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A B S T R A C T   

Goals: To determine whether an 18 single nucleotide polymorphisms (SNPs) polygenic risk score (PRS18) im
proves breast cancer (BC) risk prediction for women at above-average risk of BC, aged 40–49, in a Central Eu
ropean population with BC incidence below EU average. 
Methods: 502 women aged 40–49 years at the time of BC diagnosis completed a questionnaire on BC risk factors 
(as per Tyrer-Cuzick algorithm) with data known at age 40 and before BC diagnosis. Blood samples were 
collected for DNA isolation. 250 DNA samples from healthy women aged 50 served as a control cohort. 18 BC- 
associated SNPs were genotyped in both groups and PRS18 was calculated. The predictive power of PRS18 to 
detect BC was evaluated using a ROC curve. 10-year BC risk was calculated using the Tyrer-Cuzick algorithm 
adapted to the Slovenian incidence rate (S-IBIS): first based on questionnaire-based risk factors and, second, 
including PRS18. 
Results: The AUC for PRS18 was 0.613 (95 % CI 0.570–0.657). 83.3 % of women were classified at above-average 
risk for BC with S-IBIS without PRS18 and 80.7 % when PRS18 was included. 
Conclusion: BC risk prediction models and SNPs panels should not be automatically used in clinical practice in 
different populations without prior population-based validation. In our population the addition of an 18SNPs 
PRS to questionnaire-based risk factors in the Tyrer-Cuzick algorithm in general did not improve BC risk strat
ification, however, some improvements were observed at higher BC risk scores and could be valuable in dis
tinguishing women at intermediate and high risk of BC.   

1. Introduction 

Female breast cancer (BC) is the most commonly diagnosed cancer 
worldwide and the fourth leading cause of all cancer deaths [1]. 

In countries with a higher Human Development Index (HDI), the 
incidence of BC is higher and the mortality rate lower than in countries 
with a lower HDI [1–3]. A significant decrease in mortality is directly 

related to organised BC screening programmes offered in most high HDI 
countries [4–7]. 

Most BC screening guidelines are age-dependent and target women 
aged 50 and older, thus failing to detect the disease at an early stage in 
younger women at above-average risk of BC [8,9]. Although the Euro
pean BC guidelines were recently updated, recommending mammo
graphic screening for asymptomatic women starting at age 45, how to 
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detect early BC in young women at above-average BC risk remains a 
challenge [10]. 

Several BC risk prediction models calculate individualised BC risk 
based on known risk factors as age, family history of BC and ovarian 
cancer, age at menarche, parity, body mass index and use of hormone 
replacement therapy [11–13]. The Tyrer-Cuzick or International Breast 
Intervention Study (IBIS) risk prediction model is commonly used in 
clinical practice and it includes all the aforementioned risk factors [11, 
13,14]. It was developed in the United Kingdom and adapted separately 
for BC incidence rates in the Slovenian population (S-IBIS) [15,16]. An 
exploratory evaluation of S-IBIS performance has been done in a cohort 
of Slovenian women at above-average risk of BC [17]. 

About 15 %–30 % of BC are estimated to be familial or hereditary 
and genetic-risk based screening is offered to individuals with known 
pathogenic and likely pathogenic variants in high- and moderate- 
penetrance BC susceptibility genes such as BRCA1, BRCA2, PALB2, 
TP53, ATM, CHEK2, RAD51C and RAD51D [18–20]. Yet, such patho
genic variants account for only about 30 % of BC heritability [21,22]. 
Genome wide association studies (GWAS) have discovered more than 
300 single nucleotide polymorphisms (SNPs) associated with BC risk 
with varying degrees of penetrance and prevalence in the population. 
Individually, they confer a small overall risk but cumulatively explain 
30–40 % of the heritability of BC [14,19,23–27]. BC-associated SNPs can 
be included in risk prediction algorithms and are extensively studied in 
different populations [13,14,28]. The combined effect of multiple SNPs 
is expressed by polygenic risk scores (PRS) and women with PRS in the 
highest percentiles have a higher incidence rate of BC, increased lifetime 
risk of BC, and earlier onset of the disease compared with women at 
average risk [26,29]. Over the years, various PRSs were researched, 
which contained an increasing number of SNPs. Their predictive power 
was mostly assessed by area under the curve (AUC) statistics, with AUC 
values generally around 0.60 (0.58–0.65) [14,28,30]. 

