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Abstract

Background: To develop a breast cancer prediction model and
stratify breast cancer risks for Korean women using published
polygenic risk scores (PRSs) combined with non—genetic risk
factors (NGRFs).

Methods: Thirteen PRS models generated from single or multiple
combinations of the Asian and European PRSs were evaluated
among 20,434 Korean women. The area under the curve (AUC) and
increase in odds ratio (OR) per standard deviation (SD) were
compared for each PRS. The PRSs with the highest predictive
performance were combined with NGRFs; then, an integrated
prediction model was established using the 1CARE tool. The
progress in prediction power was assessed in terms of AUC and
expected to observed (E/O) ratio. The absolute breast cancer risk
was stratified for 18,142 women whose follow—up data were
available.

Results: PRSsg asntPRS190 g5, @ combination of Asian and European
PRSs, had the highest AUC (0.621) among PRSs, with an OR per SD
increase of 1.45 (95% CI: 1.31—1.61). Compared with the average
risk group (35—65%), women in the top 5% had a 2.5—fold higher

risk of breast cancer. Incorporating NGRFs yielded a modest
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increase in the AUC of women aged >50 years (0.570 to 0.607 for
age=>50). For PRS33 asn+PRS190 g+ NGRF, the average absolute
risk was 5.06%. The lifetime absolute risk at age 80 years for
women 1n the top 5% was 9.93%, whereas that of women in the
lowest 5% was 2.22%. Women at higher risks were more sensitive
to NGRF incorporation.

Conclusion: Combined Asian and European PRSs were predictive of
breast cancer in Korean women. Incorporation of NGRF further
enhanced predictive performance in women aged >50. These
findings support the use of these models for personalized screening
and prevention of breast cancer.

Significance: This study provides insights into genetic susceptibility

and NGRFs for predicting breast cancer in Korean women.

Keywords: Breast cancer; prediction model; absolute risk; polygenic

risk score; non—genetic risk factor; Koreans.
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Chapter 1. Introduction

1.1 Background

1.1.1 Breast cancer incidence in Korea

Breast cancer is the most common cancer worldwide, and it’ s
incidence is substantially increasing in Asian countries [1, 2]. In
Korea, breast cancer incidence has increased over the last 25 years
[3]. It has been on the rise since 1999 and breast cancer has
become the most common cancer among women after 2016.
According to the Korea National Cancer incidence database, the
crude breast cancer incidence rate was 92.9 per 1,000,000 in 2019
[4]. Furthermore, it is expected to continue to grow within the next
decades with the continuation of western lifestyles and changes in
reproductive patterns [5]. Along with interest in these changes,
there has been paramount interest in the development of a risk
model to estimate and stratify an individual’ s susceptibility to

breast cancer [6].

1.1.2 Breast cancer prediction models

Breast cancer has a multifactorial etiology resulting from a

complex interaction of genetic and non—genetic risk factors

1



(NGRFs), such as environmental, reproductive, and lifestyle factors.
A comprehensive model encompassing both genetic factors and
NGRF would yield the best predictive ability. Therefore, it is
essential to develop a prediction model that accurately captures risk
factors.

Earlier breast cancer prediction models were based exclusively on
NGRFs such as clinical factors, lifestyle factors, reproductive
factors and family history. For instance, the BCRAT, a widely
accepted prediction model known as the modified Gail model,
originally included five risk factors (age, number of first—degree
relatives with breast cancer, age at birth of first child, age at
menarche and number of previous biopsies) when first developed in
1989[7]. Although some modifications were made thereafter, the
discriminatory accuracy of BCRAT among different ethnicities was
moderate, resulting in an AUC of 0.55 when validated in Korean
women [8].

A recent analysis on the 10—year performance of breast cancer
risk models including BCRAT, BRCAPRO, BOADICEA and Tyrer—
Cuzick model, showed that misclassification of risks still exists.
They suggested that the prediction power should be further

improved, by constructing a hybrid model incorporating PRS [9].



With the leveraging advances in Genome wide association studies,
increasing efforts have been made to incorporate genetic factors,
such as polygenic risk scores (PRSs), into breast cancer prediction
models in order to improve the predictive value of risk prediction
models [10—13]. Emerging evidence suggests that PRSs, which
provide a joint effect of numerous common genetic susceptibility
variants, may explain a significant portion of genetic susceptibility
to breast cancer [14, 15]. As expected, addition of a PRS to the
existing prediction models improved AUC. It was shown that the
AUC of the Gail and Tyrer—Cuzick model improved up to 0.06,
when PRS was combined, depending on the model and study
population [16—18]. Moreover, recent studies support the idea that
a better prediction model could be achieved when NGRFs were
integrated to a PRS. According to Zhang et al, the AUC for the
BCRAT model improved from 0.56 to 0.65 when PRS and risk
factors such as mammographic density and endogenous hormone

use were incorporated [19].

1.1.3 Transferability of European models

While these findings support the potential feasibility of

incorporating PRS in to breast cancer risk models, the SNPs that



constitute the PRS should be applicable to the population being
examined. However, the majority of PRSs developed to date are
based on European ancestry, and PRSs for Asian women have been
under—evaluated, due to insufficient sample size [20—22]. One of
the first attempts to solve this issue, adopted European—based PRS
to Asian women. It was proved that European PRS could be applied
in Asian women with better prediction power than PRS originated
from Asian—specific SNPs [23]. Consequently, more studies have
succeeded in integrating Asian—specific SNPs and Asian—specific
welghts and combining different ethnic PRSs using diverse
statistical adjustments to examine the transferability of European
PRSs to Asian women [12, 24]

Beyond genetic characteristics, the incidence of breast cancer,
reproductive risk factor characteristics may differ significantly
among ethnic groups. For instance, menopause (median 45—49
years), have continuously attributed to the highest breast cancer
incidence of Korean women at the age of 40—49 years while that
from the western countries peak at 60—69 years [28]. These
distinct differences have hindered the transferability of western—
based breast cancer prediction models to Korea as well.

