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Abstract

Objective: Despite the supposed complete removal of glandular breast tissue in mastectomy, breast
cancer patients still experience local recurrence after the surgery. Moreover, limited research currently
exists on isolated local recurrence as opposed to locoregional recurrence of breast cancer after
mastectomy. This study aims to identify potential risk factors associated with the development of local
breast cancer recurrence after mastectomy.

Methods: Based on data from the Netherlands Cancer Registry, a retrospective nationwide cohort
study was conducted on women diagnosed with primary invasive nonmetastatic breast cancer
between 2012 and 2016 and treated with mastectomy. Potentially relevant variables were selected
based on univariable Cox regression before inclusion in multivariable cause-specific Cox regression to
estimate the hazard ratios for local recurrence. Separate models were constructed for patients with
and without neoadjuvant systemic therapy. Collinearity was assessed using variance inflation factors
and interaction variables for potentially collinear variables. The goodness of fit was visually assessed
using the Cox-Snell residuals. Multiple imputation was used to account for missing data.

Results: In total, 22,304 patients were selected, of which 17,250 patients were included in the non-
NST group and 5,054 patients in the NST group. In the non-NST group, statistically significant
associations with local recurrence were found for menopausal status, socioeconomic status, screening
detection, sublocalisation, differentiation grade, pathologic tumour and nodal stages, immediate
breast reconstruction, hormone receptor status and treatment, HER2 status and treatment,
radiotherapy type, and chemotherapy. For the NST group, statistically significant associations with
local recurrence were found for clinical tumour stage, pathologic complete response, presence of a
DCIS component, HER2 status, hormone receptor status and treatment, and radiotherapy type. No
collinearity between variables was detected and all models showed adequate goodness of fit.
Conclusion: The study results indicate potential risk factors for local recurrence after mastectomy.
Further investigation of these variables is essential for improving the outcomes of breast cancer
patients by optimizing post-surgical care based on individual patient, tumour and treatment

characteristics.

Keywords: Breast cancer, local recurrence, mastectomy, risk factors



Acknowledgements

| would like to express my gratitude to my direct supervisors, Dr. M.C. van Maaren and Prof. Dr. S.
Siesling, for allowing me to contribute to this research and for their continuous guidance and feedback.
| also want to thank Prof. Dr. L.J. Boersma and Dr. O. Kaidar-Person for conceptualising this research
topic. My thanks do not only go out to them, but also to the other clinicians for their contributions to
my understanding of the clinical practices in breast cancer care and to the interpretation of the study
results. Lastly, | want to thank all the coworkers at the Netherlands Comprehensive Cancer

Organisation for their warm welcome and for allowing me to use their workspaces.



Table of contents

Y o1 - [ot A TSP PP PPTROPPT 1
Yol Lo VY] 1=To Fd<T o Y=Y o LSSt 2
T (o o [V Tt o] o FOU PO P OO UP PRI 4
V=1 g To o [T PP P U POROPRTOP 5
A0 e 1Y oY o JU] - | 4 T o HO PR 5
D) = ole] | [<Tot i o] o RO TP PP PP PRSI 5
Outcome and defiNItiONS ....c...ioiiiieee ettt st b e b e sane e 6
SEAtISTICAl @NAIYSIS oot e e et e e et a e e e e raaeeeanraeeeas 6
RESUIES .ttt ettt ettt ettt e st e e sttt e s ab e e sabe e e bt e e s bt e e abeesabeesabeeesabeesbteenreesaneeenars 8
Pati@Nt INCIUSION . ..ceutiiiii ettt be e sttt e bt e s bt e sae e saeesabeeaneenbeeees 8
Regression models based on multiple imputation ..........cooeciiieieciiee e 16
BT o{ U E1 o] o [PPSR OPPPP 26
INEErpretation Of FESUILS.....co i e e re e s e st e e e s snraeeesanes 26
Y 0o 1V [T g 1 = oY o U 29
CONCIUSTON ..ttt ettt e b e e bt e s ae e e a e e e ab e e bt et e e s bt e ehtesabeeateeabe e bt e saeesabesabeeabeenbeenns 30
RETEIEINCES ...ttt ettt et e b e st s et st et e bt e bt e s b et sae e e et e ean e er e e reesreesane e 32
Supplementary A — Complete Case ANalYSES........uiiiicieiiiiiiiee it e et e e s srre e e e sreeeeeeanes 37
Non-NST multivariable COX r@ZIreSSION ......ccccuiiieieciiee ettt e e et e e e ectte e e e e ette e e e sateeeeesteeeeeanes 37
NST Multivariable COX FEEIESSION .....cciccuiieeieiieee et ettt e e et e e e et e e e ette e e e sbteeeeebeeeeessseeeesssaeasannes 41



Introduction

In recent decades, the incidence of female breast cancer in The Netherlands has steadily risen. In 2023,
over 15,000 women were diagnosed with invasive breast cancer. Contrary to the incidence, breast
cancer mortality has declined [1]. This can be attributed to early diagnosis, for example through
screening, and improved treatment [2]. The primary surgical treatment of nonmetastatic invasive
breast cancer consists of either breast-conserving therapy (BCT) or mastectomy [2,3]. In mastectomy,
the glandular breast tissue is removed, though various types that preserve anatomical structures intact
exist, such as radical, modified radical, simple, skin-sparing, and nipple-areolar-sparing mastectomy
[3,4]. In 2022, about 26% of all breast cancer patients were treated by mastectomy, though this
percentage is decreasing in favour of BCT [5]. After treatment, breast cancer survivors have a risk of
recurrence, which can occur locally, regionally or distantly [6]. Together with the rising incidence of
invasive breast cancer, the population at risk of recurrence is also rising.

Considering that mastectomy involves the complete removal of the glandular breast tissue, it is
puzzling how local recurrence occurs in these patients. This raises questions about underlying factors
that contribute to the occurrence of local recurrence. However, in breast cancer research, there is a
lack of studies that report on local recurrence specifically and its risk factors are poorly understood.
Researchers often group local recurrence with regional recurrence without distinguishing between the
two [6-8]. This limits further advancement in the personalised treatment of breast cancer patients.
For example, post-mastectomy radiotherapy (PMRT) has been shown to reduce the risk of both
locoregional and overall recurrence and mortality [9,10]. In 2022, 10% of breast cancer patients
received PMRT after mastectomy [5]. Despite the proven benefits of PMRT, the current guidelines
need improvement in terms of when PMRT is indicated based on individual risk of recurrence and how
patients should be irradiated to improve oncological outcomes [4,11-13]. To better understand when
PMRT is indicated, a crucial first step is to know which factors influence a patient's predisposition to
specifically local recurrence after mastectomy. This is one example of the relevance of a better
understanding of the risk factors associated with local recurrence after mastectomy. To address the
current gap in knowledge, this study aims to develop an explanatory model that evaluates the presence
and magnitude of potential risk factors for local recurrence in breast cancer patients treated with
mastectomy based on observational data in The Netherlands. This patient group is selected because
of their eligibility for post-mastectomy radiotherapy. Thus, this study aims to answer the main research
question: 'What variables are associated with local recurrence in patients diagnosed between 2012 and

2016 with primary invasive nonmetastatic breast cancer who were treated with mastectomy?'



