Am J Cancer Res 2023;13(7):3203-3220
www.ajcr.us /ISSN:2156-6976/ajcr0150536

Original Article

Risk, molecular subtype and

prognosis of second primary breast

cancer: an analysis based on first primary cancers

Chaofan Li*", Chong Du'", Yusheng Wang?*, Mengjie Liul, Fang Zhao?, Jia Li*, Weiwei Wang?, Xinyu Wei?,
Jingkun Qu*, Zhangjian Zhou?, Yinbin Zhang?, Shuqun Zhang*

1Department of Oncology, The Second Affiliated Hospital of Xi’an Jiaotong University, No. 157 West Fifth Street,
Xi’an, Shaanxi, P. R. China; 2Department of Otolaryngology, The Second Affiliated Hospital of Xi’an Jiaotong
University, No. 157 West Fifth Street, Xi’an, Shaanxi, P. R. China. "Equal contributors and co-first authors.

Received April 4, 2023; Accepted July 8, 2023; Epub July 15, 2023; Published July 30, 2023

Abstract: Second primary breast cancer (SPBC) was potentially related to other cancers, which may impact its inci-
dence, prognosis and therapeutic approaches. Nevertheless, few studies have characterized this relationship and
analyzed the subtypes of SPBC. Our study intended to investigate the occurrence and prognosis of SPBC. We ana-
lyzed the patterns, clinical characteristics, standardized incidence ratio (SIR) and standardized mortality ratio (SMR)
of patients with SPBC. The propensity score matching (PSM) approach was further used to balance the differences
in clinical features between patients with primary breast cancer (PBC) and SPBC, then Kaplan-Meier (KM) survival
analysis was used to compare their overall survival and breast cancer-specific survival. Finally, a predictive model
was constructed to estimate the 3- and 5-year survival rates of SPBC patients. We found that the SIR of individuals
with SPBC was significantly higher in cancer survivors than in the general population (SIR=1.16, 95% Cl=1.15-1.17,
P<0.05). SPBC patients with first primary lung/bronchus cancer had a much higher SMR (SMR=1.71, 95% CI=1.58-
1.85, P<0.05) compared with survivors of other malignancies. Individuals with SPBC had a larger proportion of the
HR-/HER2- subtype than those with PBC. Particularly among survivors of estrogen-dependent ovarian and breast
cancer, the proportion of the HR-/HER2- subtype of SPBC considerably rose. After propensity score matching, we
discovered that SPBC patients’ overall survival remained poorer than that of PBC patients (HR=1.43, 95% Cl=1.39-
1.47, P<0.001). However, the prognosis of SPBC in first primary thyroid cancer survivors was better than PBC pa-
tients (HR=0.64, 95% CI=0.55-0.75, P<0.001). Also, an extreme gradient boosting (XGBoost) model was developed
to evaluate the 3-year (AUC=0.817) and 5-year survival (AUC=0.825) of SPBC patients. Our data demonstrated the
distinct biological performance of SPBC with various first primary cancers. Furthermore, our findings revealed an
indispensable role of first primary cancer (FPC) in the development of SPBC and provided an additional theoretical
basis for the clinical follow-up and identification of SPBC.

Keywords: Second primary breast cancer, standardized incidence ratio, standardized mortality ratio, molecular
subtype, propensity score matching, machine learning

Introduction In 2022, there were 287,850 new cases of
female breast cancer (BC) in the United States,

The second primary cancer (SPC) has emerged and an estimated death of 43,250 cases [4].

as a major public health concern since an
increasing number of cancer patients have
long-term survival as a result of better thera-
peutic outcomes [1]. It is estimated there will
be 20.3 million cancer survivors in the United
State by 2026, according to the 5-year relative
survival rate being 67.4% for all cancer patients
[2]. Long-term cancer survivors have a great
chance to develop SPC [3].

And it showed that BC also has higher incidence
rate as SPC [1]. Understanding the epidemiolo-
gy of the second primary breast cancer (SPBC)
is incredibly crucial for cancer survivors looking
for treatment and prevention solutions. BC is
potentially associated with other cancers in
terms of family genes and epigenetic variables,
which may impact the incidence, prognosis,
and molecular of SPBC [5]. Carriers of familial
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cancer genes, such as BRCA1/2, were shown
to have a greater cumulative risk of BC and
ovarian cancer [6, 7]. Once diagnosed with BC,
40% of patients will develop contralateral
breast cancer within 20 years [7], whereas
SPBC will occur in 12% of ovarian cancer
patients who are BRCA1 carriers and 2% of
those who are BRCA2 carriers within 10 years
[8]. Other groups of germ line mutations, in-
cluding ATM, TP53, CHEK2, BARD1, PTEN, NF1
and MSH®6, are highly related with BC and other
familial cancers, and it is believed that these
mutations can raise the risk of SPBC [9-11].
Other risk factors, including therapies, lifestyle,
and environmental variables, were also been
proven to influence the development of SPBC
[12]. However, there is a paucity of data exam-
ining the effect of various first primary cancers
on the overall survival (OS), molecular subtype,
and incidence of SPBC.

Clinically, patients with multiple tumors fre-
quently concern about their prognosis. For such
intricate issues, nomograms often have low
prediction accuracy [13-15]. Therefore, a pow-
erful learner is required to build an artificial
intelligence (Al) model that can predict the 3-
and 5-year survival rates of SPBC patients with
multiple cancers. As part of this retrospective
cohort analysis, we investigated the incidence
rate, mortality rate, prognosis, and subtypes
of SPBC in a population derived from the
Surveillance, Epidemiology, and End Results
(SEER) database.

Our research team conducted a rigorous com-
parison of various first primary cancer loca-
tions. After that, we created a prognostic pre-
diction model using extreme gradient boosting
(XGBoost). The results of this study reveal that
SPBC behaves biologically differently in distinct
first primary cancer locations. Additionally, it
will serve as a reference for SPBC patients
with multiple cancers on their prognosis and
follow-up.

Materials and methods
Data source and study design

Figure 1 shows the workflow of our study’s
design and analyses. This study collected the
US women diagnosed with breast cancer from
2000-2016 from the the Surveillance, Epi-
demiology, and End Results (SEER) database
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[SEER 18 Regs Study Data (2000-2016 chang-
es); version 8.3.9]. This retrospective cohort
study was approved by the Institutional Review
Committee of the Second Affiliated Hospital of
Xi'an Jiaotong University, which decided to
waive informed consent because the data are
available to the public and do not contain per-
sonally identifiable patient information.

From this database, data of women with BC
alone and BC combined with a previous first pri-
mary cancer (FPC) were collected. In accor-
dance with the morphological and histopatho-
logical diagnosis criteria in the International
Classification of Cancer Diseases Edition Il
(ICD-0-3), all cancer patients had proof of their
diagnoses. The prerequisites for inclusion
include information on race, age, stage, hor-
mone receptor (HR), treatment and marital sta-
tus are prerequisites for inclusion. Patients
with blank information mentioned above were
excluded. SPC was ascertained in accordance
with the SEER guidelines for determining multi-
ple primaries: 1) the new lesion had the same
histological type as the original lesion and
occurred at the same time within 2 months, so
it was regarded as a single lesion and not as a
primary new lesion; 2) the histological type of
the new lesion was different from that of the
original lesion, and it occurred at the same
site at the same time (within 2 months), which
was regarded as the new primary tumor; 3) the
presence of an achromatic lesion at the same
site (2 months or more after the initial diagno-
sis) is considered a new primary tumor regard-
less of histological type, unless it is confirmed
as a metastatic lesion; 4) new lesions at differ-
ent sites with the same or different histologi-
cal types should always be considered as new
primary tumors, unless they are clearly meta-
static; 5) for paired organs, only one histologi-
cal type of bilateral synchronous tumor was
considered as a single primary tumor; Bila-
teral tumors with two different histological
types are considered both primary unless
otherwise stated. According to the SEER data-
base, BC will be classified as primary breast
cancer (PBC) if the patient had only been diag-
nosed with BC. And BC will be classified as the
SPBC if the patient has any other pre-existing
cancer, while the pre-existing tumor is defined
as the FPC of the SPBC. SPBC that was diag-
nosed within 6 months after the development
of BC were excluded, so as the patients with
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Inclusive criteria for patients:

(1) All cancer patients had evidence
of the ICD-O-3 morphological and
histopathological diagnosis

(2) SPBC patients with a previous

| breast cancer patient (SEER 18, 2000-2016)

Exclusive criteria for patients:

(1) Patients with SPBC diagnosed
within 6 months of FPC

(2) Patients with only autopsy or

A 4
N
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(3) The definition of SPBC follows
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Figure 1. The flowchart describing the process of conducting the study and statistical analysis. SEER: the Surveil-
lance, Epidemiology, and End Results; ICD-O-3: International Classification of Cancer Diseases Edition Ill; SPBC:
second primary breast cancer; FPC: first primary cancer; PSM: propensity score matching; PBC: primary breast
cancer; SIR: standardized incidence ratio; SMR: standardized mortality ratio; XGBoost: extreme gradient boosting;
ROC: receiver operating characteristic curve; AUC: area under curve.

only autopsy or death certificate records. The
occurrence of the FPC was regarded as the
exposure factor, the occurrence of the SPBC
was regarded as the target event of our obser-
vation, and then follow-up was initiated; the
interval time between the occurrence of the
two primary cancers was regarded as the incu-
bation period of the SPBC. The patient’s death,
loss to follow-up, or December 31 of 2016 were
all considered as the end of the follow-up
period.

Statistical analysis
Estimation of standardized incidence/mortality

ratio: To compare the relative incidence and
mortality risk of SPBC with the general popula-
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tion, we used the SEER*Stat Multiple primary-
standardized incidence ratios (MP-SIR) tool
(version 8.3.8) to calculate the SIR by dividing
the observed number of SPBC by the corre-
sponding total person-years of follow-up and
then multiplying by 10,000. All survivors’ per-
centage contributions from each FPC and
SPBC combination to the overall incidence of
SPBC were calculated, along with the 95%
confidence interval (95% CI). The percentage
contribution of each FPC and SPBC combina-
tion to the overall incidence of SPBC were cal-
culated among all survivors, along with the
95% confidence interval (95% Cl). The SIR (95%
Cl) was calculated as the ratio of the observed
to the expected number of SPBC. The expected
numbers of SPBC were computed by a weight-
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ed sum of stratified incidence rates by latency
from the reference population, which may
include multiple primary cancers in a single
individual. The primary outcomes were inci-
dence (per 10,000 person-years) and relative
risk of developing SPBC among FPC survivors
(standardized incidence ratio [SIR]). Similar
approaches were conducted to calculate the
mortality and SMR of SPBC. Subsequently, we
stratified the survivors in different groups
according to whether they had received radio-
therapy or chemotherapy for the FPC to calcu-
late their relative risk of death from SPBC.
Results that were statistically different were
marked with * for easy viewing.

Propensity score matching: In order to mini-
mize clinical differences and statistical bias
when comparing the prognosis of PBC and
SPBC patients, propensity score matching
(PSM) was performed using a ‘nearest’ meth-
od. Information on clinical characteristics of
patients with PBC and SPBC, such as stage,
grade, historical type, HR, age, primary site, lat-
erality, marital status, surgery, chemotherapy,
radiotherapy and race were added in order of
importance and matched at a ratio of 1:2.

Kaplan-Meier (KM) for survival analysis: The
PSM-adjusted data for 10-year all-cause and
BC-specific survival were collected to compare
patients with SPBC and those with PBC by KM
analysis. Then, we stratified the SPBC patients
into subgroups based on where their FPC was
located, and compared their survival to that of
PBC patients. We also created PSM-adjusted
single-factor COX regression models to further
compare the risk of cancer-specific death risk
in SPBC patients by sites of FPC. Patients with
PBC were assigned to the negative control
group.

Molecular subtype analysis of BC: We listed
the distribution of molecular subtypes of
SPBC with various FPC and compared the dif-
ferences with PBC by chi-square test. The
groups with statistical differences were mark-
ed with * in the graph. Since our study was
exploratory, we did not use the “Bonferroni”
method for correction. The percentages of hor-
mone-receptor positive (HR+) BC at different
ages of PBC and SPBC were further examined.
And cross-sectional comparisons were made
between SPBC with first primary breast or ovar-
ian cancer, which were closely related to the
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estrogen hormone and genetic factors, and
SPBC with other FPC.

XGBoost: XGBoost is a distributed gradient
enhancement algorithm optimized based on
CART and linear classifiers. The principle of
XGBoost algorithm can be summarized as fol-
lows: feature vector with the corresponding
(output) category vyi:

yi"=Sk=1Kfk (xi), fkEF,

Feature selection: univariate COX analysis was
performed on the clinical features extracted
from the SEER database. To predict 3- and
5-year OS of SPBC, our machine learning model
incorporated the clinical characteristics dem-
onstrating statistically significant, including
incubation period of SPBC (month since in-
dex), primary site of SPBC, histological type of
SPBC, hormone-receptor status of SPBC, stage
of SPBC, grade of SPBC, age at diagnosis of
SPBC and treatment information of SPBC, site
of FPC, stage of FPC, grade of FPC, age at diag-
nosis of FPC, treatment information of FPC,
race and marital status. These analyses were
performed before the exclusion of patients
who survived but lived less than 3 or 5 years
at the follow-up cut-off date. Prior to running
the training program, a response variable was
obtained for survival information, in which 1=
survival and 0= death. One-hot encoding was
performed for the three multi-classified vari-
ables (marital status, race, sites of FPC).
Patients were randomly divided into training
sets and test sets in a ratio of 7:3. And we
compared the performance of random forest
(RF), logistic regression (LR), artificial neural
network (ANN), the support vector machine
(SVM), decision tree (ID3), K-nearest neighbors
(KNN) and XGBoost on training sets and test
sets. Receiver operating characteristic (ROC)
analysis and area under the ROC curve (AUC)
were used for the evaluation of the model. All
statistical analyses were performed using R
software (version 4.0.2). A bilateral tail value of
less than 0.05 were considered statistically
significant.

Results
Cancer survivors’ characteristics

The cohort study included 380,855 female BC
patients in the database, including 27,994
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Table 1. Standardized incidence ratios (SIR) of second primary breast cancer (SPBC) in cancer survi-

vors by site of first primary cancer

Site of first primary cancer (FPC)  SIR 95% Cl

Mean Age at Mean Age at Mean interval time between

FPC (Year) SPBC (Year) two primaries (Month)
All Sites 1.16* (1.15-1.17) 62.24 67.02 4.78
Breast 1.39*% (1.37-1.41) 60.76 65.23 4.47
Thyroid 1.19* (1.13-1.24) 48.61 61.36 12.75
Melanoma of Skin 1.10* (1.05-1.15) 58.5 66.39 7.89
Uteri 1.08* (1.05-1.12) 61.89 69.43 7.54
Urinary 1.03 (0.98-1.07) 66.07 71.74 5.67
Ovarian 0.99 (0.92-1.06) 59.26 64.94 5.68
Oral/Pharynx 0.95 (0.87-1.04) 60.63 68.10 7.47
Colon/Rectum/Anus 0.96* (0.93-0.99) 65.49 73.04 7.55
Lung and Bronchus 0.92* (0.88-0.97) 67.45 71.14 3.69
Lymphoma/leukemia 0.84* (0.81-0.88) 58.46 70.33 11.87