In 2013, the Korean Breast Cancer Risk Assessment Tool was



developed based on the Gail model and Korean risk factor
distribution [25]. This model stratified Korean—base non—genetic
risk factors such as a family history of breast cancer in first—
degree relatives, age at menarche, menopausal status, age at first
full—term pregnancy, duration of breast feeding oral contraceptive
usage and exercise, parity, BMI at the cut—off age of 50 years. The
discriminatory accuracy of KoBCRAT was 0.63 for women aged
under 50, and 0.65 for those over 50. However, risk prediction
models incorporating genetic factors for Korean women are lacking
[26, 27] and a Korean—specific risk prediction model is highly

demanded.

1.2 Aims of the study

There were two aims of this study. Firstly, to develop a breast
cancer PRS for Korean women using previously published PRSs for
those of Asian and European ancestry. Secondly, to investigate
whether the integration of NGRFs based on Korean data could

improve its predictive performance.



Chapter 2. Materials and Methods

2.1 Study design overview

This study was conducted using two steps according to the aims of
the study. First, previously reported breast cancer SNPs were
validated among Korean women using various published PRSs, and
absolute breast cancer risks were evaluated using the PRS with the
highest accuracy (Figure 1A, left). Second, the performance of the
prediction models incorporating PRSs and NGRFs were evaluated,
and the absolute breast cancer risks were estimated (Figure 1A,
right). The schematic diagram of the study process is shown in

Figure 1B.

Figure 1. (A) Flow chart showing the study process. Previously
reported breast cancer SNPs were validated among Korean women
using various published PRSs, and absolute breast cancer risks
were evaluated using the PRS with the highest accuracy (Figure 1,
left). Prediction models incorporating PRSs and NGRFs were

constructed using a different cohort (Figure 1, right). After



evaluating the predictive performance of the models, the absolute breast cancer risk was estimated.
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B. Schematic diagram of study process.
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2.2.1 Study populations

All participants in this study belonged to either the Health
Examinee (HEXA) and Korean Association Resource (KARE)
cohort of the Korean Genome and Epidemiology Study (KoGES) or
the Breast Cancer Case—Cohort (BCCC). The detailed design of the
KoGES study, a large cohort study with publicly available data, has
been described elsewhere [29]. HEXA, initiated in 2004, recruited
173,357 participants aged >40 years from 38 health examination
centers and training hospitals located in eight regions of Korea.
Among them, 58,697 participants who had genotype data and met
the sample quality control criteria were selected for the analyses.
Samples with a low genotype call rate (<97%), cryptic relatedness,

or gender discrepancy were excluded. Women who had not been

diagnosed with cancer were selected for further analysis (Figure 1).

Cases were defined as those who were diagnosed with breast
cancer but not with other types of cancers. Controls were defined
as those who were cancer—free at baseline and at the time of the
follow—up surveys as well. The participants of HEXA had been
followed up using active and passive methods [29]. The first follow
up cohort of HEXA at a median of 4.6 = 1.5 years, was labeled as

HEXA1®., KARE, initiated in 2001, recruited 10,038 participants
9



aged 40—69 years from two cities, Ansan and Ansung, in Korea.
Among them, 5,493 participants who had genotype data and met the
sample quality criteria used for HEXA were selected. The KARE
cohort was used as a reference dataset for risk factor distributions
during an absolute risk estimation model construction. The BCCC
was initiated in 2008, and it only recruited patients with breast
cancer (N=2,165) from Seoul National University Hospital. One
BCCC participant whose age at onset was >80 years was excluded
from further analysis. Participants in the BCCC cohort had genotype

data but lacked information about NGRFs. Therefore, genetic

information about the BCCC cohort was used for PRS wvalidation only.

To perform PRS validation, we used 378 cases detected during the
baseline HEXA survey. To construct the PRS+NGRF model, we
used 153 cases detected at the time of the follow—up survey.
Individuals who were not included in the follow—up survey
(N=4,097) or had missing NGRF data (N=2,097) were excluded
from the prediction model construction process. Instead, they were
used as controls for PRS validation. To ensure a balanced sample
distribution, two independent subsets from the HEXA controls at a
1:1 ratio to analyze 2,542 cases and 17,892 controls for final PRS

validation (Figure 1) were generated. The PRS+NGRF model was

10



constructed using 153 cases and 17,989 cancer—free individuals

based on the conditions aforementioned (Figure 1).

2.2.2 Ethics Approval and Consent to Participate

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Institutional Review Board of National
Biobank of Korea (P0O1—-2023108—-31—001) and Seoul National
University Hospital (1507—132—-689). Informed consent was

obtained from all subjects

2.3 Genetic data acquisition

The HEXA and KARE participants were genotyped using the
Korean Chip (K—CHIP), which was designed by the Center for
Genome Science, Korea National Institute of Health (KNIH), based
on the UK Biobank Axiom Array, and manufactured by Affymetrix
[30]. BCCC participants were genotyped using the Affymetrix
Genome—wide Human SNP array 6.0. We used the Michigan
imputation server for phasing (via Eagle v2.4) and imputation (via
minimac4) using 1000 Genomes Phase 3 data as the reference

panel [31]. After imputation, we excluded SNPs with low imputation

11



quality scores (INFO <0.3), minor allele frequency (MAF) <0.01,
genotype call rates (K95%), and Hardy—Weinberg equilibrium

(HWE) P = 1E-06.

2.4 Construction of Breast Cancer Prediction Models

2.4.1 Construction of breast Cancer PRS model

A total of 376 breast cancer—associated SNPs, including 313 SNPs
selected from Mavaddat et al., 17 novel SNPs from Zhang et al., and
46 Asian—specific SNPs from Ho et al., were investigated in this
study [15,23,24]. We examined seven single PRS models according
to previously published beta weights of SNPs (Table 1). Single

PRSs were constructed using the following equation (1):

Single PRSx = Bix1+ Boxo+ ...+ . Bixk (1),

where f is a coefficient representing the association between each
SNP and breast cancer and k is the number of SNPs used. Of the
376 SNPs, 239 were available in the imputed genotype data of the
three Korean cohorts. Accordingly, seven single PRS models were

constructed. Depending on the numbers of incorporated SNPs and

12



types of B weights used, PRSs were denoted as PRSsg asy,
PRS196.kur, PRS196.asny,  PRSi196.5B, PRS201.8Ur,  PRS201.asy,  and
PRS201 meTa. PRSasny or PRSgur indicates that 8 weights of each
PRS were inferred from Asian or European weights, respectively
101523 PRSgp applied B weights based on a combination of Asian
and European weights using the Empirical—Bayes approach 2*,
PRSmeTa utilized B weights generated by a meta—analysis of
European and Asian weights reported by a previous study '® (see
Table 1 for details).