Methods

Study population

The data used in this retrospective cohort study were obtained from the Netherlands Cancer Registry
(NCR). This registry consists of population-based data of all cancer patients in the Netherlands
diagnosed as of 1989. The NCR is maintained by the Netherlands Comprehensive Cancer Organisation
(IKNL). The study population consisted of women diagnosed with primary invasive nonmetastatic
breast cancer between 2012 and 2016 who underwent mastectomy. Patients treated in a hospital
outside of the Netherlands or with synchronous breast cancer were excluded. Additionally, male
patients, patients whose diagnosis was an incidental finding, patients with irradical surgery, patients
with unknown surgery dates, and patients with incomplete follow-up were excluded.

The study population was divided into two subgroups based on whether patients had received
neoadjuvant systemic therapy (NST) to account for the differences in prognostic interpretation
between these groups for variables such as clinical and pathologic tumour stage and nodal
involvement. The subgroup of patients who did not receive NST, i.e. non-NST, consisted of patients
who received adjuvant systemic therapy, i.e. post-surgical chemotherapy, endocrine therapy or
targeted therapy, or patients with no systemic therapy at all. The subgroup of patients who did receive
NST consisted of patients who only received pre-surgical chemotherapy or endocrine therapy or
patients who received these treatments both pre- and post-surgically. Because we only consider
patients with invasive breast cancer, patients from the non-NST group with pTO or with unknown pT
or pN were excluded. In the NST group, patients with cTO, cTIS, or unknown cT or cN were similarly
excluded. Lastly, NST patients who only received neoadjuvant radiotherapy or targeted therapy
without chemotherapy were excluded. The exclusion and division of these patients to achieve the
described population and subgroups were conducted outside of this study in preparation for a
separate study by Van Maaren et al. [14].To achieve a population of only patients treated with
mastectomy for this study, patients treated with breast-conserving therapy were subsequently

excluded.

Data collection

To avoid extensive manual recurrence data collection from individual patient files, this study's data
collection was performed through linkage with the Dutch Nationwide Pathology Databank (PALGA).
Patient data was collected using an algorithm that selected patients suspected of having had an LRR.
Once these patients were identified, NCR data managers collected the registered data in these patient

files.



Outcome and definitions

The primary outcome was a local recurrence, defined as any invasive component or DCIS in ipsilateral
breast tissue following mastectomy [6]. This was regardless of whether these events were marked in
the dataset as a recurrence or a second primary tumour. The occurrence of the outcome was
monitored during the follow-up period of 10 years, defined as the time between the date of the
primary surgery and the occurrence of an event or the last observation. An event was defined as either
alocal recurrence or any of the competing events. These risks consisted of regional recurrence, distant
metastases, contralateral breast event or death. In case of multiple events, the first event was
considered. The only exception was if a local recurrence occurred within 30 days after a competing
event. In such cases, the local recurrence was assumed to pre-exist at the time of diagnosis of the
competing event. Socioeconomic status was determined for each patient based on the postal code at
diagnosis. A positive hormone receptor (HR) status was defined as either positive estrogen receptor
(ER) or progesterone receptor (PR) status. Moreover, HR status and endocrine therapy were combined
into a single variable to account for the potential collinearity between these variables. For the same
reason, human epidermal growth factor receptor 2 (HER2) status and targeted treatment were also
combined into a single variable in the non-NST group. This was not viable in the NST group because
the number of events was too low. For the NST group, a pathologic complete response (pCR) was

defined as ypTONO or ypTISNO to indicate the absence of residual malignancy.

Statistical analysis

Various patient-, tumour, and treatment-related characteristics were considered as the exposure
variables. These potential exposure variables were summarised and analysed using univariable Cox
proportional hazard regression. While univariable Cox regression is suitable for identifying the
association between a single variable and the outcome, it neglects to account for possible interactions
between multiple variables that are associated with the outcome [15]. However, its simplicity of
construction and interpretation makes it a suitable method for identifying variables that are likely to
be associated with the outcome in multivariable analysis and assessing each variable's adherence to
the proportional hazard assumption. This assumption states that patients have a constant baseline
hazard for the outcome that is modulated by a time-independent, variable-specific hazard ratio
[16,17]. The adherence of each variable to the proportional hazard assumption was assessed by
visually inspecting the time independence of the Schoenfeld residuals, which represent the
discrepancy between the observed values of each variable in the model and the average values of
those variables across the entire cohort for a patient when they experience a local recurrence, and
parallelism of the log-log survival curves [18]. Viable variables that were differently distributed

between outcomes status and showed relatively significant association with the outcome in
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univariable Cox regression, defined by a p-value of less than 0.2, were included in a multivariable Cox
regression model. Selecting variables likely to be associated with the outcome using univariable
regression is a method to limit the risk of overfitting, i.e. inflating the association between the variables
and the outcome by including too many variables [19]. The multivariable model was used to determine
statistically significant exposure variables with estimates of their hazard ratios (HRs) and their 95%
confidence intervals. Non-significant variables that did not significantly (p-value < 0.05) contribute to
the model fit according to the likelihood ratio test were manually removed using backward selection
to obtain a reduced model that contains the most impactful variables [20]. In both the univariable and
the multivariable Cox regression, competing events were corrected for by censoring the patient when
one of the competing events occurred. This approach follows the principle of cause-specific Cox
regression [21]. This method allows researchers to estimate the cause-specific hazards to evaluate the
association between the included variables and only the event of interest. By censoring the patients
with a competing event, they are no longer considered at risk of the event of interest [22,23]. Not all
items in the dataset were complete. Missing data were considered missing at random based on the
pattern of missingness. The missing data was imputed using futuremice, which is a wrapper function
to run for the Multivariate Imputation by Chained Equations (MICE) function in R in parallel using
multiple processor cores. MICE fills missing data using various statistical methods, such as a regression
model between the missing variables and the observer variables in the dataset. It does so iteratively
for an imposed number of imputations and iterations. MICE relies on the assumption that the missing
values are missing at random. This means that the missingness is not completely random but
associated with the observed data and not the unobserved data [24]. Von Hippel's method was used
to determine the minimum number of imputations required to produce replicable standard errors in
the multivariable Cox regression model [25]. For the non-NST group, the data was imputed 33 times,
and for the NST group, the data was imputed 55 times. For the non-NST group, each imputation
consisted of 10 iterations to achieve convergence. For the NST group, the number of iterations was 40.
Four processor cores were used to run MICE in parallel to speed up the computation. Only the missing
data was imputed and the other exposure variables were used as imputer variables. The imputation
methods were logistic regression for binomial variables, polytomous logistic regression for nominal
variables, and proportional odds logistic regression for ordinal variables. To avoid contradictory
imputation results, the composite variables, i.e. hormonal status with endocrine therapy, HER2 status
and targeted therapy, and pCR, were imputed using the ‘impute, then transform’ method, which
involves imputing the separate component variables and combining them afterwards [26]. To avoid
missing values after imputation, unclear HER2 status was recoded as missing to ensure that this
category was imputed and there were no missing values in HER2 status and targeted therapy. The