*indicates that SIR is statistically significant. SPBC: second primary breast cancer; SIR: Standardized incidence ratios; FPC:

first primary breast cancer.

patients with SPBC and 35,2861 patients with
PBC. We first investigated the incidence of
SPBC in cancer survivors, of all first primary
sites in SPBC patients, the breast topped the
list (14327; 51.18%), followed by the uteri
(2629; 9.39%), colon/rectum/anus (2445;
8.73%), lymphoma/leukemia (1376; 4.92%),
urinary (1278; 4.57%), thyroid (1256; 4.49%),
melanoma of skin (1234; 4.41%), lung/bron-
chus (971; 3.47%), ovarian (557; 1.99%), and
oral cavity/pharynx (383; 1.37%) (Supple-
mentary Figure 1A). Then we analyzed the
causes of death in SPBC patients. BC (44.55%)
was the leading cause of death in SPBC
patients, followed by heart disease (10.96%),
lung/bronchus cancer (4.29%), miscellaneous
cancers (3.63%), chronic obstructive pulmo-
nary disease (3.26%), cerebrovascular disease
(2.84%), lymphoma/leukemia (2.70%), colon/
rectum/anus cancer (2.28%), Alzheimer’s dis-
ease (1.68%), and ovarian cancer (1.48%)
(Supplementary Figure 1B). Patients with thy-
roid, breast and ovarian cancers have an earli-
er median age of onset of SPBC. In contrast,
survivors of colon/rectum/anus, urinary, lym-
phoma/leukemia and lung/bronchus cancers
appear to develop SPBC much later (Supple-

mentary Figure 2).
SIR of SPBC

There was a considerable increase in SIR at all

sites (SIR=1.16, 95% Cl=1.15-1.17, P<0.05).
Among the top ten FPC, BC (SIR=1.39, 95%
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Cl=1.37-1.41, P<0.05), uteri cancer (SIR=1.08,
95% Cl=1.05-1.12, P<0.05), thyroid cancer
(SIR=1.19, 95% Cl=1.13-1.24, P<0.05), mela-
noma of skin (SIR=1.10, 95% CI=1.05-1.15,
P<0.05) patients demonstrated a higher risk
of SPBC compared to the general population,
while patients with ovarian cancer (SIR=0.99,
95% CI=0.92-1.06, P>0.05), urinary cancer
(SIR=1.03, 95% CI=0.98-1.07, P>0.05) and
oral/pharynx cancer (SIR=0.95, 95% CI=0.87-
1.04, P>0.05) were not discovered to have an
increased risk of developing this cancer.
However, the risk was reduced for patients with
first primary colon/rectum/anus (SIR=0.96,
95% Cl1=0.93-0.99, P<0.05), lymphoma/leuke-
mia (SIR=0.84, 95% CI=0.81-0.88, P<0.05)
and lung/bronchus (SIR=0.92, 95% CI=0.88-
0.97, P<0.05) cancers. In addition, we observ-
ed that the mean incubation period of the
SPBC was over 12 years for thyroid cancer sur-
vivors, while it was shortest in lung/bronchus
cancer survivors, only 3.69 years (Table 1).

SMR of SPBC

The SMR of SPBC was much higher in lung/
bronchus cancer survivors compared to the
general population (SMR=1.71, 95% CI=1.58-
1.85, P<0.05). In contrast, the SMR of SPBC
was much lower in other cancer survivors com-
pared to the general population. The effect of
treatment of FPC on SMR of SPBC was also of
interest, and further studies revealed that
among lung/bronchus cancer survivors, radio-
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Table 2. SMR of SPBC in cancer survivors by site and treatment of FPC

Treatment of first primary cancer

. SMR of SPBC — —
Site of FPC o No radiation or . Radiation and
(95% ClI) Radiation Chemotherapy
chemotherapy chemotherapy
Thyroid 0.52* (0.44-0.62) 0.54* (0.43-0.67) 0.48* (0.40-0.70) / /
Melanoma of Skin 0.59* (0.51-0.68) 0.58* (0.51-0.67)  1.04 (0.28-4.03) / /
Uteri 0.66* (0.60-0.73) 0.62* (0.56-0.71) 0.98 (0.73-1.26) 1.27 (0.86-1.74) 0.76 (0.50-1.46)
Urinary 0.51* (0.44-0.58) 0.50* (0.46-0.59) / 0.50* (0.24-0.78) /
Colon/Rectum/Anus  0.55* (0.51-0.60) 0.56* (0.51-0.62)  0.59 (0.28-1.43) 0.56* (0.45-0.67) 0.49* (0.32-0.64)
Ovarian 0.65* (0.53-0.79) 0.61* (0.39-0.80) / 0.66* (0.55-0.86) /
Lymphoma/Leukemia 0.51* (0.46-0.57) 0.49* (0.37-0.60) 0.39* (0.16-0.58) 0.58* (0.44-0.67) 0.44* (0.32-0.76)
Oral/Pharynx 0.77* (0.61-0.95) 0.51* (0.35-0.72) 1.08 (0.72-1.50) 2.57 (0.28-8.42) 1.11 (0.64-1.58)
Lung/Bronchus 1.71* (1.58-1.85) 1.05 (0.91-1.71) 2.25* (1.67-2.59) 2.42*(1.96-2.78) 3.01* (2.49-3.29)

*indicates that SMR is statistically significant. SPBC: second primary breast cancer; SMR: Standardized mortality ratios; FPC: first primary breast

cancer.

therapy (SMR=2.25, P<0.05) and chemothera-
py (SMR=2.42, P<0.05) greatly increased SMR
of SPBC compared to patients who did not
receive radiotherapy or chemotherapy (SMR=
1.05, P>0.05). However, radiotherapy for the
first primary cancer can’t always increase the
SMR of breast cancer. The effect of radiothera-
py on SPBC diverged in patients with first pri-
mary thyroid cancer (SMR: radiation 0.48 vs.
no radiation or chemotherapy 0.54) and lym-
phoma/leukemia (SMR: radiation 0.39 vs. no
radiation or chemotherapy 0.49), with a de-
crease in SMR. Notably, in other cancer survi-
vors such as uteri cancer (SMR: chemotherapy
1.27 vs. no radiation or chemotherapy 0.62),
ovarian cancer (SMR: chemotherapy 0.66 vs.
no radiation or chemotherapy 0.61), lympho-
ma/leukemia (SMR: chemotherapy 0.58 vs. no
radiation or chemotherapy 0.49), and oral/
pharynx cancer (SMR: chemotherapy 2.57 vs.
no radiation or chemotherapy 0.51), compared
to those who did not receive chemotherapy,
SPBC patients with previous chemotherapy had
an elevated SMR (Table 2).

Survival of SPBC in different FPC patients

Differences in clinical features, pathology, and
treatment lead to a significant bias in direct
comparisons of prognosis. With PSM, this dif-
ference can be virtually eliminated. Overall, the
proportion of PBC patients who died from BC,
other malignancies and non-oncological dis-
ease were 11.45%, 0.92% and 16.7%, respec-
tively. While 11.92% of SPBC patients died
from BC, 5.66% died from other cancers and
9.18% died from non-oncology related diseas-
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es such as cardiovascular diseases (Table 3).
In the PSM-adjusted survival study, OS was
lower in SPBC patients compared to PBC
patients (hazard ratio (HR) =1.43, 95% Cl=
1.39-1.47, P<0.001) (Figure 2A). And SPBC
patients had an increased risk of BC-specific
death compared to PBC patients (HR=1.38,
95% Cl=1.32-1.44, P<0.001) (Figure 2B).
Subsequently, we performed a subgroup 0S
analysis based on the sites of the FPC. OS
was better in SPBC patients with first primary
thyroid cancer (HR=0.64, 95% CI=0.55-0.75,
P<0.001) than in PBC patients. Whereas in
melanoma of the skin (HR=0.89, 95% Cl=
0.78-1.02, P=0.099) and in uteri cancer survi-
vors (HR=1.01, 95% CI=0.92-1.10, P=0.87) the
prognosis of SPBC was not statistically differ-
ent from that of PBC patients (Figure 3A-C).
However, the prognosis of SPBC patients got
poorer if they carried additional FPC (Figure
3D-l). Among them, patients with lung/bron-
chus cancer (HR=2.77, 95% Cl=2.52-3.05,
P<0.001) had the worst prognosis (Figure 3J).