Six multiple PRSs were constructed using a linear combination of

the Asian and European PRSs. Multiple PRSs were constructed

using equation (2):

Multiple PRS = a0 + @1'PRS3s asn + @2 PRS por (2)

@, a, and @, were obtained by fitting a logistic regression

model with breast cancer incidence as the outcome. PRSs were
standardized to the respective standardized deviations of the HEXA
controls. Ten—fold cross—validation by regression was conducted
for multiple PRS models. The relative contributions of each PRS to

multiple PRS models are shown in Table 2.

13



Table 1. Number of breast cancer associated SNPs and beta weights used to construct single PRS models

Original Selected
Single PRS Beta weight
nSNPsP nSNPs?
PRS.¢ ox© 46 38 Asian SNPs and Asian weights reported in Ho et al [23].
PRSwO_EUR 313 190 European SNPs and European weights reported in Mavaddat et al [31].
PRS190,A5N 313 190 European SNPs and Asian weights reported in Ho et al.
PRS190,EB 313 190 European SNPs and EB (Empirical Bayes) weights reported in Ho et al [23].
European SNPs and European weights reported in Mavaddat et al. and Zhang
PRSZOl_EUR 330 201
et al [32].
PRSZOLASN 330 201 European SNPs and Asian weights reported in Yang et al [24].
European SNPs and meta—analysis between European and Asian SNPs
PRSZOl_META 330 201

reported in Yang et al [37].

‘ Selected SNPs with imputation score (INFO) = 0.7, minor allele frequency (MAF) = 0.01, (HWE) = 1E—-06 and
call rate = 0.95.> SNP: single nucleotide polymorphism
¢ Depending on the numbers of incorporated SNPs and types of 8 weights used, PRS was denoted as PRS3g asy,

PRS196_gUr, PRS196_asn, PRS196_ 8, PRS201 gur, PRS201_asn, and PRS201 meTA

14



Table 2. Weights used for constructing multiple PRS models

PRS combination aoa @ 13 aza W
a a  PRS a

0+ 1 38_ASN  + 2 —9.045 0.181 0.317 0.363
PRSMO,EUR
a a . PRS a

0+ 1 38_ASN  + 2 —-2041 0.118 0.335 0.260
PRSl9O_ASN
a a . PRS a

0+ 1 38_ASN  + 2 —9050 0.148 0.346 0.300
PRSl9O_EB
a a . PRS a

0+ 1 38_ASN  + 2 —-92.047 0.180 0.321 0.359
PRSZOLEUR
a a . PRS a

o+ 1 38_ASN  + 2 —-2.038 0.121 0.327 0.270
PRSZOI_ASN
a a PRS,, .. a

0o+ 1 38_ASN  + —9.044 0.137 0.336 0.290
ZPRSZOl_META

" Multiple PRSs have been constructed using formula @, + a, Asian PRS + «, European PRS. @, @, and «,

1)
were obtained by fitting a logistic regression model with breast cancer incidence as outcome. Contribution of
Asian PRS to the linear combination. w = @,/ (@ ,+a,) and (1—w) represents the contribution of European PRS
to the linear combination. PRSs were standardized to respective standardized deviation of the controls in the HEXA.

15



2.4.2 Models incorporating non—genetic risk factors

For the PRS models developed during step one, NGRFs were
incorporated to establish an integrated risk prediction model.
Depending on the menopausal status, the incidence of breast cancer
differs in Korea, and risk factors (RFs) linked to the development of
breast cancer exert varying effects [25, 27]. Thus, the PRS+NGRF
models were constructed separately using the cut—off age of 50
yvears by applying different relative risks (RRs) and RFs.
Information about estrogen—dependent NGRFs in the HEXA and
KARE were taken from the survey data. The BMI measured at the
time of enrollment (average age, 53%=8.37 years) was used. Breast
cancer—associated NGRFs and respective RRs were obtained from
external studies [25, 27]. For women aged <50 vyears, age at
menarche, familial history of breast cancer, menopausal status, age
at first full-term pregnancy, height, and BMI were included. For
women aged =50 years, age at menopause and pregnancy
experience (nullipara or para; Table 3) were additionally included,
whereas age at first full-term pregnancy and menopausal status
were excluded. Table 3 provides a description of the RR estimates

used in this study. In all prediction models incorporating NGRF

16



scores, equation (3) was used, where F. and wi are the value and
corresponding weight of factor 4, respectively:

NGRF Score =X _ywiF,  (3)

2.5 Statistical analysis

2.5.1 PRS association analysis and evaluation of

predictive performance

For PRS association analyses, we used logistic regression adjusted
for covariates. We examined the odds ratio (OR) per standard
deviation (SD) of the PRS for seven percentile groups (0—5%, 5—
15%, 15—35%, 35—65%, 65—85%, 85—95%, 95—100%), with 35—
65% being the average risk group.

