis are
reported to be 7.5% for HR+/HER2- grade 1/2, 16.2% for HR+/HER2- grade 3, 18.3%
for HR+/HER2+ without trastuzumab, 30.2% for HR— /HER2+ without trastuzumab,
and 33.6% for the triple-negative subgroup. The respective rates in our cohort are 15.4%,
25.0%, 30.8%, 40.0%, and 41.0%. These numbers compare favorable for the addition of
radiotherapy in all cohorts.

4.2. Chemotherapy Regimens

The administered chemotherapy regimens in our cohort were inferior to the current
standard of care with only 98 women (27.5%) receiving a currently acceptable cytotoxic
therapy protocol. With the use of modern systemic regimes including intensive cytotoxic
agents, HER2+ targeted agents, as well immune checkpoint inhibitors, the current pCR
rates are as high as 46-68% for HER2+ disease [27-29] and as high as 64.8% for triple-
negative disease [30].

The overall survival rates in our cohort after 10 y with 69.5% and 15 years with 60.5%
are comparable to the meta-analysis which assess pre- vs. postoperative survival rates (10 y:
69% and 15 y: 59.1%), despite a clinically more unfavorable prognosis regarding grading,
primary tumor size, and nodal status in our cohort [2].

The multivariate assessment demonstrated that age, clinical T- and N-stage, chemother-
apy, and pCR status had a significant impact on mortality. Residual lymph nodes were the
numerically strongest negative predictor for OS. This is in accordance with the data reported
in naRT [31] and naCT alone [4]. Pathological nodal positivity had a worse prognosis,
irrespective of primary tumor response. It has also been recently recognized that residual
cancer burden (RCB) in primary tumor and lymph nodes can further differentiate patients
into different prognostic groups [32]. Similarly, we also detected a relationship between the
residual tumor in the breast and lymph nodes and mortality based on pathological T and
N status as shown in Figure 4.

4.3. The Role of Radiotherapy

A large comparable cohort with long-term follow-up was reported from “Gustave
Roussy” hospital in France, where 187 patients were treated with naRT without additional
systemic therapy. This is in contrast to our cohort, where only 3.5% received no naCT.
Tumor resection was performed after an interval of four weeks, while our cohort underwent
resection after a median of 28.9 weeks. These variables may explain the differences in the
PCR rate of 10% vs. 29.2%. Similar to our report, the pCR rate was highest in TN tumors
(26% and 40%). The long-term survival results of our patients compare favorably to this
publication, with 10-year and 20-year OS rates of 55% and 41%, reflecting the advances
over time in high-risk breast cancer. Other research groups found similar rates of pCR,
where the range after preoperative radio- or radiochemotherapy was 16 to 45% [13,33-39].

The most recently published study in this field is the small prospective PRADA trial.
This study investigated preoperative chemotherapy followed by radiotherapy with an
interval of 2-6 weeks, followed by skin-sparing mastectomy and DIEP flap reconstruc-
tion [40]. This approach was found to be feasible with wound complications similar to
postoperative approaches. Breast and nodal pCR rates were 21% and 26%, which also
varied by subtype. These modest rates might be a result of the inclusion of advanced stages
and a predominance of HR+ tumors.
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Another recent publication reported on 153 prospectively observed patients with
locally advanced breast cancer treated with naRT and naCT [41]. Overall, 68% were stage
111, with all patients undergoing mastectomy. Miller-Payne score 5 was achieved in 19%
of HR+, 82% of HER2+, and 55% of TN patients, suggesting that current systemic agents
substantially increase the response rates in HER2+ and moderately in TN disease.

With a shortage of evidence from randomized studies, the gain in pCR rate driven by
naRT can only be indirectly deduced from published works. A retrospective single-center
comparison reported a numerically higher pCR rate in the patients treated with naRT and
naCT compared to the standard sequence (naCT followed by surgery and RT) of 39% vs.
18% in the standard sequence, with especially high rates of pCR in the triple-negative
cohort (78% vs. 27.6%) [42].

Modern prospective studies have reported a high percentage of patients with a pCR,
especially in HER2+ disease. However, retrospective data suggest that naRT might even
add to these high pCR rates, though the absolute gain is less than in other subtypes [43].
Triple-negative disease also reports pCR rates around 50%, yet naRT could substantially
advance these results with improvements of 25% reported for naRT alone [31]. Another
interesting option is naRT in luminal subtype, where the pCR rates are traditionally modest.
Here, the combination of naRCT has been reported to achieve pCR in 48% of patients [43].
It would also be intriguing to analyze biological mechanisms in response to naCT and naRT
to identify patients who would benefit from naRT. These questions, however, can only be
answered in an adequately powered, randomized trial comparing adjuvant radiotherapy
to naRT in the setting of naST [37].