Higher mammographic density also proved to be associated with 
higher BC risk, with extremely dense breast tissue being associated with 
a one-to six-fold increased BC risk [31,32]. Age and BMI are the most 
important confounders among various factors affecting mammographic 
density [33–35]. More than 50 % of women younger than 50 have 
mammographically dense breasts, whereas women in the screening age 
groups have predominantly breasts with scattered density. Nevertheless, 
in 2022 the European Society of Breast Imaging recommended that 
women aged 50–70 years with extremely dense breasts should be offered 
biennial breast MRI screening [36–38]. Inclusion of mammographic 
density in risk prediction tools improved performance, both alone and in 
combination with SNP panels [31,39]. 

In the UK population the IBIS risk prediction model with the addition 
of an 18 SNPs PRS and mammographic density accurately divided 
women into 10-year risk groups [39,40]. The 18 SNPs panel performed 
well overall, even when compared with panels with larger SNPs cohorts 
[14,41,42]. However, risk stratification is not transferable from one 
population to another and extrapolation may lead to both over- and 
underestimation of risk [14,43,44]. 

The average BC incidence in Slovenia is 1454 new cases per year 
with an age-adjusted standardized incidence rate (ASR) of 107.2/100 
000 which is below the European ASR of 142.8/100 000 [45,46]. 

The Slovenian national BC screening programme offers biennial 
mammography to all women aged 50–69, but approximately 15 % of BC 
patients in Slovenia are 40–49 years old at the time of diagnosis [46,47]. 
They usually present with palpable tumours and have an overall higher 
stage of disease than women of BC screening age. This underscores an 
unmet clinical need for a risk prediction model that would allow early 
detection of these patients [46]. 

The goal of our study was to determine whether the addition of an 18 
SNPs PRS to the S-IBIS prediction model would improve the model’s 
accuracy and detection of women aged 40–49 years at above-average 
risk of BC who would be eligible for early individualised screening in 
a population with BC incidence below European average. 

2. Patients and methods 

2.1. Participants 

Our case study group included 502 female BC patients aged 40–49 
years at the time of diagnosis, treated at the Institute of Oncology 
Ljubljana between 2018 and 2020. All patients underwent genetic 
counselling in our Cancer Genetics Clinic and were referred to germline 
genetic testing as per our protocol [48]. Patients who tested negative for 
a moderate- and high-penetrance BC susceptibility gene panel were 
included and completed a questionnaire on risk factors for BC as per the 
Tyrer-Cuzick algorithm (Table 1) with data known at age 40 and prior to 
BC diagnosis. 

Blood samples for DNA isolation were collected either during treat
ment or at follow-up. 250 DNA samples from healthy women aged 50 
years with no previous BC diagnosis were used as a control group. 

All participants provided written informed consent. The present 
study was approved by the Institutional Review Board of the Institute of 
Oncology Ljubljana and the National Medical Ethics Committee of the 
Republic of Slovenia and the procedures used met the ethical standards 
of these bodies. 

2.2. Genotyping 

DNA was isolated from blood samples as previously published [49]. 
18 SNPs associated with BC risk, previously identified via GWAS and 
validated in the UK population by Evans et al., were genotyped using the 
allelic discrimination method (Table 2) [42]. Genotyping was performed 
on the ABI7900 (Thermo Fisher Scientific, Applied Biosystems, Wal
tham, MA, USA) using the TaqMan SNP Genotyping Assays, TaqMan 
Genotyping Master Mix (both Thermo Fisher Scientific) and 18 ng of 
DNA input according to the manufacturer’s instructions. Validation 
using Sanger sequencing was performed on randomly selected samples 
to ensure the accuracy of TaqMan SNP genotyping. Sanger sequencing 
was performed as previously described by our group [49]. 

2.3. Breast cancer risk calculation with S-IBIS 

10-year BC risk was calculated using the Tyrer-Cuzick BC risk 
assessment algorithm adapted to Slovenian BC incidence rate (S-IBIS). 
For each woman we calculated 10-year BC risk in two ways: first, using 
only the classical (questionnaire-based) risk factors and second, adding 
PRS18. We considered the lower threshold of 1.3 % for above-average 
BC risk, as previously determined when adapting the Tyrer-Cuzick BC 
risk assessment algorithm to Slovenian incidence rate [16]. 

2.4. Calculation of PRS18 

PRS18 was calculated based on published estimates disease odds 
ratio (OR) for the high-risk allele versus the low-risk allele. We used a 
previously validated formula in which based on a log-additive risk 

Table 1 
Breast cancer risk factors used for 10-year breast cancer risk calculation with the 
S-IBIS software. The “age at baseline” for all of our participants was 40 years old.  