The prediction performance of the PRS was measured by
the area under the receiver—operating characteristic curve (AUC)
using logistic regression. To compare the predictive function of
either NGRF—based or PRS—based models and integrated models
(PRS+NGRF), the AUC and expected to observed (E/O) ratios

were evaluated

17



Table 3. Relative risks of NGRFs and participant distributions for breast cancer

HEXA!st¢ Relative risk (range)

. Age<50 Age=>50
Breast cancer risk factors (N55,999) (N=ng,143) Age <50 Age = 50
Age at baseline, years
Mean (£SD) 44,67 £ 3.13 57.34 £ 5.32 - -
On set age of breast cancer
Mean (£SD) 47.49 £ 3.08 60.44 £ 5.9 - -
Age at menarche, years ?
<10 7 (0.001) 9 (0.001) 1.27 (1.23 —1.31) 1.35 (1.25-1.46)
11 73 (0.012) 52 (0.004) 1.13 (1.09 —1.16) 1.16 (1.08-1.25)
12 418 (0.07) 320 (0.026) 1.13 (1.09 —1.16) 1.16 (1.08-1.25)
13 1071 (0.179) 1098 (0.09) Ref. Ref.
14 1721 (0.287) 2160 (0.178) 1.00 (0.97 —1.03) 1.00 (0.93-1.08)
15 1438 (0.24) 2702 (0.223) 0.89 (0.86 —0.92) 0.86 (0.80—-0.93)
>16 1271 (0.212) 5802 (0.478) 0.79 (0.77 —-0.81) 0.74 (0.69-0.80)

Breast cancer family history

in first degree ®
No

Yes
Menopause °
Premenopausal

Postmenopausal

Age at menopause (year) °

Premenopausal
<44

45-49

50—-54

=50

5888 (0.981)
111 (0.019)

5609 (0.935)
390 (0.065)

Age at first full—term pregnancy (year)®

Nullipara
<24

24-30

=30
Pregnancy °
Nullipara
Para

Height, m 2
Mean (+SD)
BMI, (kg/m2) ?
<18.5

18.5 = <25
25 — <30
=30

93 (0.016)

828 (0.138)
4434 (0.739)
644 (0.107)

164 (0.027)

4538 (0.756)

1179 (0.197)
118 (0.02)

11880 (0.978)
263 (0.022)

3309 (0.273)
286 (0.024)
2404 (0.198)
5149 (0.424)
995 (0.082)

120 (0.01)
12023 (0.99)

8284 (0.682)

3482 (0.287)
377 (0.031)

Ref.
1.12 (0.81 —1.56)

1.74 (1.442-2.14)
Ref.

1.08 (0.80—-1.45)
Ref.

1.16 (0.97-1.39)

1.25 (0.93-1.69)

1.20 (1.15 —-1.27)

0.98 (0.93 —1.03)
Ref.

1.02 (0.97 —1.07)

1.04 (0.99 —1.10)

Ref.
2.01 (1.28-3.31)

2.50 (1.78—3.51)
Ref.

1.34 (0.99-1.83)

1.36 (1.01-1.82)

1.62 (1.09-2.39)

1.88 (1.24—2.84)
Ref.

1.24 (1.16-1.33)

Ref.

Ref.
1.35 (1.22-1.49)
1.82 (1.65-2.01)

# Relative risk of NGRFs used in KCPS cohort [19],° Relative risk of risk factors used in KoBCRAT model [17]

¢ HEXA''* 1st follow—up cohort of the Health Examinee cohort, SD: standard deviation, Ref: reference
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2.5.2 Estimation of the absolute risk of breast cancer

according to PRS percentiles

For the PRS showing the highest prediction accuracy, the lifetime
absolute risks of breast cancer were estimated. Furthermore, using
an integrated PRS+NGRF model, the lifetime and 5—year absolute
breast cancer risks were recalculated. The absolute risk of breast
cancer for women of age a over the time interval a+ ¢ was
defined according to equation (4):

Roger = fo 2508 exp(BTZ) exp(— [ 1) exp(ZB) + mG)1du)dt (4)

Equation (4) assumes that risk factor (RF) Z acts in a
multiplicative fashion on the baseline hazard function Ao(t). It
accounts for competing risks originating from mortality due to other
causes through m(#), the age—specific mortality rate function. The
lifetime absolute risk was evaluated as the risk between the age of
20 years and a specific age with a maximum of 80 years. The 5—
year absolute risk was defined as the risk within the next 5 years
for a woman who has reached a specific age. The 1CARE tool
requires the RRs of RFs (Z), log—relative risks (4), age—specific
incidence rate of all—cause mortality excluding breast cancer
mortality, incidence rates of breast cancer, and RF distributions

within a population. For this study, RRs were obtained from external
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studies [17, 19], and RF distributions were derived from KARE,
which was used as a reference cohort. The age—specific breast
cancer incidence and mortality rates of Korean women in 2010
were obtained from the Korean Statistical Information Service [26].
Absolute risks were evaluated with R 4.2.1 using the Individualized
Coherent Absolute Risk Estimation ((CARE) R package (version
1.18.0) [27]. PX0.05 was considered significant.

To investigate the associated effect of PRS and NGRF according
to the magnitude of risks, absolute lifetime risks using multiple PRS
and NGRF risk strata were analyzed. PRSs were classified into
three risk groups (0—20%: low; 20—80%: mid; 80—100%: high),
and NGRF scores were classified into two groups divided using a

median distribution (0—50%: low; 50—100%: high).
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Chapter 3. Results

3.1 Study population

PRS wvalidation was performed among 20,434 Korean women
(Figure 1). The PRS+NRGF model was evaluated among 18,142
cancer—free individuals. In this subset, 153 cancer cases were
detected during the follow—up period. Among 153 newly developed
cases, 68 occurred in women aged <50 years and 85 occurred in

those aged >50 years.

3.2 Performance of PRS in the Korean population

Thirteen PRSs were constructed using previously reported Asian
and European SNPs (Table 4). In general, the multiple PRS models
performed better than the single PRS models for Korean women.
Among the PRS models, the most predictive was

PRS35 asn+PRS190. ks (AUC: 0.621), although the overall AUC
differences between PRS models were marginal. The contribution of
PRS3s asn to PRS3s asn+PRS190 £3 was approximately 30% (Table 2).
We did not observe a significant interaction between

PRS3s asntPRS190 5 and age (Table 5). The density plot of
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Table 4. Mean, SD, and the associations of the PRS with the breast cancer risks for Korean women

HEXA? + BCCCP

Case (N = 2,542) Control (N = 17,892)