SPBC patients with FPC had an increased can-
cer-specific death risk (HR=1.92, 95% Cl=
1.85-1.99, P<0.001) compared with PBC
patients. All-cause and cancer-specific deaths
were compared and analyzed in combination
with the stages and causes of death. For thy-
roid cancer, melanoma of skin and uteri cancer,
an earlier stage and better prognosis of the
FPC were associated with lower risk of cancer-
specific death and better overall prognosis. For
lung cancer, ovarian cancer, and lymphoma/
leukemia, the later stage of the FPC was, the
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Table 3. Baseline characteristics of breast cancer patients included from SEER data cohort and

between-group comparisons (primary breast cancer vs. second primary breast cancer)
Unmatched Cohort

Characteristics PBC SPBC

1:2 propensity score matched (PSM) Cohort
Unadjusted PBC SPBC PSM-adjusted

N=352861 (%) N=27994 (%) P value N=55984 (%) (N=27994) P value
Age <0.001 0.291
20-39 21732 (6.16) 572 (2.04) 1040 (1.86) 572
40-59 160508 (45.49) 8045 (28.74) 15923 (28.44) 8045
60-69 82526 (23.39) 7756 (27.71) 15573 (27.82) 7756
70-79 55837 (15.82) 7083 (25.30) 14368 (25.66) 7083
80+ 32258 (9.14) 4538 (16.21) 9080 (16.22) 4538
Race <0.001 0.096
White 282509 (80.06) 23032 (82.27) 46383 (82.85) 23032
Black 30590 (8.67) 3003 (10.73) 5860 (10.47) 3003
Other 39762 (11.27) 1959 (7.00) 3741 (6.68) 1959
Marriage status <0.001 0.612
Married 200791 (56.90) 14238 (50.86) 28396 (50.72) 14238
Others 101765 (28.84) 10280 (36.72) 20731 (37.03) 10280
Single 50305 (14.26) 3476 (12.42) 6857 (12.25) 3476
Grade <0.001 0.318
Well 78435 (22.23) 6403 (22.87) 12586 (22.48) 6403
Moderately 149643 (42.41) 12302 (43.95) 24582 (43.91) 12302
Poorly 124783 (35.36) 9289 (33.18) 18816 (33.61) 9289
Laterality 0.402 0.740
Left 179201 (50.79) 14144 (50.53) 28354 (50.65) 14144
Right 173660 (49.21) 13850 (49.47) 27630 (49.35) 13850
Primary site <0.001 0.961
Upper-outer quadrant 122799 (34.80) 9047 (32.32) 18127 (32.38) 9047
Upper-inner quadrant 41375 (11.73) 3303 (11.80) 6628 (11.84) 3303
Lower-inner quadrant 19768 (5.60) 1702 (6.08) 3342 (5.97) 1702
Lower-outer quadrant 25699 (7.28) 2092 (7.47) 4134 (7.39) 2092
Central portion 17394 (4.93) 1426 (5.09) 2807 (5.01) 1426
other site 125826 (35.66) 10424 (37.24) 20946 (37.41) 10424
Histological type <0.001 0.485
IDC 265209 (75.16) 20586 (73.54) 41426 (74.00) 20586
ILC 26061 (7.38) 2634 (9.41) 5156 (9.21) 2634
Mixed 37538 (10.64) 1763 (6.30) 3521 (6.29) 1763
Other 24053(6.82) 3011 (10.75) 5881 (10.50) 3011
Stage <0.001 0.359
| 166249 (47.11) 15869 (56.69) 31747 (56.71) 15869
Il 127280 (36.07) 8363 (29.87) 16835 (30.07) 8363
1] 45867 (13.00) 2542 (9.08) 5106 (9.12) 2542
\% 13465 (3.82) 1220 (4.36) 2296 (4.10) 1220
Surgery <0.001 0.005
Yes 336993 (95.50) 26272 (93.85) 52811 (94.33) 26272
No 15868 (4.50) 1722 (6.15) 3173 (5.67) 1722
Radiation <0.001 0.239
Yes 191245 (54.20) 10628 (37.97) 21489 (38.38) 10628
No 161616 (45.80) 17366 (63.03) 34495 (61.62) 17366
Chemotherapy <0.001 0.263
Yes 154833 (43.88) 8423 (30.09) 16635 (29.71) 8423
No 198028 (56.12) 19571 (69.91) 39349 (70.29) 19571
Hormone receptor <0.001 0.015
Positive 288292 (81.70) 21817 (77.93) 44039 (78.66) 21817
Negative 64569 (18.30) 6177 (22.07) 11945 (21.34) 6177
Cause of death <0.001 <0.001
By breast cancer 41165 (11.67) 3337 (11.92) 6411 (11.45) 3337 (11.92)
By other cancer 2365 (0.67) 1584 (5.66) 515 (0.92) 1584 (5.66)
Other non-tumor-related cause 37655 (10.67) 2569 (9.18) 9348 (16.7) 2569 (9.18)
Alive 271676 (76.99) 20504 (73.24) 39710 (70.93) 20504 (73.24)

PBC: primary breast cancer; SPBC: second primary breast cancer; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.
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Figure 2. Propensity score matching (PSM) adjusted 10 years OS and BCSS of PBC and SPBC patients. A: OS of
PBC and SPBC patients; B: BCSS of PBC and SPBC patients. PBC: primary breast cancer; SPBC: second primary
breast cancer; OS: overall survival; BCSS: breast cancer-specific survival; HR: Hazard Ratio; 95% Cl: 95% confidence

interval.

higher the risk of tumor-related death was, and
the poorer the overall prognosis was (Table 4).

Molecular subtypes of SPBC in different FPC

We investigated the differences between
SPBC and PBC in terms of molecular subtypes
(Figure 4A). Compared to PBC, there was a
lower proportion of HR+/HER2+ subtype
(9.30% vs. 11.35%, P<0.05) and a higher pro-
portion of HR-/HER2- subtype (13.31% vs.
11.41%, P<0.05) in SPBC, with little differen-
ce in HR+/HER2- and HR-/HER2+ subtypes.
Similar proportions of HR-/HER2- subtype of
SPBC were observed among survivors of first
primary lung/bronchus, lymphoma/leukemia
and oral/pharynx cancers, while these propor-
tions were significantly lower in first primary
thyroid, melanoma of the skin, uteri, urinary
and colon/rectum/anus cancers survivors.
This finding was consistent with the results of
the survival analysis described above. In par-
ticular, we observed a much higher proportion
of SPBC with HR-/HER2- subtypes among
survivors of first primary breast (16.07% vs.
11.41%, P<0.05) and ovarian cancer (18.48%
vs. 11.41%, P<0.05). This discrepancy caught
our attention, and as hormone receptor status
is somewhat age-related, we further compared
the proportion of hormone HR+ subtype of
BC by age (Figure 4B). The results showed that
the percentage of HR+ was much lower in
SPBC than in PBC among survivors of first pri-
mary breast or ovarian cancers before the age
of 65 years, but it was similar to or slightly high-
er than in PBC after the age of 75 years. In com-
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parison, the percentage of HR+ was higher in
SPBC than PBC at all ages in survivors of other
FPC. Among breast and ovarian cancer survi-
vors, the percentage of HR+ subtype was con-
siderably higher in SPBC patients aged 45 to
55 years compared to those aged under 45
years, however, there was no such difference
among survivors of other FPC. Additionally, the
percentage of HR+ subtype increased progres-
sively with age while the growth rate decreased.