Risk factor 

Age at baseline 
Height 
Weight 
Age at menarche 
Age at first childbirth 
Menopausal status 
Hormone replacement therapy use 
Prior benign breast disease 
Family history of breast and/or ovarian cancer - first- and second-degree relatives (age 

at diagnosis and current age or age at death)  
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model, the three genotypes (“non-risk homozygote”, “heterozygote” and 
“risk homozygote”) have relative risk values of 1, OR, and OR2 for each 
SNP. We adjusted the risk values to 1/μ, OR/μ, and OR2/μ, where μ is the 
unscaled population average relative risk, μ = (1- p)2 + 2p (1- p) OR + p2 

OR2, with p being the risk allele population frequency. Missing geno
types were assigned a relative risk of 1 [50]. We included effect allele 
frequencies (EAF) to adjust PRS scores to our population and calibrated 
the mean PRS to a mean of 1.0 as described in the literature [43,51]. We 
considered the OR values as reported in the most recent GWAS publi
cations on BC associated SNPs in populations of European ancestry [27, 
28,52]. 

2.5. Statistical methods 

The predictive power of PRS18 to detect BC was evaluated using a 
Receiver Operator Characteristic (ROC) curve. 

Various regression/classification methods were used to assess 
whether the data can be used to predict BC. Specifically, four methods 
were considered: LASSO regression, RIDGE regression, simple logistic 
regression and random forests. The models were validated using leave- 
one-out cross-validation (CV), splitting the dataset into a training set 
from which the model was built, and a testing set which was used to 
evaluate the model. The training set was used to develop a model in 
which the 18 SNPs predicted BC incidence as accurately as possible by 
assigning a regression coefficient to each SNP. We used an additional CV 
loop to optimize the penalty parameter in LASSO and RIDGE regression 
minimizing the (cross-validated) deviance based on 10-fold CV. 

A Mann-Whitney U test was performed to determine whether there 
was a difference between the control and case groups for each SNP. In 
addition, the performance of each SNP as a predictor of BC was assessed 
by calculating the area under the ROC curve (AUC) for each SNP. 

Exact McNemar’s test was used to compare sensitivities of risk 
classification of S-IBIS with and without PRS18. 

A possible correlation between the S-IBIS score and/or PRS18 and 
tumor aggressiveness was analysed by calculating the Pearson coeffi
cient considering locoregional advanced disease and distant metastases 
at presentation. 

2.6. Mammographic density 

Mammographic density was not regularly reported at our Institute in 
the earlier years evaluated in the study. Therefore, only women with a 
complete mammographic report were included in the analysis of the 
impact of mammographic density on risk prediction. Either mammo
graphic imaging done prior to diagnosis or contralateral breast 
mammography was used to assess density. Mammographic density was 

classified using the BI-RADS 5th edition reporting system, which defines 
four categories of breast density: extremely fatty (A), scattered density 
(B), heterogeneous density (C) and extremely dense (D) [53]. 10-year BC 
risk score was calculated using S-IBIS with the inclusion of mammo
graphic density and a separate analysis comparing S-IBIS with and 
without mammographic density was performed. 

The analysis was performed using R language for statistical 
computing (R version 3.6.0) [54]. 

3. Results 

Based on the calculation of 10-year BC risk score with S-IBIS using 
only classical BC risk factors, 83.3 % of cases were classified at above- 
average risk, with the median value being 1.7 % and the IQR 1.4–2.3 
% (min. 0.8 % and max 11.5 %). 

Polygenic risk score based on 18 SNPs was higher in BC patients 
(mean 1.17, IQR 0.86–1.42, max 3.9) than controls (mean 1.00, IQR 
0.67–1.28, max 2.91). The AUC for PRS18 was 0.613 (95 % confidence 
interval (CI) 0.570–0.657) (Fig. 1). 

The AUCs for the 18 SNPs as predictors of BC, with the four regres
sion/classification approaches, were: Lasso regression: 0.588 (95 % CI 
0.544–0.631), Ridge regression: 0.591 (95 % CI 0.548–0.635), simple 
logistic regression: 0.596 (95 % CI 0.552–0.639), random forest: 0.582 
(95 % CI 0.538–0.626). 

When PRS18 was included in the S-IBIS calculation, the distribution 
in different risk categories widened, with a minimum and a maximum 
value of 0.5 % and 12.7 %, respectively, compared with 0.8 % and 11.5 
% for S-IBIS alone. With the addition of PRS18 80.7 % of cases were 
classified at above average risk, with a median value of 2.0 % and an IQR 
of 1.3%–2.9 %. 