PRS Mean - (SD) Mean * (SD) OR per SD“(95% CI) AUCY (95% CI)
Single PRS

PRS3s asx —-0.10 £ 0.41 -0.24 £ 041 1.37 (1.24—-1.52) 0.592 (0.581-0.604)
PRS190 rur 0.68 = 0.51 0.47 £ 0.50 1.38 (1.24—-1.53) 0.611 (0.599-0.623)
PRS190_asn —-0.06 £ 0.56 -0.29 £ 0.54 1.41 (1.27-1.56) 0.612 (0.600—-0.624)
PRS190 B 0.24 = 0.46 0.05 £ 0.45 1.41 (1.27-1.56) 0.616 (0.604-0.627)
PRS201_£ur 0.46 £ 0.52 0.25 £ 0.50 1.37 (1.23-1.51) 0.612 (0.600—-0.624)
PRS201 asx 0.03 = 0.55 —-0.19 £ 0.54 1.41 (1.28—1.56) 0.612 (0.600—-0.624)
PRSz01 vETA 0.61 £ 0.59 0.37 £ 0.57 1.41 (1.28—1.57) 0.614 (0.603-0.626)
Multiple PRS

PRS3s_asntPRS190_rUR —-1.85 £ 0.21 —-1.94 = 0.20 1.44 (1.3—1.59) 0.619 (0.607-0.631)
PRS3s_asntPRS190_asn —-2.07 £ 0.22 —-2.17 £ 0.21 1.44 (1.3—1.59) 0.615 (0.604—0.627)
PRS33_asn+PRS190_88 —-1.98 £ 0.20 —-2.07 £ 0.19 1.45 (1.31-1.61) 0.621 (0.609-0.633)
PRS3s_asnt+PRS201_rur —-1.92 £ 0.21 —-2.01 £ 0.21 1.43 (1.29-1.58) 0.620 (0.608—-0.631)
PRS33_asntPRS201_asn —-2.04 £ 0.21 —-2.13 £ 0.21 1.44 (1.30—-1.59) 0.615 (0.603-0.627)
PRS35 asntPRS201_MeTA -1.85 £ 0.23 -1.95 £ 0.23 1.45 (1.31-1.60) 0.618 (0.607—0.630)

a HEXA: Health Examinee, ® BCCC

: Breast cancer case—cohort, © OR: odds ratios were estimated using a logistic

regression model adjusted for age and study, SD: standard deviation, ¢ AUC: Area under the curve.
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Table 5. Association between PRS3s asntPRS190 kg and breast cancer

risks in different age groups

Age category OR (95% CD P-value N (Case / Control)

40-50 1.39 (L16=1.67)  ,g-p o) 1,128/6,255
50-60 154 (1.29-1.85) oo oo 684/7.702
60-70 144 (1-20.080)  ~ jor 09 259/3,746

2 OR, 95% CI and P values were estimated using a logistic regression

model adjusted for age and study

PRSas_asn+PRS190_r8 is shown in Figure 2. The distribution curve for
cancer participants shifted to the right compared with that of the
controls. The percentile association of PRSss asntPRS190 B
stratified into seven percentile groups is presented in Table 6.
Women in the top 5% had a 2.5—fold higher risk and women in the
lowest 5% had a 0.61—fold lower risk of breast cancer than the
average risk group (35—65%). The risk distributions were well—
distinguished between the risk percentile groups, although the
associations were not statistically significant. Lifetime and 5—year
absolute risks of PRS3s_asn+PRS190_rp are shown in Figure 3. The

lifetime absolute risk at age 80 years for women in the highest 5%
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was 9.91%, and that of women in the lowest 5% was 2.18%

(average lifetime absolute risk: 4.89%).
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Table 6. Percentile association of PRSSS_ASN+PRSI9O_EB and distributions of participants

Sample size

PRS (percentiles) BCCC? —Case HEXA" —Case HEXA—Control OR (95% CID) ¢ P—value
00—05 (%) 47 11 964 0.61 (0.31-1.09) 1.20E-01
05—15(%) 125 20 1,898 0.57 (0.34-0.90) 2.11E-02
15-35(%) 290 63 3,734 0.91 (0.66—1.24) 5.39E-01
35—65(%) 610 101 5,419 Reference -
65—85(%) 534 94 3,459 1.46 (1.10—1.94) 9.35E-03
85-95(%) 320 54 1,669 1.74 (1.24-2.42) 1.17E-03
95-100 (%) 238 35 749 2.50 (1.67-3.67) 4.52E-06

aBCCC: Breast cancer case—cohort, " HEXA: Health Examinee cohort, ¢ Odds ratios were estimated using

a logistic regression model adjusted for age and study, Cl: confidence interval.
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Figure 2. Density plot of PRS3s asn+PRS190 e among participants with (case) and without breast cancer (control)

showing PRS distribution.
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Figure 3. Absolute risk of developing breast cancer estimated using data from 20,434 Korean women. Lifetime

absolute risk (A) and 5—year absolute risk (B) of breast cancer estimated by PRS3s asn+PRS190 g8 for women at

different age categories and risk percentiles. Dotted lines represent the average risks.

A. Lifetime absolute risk

0.100+

0.0751 PRS Percentile

* Mean
— 95-100%
§5-93%
65-83%

— 35-05%
— 15-33%
- 05-15%

= 00-05%

=
=
)
=

0,025

Breast cancer absolute risk (%)

0,000

Age

B. 5—year absolute risk

0.0204

0.0154

0.0104

0.0054

Breast cancer absolute risk (%)

0.0004

* Mean

§5-95%
65-85%
— 35-05%
— 15-35%
- 05-15%

- 00-05%

27

35

40

45
Age

50

55

60

65

70

75

— 95-100%

c}

PRS Percentile



3.3 Performance of the prediction model incorporating

non—genetic risk factors

The prediction model established using NGRFs had limited
predictive power (Figure 4, Table 7). NGRF models were more
predictive for women aged =50 years than for those aged <50
years (AUC 0.564 vs. 0.503). The results showed that there were
noticeable differences in the AUC changes when NGRF models
were added to PRS models, depending on the age group. For women
aged =50 years, the addition of NGRFs led to an increase in the
AUC, although the initial PRS had a lower AUC. However, for
participants aged <50 years, the incorporation of NGRFs had only a
small effect on the AUC, whereas PRS alone had better predictive
performance. This implies that women aged =50 are more
dependent on NGRFs, whereas women aged <50 are more
genetically predisposed. PRS3s_asn+PRS201_meTa+NGRE had the
highest predictive power for women aged <50 years, whereas
PRS38 asnt+PRS190 s+ NGRF was the most predictive model for
women aged =50 years. Nevertheless, because there was not
much difference in the overall AUC (0.012) between the best and
worst multiple PRSs for all age groups, we decided to use