The value of the addition of cytotoxic therapy in the preoperative treatment has been
demonstrated in a small randomized trial where naCT added to naRT was associated with
improved DFS and OS in stage IIb—Illa breast cancer compared to naRT alone.

Long-term overall survival in neoadjuvant vs. adjuvant radiotherapy appears to be
similar according to one randomized trial [9,10] and a large registry trial [44]. Beyond
inoperable cases or an improved ability to perform breast conservation surgery, response
to naCT offers the possibility to tailor post-neoadjuvant therapy according to the treatment
response [5,45,46]. The addition of radiotherapy to the preoperative therapy paradigm
offers the advantages of treating the tumor in situ with improved target localization,
the possibility of improved side effects due to smaller target volumes, and surgical removal
of the tissue treated with the highest dose, improving reconstruction results and allowing
for early translational and clinical analysis of response. As systemic agents affecting
locally and distantly located tumor cells usually drive pCR, the value of pCR achieved
by the addition of a local therapy has been questioned. Here, we aimed to investigate the
prognostic effect of pCR in this large cohort of high-risk women treated with combined
chemotherapy and radiotherapy in the preoperative setting.

Just as in breast cancer, complete responses achieved by naRT or naRCT have also been
demonstrated to be highly prognostic in head and neck cancer [47], soft tissue sarcoma [48],
and rectal cancer [49] regardless of the addition of cytotoxic agents. We believe that there
is no reason to suggest that pCR driven by naRT or naCT has a differential prognostic
impact on OS.

The importance of nodal response reinforces the standing of a thorough pre- and post-
operative assessment of the axillary lymph nodes for the correct application of local therapy
in this setting, including regional nodal irradiation, which is associated with a proven
benefit in overall survival [50]. Because of the outdated radiation techniques used in the
treatment of our cohort, the specific nodal levels cannot be reliably described. Nonetheless,
due to known anatomical borders traditionally used for the field setup, we expect that large
parts of the regional lymph node levels I-IV were treated with therapeutic doses.

4.4, Main Limitations

The main limitations of our analysis are in its inherent retrospective design as well
as the outdated chemotherapy agents and radiotherapy techniques. No HER2-targeted
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therapy was used, limiting the generalizability of the findings in this subgroup to the current
standard of care. In addition, the histological assessment of Ki-67 was not standardized and
thus no categorization into the currently used subgroups was possible. The current analysis
of nodal response includes frozen section assessment for the detection of micrometastases
and isolated tumor cells which was not performed at our institution during the trial period.
This might have resulted in a lower detection rate of low-volume nodal disease.

Another aspect to consider when analyzing the pCR rate with the addition of naRT
is the interval between radiotherapy and surgery. A longer waiting time after RT is
usually associated with a higher pCR rate. However, even the relatively short interval
of 6 weeks showed some complete responses in patients treated with naRT alone [31].
Furthermore, inter-observer variability of the diagnosis of a pCR has also been described in
the literature [51].

5. Conclusions

Neoadjuvant systemic therapy and radiotherapy prior to surgical resection achieved
good long-term survival in high-risk breast cancer. Radiotherapy-influenced pathological
complete response maintains its prognostic value in various breast cancer subtypes and
different subgroups.
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Abbreviations

AC adriamycin, cyclophosphamide

ALND  axillary lymph node dissection

BCS breast-conserving surgery

CTx chemotherapy

CI confidence interval

CMF cyclophosphamide, methotrexate, fluorouracil
DFS disease free survival

DIEP deep inferior epigastric perforator

EC epirubicin, cyclophosphamide

ER endocrine receptor

EQD2 2 Gy equivalent dose

FU follow-up

HER2  human epidermal growth factor receptor 2
HR hazard ratio

ICI immune checkpoint inhibitor

IMN internal mammary nodes

MTx mastectomy
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naCT  neoadjuvant chemotherapy
naRCT neoadjuvant radiochemotherapy
naRT neoadjuvant radiotherapy

naST neoadjuvant systemic therapy
(O] overall survival

pCR pathologic complete response
RCB residual cancer burden

RNI regional nodal irradiation

RT radiotherapy

SLND  sentinel lymph node dissection
ST systemic therapy

TN triple negative

ypN postoperative nodal stage

ypT postoperative primary tumor stage
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