Subsequently, we divided the FPC into sub-
groups according to whether they were treated
with radiotherapy or chemotherapy, and stud-
ied the proportion of molecular subtypes of
SPBC in each group. Notably, the proportion of
HR-/HER2- subtype of SPBC was much lower
(6.29% vs. 11.20%, P<0.05) following radioiso-
topes therapy for the first primary thyroid can-
cer, and the difference was statistically signifi-
cant (Table 5).

Evaluation of machine learning prognostic
models

In view of the above findings, we tried to create
some predictive models to estimate 3-year
and 5-year prognoses of SPBC patients. We
started by performing univariate Cox analysis
(Supplementary Table 1), followed with test
and adjustment of the models repeatedly to
determine the available parameters (Supple-
mentary R Code). The ROC curves of the pre-
dictions for the training and the validation sets
were constructed and the corresponding AUC
was calculated. Our XGBoost model performed
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Figure 3. Propensity score matching (PSM) adjusted 10-year OS of PBC and SPBC patients (Stratified by sites of first
primary cancer). A: OS of SPBC patients with first primary thyroid cancer; B: OS of SPBC patients with first primary
melanoma of skin; C: OS of SPBC patients with first primary uteri cancer; D: OS of SPBC patients with first primary
breast cancer; E: OS of SPBC patients with first primary urinary cancer; F: OS of SPBC patients with first primary
colon/rectum/anus cancer; G: OS of SPBC patients with first primary ovarian cancer; H: OS of SPBC patients with
first primary lymphoma/leukemia; I: OS of SPBC patients with first primary oral/pharynx cancer; J: OS of SPBC pa-
tients with first primary lung/bronchus cancer. PBC: primary breast cancer; SPBC: second primary breast cancer;
0S: overall survival; HR: Hazard Ratio; 95% Cl: 95% confidence interval.

better in predicting the 3-year and 5-year sur-
vival of SPBC patients (3-year: AUC=0.817;
5-year: AUC=0.825) (Figure 5A and 5B), com-
pared to RF (3-year: AUC=0.800; b5-year:
AUC=0.799), LR (3-year: AUC=0.810; 5-year:
AUC=0.789), ANN (3-year: AUC=0.815; 5-year:
AUC=0.787), SVM (3-year: AUC=0.623; 5-year:
AUC=0.711), ID3 (3-year: AUC=0.643; 5-year:
AUC=0.684) and KNN models (3-year: AUC=
0.601; 5-year: AUC=0.615) (Table 6). We also
assessed the ranking of clinical characteristics
in terms of their importance in the model
(Figure 5C and 5D). It showed that stage of
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SPBC is the most important factor in patient
survival.

Discussion

SPBC has a much higher SIR and mortality rate
among all female cancer survivors compared
to PBC. And it accounted for 17% of all SPC
among women in the United States from 1992
to 2011 [1]. Previous research has shown that
early primary tumors have a variety of func-
tions in the morbidity of SPBC patients [1].
However, the available explanations for higher
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Table 4. All causes and cancer-related deaths of SPBC at different first primary sites

. . . . Stage of first primary Pied O.f the Died of
Site of first primary All-cause HR Cancer-specific cancer first primary breast
cancer (95% Cl) HR (95% CI) cancer cancer

/11 (%) N (%) IV (%) (%) (%)
All site 1.43(1.39-2.47) 1.92(1.85-1.99) 84.6 1155 3.85 / /
Thyroid 0.64 (0.55-0.75) 0.89(0.74-1.09) 78.92 15.54 5.54 0.56 6.05
Melanoma of the skin  0.89 (0.78-1.02) 1.21 (1.02-1.42) 95.19 4.12 0.69 2.02 71
Uteri 1.01(0.92-1.10) 1.22(1.09-1.37) 90.03 8.19 1.77 1.79 6.85
Breast 1.42(1.37-1.48) 2.00(1.91-2.10) 89.79 8.27 194 / 15.84
Urinary 1.48(1.33-1.65) 1.70(1.48-1.96) 8731 9.88 2.8 3.68 8.37
Colon/Rectum/Anus  1.48 (1.37-1.60) 1.68(1.52-1.86) 70.1 26.63 3.28 4.96 7.76
Ovarian 1.61(1.38-1.88) 2.69 (2.27-3.19) 54.23 32.69 13.08 13.46 6.1
Lymphoma/Leukemia 1.64 (1.48-1.81) 2.13(1.89-2.42) 53.04 15.39 31.59 8.18 8.69
Oral/Pharynx 1.7 (1.42-2.04) 2.43(1.95-3.02) 60.28 14.16 25.57 4.04 8.59
Lung/Bronchus 2.78 (2.53-3.06) 3.57 (3.17-4.03) 70.67 19.71 9.62 15.96 9.58
HR: Hazard Ratio.

B

Proportion of molecular subtype of SPBC
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Figure 4. Molecular subtypes of SPBC in different sites of first primary cancer. HR+: Hormone receptor positive; HR-:
Hormone receptor negative; HER2+: human epidermal growth factor receptor-2 positive; HER2-: Human epidermal
growth factor receptor-2 negative; PBC: Primary breast cancer; SPBC: Second primary breast cancer; SPBC (Site
of first primary cancer); * indicates that the differences of the distribution of molecular subtype are statistically

significant.

SIR are insufficient, such as the fact that genet-
ic variables increase the risk of SPBC in pa-
tients with melanoma of the skin, despite the
fact that genetic mutations are uncommon.
The interpretation of elevated SIR in thyroid
cancer patients is as broad and ambiguous, as
the terminology it used [12]. It is crucial to
assess the SIR and prognosis of SPBC since it
is a clinical problem that is often discussed.
The impact of FPC on the molecular subtypes
and prognosis of SPBC patients is yet to be
studied in depth. Our study has sought to
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explain the survival disparities between
patients with PBC and SPBC by conducting a
comprehensive analysis at various levels. For
example, SPBC patients are older in age, with
a higher proportion of blacks and higher divo-
rce rates in their demographics. Studies have
shown that these basic characteristics have a
considerable negative impact on their progno-
sis [16, 17]. In addition to these, SPBC has a
3.73% decrease in the proportion of HR+ BC
compared to PBC. Hormone receptor negativity
is usually associated with a poor prognosis for
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Table 5. Proportion of molecular subtype of second primary breast cancer (SPBC)

With/Without Radiotherapy With/Without Chemotherapy
Sites of first primary cancer Total HR-/HER2- HR-/HER2+ HR+/HER2- HR+/HER2+ P Value Total HR-/HER2- HR-/HER2+ HR+/HER2- HR+/ P Value
(%) (%) (%) (%) (%) (%) (%) HER2+ (%)

Thyroid 556/598 6.29/11.20 2.70/2.68 75.90/75.42 15.11/10.70 0.007  4/1150 0/8.87 25.00/2.61 50.00/75.74 25.00/12.78 /
Melanoma of skin 7/988  2857/8.91 0/3.64 57.14/77.63  14.29/9.82 / 4/991 0/9.08 0/3.63 100/77.40 0/9.89 /
Uteri 565/1639 10.27/9.33  2.65/3.29 79.47/78.28  7.61/9.09 056 289/1915 12.46/9.14  2.08/3.29  7751/78.75  7.96/8.83 0.227
Urinary 11/1038  18.18/8.96 0/3.85 72.73/7794  9.09/9.25 / 78/971  6.41/9.27 2.56/3.91 80.77/77.65 10.26/9.17  0.733
Colon/Rectum/Anus 258/1576 8.91/8.76  1.55/3.93 77.91/79.76 11.63/755 0.053 582/1252 8.42/8.95  3.26/3.75 78.52/79.95 9.79/7.35 0.332
Ovarian 8/425 12.50/1859  0/3.06  50.00/72.00 37.50/6.35 / 289/144 21.45/12.50 3.11/2.78 69.20/76.39 6.23/8.33  0.123
Lymphoma/Leukemia 184/910 9.78/10.77  4.89/3.41 73.91/77.03 11.41/879 0.494 551/543 11.07/10.13 3.27/4.05 76.59/72.74 9.07/9.39  0.829
Oral/Pharynx 142/151 9.86/13.91 8.45/1.99 76.06/76.82 5.63/7.28  0.063  65/228  7.69/13.16 10.77/3.51 75.38/76.75 6.15/6.58  0.122
Lung/Bronchus 190/551 14.74/11.43 6.32/3.81 70.00/77.31  2.29/7.44 0199 213/528 16.90/10.42 5.63/3.98 69.95/77.65  7.51/7.95 0.061

Stratified by site of first primary cancer, radiotherapy and chemotherapy.