PRS35 asn+PRS190 e+ NGRF (hereafter referred to as the integrated
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Figure 4. Area under the curve (AUC) for various PRS models and NGRFs predicting the breast cancer risk. The AUC was

compared among NGRFs, PRSs, and PRS+NGRF (integrated) models for women aged <50 years (A) and =50 years (B)

resepectively.
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Table 7. Comparison of AUC and E/O ratio between NGRF, PRS and PRS+NGRF models

AUC * (95% CI)

E/OP (95% CI)

Age < 50 Age > 50 Age <50 Age > 50
NGRF 0.503 (0.403-0.572) 0.564 (0.498-0.630) 0.478 (0.376-0.607) 0.740 (0.594-0.922)
PRS PRS + NGRF PRS PRS + NGRF PRS PRS + NGRF PRS PRS + NGRF
Single PRS
PRS:s ac 0.619 0.610 0.558 0.593 0.504 0.535 0.776 0.833
- (0.545-0.694)  (0.541-0.678)  (0.487-0.629)  (0.531-0.654)  (0.396-0.64)  (0.421-0.68)  (0.623-0.967)  (0.668-1.037)
PRS100 £un 0.62 0.615 0.559 0.602 0.455 0.484 0.694 0.739
- (0.553-0.687)  (0.547-0.683)  (0.493-0.624)  (0.544-0.66)  (0.358-0.578)  (0.381-0.615)  (0.557-0.864)  (0.593-0.92)
0.628 0.626 0.552 0.599 0.45 0.478 0.692 0.737
PRS1s0_asn (0.555-0.702)  (0.553-0.699)  (0.482-0.622)  (0.536-0.661)  (0.354-0.572)  (0.376-0.608)  (0.556-0.862)  (0.592-0.918)
0.628 0.625 0.562 0.606 0.453 0.482 0.692 0.736
PRS10.e8 (0.559-0.697)  (0.556-0.695)  (0.494-0.63)  (0.548-0.665)  (0.356-0.576)  (0.379-0.613)  (0.556-0.862)  (0.591-0.917)
0.632 0.625 0.562 0.600 0.455 0.484 0.694 0.740
PRS0 eur (0.565-0.699)  (0.557-0.693)  (0.496-0.627)  (0.540-0.660)  (0.358-0.578)  (0.381-0.615)  (0.557-0.865)  (0.594-0.922)
0.632 0.632 0.562 0.608 0.453 0.481 0.694 0.740
PRSz01asn (0.560-0.704)  (0.560-0.703)  (0.492-0.633)  (0.546-0.670)  (0.357-0.576)  (0.379-0.612)  (0.557-0.864)  (0.594-0.922)
PRS0t 1t 0.638 0.636 0.550 0.600 0.453 0.482 0.693 0.739
- (0.569-0.708)  (0.566-0.706)  (0.481-0.618)  (0.539-0.661)  (0.356-0.576)  (0.379-0.612)  (0.556-0.863)  (0.593-0.921)
Multiple PRS
PRS3s asn+PRS190_ 0.634 0.632 0.569 0.608 0.495 0.526 0.756 0.807
EUR (0.563-0.704)  (0.563-0.700)  (0.499-0.638)  (0.549-0.666)  (0.389-0.629)  (0.414-0.669)  (0.607-0.942)  (0.648-1.006)
PRS3s asn+PRS190_ 0.634 0.632 0.556 0.601 0.479 0.509 0.737 0.786
ASN (0.561-0.707)  (0.560-0.704)  (0.485-0.627)  (0.539-0.663)  (0.377-0.609)  (0.400-0.647)  (0.592-0.918)  (0.631-0.979)
PRS3s asn+PRS190_ 0.638 0.635 0.569 0.61 0.491 0.522 0.751 0.801
EB (0.567-0.708)  (0.566-0.704)  (0.498-0.639)  (0.551-0.668)  (0.386-0.624)  (0.411-0.664)  (0.603-0.936)  (0.643-0.998)
PRS3s_asn+PRSz01_ 0.642 0.638 0.570 0.607 0.493 0.524 0.754 0.805
EUR (0.572-0.712)  (0.570-0.707)  (0.501-0.639)  (0.547-0.666) (0.388-0.627)  (0.413-0.667)  (0.605-0.94)  (0.646-1.003)
PRS3s asn+PRS201_ 0.638 0.636 0.567 0.609 0.483 0.513 0.74 0.791
ASN (0.566-0.710)  (0.565-0.707)  (0.495-0.638)  (0.548-0.671)  (0.38-0.614)  (0.403-0.652)  (0.594-0.922)  (0.635-0.985)
PRS3s asn+PRS201_ 0.644 0.640 0.558 0.603 0.484 0.514 0.741 0.792

META

(0.573-0.715)

(0.570-0.710)

(0.488-0.628)

(0.542-0.664)

(0.381-0.615)

(0.405-0.654)

(0.595-0.924)

(0.635-0.986)

3 AUC: Area Under the Curve, ® Expected/Observed (E/O) ratio. E: expected 5-year absolute risk, O: observed 5-year incidence.
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model), which is the model containing PRS3s asn+PRS190 kB
(hereafter referred to as the multiple PRS model), which had the
highest accuracy during step one, to further estimate the absolute

breast cancer risk.