The distribution of participants across risk intervals is shown in 
Fig. 2. 

The difference in sensitivity for classification into above-average risk 
categories between S-IBIS with and without inclusion of PRS18 was 
statistically significant (p < 0.05). The curves of sensitivity for S-IBIS 
without PRS18 and with added PRS18 are shown in Fig. 3. 

Evaluation of each SNP showed that 5 SNPs were significantly 
different between the control and case groups as revealed by Mann 
Whitney U tests (p < 0.1 after Benjamini-Hochberg adjustment): 
rs889312, rs2981579, rs3803662, rs13387042 and rs3757318. PRS was 
recalculated using only the selected SNPs and then another ROC curve 
was generated to evaluate the predictive power of the 5-SNPs PRS to 
detect BC. The AUC for the 5 SNPs model was 0.611 (95 % CI 
0.568–0.654). The comparison between the ROC curve for PRS18 and 
PRS5 is shown in Fig. 4. 

Mammographic density was reported for 412 patients and was 

Table 2 
Panel of chosen 18 single nucleotide polymorphisms (SNP); OR=Odds ratio for the high-risk allele versus the low-risk allele. Adapted after Evans et al.  

SNP Gene/Locus Chromosome Position Risk allele OR TaqMan SNP Genotyping Assay ID 

rs614367 11q13 11 69328764 T 1.21 C_591893_10 
rs704010 ZMIZ1 10 80841148 T 1.08 C_7430570_10 
rs713588 10q 10 5886962 A 0.99 C_11318810_10 
rs889312 MAP3K 5 56031884 C 1.12 C_8886795_10 
rs909116 LSP1 11 1941946 T 1.17 C_ 8693148_10 
rs1011970 CDKN2A 9 22062134 T 1.07 C_ 8766774_10 
rs1156287 COX11 17 53076799 A 1.07 C_ 1229857_10 
rs1562430 8q24 8 128387852 T 1.17 C_ 1332306_20 
rs2981579 FGFR2 10 123337335 A 1.27 C 15885469_10_ 
rs3757318 ESR1 6 151914113 A 1.16 C_ 27475058_20 
rs3803662 TOX3 16 52586341 A 1.24 C_ 25968567_10 
rs4973768 SLC4A7 3 27416013 T 1.1 C_ 11561768_10 
rs8009944 RAD51L1 14 69039588 C 1.08 C_ 2564858_10 
rs9790879 5p12 5 44899885 C 1.1 C_ 404998_10 
rs10995190 ZNF365 10 64278682 G 1.16 C_ 31346611_10 
rs11249433 NOTCH 1 121280613 G 1.11 C_ 31617470_30 
rs13387042 2q 2 217905832 A 1.36 C_ 32048042_10 
rs10931936 CASP8 2 202143928 T 1.08 C_ 2960444_10  
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distributed among BIRADS categories as follows: 6.5 % BIRADS A, 31.1 
% BIRADS B, 42.7 % BIRADS C and 19.7 % BIRADS D. An increase in 
predicted risk was observed in the group with BIRADS D (1.25–1.45-fold 
increased risk) and in women with BIRADS C and BMI>25 (1.06-fold 
increased risk). Adding mammographic density to S-IBIS did not 
improve classification in the above-average risk categories overall and 
significantly decreased sensitivity from 83 % to 62 %. 

BC molecular subtypes of the participants were as follows: 14.2 % of 
patients had HER-2 positive disease, 18.1 % had triple negative disease, 
31.1 % had Luminal B BC and 36.6 % had Luminal A BC. More than one 
third of patients (37.1 %) had node-positive disease at presentation and 
4.3 % of patients had distant metastases at presentation. Neither a high 

S-IBIS score nor a high PRS correlated with more aggressive molecular 
subtype, locally advanced tumour at presentation or distant metastases 
(p 0.231). 

4. Discussion 

The main finding of our study is that the addition of an 18-SNPs 
panel to the Tyrer-Cuzick algorithm adapted to the Slovenian popula
tion (S-IBIS) did not significantly improve BC prediction compared with 
Evans’ original work on the British population [42,55]. Nevertheless, we 
observed some improvement at higher BC risk scores, that could be 
valuable in distinguishing women at intermediate and high risk of BC. 

This leads to the general conclusion that risk prediction models 
should not automatically be used in clinical practice in different pop
ulations without prior population-based validation. 