validity of the imputed data was evaluated using the convergence plots of the mean and standard
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deviation and by comparing the distributions of the observed data and imputed data. The imputed
data was used and the estimates of the imputed datasets were pooled and compared with estimates
obtained from the complete cases. When considering multiple variables in multivariable regression,
variables that describe the same or similar phenomena exhibit collinearity. In other words, these
variables are determined by each other in the analysis. Collinearity between variables in the
multivariable model was assessed using three steps. Firstly, a variance inflation factor (VIF) threshold
of 4 was maintained [27]. Secondly, potential variable interactions were evaluated for age groups with
menopausal status and immediate breast reconstruction with radiotherapy type by observing the
effects of including interaction variables in the models. Lastly, for these same potentially interacting
variables, the effect of removing one of both variables and retaining the other on the estimated HRs
was observed. Finally, the model's goodness of fit was evaluated by visually inspecting the Cox-Snell
residuals. This method involves graphically inspecting whether the estimated cumulative hazard by a
model matches the expected cumulative hazard, represented by a line with a slope of 1. The
agreement between the estimated and expected cumulative hazard gives an indication of how well

the model fits the data. [28]. All statistical analyses were performed in R, version 4.3.1.

Results

Patient inclusion

Atotal of 23,474 patients were considered for inclusion. Of this total, 418 male patients were excluded.
Furthermore, 29 incidental findings, 208 patients with irradical surgeries, 5 patients with unknown
surgery dates, and 5 patients with incomplete follow-up were excluded. The remaining 22,809 patients
were divided into the non-NST group and the NST group. 17,646 patients were assigned to the non-
NST group, of which 187 patients with pTO or unknown pT and 209 patients with unknown pN were
excluded. 5,163 patients were assigned to the NST group, of which 53 patients with cTO, cTIS or
unknown cT, 42 patients with unknown cN and 9 patients with either only neoadjuvant radiotherapy
or only targeted therapy without chemotherapy were excluded. After exclusion, 17,250 patients

remained in the non-NST group and 5,054 patients remained in the NST group (Figure 1).



Starting population: patients diagnosed with primary T1-4NO-3MO
breast cancer between 2012-2016, without any synchronous
breast cancer®, who received surgery in a Dutch hospital

Excluded:

- male breast cancer patients,
n=418

- incidental findings (e.g.
detection during breast

N =23,474
' augmentation), n = 29
- irradical surgery, n = 208
- unknown date of surgery, n =
5
- no follow-up available,n =5
N = 22,809
No neoadjuvant treatment Neoadjuvant treatment
v v
Excluded: pTO and pTX, _ _ Excluded: cTO, ¢TIS and
=187 4| N =17,646 N=5,183 [» TX. n = 53
b A
Exc'r:‘iegagNX’ | N=17,459 N=5105 [»  Excluded: cNX, n =42

Excluded: neoadjuvant RT
N =17,250 N =5,063 [#» only,n=7,targetedtherapy
without chemotherapy, n = 2

N = 5,054

Figure 1: Flowchart of patient inclusion results

*a second primary breast tumour diagnosed within 90 days of the first

Both subgroups show different baseline characteristics in terms of demographics, tumour
characteristics, and treatment characteristics (Table 1). Patients in the non-NST group were generally
older than patients in the NST group. Furthermore, the non-NST group had a larger percentage of
postmenopausal women. Differentiation grade was significantly more missing in the NST group.
Patients in the non-NST group had relatively favourable tumour characteristics, such as lower tumour
and nodal stages and positive HR status. They also receive less extensive treatment, evidenced by the

lower percentages of patients with radiotherapy, targeted therapy when HER2 positive or
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chemotherapy and the larger percentage of HR-positive patients without endocrine therapy. Most

patients in the NST subgroup who were HER2 positive also received targeted therapy. In the non-NST

group, 354 patients (2.1%) experienced a local recurrence as the first event after a median follow-up

of 7.8 years after surgery. In the NST group, this was the case for 82 patients (1.6%) after a median

follow-up of 6.7 years after surgery.

Table 1: Baseline characteristics of the study population (n = 22,304).

No neoadjuvant

systemic treatment

(N=17250)

Neoadjuvant systemic

treatment

(N=5054)

Year of diagnosis

2012 3969 (23.0%) 790 (15.6%)
2013 3754 (21.8%) 894 (17.7%)
2014 3486 (20.2%) 1026 (20.3%)
2015 3230 (18.7%) 1186 (23.5%)
2016 2811 (16.3%) 1158 (22.9%)
Age group

<40 938 (5.4%) 872 (17.3%)
40-49 2879 (16.7%) 1647 (32.6%)
50-59 3852 (22.3%) 1217 (24.1%)
60-69 3992 (23.1%) 862 (17.1%)
70-79 3298 (19.1%) 285 (5.6%)
>79 2291 (13.3%) 171 (3.4%)

Menopausal status at diagnosis

Premenopausal

3263 (18.9%)

2115 (41.8%)

Perimenopausal'

796 (4.6%)

309 (6.1%)
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No neoadjuvant

Neoadjuvant systemic

systemic treatment treatment

(N=17250) (N=5054)
Postmenopausal 11467 (67.3%) 2038 (40.3%)
Unknown 1587 (9.2%) 592 (11.7%)

Socioeconomic status'

Low 5487 (31.8%) 1378 (27.3%)
Medium 6708 (38.9%) 1939 (38.4%)
High 5055 (29.3%) 1737 (34.4%)

Detected after population screening

No / unknown

12132 (70.3%)

4488 (88.8%)

Yes

5118 (29.7%)

566 (11.2%)

Sublocalisation

Outer quadrants

7083 (41.1%)

1872 (37.0%)

Inner quadrants

2892 (16.8%)

640 (12.7%)

Central parts

1615 (9.4%)

396 (7.8%)

Overlapping lesions

5398 (31.3%)

2087 (41.3%)

Unknown 262 (1.5%) 59 (1.2%)
Morphology

Ductal 13031 (75.5%) 4068 (80.5%)
Lobular 2759 (16.0%) 706 (14.0%)

Mixed ductal lobular

736 (4.3%)

140 (2.8%)

Other

724 (4.2%)

140 (2.8%)

Differentiation grade

Grade 1

3068 (17.8%)

367 (7.3%)
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No neoadjuvant

Neoadjuvant systemic

systemic treatment treatment
(N=17250) (N=5054)
Grade 2 8325 (48.3%) 1507 (29.8%)
Grade 3/4 5253 (30.5%) 1107 (21.9%)
Unknown 604 (3.5%) 2073 (41.0%)
Multifocality
No 12110 (70.2%) 3103 (61.4%)
Yes 5058 (29.3%) 1886 (37.3%)
Unknown 82 (0.5%) 65 (1.3%)

Clinical tumour stage (cT)

cTIS 607 (3.5%) -
cT1 7418 (43.0%) 582 (11.5%)
cT2 7303 (42.3%) 2304 (45.6%)
cT3 1148 (6.7%) 1479 (29.3%)
cT4 216 (1.3%) 689 (13.6%)
Unknown 558 (3.2%) -