3.4 Absolute risk of breast cancer according to PRS

percentiles

Figure 5 depicts the lifetime and 5—year absolute risks of
the integrated model. The lifetime absolute risk of breast cancer
ranged from 2% to 10%, with an average of 5.06% (Figure 5A).
The absolute risk at age 80 years for women in the highest 5% was
9.93%, whereas that for women in the lowest 5% was at 2.22%.
The zenith of the 5—year absolute risk for women in the top 5% at
age 48 years was 1.47%, and it declined thereafter (Figure 5B).
The S—year absolute risk of the average risk group at 40 years,
which is the age when the first breast cancer screening program is
recommended in Korea, was 0.6%. However, women in the top 5%
risk reached this level of risk much earlier at age 33 years. This
outcome may support the need for individualized screening
strategies for high—risk women, particularly for those aged <40

years.
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Figure 5. Estimation of the absolute breast cancer risk by seven percentiles. Lifetime absolute risk (A) and 5—year

absolute risk (B) of developing breast cancer predicted using PRS3s asn+PRS190 s+ NGRF (integrated model.) Dotted

lines represent the average risks.
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Figure 6. Absolute risk of breast cancer estimated at different ages and risk percentiles using data from HEXA 'S,

Lifetime

absolute

risk (A) and b-year

absolute

risk (B)

of developing breast

cancer predicted by

PRS3s asn+PRS190 g (multiple PRS model). Dotted lines represent the average risks.
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To compare the changes induced by incorporating NGRFs,
the lifetime and 5—year absolute risks of the multiple PRS model
were also estimated using HEXA 1°" (Figure 6). The average
absolute risks of the integrated model (5.06%) and multiple PRS
model (4.81%) were quite similar. However, the distributions of
density in both models were different. Figure 7 depicts the density
plot of the multiple PRS and integrated models at age 80 years.
Adding NGRFs to multiple PRS models increased the SD of the
integrated model. A greater increase in the mean was observed for
the higher—risk group, especially those in the top 5% (Table 8).
This implies that women at higher risk are more sensitive to risk—
reducing interventions.

To investigate the associated effect of PRS and NGRF, we
analyzed the absolute lifetime risks using different PRS and NGRF
risk levels (Figure 8). In the model, the curves for mid PRS+high
NGRF versus high PRS+low NGRF as well as the curves for mid
PRS+low NGRF versus low PRS+high NGRF nearly overlapped.
This supports the idea that risk modifications might reduce the
breast cancer risk of some individuals despite their inherited
genetic risks. The difference in the absolute risk with high NGRF

and low NGRF levels was greater for women at higher risk,
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indicating that there is greater potential for risk reduction among

this group of women.

Table 8. Mean,

PRS38 asn+PRS190 5+ NGRF (integrated model) at age 80 at seven percentiles

SD of PRSgg_ASN‘I'PRSlgo_EB(multiple PRS model)

and of

PRS percentiles

Multiple PRS model

Mean® (SDP)

Integrated model

Mean (SD)

Sample size (N)

00-05 (%)
05—15 (%)
15—-35 (%)
35-65 (%)
65—-85 (%)
85—95 (%)

95-100 (%)

0.0215 (0.0025)
0.0280 (0.0018)
0.0350 (0.0024)
0.0450 (0.0037)
0.0581 (0.0040)
0.0727 (0.0045)

0.0962 (0.0152)

0.0222 (0.0079)
0.0292 (0.0099)
0.0368 (0.0140)
0.0474 (0.0174)
0.0618 (0.0236)
0.0762 (0.0269)

0.0993 (0.0369)

907
1,814
3,629
5,442
3,629
1,814

907

aMean: Average absolute risk, > SD: Standard deviation.
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Figure 7. Density plot showing absolute breast cancer risk for the multiple PRS model (A) and integrated model (B) at

age 80 years, stratified by seven PRS percentiles.
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Figure 8. Lifetime absolute risk (A) and 5—year absolute risk (B) estimated using different combinations of PRS and
risk levels of NGRF. PRS was classified into three risk groups according to percentile distributions (0—20%: low, 20—

80%: mid, 80—100%: high). NGRF was classified into two levels divided at median (0—50%: low, 50—100%: high).

Dotted lines represent the average risks.
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Chapter 4. Discussion

In this study, we developed a breast cancer prediction
model for Korean women based on 13 PRS and NGRFs. We
demonstrated that i) the combined Asian and European PRS was
predictive of breast cancer among Korean women and ii) the
incorporation of NGRFs improved breast cancer risk stratification
for women aged =50 years. The findings of this study provide
essential insights into genetic susceptibility and NGRFs for
predicting breast cancer among Korean women.

Previous studies have reported a lesser AUC for
European—ancestry based PRS in Asian women, raising the issue of
transferability among Asian population. The predictive value of
European—ancestry base PRS (PRS201 rur) in this study was 0.612,
which is slightly lower than that of European—ancestry (0.63) [32].
However, combined Asian and European PRS performed better in
Korean women (AUC 0.615-0.621). These results are consistent
to the findings of Ho et al, which have proved that combined Asian
and European PRS (PRSs33) could enhance breast cancer risk
stratification for Asian women (AUC 0.621) [24].

To my knowledge, very few studies of the Korean PRS have
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been conducted, and most of them were conducted as a part of
large—scale Asian studies [22—24]. In a previous analysis, a PRS
constructed with 44 SNPs among East Asian women in the Breast
Cancer Association Consortium was examined among Korean
women. In that study, although the Korean—specific AUC was not
provided, the overall AUC was 0.606 [22], which is consistent with
the AUC of PRS3g asn in this study (AUC: 0.592). In addition, one
recent study explored a combined Asian and European PRS
(PRS46+PRS2s7 gp) for Asian women, and an AUC of 0.630 (OR per
SD: 1.59) was reported for a subset of Korean women [24]. The
current study is one of the few studies to establish a breast cancer
risk prediction model incorporating PRSs for Korean women only. In
this study, the AUC of the PRS with the highest predictive power
was 0.621. This is consistent with those of published studies that
examined PRSs for Asian women [21, 24, 36, 37]. In addition, the
increase in AUC resulting from combining NGRFs with multiple
PRSs was comparable to the findings of previous studies (Table 7).
Most studies report a modest increase in AUC (0.01 to 0.10)
depending on the numbers, weights of SNPs and combinations of
various risk factors [11-13, 38].