Interestingly, the performance of PRS18 in our study was better than 
in the study by Evans et al. and comparable to the performance in studies 
with larger SNP panels, suggesting that a larger selection of SNPs may 
not significantly improve AUC values [14,42,56]. Additionally, we 
found that the PRS, which was calculated from the 5 SNPs that differed 

Fig. 1. ROC curve for PRS18 as a predictor of breast cancer. The graphical 
presentation of the error represents the 95 % confidence intervals for both sensitivity 
and specificity for each individual probability threshold. PRS18 – polygenic risk score 
based on 18 SNPs. 

Fig. 2. Distribution of 10y breast cancer risk at age 40 calculated with S-IBIS with and without PRS18; S-IBIS: 10-year breast cancer (BC) risk score (%) 
calculated with the S-IBIS tool without PRS18; S-IBIS + PRS18: 10-year BC risk score (%) calculated wih the S-IBIS tool including PRS18. PRS18 – polygenic risk score based 
on 18 SNPs. 

Fig. 3. Sensitivity of S-IBIS with and without PRS18; S-IBIS: 10-year breast 
cancer (BC) risk score (%) calculated wih the S-IBIS tool without PRS18 at age 40; 
S-IBIS + PRS18: 10- year BC risk score (%) calculated wih the S-IBIS tool including 
PRS18. PRS18 – polygenic risk score based on 18 SNPs. 
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significantly between groups, predicted BC with similar accuracy as 
PRS18. We could not find any study evaluating a PRS based solely on 
these five SNPs, nor could we find any other research groups selecting 
smaller SNPs cohorts from larger panels. However, from a 
cost-effectiveness perspective, eliminating two thirds of SNPs without 
potentially sacrificing quality is useful information, and we can consider 
our result as a proof of concept that could potentially be effective for 
better SNPs selection in the future. 

The sample size calculation was based on published data and a 
predicted reclassification of approximately 10 % of cases if PRS18 were 
added to S-IBIS [55]. The main reason for the suboptimal performance of 
PRS18 when added to S-IBIS in our study is that most of our patients 
presented with multiple risk factors and were classified as at 
above-average risk for BC regardless of the inclusion of PRS18. In fact, 
only 5.4 % of patients with high PRS were classified at below-average 
risk when risk factors without PRS were included in S-IBIS; 4.4 % 
were reclassified to above-average risk when PRS was added. Still, the 
addition of PRS resulted in better discrimination between groups and 
thus reclassified some patients from above-average to average or 
below-average risk groups. 

The lack of improvement in risk prediction with the addition of 
mammographic density in the model was likely due to the usual distri
bution of BIRADS categories in our study group. The predominance of 
the BIRADS-C category is the norm in the 40-49y age group, so no 
additional risk could be expected [57]. Additionally, BMI was not known 
for all patients and previous studies have shown that lack of adjustment 
for BMI and age may lead to underestimation of risk [35]. Since 
mammographic density was not the focus of our study, further research 
with more accurate information about BMI would be more informative 
about the usefulness of mammographic density in BC screening. 

According to our results, neither a high S-IBIS score nor a high PRS 
were associated with a more aggressive molecular subtype, locally 
advanced tumour at presentation or distant metastases. Indeed, an in
verse association between low IBIS score and high tumour 

aggressiveness has been previously reported in literature [55,58]. Given 
that hormone-dependent BC, especially luminal A, is the most common 
BC subtype, it is known that BC risk-prediction tools tend to have an ER 
+ bias. This leads to a difference in IBIS scores in patients with less 
common but more aggressive subtypes [56,59]. We could explain our 
results with a selection bias: participants were recruited either during 
therapy or at follow-up appointments, with the former being commoner 
than the latter, resulting in a higher percentage of participants with 
more aggressive diagnoses. 

Finally, we would like to highlight the effort and resources we have 
put into this study. We were very impressed with the published results of 
the 18-SNPs panel in the UK and hoped to prove its value in our popu
lation. The results presented do not justify clinical use of the panel in our 
setting and further research will be required. 

5. Conclusion 

The main message of our study is that BC risk prediction models and 
SNP panels should not be automatically used in clinical practice in 
different populations without prior population-based validation. PRS18 
performed well in our study compared with the results of other studies 
for larger SNP panels, but it was still only slightly better than a random 
classifier. The combination of PRS18 and classical risk factors did not 
perform better than classical risk factors alone in 10-year prediction of 
BC risk. Nevertheless, we observed some improvement at higher BC risk 
scores, that could be valuable in distinguishing women at intermediate 
and high risk of BC. Further prospective studies on different sets of SNPs 
are needed to optimize risk stratification in our population and achieve 
individualised screening for young women at moderate and high risk of 
BC. 
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