Clinical nodal stage (cN)

cNO 13992 (81.1%) 1727 (34.2%)
cN1 2984 (17.3%) 2763 (54.7%)
cN2 44 (0.3%) 118 (2.3%)
cN3 50 (0.3%) 446 (8.8%)
Unknown 180 (1.0%) -

Pathological tumour stage (pT)

pTO

1013 (20.0%)
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No neoadjuvant

Neoadjuvant systemic

systemic treatment treatment
(N=17250) (N=5054)
pTIS - 212 (4.12%)
pT1 8391 (48.6%) 1576 (31.2%)
pT2 7501 (43.5%) 1425 (28.2%)
pT3 1153 (6.7%) 573 (11.3%)
pT4 205 (1.2%) 106 (2.1%)
Unknown - 149 (2.9%)

Pathological nodal stage (pN)

pNO 9704 (56.3%) 2299 (45.5%)
pN1 5573 (32.3%) 1689 (33.4%)
pN2 1224 (7.1%) 598 (11.8%)
pN3 749 (4.3%) 297 (5.9%)
Unknown - 171 (3.4%)

Pathologic complete response

No NA 3941 (78.0%)
Yes NA 954 (18.9%)
Unknown NA 159 (3.1%)

Presence of DCIS component next to

invasive component

No 7987 (46.3%) 2998 (59.3%)
Yes 9086 (52.7%) 1916 (37.9%)
Unknown 177 (1.0%) 140 (2.8%)

Hormonal receptor status & treatment
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No neoadjuvant
systemic treatment

(N=17250)

Neoadjuvant systemic

treatment

(N=5054)

Positive with endocrine therapy

10725 (62.2%)

3489 (69.0%)

Positive without endocrine therapy

3618 (21.0%)

189 (3.7%)

Negative

2728 (15.8%)

1332 (26.4%)

Unknown

179 (1.0%)

44 (0.9%)

HER2 status and treatment®

Negative

14196 (82.3%)

3759 (74.4%)

Positive with targeted therapy

1675 (9.7%)

1156 (22.9%)

Positive without targeted therapy

834 (4.8%)

41 (0.8%)

Unknown

545 (3.2%)

98 (1.9%)

Immediate breast reconstruction

No

13428 (77.8%)

3594 (71.1%)

Yes

3822 (22.2%)

1460 (28.9%)

Axillary node dissection

No

11958 (69.3%)

2582 (51.1%)

Yes

5292 (30.7%)

2472 (48.9%)

Sentinel node procedure

No

3154 (18.3%)

2432 (48.1%)

Yes

14096 (81.7%)

2622 (51.9%)

Molecular diagnosis"

No 16012 (92.8%) 4953 (98.0%)
Yes, low risk 701 (4.1%) 39 (0.8%)
Yes, high risk 545 (2.6%) 58 (1.1%)
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No neoadjuvant

Neoadjuvant systemic

systemic treatment treatment
(N=17250) (N=5054)
Yes, results unknown 83 (0.5%) 4 (0.1%)

Radiotherapy type

No radiotherapy

12560 (72.8%)

1669 (33.0%)

Breast/chestwall with boost

202 (1.2%)

61 (1.2%)

Breast/chestwall without boost

1159 (6.7%)

633 (12.5%)

Breast/chestwall with regional and boost

208 (1.2%)

279 (5.5%)

Breast/chestwall with regional without

boost

2734 (15.8%)

2196 (43.5%)

Partial breast or other

267 (1.5%)

54 (1.0%)

Unknown" 120 (0.7%) 162 (3.2%)
Chemotherapy

No 10213 (59.2%) 380 (7.5%)
Pre-surgical - 4386 (86.8%)
Post-surgical 7037 (40.8%) 38 (0.8%)

Pre- and post-surgical

250 (4.9%)

Local recurrence as first event

No

16896 (97.9%)

4972 (98.4%)

Yes

354 (2.1%)

82 (1.6%)

i Period between the last regular menstrual cycle and a year after the last menstruation

i Socioeconomic status is based on postal code at diagnosis

i For the non-NST group, HER2 status & treatment was reduced to HER2 status positive and negative because

positive patients without targeted therapy were rare

v Either Oncotype DX, MammaPrint or both. Intermediate oncotype risk was classified as low risk

v Patients who received radiotherapy but for whom the radiotherapy type is unknown



Regression models based on multiple imputation

Multiple imputation successfully replaced missing values in both the non-NST and the NST groups. For
the non-NST group, the imputed variables were differentiation grade, multifocality, presence of DCIS
component, ER status, (PR) status, HER2 status, menopausal status, radiotherapy type, and
sublocalisation. The variables for HR status and treatment and HER2 status and treatment were
constructed after imputation. For the NST group, the imputed variables were pathologic tumour and
nodal stages, differentiation degree, multifocality, presence of DCIS component, ER status, PR status,
HER2 status, menopausal status, radiotherapy type, and sublocalisation. The variables for HR status
and treatment and pathologic complete response were constructed after imputation. The same
variables that were used for the complete case analysis were included in the multivariable Cox
regression models. The analyses based on the complete cases yielded similar results as those based on

the imputed dataset, but with broader confidence intervals due to missingness (Supplementary A).

In the non-NST dataset, age group, menopausal status, socioeconomic status, screening detection,
tumour sublocalisation, tumour morphology, tumour differentiation grade, multifocality, pathologic
tumour stage, pathologic nodal stage, presence of DCIS, immediate reconstruction, HR status and
treatment, HER2 status and treatment, radiotherapy type, and chemotherapy had a p-value of less
than 0.2 in the univariable Cox regression. No impactful breaches of the proportional hazard

assumption were found. These variables were included in the multivariable complete model (Table 2).

Table 2: Results from the complete non-NST multivariable Cox regression model based on the imputed dataset.
Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% Cl p-value

Age group 60-69 (reference)

<40 1.46 0.77-2.8 0.246

40-49 0.95 0.56-1.6 0.839

50-59 1.42 0.99-2.04 0.056

70-79 1.14 0.8-1.61 0.463

>79 0.87 0.59-1.28 0.485

Menopausal Post (reference)

status Pre 1.01 0.66-1.53 0.979
Peri 0.53 0.29 -0.97 0.039

Medium (reference)
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Factor Level HR 95% ClI p-value
Socioeconomic Low _ 06-1 0.05
status High 0.98 0.76 -1.25 0.859
Screening No (reference)
Yes _ 0.47-0.85 0.002
Sublocalisation  Outer quadrants (reference)
Inner quadrants _ 1.07 - 1.87 0.015
Central parts 0.96 0.65-1.42 0.843
Overlapping 1.06 0.81-1.38 0.685
lesions
Morphology Ductal (reference)
Lobular 1.12 0.81-1.56 0.482
Mixed ductal 0.72 0.38-1.37 0.32
lobular
Other 0.65 0.37-1.15 0.138
Differentiation  Grade 2 (reference)
grade Grade 1 _ 0.52-1 0.048
Gade 3/4 1.04 0.78-1.38 0.793
Multifocality No (reference)
Yes 11 0.85-1.42 0.479
Pathologic pT1 (reference)
tumour stage pT2 1.11-1.88 0.007
pT3 1.16 - 3.07 0.011
pT4 2.08 0.97-4.49 0.061
Pathologic nodal pNO (reference)
stage pN1 1.09-1.86 0.009
pN2 1.48 -4.04 0.001
pN3 1.92-5.94 <0.001
Presence of DCIS  No (reference)
component Yes 0.95 0.75-1.21 0.693
Immediate No (reference)
reconstruction Yes 1.08 - 1.95 0.012