3213 Am J Cancer Res 2023;13(7):3203-3220



An analysis based on first primary cancers

A ROC curve of XGBoost algorithm (3-year model) B ROC curve of XGBoost algorithm (5-year model)
1.0 i i i ] 1.0 R T ]
0.8 0.8
= oy
206 206
2 2
c c
o] [0
0.4 ? 0.4
(o) [ Wo—— (  Ee— N | ) ——
H H | H H H H gomm——— H H : i H : H
1.0 0.5 0.0 1.0 0.5 0.0
Specificity Specificity
C Feature D Feature
StageofSPBC Stageof SPBC
SurgeryforSPBC Age atdiagnosisof SPBC '
Age at diagnosisof FFC| Surgery forsPBC.
Stageof FPC | Stageof FPC [
Age atdiagnosisof SPBC || Incubation period of SPBC |
Incubation period of SPBC | Radiotherapy for SPBC ||
Radiotherapy for SPBC || Grade of SPBC|
Grade of SPBC| Age at diagnosis of FPC |
HRofSPBC| HR of SPBC |
Surgery for FPC |

Site of FPC (Lung/Bronchus) =

I 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25
Importance score

I I 1 1 I 1
000 005 010 015 020 025 030
Importance score

Figure 5. Evaluation of XGBoost prognostic models. ROC curve: receiver operating characteristic curve; AUC: area under curve; SPBC: second primary breast cancer;
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Table 6. Performance of prognostic models
built by machine learning algorithms on test
sets

AUC
3-year survival B-year survival
(test data) (test data)
XGBoost 0.817 0.825
RF 0.800 0.799
LR 0.810 0.789
ANN 0.815 0.787
ID3 0.643 0.684
SVM 0.623 0.711
KNN 0.601 0.615

AUC: area under curve; XGBoost: extreme gradient boost-
ing; ID3: iterative dichotomiser 3; SVM: support vector
machines; KNN: k-nearest neighbor; RF: random forest;
LR: logistic regression; ANN: artificial neural network.

BC [18]. In terms of treatment, a lower propor-
tion of patients with SPBC received surgery,
radiotherapy and chemotherapy than those
with PBC. Nevertheless, clinical features, path-
ological features and therapy variables all have
an impact on the prognosis of SPBC. It would
take a lot of effort and might be statistically
incorrect to compare the prognosis of patients
with SPBC and PBC directly.

When we performed PSM to further balance
clinical and pathological information and differ-
ences in treatment patterns, we found that
mortality rates in SPBC patients remained
greater than in PBC patients. More critically,
the prognosis of SPBC patients was greatly
overestimated due to variations in median fol-
low-up times. After excluding differences in
the clinical characteristics of BC patients, the
top 10 FPC were assessed in SPBC patients,
who accounted for approximately 95% of all
patients. As a result, 51.18% of SPBC patients
had first primary breast cancer, resulting in
the highest SIR and poor prognosis. This sug-
gests that there is a direct connection be-
tween first primary breast cancer and SPBC.
Genetic mutations and genetic factors play a
key role in this process. Studies show that
BRCA1 mutations are common in triple-nega-
tive breast cancer [19, 20]. Another factor is
that approximately 75% of BRCA1-associated
breast cancers are hormone receptor negative
[21-23]. Based on studies of Japanese breast
cancer patients, there is a clear association
between BRCA1 mutations and familial inheri-
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tance in young BC patients [24, 25]. Because of
genetic factors, we believe that patients with
BRCA1 mutations are prone to develop the dis-
ease at a younger age. Furthermore, we believe
that the proportion of HR+ BC is significantly
lower in younger patients, which adversely
affects the prognosis of patients. Therefore,
BC patients with a BRCA1/2 mutation and a
family history of the disease may require pro-
phylactic contralateral mastectomy. Consistent
findings were also observed in the first primary
ovarian cancer group, again associated with
genetic mutations [26-28]. Unexpectedly, no
significant increase was found in SIR in SPBC
among ovarian cancer survivors, which has not
been previously reported in the literature. A
number of factors were hypothesized for this
finding, including the advanced stage and poor
prognosis of some ovarian cancer patients
and the protective effect of oophorectomy on
SPBC development [29, 30]. The proportion of
ovarian cancer survivors with the HR-/HER2-
subtype of SPBC is much higher than that of
patients with PBC, and even higher than that of
survivors of first primary breast cancer. In addi-
tion to the genetic factors mentioned above,
studies have shown that ovarian cancer sur-
gery, chemotherapy and suppression of ovarian
function may all lead to a significant decrease
in hormone levels and reduce the risk of HR+
BC [31, 32].

Thyroid cancer survivors who developed SPBC
have the second highest SIR, but their progno-
sis is even better than that of patients with
PBC who have only one tumor. This has been
previously reported in the literature [33], but no
reasonable epidemiological explanation has
been proposed. Our hypothesis is based on
several facts. Firstly, the median age of onset
of the two primary cancers is much younger,
and regular tumor surveillance facilitates early
tumor discovery and prompt treatment.
Secondly, we found a higher proportion of
HR+ subtypes in SPBC compared with PBC,
which is associated with a better prognosis. In
addition, patients with primary thyroid cancer
were treated with radioactive iodine-131 in
48% of cases, while there was no evidence that
this group of patients had a higher chance of
developing SPBC [34-36]. For the first time in
our study, a statistically significant decrease of
43.84% in the proportion of HR-/HER2- sub-
types was found in SPBC patients with first pri-
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mary thyroid cancer treated with iodine-131.
Furthermore, radioisotope treatment reduced
the SMR of SPBC in thyroid cancer survivors. Is
it possible that iodine-131 treatment influenc-
es the prognosis of SPBC by affecting the
molecular subtypes of the disease? This finding
could have significant clinical and molecular
implications and may also serve as a starting
point for future research.

Compared with survivors of other cancers, sur-
vivors with lung/bronchus cancer had a much
poorer overall prognosis and a much higher
SMR of SPBC. Although this had been report-
ed before, no available results can explain the
reasons behind it [37]. Based on our research
findings, on the one hand, these patients had
an older median age of onset and a higher pro-
portion of HR-/HER2- subtype which suggest-
ed a poorer prognosis for these patients. On
the other hand, because of the short interval
time of the two primary cancers and the high
doses of radiotherapy and chemotherapy that
lung cancer patients will get [38], patients will
be in poor underlying physical conditions and
will find it challenging to tolerate treatment of
SPBC. Therefore, it is crucial to pay special
attention to the occurrence of SPBC in lung
cancer survivors to achieve early identification
and treatment, promote nutritional support
therapy, minimize drug toxicity and side effects,
and ultimately improve the survival rate of
these patients.