In this study, two separate models incorporating NGRFs
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were established according to age using different RFs and RRs. In
Korea, menopause is an important RF contributing to a distinctive
breast cancer incidence curve that peaks at age 50 years and
declines thereafter, as shown in this study (Figure 3) [6, 27]. For
this reason, Korean prediction models often have been used to
analyze age groups separately at the cut—off age of 50 [25—27]. In
this study, it was found that the contributions of NGRFs and PRSs
to the prediction of breast cancer were distinctively different among
age groups (Figure 2, Table 7). For those aged <50 years, the AUC
of the PRS alone was initially higher compared to that of women
aged >50 years. Adding NGRFs did not contribute to an increase in
the AUC of this group. These findings suggest that young women
have higher genetic susceptibility to breast cancer than their older
counterparts and indicate that the contribution of NGRF in this age
group is relatively small. An analysis that evaluated the interactions
between the PRS and NGRFs showed a stronger association
between the PRS and premenopausal women (OR: 2.46), thus
supporting the findings of this study [39]. In contrast to the findings
of this study, the magnitude of AUC improvement by incorporating
PRS was lower for women age less than 50 (AUC 0.66) than for

those aged 50 or over (AUC 0.54) in one study based on the
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questionnaire model. It was Interpreted that the baseline
questionnaire model contained important risk factors in advance.
However, the predictive performances of risk prediction models still
were higher among women of age less than 50, than their
counterparts [40].

In this study, the performance of the prediction models
among patients aged <b0 years was greater than it was among
women aged =50 years. Perhaps, risk prediction for patients aged
>50 years is further complicated by menopause and confounding
factors such as BMI. In a previous study, a prediction model
constructed using iCARE based on the Korean incidence of
mortality and Korean—based risk distributions showed an AUC of
0.584 for women aged =50 years and an AUC of 0.697 for women
aged <50 vyears [27]. The study suggested that that adopting
Korean risk distributions is especially important for age=50.
Korean prediction model utilizing European risk distributions have
overestimated breast cancer risk of women age=50 (E/0=2.472)
while E/O was markedly improved after re—estimating with Korean
based risk distributions (E/O=1.018). The difference resulted from
the tendency to have later menarche, earlier menopause, later age

at first birth, and lower BMI in Korean women. On the other hand,
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the Korean Breast Cancer Risk Assessment Tool incorporated RFs
such as age at menopause, pregnancy experience, BMI, oral
contraceptive usage, and exercise, unlike that for premenopausal
women, yielding an AUC of 0.65 for women aged =50 [25]. In this
study, reproductive RFs were selected as the main NGRFs. The
effects of risks related to estrogen—dependent reproductive factors,
including age at menarche and number of pregnancies, on breast
cancer development have been clearly established [5], whereas the
effects of lifestyle factors (alcohol intake, hormone use, and
exercise) are complicated and still controversial [41—46]. In
addition, owing to the characteristics of questionnaire—based
surveys, self—reported lifestyle RFs that change over time are
associated with a high risk of confounding the study by creating
recall bias or misclassification [47]. For instance, distinction
between current hormone use or past history of hormonal use and
duration is not clear. “Missing” , or “No” , “Unknown” values
could not be differentiated. Therefore, it was managed to build a
consistent model based mainly on reproductive risk factors.

The results of this study support the usage of personalized
screening and prevention strategies based on PRS risk

stratification. To date, most guidelines have been updated to
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implement personalized screening for those at high risk, notably
those with a family history or identified pathogenic variants [48,
49]. However, the current Korean national breast cancer screening
program follows a one-—size—fits—all approach, encouraging
women aged 40 to 69 years in the general population to undergo a
biennial mammography based on the evidence that screening
reduces breast cancer mortality in this age group [50]. However,
the optimal age for initiating screening may be adjusted based on
the results of this study. This study suggests that earlier
screening should be implemented for women in the high—risk
group, particularly for those aged <40 years who are currently
ineligible for screening programs. In addition, preventive
interventions and lifestyle modifications for women with higher
risk scores should be focused on to yield maximum risk reductions
[51]. For instance, lifestyle changes affecting BMI may modify the
breast cancer risk.

However, the best screening tool for breast cancer in young
women and its effect on reducing real—world breast cancer
mortality should be carefully evaluated before implementation [45].
In western countries, clinical trials evaluating the efficacy and

feasibility of personalized screening programs incorporating PRS
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are already ongoing [52—54]. Evidence from such trials could help
comprehend the genuine effect of PRS based screening programs
on reality.

This study had several limitations. First, the small sample
size limited the optimization of the prediction model. A sufficient
sample size may have provided significant p—values for all risk
estimates in the multiple PRS model (Table 4). Also, the inclusion
of few participants aged >70 years (1.57%) may have under—
represented the risk estimates of women in this age group.
However, this distribution was similar to data from the hospital—
based nationwide cancer registry of Korea, in which the proportion
of breast cancer diagnosed over 70 years of age is 1.3%. The
average life expectancy of Koreans is increasing and reached 84
years in 2021 [53]. Further accumulation of follow—up data may
enable us to develop a more accurate model that covers all age
strata. In addition, the overestimated E/O ratio of PRSigpsrs +
PRS3s+NGRF in age=50 may have approximated to a better
outcome. The E/O of all models among age =50 were over 1 while
in women aged <50, E/O ranged between 0.7—0.8. Presumably, this
result 1s due to the discrepancy of breast cancer incidence over

number of controls in this age group. The ratio of controls in age
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<50 versus =50 was nearly 1:2 while only few more cancer
diagnosis was announced in age=50. When this discrepancy was
adjusted, the E/O of age=50 were similar to those in age <50.
Second, because the BCCC and HEXA cohorts of case—control
studies were recruited from either a teaching hospital or a health
examination center in an urban area, their characteristics may not
be representative of the entire Korean population, thus inducing
selection bias. Further external wvalidation among the general
population is warranted. Third, this model does not include a
modifiable RF. Further adjustments are needed to include
information about modifiable RFs, and other RFs associated with
breast cancer risk, such as mammographic density, might improve
the predictive power [54, 55]. Finally, although common variants
were included in the current model, pathogenic variants that are
known to confer a higher risk of breast cancer susceptibility may be

included in future prediction models.
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Chapter 5. Conclusion

In conclusion, this study showed that the combined PRS is
predictive of breast cancer in Korean women. The incorporation of
NGRFs further enhanced the predictive power for women aged >50
years. These models can be helpful to developing optimal screening
strategies for and effective preventive measures against breast

cancer
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