Positive with endocrine therapy (reference)




Factor Level 95% ClI p-value
Hormone Positive without 1.58-2.8 <0.001
receptor status endocrine
and treatment therapy
Negative 2.05-3.78 <0.001
HER2 status and  Negative (reference)
treatment Positive with 0.29 0.14 - 0.58 0.001
targeted therapy
Positive without 0.83 0.54-1.29 0.41
targeted therapy
Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.21 0.11-0.44 <0.001
Breast/chest wall 0.24 0.15-0.38 <0.001
and regional
Partial breast or 0.83 0.37-191 0.668
other
Chemotherapy No (reference)
Yes, post-surgical 0.53 0.38-0.74 <0.001

To produce the reduced model, morphology, multifocality, and the presence of a DCIS component

were removed during backward selection (Table 3).

Table 3: Results from the reduced non-NST multivariable Cox regression model based on the imputed dataset.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Age group 60-69 (reference)
<40 1.46 0.76-2.78 0.253
40-49 0.95 0.56-1.6 0.838
50-59 1.42 0.99-2.04 0.056
70-79 1.13 0.8-1.6 0.486
>79 0.86 0.58-1.26 0.44
Menopausal Post (reference)
status Pre 1 0.66 -1.52 0.987
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Factor Level HR 95% CI p-value
Peri _ 0.3-0.97 0.039
Socioeconomic  Medium (reference)
status Low 0.77 06-1 0.051
High 0.98 0.76-1.25 0.861
Screening No (reference)
Yes _ 0.48 - 0.85 0.002
Sublocalisation  Outer quadrants (reference)
Inner quadrants _ 1.07 - 1.87 0.014
Central parts 0.96 0.65-1.42 0.829
Overlapping 1.07 0.83-1.39 0.594
lesions
Differentiation  Grade 2 (reference)
grade Grade 1 _ 0.51-0.97 0.034
Gade 3/4 1.03 0.78-1.35 0.857
Pathologic pT1 (reference)
tumour stage pT2 _ 1.12-1.88 0.006
pT3 _ 1.18 - 3.07 0.008
pT4 2.11 0.98-4.55 0.055
Pathologic nodal pNO (reference)
stage pN1 1.1-1.88 0.007
pN2 1.52-4.13 <0.001
pN3 1.99-6.14 <0.001
Immediate No (reference)
reconstruction Yes _ 1.08 -1.94 0.013
Hormone Positive with endocrine therapy (reference)
receptor status Positive without 1.55-2.74 <0.001
and treatment endocrine
therapy
Negative 1.97-3.6 <0.001
HER2 status and  Negative (reference)
treatment Positive with 0.15-0.58 0.001

targeted therapy
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Factor Level HR 95% CI p-value
Positive without 0.84 0.54-1.29 0.415
targeted therapy

Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.11-0.44 <0.001
Breast/chest wall 0.15-0.38 <0.001

with regional
Partial breast or 0.37-191 0.67
other
Chemotherapy No (reference)

0.38-0.74 <0.001
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Figure 2: Cumulative hazard of the Cox-Snell residuals of the complete (red) and reduced (blue) non-NST models

based on the imputed data compared to the expected cumulative hazard (black dashed).

Variables that were included in the multivariable model were menopausal status, socioeconomic
status, screening detection, sublocalisation, morphology, tumour differentiation grade, multifocality,
clinical tumour stage, clinical nodal stage, pathologic complete response, presence of DCIS component,
immediate breast reconstruction, HR status and treatment, HER2 status and treatment, radiotherapy
type and chemotherapy (Table 4). No impactful breaches of the proportional hazard assumption were
found. With the exception of multifocality, these variables had p-values below 0.2 in the univariable
analysis. Therefore, they were included in the multivariable model. Multifocality was included because

of its contribution to the insightfulness of the model.
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Table 4: Results from the complete NST multivariable Cox regression model based on the imputed dataset.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Menopausal Post (reference)
status Pre 0.83 0.47-1.46 0.513
Peri 1.38 0.64-2.99 0.405
Socioeconomic  Medium (reference)
status Low 0.72 0.39-1.31 0.272
High 1.16 0.7-1.92 0.554
Screening No (reference)
Yes 0.46 0.16-1.33 0.146
Sublocalisation  Outer quadrants (reference)
Inner quadrants 0.97 0.43-2.22 0.946
Central parts 1.36 0.57-3.25 0.478
Overlapping 1.6 0.94-2.73 0.083
lesions
Morphology Ductal (reference)
Lobular 0.68 0.27-1.72 0.41
Mixed ductal 0.94 0.22-41 0.937
lobular
Other 0.66 0.15-2.85 0.574
Differentiation  Grade 2 (reference)
grade Grade 1 0.87 0.32-2.39 0.781
Gade 3/4 1.63 0.87-3.04 0.12
Multifocality No (reference)
Yes 0.88 0.53-1.45 0.615
Clinical tumour T2 (reference)
stage cT1 0.94 0.4-2.19 0.88
cT3 1.35 0.76-2.42 0.303
T4 _ 1.15-4.41 0.019
Clinical nodal cN1 (reference)
stage cNO 1.17 0.65-2.09 0.6
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Factor Level HR 95% ClI p-value

>cN1 0.47 0.2-1.09 0.077
Pathologic No (reference)
complete Yes 0.34 0.13-0.91 0.032

response

Presence of DCIS No (reference)

component Yes _ 1.01-2.59 0.045

HER2 status Negative (reference)

Positive 0.55 031-1 0.048
Immediate No (reference)
reconstruction Yes 0.97 0.55-1.73 0.922
Hormone Positive with endocrine therapy (reference)
receptor status &  Positive without 2.19 0.75-6.44 0.149
treatment endocrine
therapy

Negative _ 1.3-4.1 0.005

Radiotherapy No radiotherapy (reference)

type Breast/chest wall 0.32 0.11-0.94 0.039
Breast/chest wall 0.96 0.51-1.84 0.912
and regional
Partial breast or 1.11 0.18-6.91 0.91
other

Chemotherapy  VYes, pre-surgical (reference)

No 0.72 0.23-2.22 0.561
Yes, post-surgical 2.39 0.3-18.75 0.401
Yes, pre- and 1.21 0.5-2.94 0.66

post-surgical

After backward selection, clinical tumour stage, pathologic complete response, presence of DCIS
component, HER2 status, HR status and treatment, and radiotherapy type remained variables in the

reduced model (Table 5).
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Table 5: Results from the reduced NST multivariable Cox regression model based on the imputed dataset.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Clinical tumour  cT2 (reference)
stage cT1 0.91 04-21 0.824
cT3 1.34 0.76-2.35 0.305
T4 _ 1.19-4.1 0.013
Pathologic No (reference)
complete Yes 0.35 0.14-0.92 0.033
response
Presence of DCIS  No (reference)
component Yes _ 1.09 - 2.65 0.021
HER2 status Negative (reference)
Positive 0.58 0.33-1.04 0.068
Hormone Positive with endocrine therapy (reference)
receptor status &  Positive without 2.14 0.75-6.13 0.152
treatment endocrine
therapy
Negative _ 1.86 -4.81 <0.001
Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.34 0.12-0.96 0.041
Breast/chest wall 0.89 0.52-1.52 0.675
and regional
Partial breast or 1.11 0.19-6.61 0.904
other
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Figure 3: Cumulative hazard of the Cox-Snell residuals of the complete (red) and reduced (blue) NST models based

on imputed data compared to the expected cumulative hazard (black dashed).