The proportion of HR+ SPBC in our study
increased with age, which may be related to
the body’s estrogen levels [32]. However, there
was no evidence of a bimodal distribution [39],
which was comparable to that reported by
Armitage and Doll [40, 41]. The estrogen-
dependent proliferation of tumor cells is more
pronounced in younger individuals [42, 43].
The proportion of HR+ breast cancers in SPBC
was reduced following treatment of primary
breast or ovarian cancer with endocrine thera-
py or surgical debulking [31, 32]. In addition, in
the presence of genetic factors, these individu-
als have a tendency to develop early and are
more likely to develop HR-/HER2- subtype dis-
ease [21, 22, 24]. Thus, we think that the per-
centage of HR+ subtypes is lower in younger
SPBC patients and increases with age as the
genetic and hormone-dependent aspects of
the disease diminish. Furthermore, the per-
centage of HR+ subtypes stabilizes after the
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age of 65 years, which may be due to a decrea-
se in the number of tumor-inducing cell divi-
sions after menopause [44].

For non-BC survivors, we found a positive cor-
relation between SIR and prognosis and the
percentage of HR+ subtypes, which has not
been reported in SPBC patients. For example,
patients with primary thyroid cancer had hig-
her SIR, better prognosis, and a greater per-
centage of HR+ subtypes in SPBC. Whereas
the opposite was true for SIR, prognosis, and
percentage of HR+ subtypes in SPBC in pri-
mary lung/bronchus cancer survivors. Tumor-
specific mortality was mainly determined by the
first and SPC, especially in patients with poorer
stage and higher malignancy. In the case of pri-
mary lung cancer, for example, patients with
later age of onset, shorter latency and higher
tumor malignancy had a significantly higher risk
of tumor-specific death and a lower SIR of
SPBC. In contrast, SPBC patients with first pri-
mary thyroid cancer, have a lower risk of can-
cer-specific death and a higher SIR of SPBC.

However, it was difficult to estimate the 3-
and 5-year survival rates of SPBC patients
based on these results alone. Nomograms
have been established in previous studies to
predict the survival rates of BC patients where-
as its accuracy is low (only about 0.7) for
patients with multiple cancers [13]. The study
by Luo et al. used only two machine learning
algorithms to predict patient prognosis, which
is clearly an insufficient number of algorithms
and not accurate enough (AUC=0.737) [45]. To
our knowledge, there is no literature estimat-
ing the prognosis of SPBC patients. Therefore,
we developed an XGBoost model based on
the clinicopathological characteristics of SPBC
patients. In addition, our XGBoost model is
trained with 10-fold cross-validation to improve
the robustness of the model. As we evaluated,
our model outperforms traditional machine
learning algorithms and artificial neural net-
work in terms of predicting the survival rate of
SPBC patients, suggesting that XGBoost is
superior in tackling this type of tasks. The most
critical features impacting the survival rates
of SPBC patients included surgery for SPBC,
stage and age at diagnosis of two primary can-
cers, and latency period of SPBC, suggesting
that SPBC may be a major cause of patient’
death. But FPC still has a significant detrimen-
tal effect on the OS of SPBC patients.
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This is the first comprehensive study to exam-
ine the relationship among FPC, treatment
modality, epidemiological factors, molecular
subtypes and SIR and SMR of SPBC, and the
impact of the interaction of these factors on
prognosis. Most of the previous studies con-
ducted have been limited to epidemiological
studies and interpretation of SIR, with little
emphasis on systematic analysis and interpre-
tation. Although our study is based on a large
and accurate cancer database, gene-level as-
sociation analysis is lacking. Genetic factors
are important endogenous factors in the devel-
opment of SPC, while the genotype-phenotype
correlation of SPC remains unclear. Current
studies on SPBC genotypes are limited and
more research are needed to explain the rela-
tionship between SPBC and FPC at the genetic
level. Despite these limitations, our study has
important implications for patients with SPBC.

In conclusion, we investigated the relationship
between female cancer patients and SPBC,
compared SIR, SMR, clinical characteristics
and prognosis of SPBC patients with different
FPC, and constructed an XGBoost model to
assess the survival of SPBC patients. Our find-
ings revealed an important role of FPC in the
development of SPBC and provided additional
theoretical support for clinical follow-up and
identification of SPBC.

Data analyzed during the study are openly
available via the National Cancer Institute’s
Surveillance, Epidemiology, and End Results
program (SEER) (https://SEER.cancer.gov/), or
the Supplementary Raw Data.
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Supplementary Figure 1. The distribution of first primary cancer and the causes of death of second primary breast
cancer (SPBC) patients. A: Distribution of first primary cancer; B: Distribution of causes of death of second primary
breast cancer (SPBC) patients.
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Supplementary Table 1. Univariate COX analysis of clinical features extracted from SEER database

Hazard Ratio (HR) 95% CI P

Primary Site of SPBC

Low-inner Reference

Low-outer 1.02 0.90-1.15 0.807

Upper-inner 0.80 0.71-0.90 *kK

Upper-outer 0.93 0.84-1.03 0.146

Central portion 1.15 1.01-1.31 *

Other site 1.17 1.06-1.29 wx
Historical Type of SPBC

IDC Reference

ILC 1.16 1.07-1.25 Hkk

Mixed 0.94 0.85-1.03 0.177

Other 1.10 1.03-1.18 wx
Race

White Reference

Black 1.44 1.35-1.54 Hkx

Other 0.83 0.75-0.91 wkx
Marital Status

Married Reference

Single 1.34 1.25-1.44 ld

Other 1.74 1.66-1.83 ld
Site of FPC

Breast Reference

Oral/Pharynx 1.20 1.00-1.44 *

Colon/Rectum/Anus 1.07 0.99-1.16 0.086

Lymphoma/Leukemia 1.16 1.05-1.28 *x

Lung/Bronchus 1.97 1.78-2.17 kK

Melanoma of skin 0.62 0.54-0.71 *EK

Ovarian 1.13 0.97-1.32 0.124

Thyroid 0.45 0.39-0.53 wkx

Urinary 1.04 0.94-1.16 0.437

Uteri 0.72 0.66-0.79 B

Other sites 1.40 1.28-1.53 il
HR of SPBC

Negative Reference

Positive 0.67 0.64-0.71 kK
HER2 of SPBC

Negative Reference

Positive 1.16 1.05-1.28 ol
Grade of SPBC

Well Reference

Moderately 1.36 1.27-1.45 wkx

Poorly 1.87 1.76-2.00 wkx
Stage of SPBC

| Reference

Il 1.62 1.54-1.71 ld

1 3.31 3.09-3.53 B

v 8.85 8.19-9.55 B
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Radiotherapy for SPBC

Without Reference

With 0.60 0.57-0.63 B
Chemotherapy for SPBC

Without Reference

With 0.94 0.89-0.99 *
Surgery for SPBC

Without Reference

With 0.19 0.18-0.20 kK

Age at diagnosis of SPBC 1.03 1.03-1.04 d

Incubation Period 0.99 0.99-1.00 K
Stage of FPC

| Reference

Il 1.44 1.36-1.53 wkx

1 2.27 2.12-2.44 ok

v 2.59 2.38-2.81 ok x
Grade of FPC

Well Reference

Moderately 1.30 1.21-1.39 K

Poorly 1.67 1.55-1.80 whk

Age at diagnosis of FPC 1.04 1.03-1.04 i
Radiotherapy for FPC

Without Reference

With 0.89 0.84-0.93 ok x
Chemotherapy for FPC

Without Reference

With 1.22 1.17-1.28 B
Surgery for FPC

Without Reference

With 0.53 0.50-0.56 wkx

Notes: *P<0.05; **P<0.01; ***P<0.001. SPBC: second primary breast cancer; FPC: first primary cancer; IDC: infiltrating
ductal carcinoma; ILC: infiltrating lobular carcinoma.
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Supplementary R Code. R code for Propensity score matching (PSM) and XGBoost model.