For both the non-NST and the NST models, the VIFs of the included variables were below the threshold
value of 4. Furthermore, the interaction variables between age group and menopausal status and
between immediate breast reconstruction and radiotherapy type were not statistically significant.
Removing either of these variables and retaining the other did not significantly impact the estimates

of the models.
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Discussion

Interpretation of results

The aim of this study was to identify potential risk factors for local breast cancer recurrence after
mastectomy. The Cox-Snell residuals for both patient groups show that the estimated cumulative
hazard of both the complete and reduced models roughly match the expected cumulative hazard. This
indicates that the models adequately fit the data. The reduced model does not show a significantly
worse fit than the complete model, which indicates that no impactful variables were omitted during
backwards selection. The estimated cumulative hazard for the reduced model is lower than for the
complete model. This is in line with expectations, as the reduced model uses fewer variables to
estimate the hazard compared to the full model, which leads to a lower estimate. At the ends of the
graphs, large outliers are visible with a constant cumulative hazard. These could be attributed to
patients who are censored or do not experience local recurrence during the follow-up period and thus
do not contribute to the overall hazard function. As such, these outliers would not indicate a bad model

fit.

While few studies have been conducted on risk factors for local recurrences after mastectomy, the
results presented in this study show similarities with established literature regarding locoregional and
overall recurrence. In the non-NST group, age was not significantly associated with local recurrence.
However, the estimated HRs still somewhat indicated that younger ages increase the risk of local
recurrence. These effects coincide with findings from Van Werkhoven et al, who identified an
increased risk of ipsilateral relapse for patients treated with either BCT or mastectomy below the age
of 50. Above 50 years, the risk remained relatively stable [29]. However, Van Werkhoven et al. also
included patients treated with BCT, which could affect the study outcomes if treatment allocation is
different depending on the age of the patient. Furthermore, this turning point at 50 years could
correspond to the perimenopausal status described in this study, which increased the risk of local
recurrence compared to postmenopausal status. This effect could be attributed to hormonal changes
during perimenopause, such as declining estrogen and progesterone levels, that influence the
recurrence of breast cancer. Low socioeconomic status showed a protective effect for local recurrence
compared to medium status. This is challenging to interpret on an individual level because the
socioeconomic status was determined based solely on the postal code at diagnosis and no other
individual circumstances. These results also contrast the literature, where high socioeconomic status
demonstrated protective effects for any recurrence [30]. This difference in results can be explained by

the fact that, contrary to what has been described in the literature, the characteristics of low, medium
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and high socioeconomic status were almost identical [31]. Moreover, the current study considers the
effect of socioeconomic status on exclusively local recurrence.

Detection through screening instead of clinical diagnosis is often associated with early detection and
more favourable tumour characteristics [32,33]. This could explain the findings of this study, where
screening was associated with reduced risk of local recurrence. Sublocalisation in the inner quadrants
compared to the outer quadrants showed protective effects for local recurrence. A possible
explanation could be the unfavourable surgical position of the inner quadrants, causing positive or
close margins. However, patients with irradical surgery were excluded from this study. Therefore, the
effect of the surgery would be less severe. Alternatively, clinicians might underdose these inner
guadrants in an attempt to avoid cardiotoxicity. However, there was no significant variance in tumour
laterality between the different sublocalisations. Tumour characteristics, such as differentiation grade,
tumour stage and nodal stage were also associated with local recurrence, with higher stages increasing
the risk. This coincides with other studies that relate higher tumour stage and nodal involvement to
poor recurrence prognosis [10,12,34]. For the non-NST group, tumour stage 4 was the only stage that
was not statistically significant, but this can be attributed to the significantly lower number of patients
with this stage compared to the other stages. For the NST group, a lower clinical nodal stage at
diagnosis was associated with a higher risk of recurrence, which contradicts expectations and results
from the non-NST group. Unlike the non-NST group, the nodal stage could not be pathologically
confirmed due to prior neoadjuvant treatment. Therefore, a possible explanation could be that the
clinical nodal stage does not accurately describe the true nodal stage of the NST patients. High
differentiation grade, indicative of poor differentiation, was found to increase the risk of locoregional
recurrence for breast cancer patients after surgery and neoadjuvant treatment in a univariable
analysis, but other results in the literature are scarce [35]. Good differentiation tends to be associated
with a better prognosis due to slower growth and reduced aggressiveness, which can also help avoid
local recurrence.

The presence of a DCIS component, in addition to the invasive tumour, was associated with an
increased risk of recurrence after mastectomy for patients in the NST group. Similar observations have
been reported for ipsilateral breast relapse after BCT [29]. Unlike in BCT, however, mastectomy should
excise the DCIS that is confined to the ducts of the breast tissue. Nevertheless, if the DCIS extends over
a larger area in the breast, this could cause residual DCIS in the surgical margins, especially if the foci
are located further from the primary tumour. Additionally, if the DCIS components have different
sensitivity to (neo)adjuvant treatment than then primary tumour, they might persist and lead to
recurrence.

Lack of endocrine treatment increased the risk of recurrence for HR-positive patients. Similarly, the

protective effects of targeted treatment for patients with positive HER2 status were demonstrated for
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the non-NST group. This agrees with findings in the literature that identify the importance of HR status
and HER2 as prognostic factors for breast cancer outcomes and recurrence [36]. For the NST group,
explicitly combining HER2 status with targeted therapy was not viable because there were too few
patients and insufficient events for HER2-positive patients who did not receive targeted therapy. The
analysis does include HER2 status for NST patients, which reduced the risk of local recurrence. This
inherently accounts for the impact of targeted therapy because, in practice, HER2-positive patients are
almost always treated with targeted therapy, and HER2-negative patients are not.

In the literature, pCR, defined as ypTONO or ypTO/IS, has been demonstrated as a favourable
prognostic factor to improve disease-free and overall survival after neoadjuvant chemotherapy [37—

39]. The results of this study add to this, as pCR was associated with a reduced risk of local recurrence.

In this analysis, immediate post-mastectomy reconstruction was also associated with an elevated risk
of local recurrence. Conversely, two small-scale retrospective studies found no significant association
between immediate reconstruction and local recurrence rates [40,41]. However, these studies were
based on small, localized cohorts. In 2022, a systematic review and meta-analysis examined the
oncological outcomes after immediate and delayed breast reconstruction. The review also found no
significant differences in the rates of local recurrence between immediate and delayed reconstruction
after mastectomy. However, the authors highlight the lack of quality surveillance to detect recurrence
after reconstruction, which could lead to underestimation of recurrence rates. In addition, they cite
the low risk of local recurrence as an important obstacle to generating robust evidence on the
oncological effects of different techniques and timing of reconstruction. They also suggest that
immediate autologous breast reconstruction could form a risk of local recurrence due to the
preservation of the skin envelope [42]. Indeed, less radical mastectomy types, such as skin-sparing and
nipple-sparing mastectomies, have been shown to increase the likelihood of residual glandular breast
tissue, mainly in the lower outer quadrant and the middle circle of the superficial dissection plane [43—
45]. This corresponds with the hypothesis that residual glandular breast tissue after less radical
mastectomies, whether or not to facilitate subsequent reconstruction, increases the risk of local
recurrence. Moreover, local recurrence predominately occurs near the original tumour site [7]. While
this study does not provide insight into the type of mastectomy or the type of reconstruction
performed, the increased risk of local recurrence demonstrated after an immediate reconstruction
could indicate a relation between the execution of the mastectomy procedure and local recurrence.
However, patients with irradical surgery were excluded from the study population, so this should not
significantly impact the risk of local recurrence. Alternatively, the observed increased risk after
immediate reconstruction could be attributed to reluctance to irradiate after reconstruction or to

reconstruct after radiotherapy [46,47]. Patients in both groups of this cohort who had immediate
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reconstruction were less often irradiated than patients who did not have immediate reconstruction.

However, no collinearity was detected between immediate reconstruction and radiotherapy.

The causal effect of treatment on the risk of recurrence should be carefully interpreted. Because the
study is based on observational data, the treatments were not randomized between patients.
Therefore, there is a risk of confounding by indication, and the estimated HRs should not be
interpreted as indications of the treatment effect [48]. However, the results do concur with the
described benefits of breast or chest wall radiotherapy, as both of these treatments demonstrate
protective effects for recurrence [9,10]. Chemotherapy has been shown as an effective treatment of
isolated local recurrence after breast cancer [49]. The results from this study suggest that post-surgical

chemotherapy for non-NST can also reduce the risk of developing local recurrence.

Study limitations

The data collection for this cohort study was performed using the PALGA linkage. While this method
saves on manual labour, some potential limitations should be addressed. The first limitation is that the
algorithm flagged only pathologically confirmed diagnoses of LRR. In a separate validation performed
by manually comparing the data collection using the PALGA linkage with a cohort from 2012 when this
method was not yet implemented, it was determined that this method resulted in about 90%
completeness regarding LRR. This implies that about 10% of LRR diagnoses were missed. In this cohort,
53% of the identified locoregional recurrences actually concerned isolated local recurrence as first
event. Assuming a similar distribution between local and regional recurrence in the missed LRR would
result in 5.3% missed local recurrence diagnoses. Therefore, the risk of local recurrence could have
been underestimated slightly in the analysis of this study. Another limitation is that patients with only
distant metastases were missed because the algorithm only flagged patients based on LRR. This could
have affected the correction for competing events in the analysis. In a comparison of the effects of this
missingness for distant metastases on the predicted risks and model performance in the influence 2.0

models, this limitation did not have a clinically relevant impact (data not yet published).

Another important note is that the results depend on proper documentation and completeness of the
data. As previously discussed, some results can be explained by the limited number of patients or
events in certain categories. When considering the complete dataset that was at our disposal, some
variables had to be omitted in the multivariable analysis due to the large number of values, low patient
numbers for each category or due to insufficient cases of local recurrence. For example, the variables
radicality of the DCIS and the invasive components and molecular diagnosis could not be included in
the analysis. For the same reasons, clinical nodal stages 2 and 3 had to be combined for the NST group

and the distinction between radiotherapy boost was omitted. While this does somewhat dilute the
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effects of these categories, the practical implications are limited as they concerned categories with few
patients or no events of local recurrence. The effect of low event rates or limited numbers of patients
was most prevalent in the complete case analysis of the NST group due to the overall lower number of
patients included in this subgroup. This is reflected in the larger confidence intervals in the
multivariable regression. While the use of multiple imputations did narrow these intervals, variables
like HER2 status, hormone receptor status and treatment, radiotherapy type, and chemotherapy still

exhibit wide confidence intervals.

The likelihood ratio test was used for the complete case analysis to assess the impact of the removed
variables during backwards selection on the model fit. However, the likelihood ratio test was not used
for the imputed dataset because it requires alternative methods for approximating or pooling the
likelihood ratio statistic [50]. Instead, the reduced models for the imputed datasets were constructed
using the reduced models of the complete case analyses as templates and including variables with a p-
value below 0.07. With this approach, no additional variables were removed from the complete models
of the imputed data that were not initially removed from the complete models of the complete cases.
Moreover, visual inspection of the Cox-Snell residual plots did not indicate a worse model fit of the
reduced models of the imputed data compared to the reduced models of the complete cases.
Nevertheless, a more formal method for evaluating the effect of the variable removal on the model fit

of the imputed data models would increase the methodological robustness of the approach.

While this study uncovered several potential risk factors for local recurrence after mastectomy, future
research is advised. A similar study design based on a larger dataset with more cases of surgical
treatment through mastectomy and more events can particularly achieve stronger scientific evidence
for these identified factors. This could be achieved by including patients from more recent years of
diagnosis, though this would require more time for a proper follow-up period and would increase the
risk of introducing bias due to changing protocols in diagnosis and treatment throughout those years.
Alternatively, international collaboration could provide larger patient databases, but beforehand, the
generalizability of the study results to other populations outside of the female breast cancer
population in the Netherlands should be assessed. With the results presented in this study, future
research should additionally focus on personalizing patient treatment and follow-up to reduce the risk

of local recurrence for patients presenting with these risk factors.

Conclusion

This study successfully identified potential risk factors for local breast cancer recurrence after

mastectomy. These findings shed more light on the development of local recurrence after mastectomy
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and help fill the research gap in this topic. With continued efforts to better understand the patient,
tumour and treatment characteristics associated with local recurrence and by incorporating them into

personalised treatment before and after mastectomy, breast cancer care can be further improved.
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Supplementary A — Complete case analyses

Non-NST multivariable Cox regression
Table Al: Results from the complete non-NST multivariable Cox regression model based on the complete cases.
Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value

Age group 60-69 (reference)

<40 1.18 0.56-2.51 0.664

40-49 0.71 0.37-1.34 0.29

50-59 1.34 0.91-1.98 0.141

70-79 1.01 0.71-1.44 0.953

>79 0.69 0.46-1.04 0.074

Menopausal Post (reference)

status Pre 1.28 0.77-2.11 0.339
Peri 0.35 0.14-0.88 0.025

Socioeconomic  Medium (reference)

status Low 0.77 0.58-1.01 0.06
High 0.95 0.72-1.25 0.718

Screening No (reference)
Yes 0.65 0.48 -0.89 0.007

Sublocalisation  Outer quadrants (reference)

Inner quadrants 131 0.97-1.78 0.082
Central parts 0.99 0.65-1.49 0.946
Overlapping 0.99 0.74-1.32 0.945

lesions

Morphology Ductal (reference)