# PSM R Code

Setwd(dir=“c:/Users/a/Desktop/”)

library(tidyverse)

library(openxlsx)

library(rJava)

library(xIsxjars)

library(dplyr)

library(readxl)

all <- read.csv(“allbreastforPSM.csv”,header = TRUE)
all[1:4,1:4]

all2 <- all %>% filter(agel != “15") %>%

filter(stage.1 == “|”|stage.1 == “II”|stage.1 == “lll”|stage.1 == “IV") %>%
filter(race == “Black”|race == “Other”|race == “White”)
all22 <-all2 %>%

select(ID,agel,stage.1,grade,historical_type,HR,primary.site.labeled,Laterality,Marital.status,surgery.
recode,chemotherapy.recode,radiation.recode,race)

all222 <- all22[!all22$1D %in% names(which(table(all22$1D)>1)),]
summary (all222)

names(all222) <- c(“ID”,“age”,“stage”,“grade”,“historical_type”,“HR”,“primary.site.labeled”,“Laterality”,

“Marital.status”,“surgery.recode”,“chemotherapy.recode”,“radiation.recode”,“Race”)
Save(all222,file = “all222.RData”)

second <- read.csv(“secondbreastforPSM.csv”,header = TRUE)

second[1:4,1:4]

second2 <- second %>% filter(agel != “15”) %>%

filter(stage.1 == “I"|stage.1 == “ll”|stage.1 == “lll"|stage.1 == “IV") %>%

filter(race == “Black”|race == “Other”|race == “White”)

second22 <- second2 %>%

select(ID,agel,stage.1,grade,historical_type,HR,primary.site.labeled,Laterality,Marital.status,surgery.
recode,chemotherapy.recode,radiation.recode,race)

Summary(second22)

Names(second22) <- c(“ID”,“age”,“stage”,“grade”,“historical_type”,“HR”,“primary.site.labeled”,“Latera-

lity”,“Marital.status”,“surgery.recode”,“chemotherapy.recode”,“radiation.recode”,“Race”)
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#second2$Type <- “second”

first <- all222 %>%
filter(! ID %in% second22$ID)
first[1:4,1:4]

first$Type <- “first”

first <- first[!duplicated(first$ID),]
second22 <- second22[!duplicated(second22$ID),]

second22$Type <- “second”

merge_1_2 <- rbind(first,second22)

merge_1_2$radiation.recode <- ifelse (merge_1_2$radiation.recode == “without”,“without”,“with”)

save(all222,second22,merge_1_2 first,file = “StepO_data_0917.RData”)

load(“StepO_data_0917.RData”)

set.seed(1234)

library(Matchlt)

merge_1_2.new <- na.omit(merge_1_2)

merge_1_2.new$radiation.recode <- as.factor (merge_1_2.new$radiation.recode)
merge_1_2.new2 <- merge_1_2.new

merge_1_2.new2%$Type <- as.logical(merge_1_2.new2$Type == ‘second’)

summary(merge_1_2.new2)

#merge_1_2.new22 <- merge_1_2.new2[sample(nrow(merge_1_2.new2),10000),]

m.out <- matchit(data = merge_1_2.new2,formula = Type~age + grade + stage+ historical_type
+HR+primary.site.labeled+Laterality+Marital.status+surgery.recode+chemotherapy.recode+radiation.
recode+Race,method = “nearest”,distance = “logit”,replace = FALSE,ratio = 2,caliper = 0.05)
save(m.out,file = “Stepl1_m.out.RData”)

load(“Stepl_m.out.RData”)

dta_m <- match.data(m.out)

write.csv(dta_m, file = “secondbreast_afterPSM_2X_0917.csv”)

d1 <- m.out$match.matrix
5
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d2 <- rownames(dl)

rownames(dl) <- NULL

pairs <- chind(d2, d1)

colnames(pairs)[1:2] <- c(“groupl”,“group2”)

write.csv(pairs, file = “secondbreast_2X_0917.csv”)

head(dta_m)

dta_m_2 <- subset(dta_m,Type == “TRUE")

second_raw <- read.xIsx(“secondbreast_raw_data.xlsx”)
second_raw[1:4,1:4]

add <- second[,c(“ID”,“month.since.index”)]

secondbreast_selected <- second_raw %>% filter(ID %in% dta_m_2$ID) %>%
inner_join(add,by = “ID”)

secondbreast_selected$breast_related_0OS <- secondbreast_selected$month.since.index.y

write.xIsx(secondbreast_selected,“secondbreast_selected.xlsx”)

#XGBOOST R code
Setwd(dir=“c:/Users/a/Desktop/”)

Library(“caret”)

Library(“xgboost”)

Library(“stringr”)

Library(“Matrix”)

Library(“pROC”)

Library(“discretization”)

Library(“DiagrammeR”)
see<-read.csv(“secondbreastb.csv”,header = TRUE)
seerl <-see[18:21]

chil<-chiM(seerl,alpha=0.05)
head(chi1$Disc.data,10)

chil$cutp

al <- as.matrix(chi1$Disc.data)

a2 <- model.matrix(~see$Marital.status-1,see)

a3 <- model.matrix(~see$primary.site.of. SPBC-1,see)
a4 <- model.matrix(~see$historical_type.of.SPBC-1,see)

ab <- model.matrix(~see$Site.of.FPC-1,see)
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a6 <- model.matrix(~see$Race-1,see)

yinzi <- cbind(a2,a3,a4,a5,a06)

seer <- chind(see[6:17],yinzi,al)

set.seed(70)

train_sub <- sample(nrow(seer),7/10*nrow(seer))

train_data <- seer[train_sub,]

test_data <- seer[-train_sub,]

traindatal <- data.matrix(train_data[c(1:42)])

traindata2 <- Matrix(traindatal,sparse = TRUE)

traindata3 <- train_data[43]

traindata4 <- list(data=traindata2,label=traindata3)

dtrain <- xgh.DMatrix(data = traindata4$data,label=traindata4 $label)
testsetl <- data.matrix(test_data[c(1:42)])

testset2 <- Matrix(testsetl,sparse = TRUE)

testset3 <- test_data[4 3]

testset4 <- list(data=testset2,label=testset3)

dtest <- xgb.DMatrix(data = testset4$data,label=testset4 $label)

xgh<-xgboost(data=dtrain,max_depth=4,eta=0.17,subsample=0.7,0bjective=‘binary:logistic’,nrou
nd=25)

importance <- xgh.importance(traindata2@Dimnames[[2]],model = xgb)
xgb.plot.importance(importance_matrix = importance[1:10])

predl <- data.frame(predict(xgb,testset2,type=‘response’))

xgb_Irtrain.modelroc <- roc(test_data$group, pred1$predict.xgh..testset2..type....response..)
plot(xgb_Ir.train.modelroc,print.auc=TRUE,auc.polygon=TRUE,grid=c(0.1,0.2),grid.col=c(“green”,

“red”),max.auc.polygon=TRUE,auc.polygon.col=“skyblue”,print.thres=TRUE,main=‘ROC curve of Xghoo-
st algorithm’)

pred2<- data.frame(predict(xgb,traindata2,type=‘response’))
xgb_Ir.train.modelroc <- roc(train_data$group, pred2$predict.xgb..traindata2..type....response..)
plot(xgb_lIr.train.modelroc,print.auc=TRUE,auc.polygon=TRUE,grid=c(0.1,0.2),grid.col=c(“green”,

“red”),max.auc.polygon=TRUE,auc.polygon.col=“skyblue”,print.thres=TRUE,main=‘ROC curve of Xghoo-
st algorithm’)

save(xgh, file = “xgboost.RData”)

load(“xgboost.Rdata”)