Lobular 1.17 0.82-1.66 0.394
Mixed ductal 0.79 0.4-1.55 0.491

lobular

Other 0.56 0.29-1.1 0.093

Differentiation Grade 2 (reference)

grade Grade 1 0.73 0.52-1.02 0.068

Gade 3/4 0.98 0.72-1.32 0.876
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Factor Level HR 95% CI p-value
Multifocality No (reference)
Yes 1.09 0.82-1.43 0.556
Pathologic pT1 (reference)
tumour stage pT2 1.27 0.96 - 1.69 0.095
pT3 _ 1.09 - 3.03 0.022
pT4 1.97 0.87-4.47 0.104
Pathologic nodal pNO (reference)
stage pN1 _ 1.21-2.14 0.001
pN2 _ 1.83-5.13 <0.001
pN3 _ 2.51-8.27 <0.001
Presence of DCIS  No (reference)
component Yes 1.07 0.83-1.37 0.626
Immediate No (reference)
reconstruction Yes _ 1.02-1.95 0.036
Hormone Positive with endocrine therapy (reference)
receptor status & Positive without 1.43-2.66 <0.001
treatment endocrine
therapy
Negative _ 2.25-4.35 <0.001
HER2 status & Negative (reference)
treatment Positive with 0.12-0.6 0.001
targeted therapy -
Positive without 0.75 0.46-1.21 0.231
targeted therapy
Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.09 - 0.43 <0.001
Breast/chest wall 0.13-0.35 <0.001
and regional
Partial breast or 0.91 0.4-2.09 0.825
other
Chemotherapy No (reference)
Yes, post-surgical _ 0.32-0.65 <0.001
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Table A2: Results from the reduced non-NST multivariable Cox regression model based on the complete cases.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Age group 60-69 (reference)
<40 1.16 0.55-2.45 0.705
40-49 0.69 0.37-1.31 0.261
50-59 1.33 0.9-1.96 0.151
70-79 1 0.7-1.43 0.992
>79 0.68 0.45-1.03 0.067
Menopausal Post (reference)
status Pre 1.29 0.78-2.12 0.323
Peri _ 0.14 - 0.87 0.025
Screening No (reference)
Yes _ 0.48 - 0.88 0.006
Pathologic pT1 (reference)
tumour stage pT2 1.28 0.97-1.69 0.085
pT3 1.1-2.99 0.02
pT4 1.87 0.83-4.21 0.128
Pathologic nodal pNO (reference)
stage pN1 1.2-2.11 1.59
pN2 1.86-5.21 3.12
pN3 2.56-8.43 4.65
Immediate No (reference)
reconstruction Yes _ 1.03-1.95 0.035
Hormone Positive with endocrine therapy (reference)
receptor status & Positive without 1.32-2.42 <0.001
treatment endocrine
therapy
Negative 2.22-3.97 <0.001
HER2 status &  Negative (reference)
treatment Positive with 0.13-0.62 0.002

targeted therapy
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Factor Level HR 95% CI p-value
Positive without 0.78 0.49-1.25 0.303
targeted therapy

Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.09 - 0.43 <0.001
Breast/chest wall 0.13-0.35 <0.001

and regional
Partial breast or 0.41-2.14 0.873
other
Chemotherapy No (reference)

0.33-0.67 <0.001
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Cumulative hazard of Cox-Snell residuals of the non-NST complete case models
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Figure A1: Cumulative hazard of the Cox-Snell residuals of the complete (red) and reduced (blue) non-NST models

based on the complete cases compared to the expected cumulative hazard (black dashed).

NST multivariable Cox regression

Table A3: Results from the complete NST multivariable Cox regression model based on the complete cases.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Menopausal Post (reference)
status Pre 1.11 0.54-2.31 0.771
Peri 2.3 0.84-6.28 0.103

Medium (reference)
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Factor Level HR 95% ClI p-value
Socioeconomic Low 0.91 0.43-19 0.797
status High 0.94 0.47-1.87 0.857
Screening No (reference)
Yes 0.45 0.1-1.97 0.289
Sublocalisation ~ Outer quadrants (reference)
Inner quadrants 0.7 0.23-2.13 0.526
Central parts 1.64 0.58-4.63 0.35
Overlapping 1.51 0.75-3.02 0.248
lesions
Morphology Ductal (reference)
Lobular 0.71 0.2-2.52 0.597
Mixed ductal 1 0.13-7.7 0.999
lobular
Other’ 0 0 - Inf 0.995
Differentiation  Grade 2 (reference)
grade Grade 1 1.08 0.39-3.02 0.884
Gade 3/4 1.91 0.94-3.91 0.076
Multifocality No (reference)
Yes 0.64 0.32-1.25 0.188
Clinical tumour  ¢T2 (reference)
stage cT1 0.67 0.22-2.01 0.474
cT3 0.98 0.45-2.13 0.952
cT4 2.01 0.8 -5.05 0.136
Clinical nodal cN1 (reference)
stage cNO 1.44 0.67-3.12 0.352
>cN1 0.35 0.1-1.21 0.096
Pathologic No (reference)
complete Yes 0.31 0.11-0.89 0.029
response
Presence of DCIS  No (reference)
component Yes 1.68 0.9-3.14 0.103

HER2 status

Negative (reference)
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Factor Level HR 95% ClI p-value
Positive 0.82 0.37-1.79 0.614
Immediate No (reference)
reconstruction Yes 1.09 0.52-2.29 0.828
Hormone Positive with endocrine therapy (reference)
receptor status &  Positive without 0.89 0.12-6.73 0.906
treatment endocrine
therapy
Negative _ 1.26 -5.48 0.01
Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.1 0.01-0.81 0.031
Breast/chest wall 1.01 0.45-2.26 0.983
and regional
Partial breast or 1.89 0.24-14.93 0.547
other
Chemotherapy  Yes, pre-surgical (reference)
No 1.28 0.38-4.32 0.688
Yes, post-surgical 2.88 0.36-23.27 0.322
Yes, pre- and 1.96 0.73-5.28 0.183

post-surgical

"Insufficient events due to missingness in the data

Table A4: Results from the reduced NST multivariable Cox regression model based on the complete cases.

Statistically significant estimates (p-value < 0.05) are shown in bold, protective effects are marked in green, and

risk-increasing effects are marked in red.

Factor Level HR 95% ClI p-value
Pathologic No (reference)
complete Yes 0.32 0.12 - 0.85 0.022
response
Presence of DCIS  No (reference)
component Yes 1.79 1-3.2 0.052

Positive with endocrine therapy (reference)
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Factor Level HR 95% ClI p-value
Hormone Positive without 0.83 0.11-6.12 0.851
receptor status & endocrine
treatment therapy
Negative _ 1.77 - 6.04 <0.001
Radiotherapy No radiotherapy (reference)
type Breast/chest wall 0.11 0.01-0.84 0.033
Breast/chest wall 0.86 0.47 - 1.57 0.617
and regional
Partial breast or 1.46 0.19-10.96 0.712
other
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Cumulative hazard of Cox-Snell residuals of the NST complete case models
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Figure A2: Cumulative hazard of the Cox-Snell residuals of the complete (red) and reduced (blue) NST models

based on the complete cases compared to the expected cumulative hazard (black dashed).
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