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Abstract  

Purpose: Prostate cancer (PCa) is highly heritable. No validated PCa risk model currently exists. We 

therefore sought to develop a genetic risk model that can provide personalised predicted PCa risks 

based on known moderate-to-high-risk pathogenic variants, low-risk common genetic variants and 

explicit cancer family history, and to externally validate the model in an independent prospective 

cohort.  

Patients and methods: We developed a risk model using a kin-cohort comprising individuals from 

16,633 PCa families ascertained in the UK in 1993-2017 from the UK Genetic Prostate Cancer Study, 

and complex segregation analysis adjusting for ascertainment. The model was externally validated in 

170,850 unaffected men (7,624 incident PCas) recruited in 2006-2010 to the independent UK 

Biobank prospective cohort study. 

Results: The most parsimonious model included the effects of pathogenic variants in BRCA2, 

HOXB13 and BRCA1 and a polygenic score based on 268 common low-risk variants. Residual familial 

risk was modelled by a hypothetical recessively inherited variant and a polygenic component whose 

standard deviation decreased log-linearly with age. The model predicted familial risks that were 

consistent with those reported in previous observational studies. In the validation cohort, the model 

discriminated well between unaffected men and men with incident PCas within 5yr (C-index=0.790, 

95% CI 0.783-0.797) and 10yr (C-index=0.772, 95% CI 0.768-0.777). The 50% of men with highest 

predicted risks captured 86.3% of PCa cases within 10yr.  

Conclusion: This is the first validated risk model offering personalised PCa risks. The model will assist 

in counselling men concerned about their risk and can facilitate future risk-stratified population 

screening approaches. 
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Context summary 

Key objective: Can a genetic risk model that uses information on all known high-, moderate- and 

low-risk prostate cancer genetic susceptibility variants, together with residual cancer family history 

information, accurately predict men’s risk of developing prostate cancer in the future? 

Knowledge generated: We developed a genetic risk model using data from 16,633 prostate cancer 

families. The model uses data on rare pathogenic variants in the moderate-to-high-risk genes BRCA2, 

HOXB13 and BRCA1, a polygenic score based on 268 common low-risk variants, and detailed cancer 

family history, to predict the future risks. The risk model predicted incident prostate cancers in an 

independent cohort of 170,850 prospectively followed men with high discrimination and good 

calibration. The majority, 86%, of incident prostate cancers occurred among the half of men with the 

highest predicted risks. 
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Introduction 

Prostate cancer (PCa) exhibits marked familial aggregation and has one of the highest heritabilities 

of any common cancer.1–4 This is explained in part by rare pathogenic variants (PVs) in BRCA2, 

HOXB13 and possibly BRCA1, that are associated with moderate-to-high PCa risks,5–14 together with 

several hundred commoner variants conferring lower risks, identified through genome-wide 

association studies.15–18 

 

Men currently seen in family or genetics clinics are counselled based on descriptive family history 

(FH) and ethnicity-specific risk estimates19,20 and/or average PV risk estimates.20–22 However, risks for 

BRCA1/2 and HOXB13 PV carriers have been found to vary by PCa FH.9,10 In addition, polygenic 

scores (PGS) based on common variants can provide considerable risk stratification,18,23–25 in the 

general population and in men with FH,23 BRCA1/226–28 or HOXB13 PVs.13,27 A comprehensive risk 

model, incorporating the joint effects of known and unknown genetic factors, should therefore 

provide better risk stratification and hence a more rational basis for counselling. Such models are 

now in widespread use in the management of breast and ovarian cancer risk. 29–33 A PCa model 

would address similar clinical needs. Some genetic PCa risk models exist,34–41 but none combine data 

on detailed FH, PVs and the latest PGS. None have been externally validated.  

 

To support improved and consistent counselling of at-risk men based on personalised future PCa 

risks, and to enable risk-stratified interventions, we developed a risk model based on data from a 

large kin-cohort study; and validated the model in an independent prospective cohort.  
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Material and Methods 

 

Study participants: UKGPCS  

The UK Genetic Prostate Cancer Study (UKGPCS; http://www.icr.ac.uk/ukgpcs/) recruited individuals 

with histologically confirmed PCa in three arms: a population-based arm that recruited men 

independent of age or FH, and arms enriched for young-age-at-onset PCa or PCa FH. Self-reported 

cancer FH data were collected through a questionnaire. We used data on the families of 16,633 

European ancestry probands recruited in 1993-2017. Subsets had data available on HOXB13 G84E 

(n=11,500),10,13,42 BRCA1 (n=2,148), BRCA2 PVs (n=3,077),43,44 and a 268-SNP PGS (n=11,149; 

Supplementary material).18  

 

Population controls 

To estimate the PGS population-distribution, we included 4,319 controls genotyped using the same 

SNP array as the cases,  from: (1) men without PCa personal or FH recruited through UKGPCS 

participating clinics, and (2) ProtecT trial participants with PSA<0.5 ng/ml.44,45  

 

Study participants: UK Biobank 

The model was externally validated in UK Biobank (https://www.ukbiobank.ac.uk/), a prospective 

cohort study of volunteers recruited in 2006-2010. Data were available on 170,850 white British 

male participants without any cancer at recruitment (except non-melanoma skin cancers). 

Participants provided baseline cancer FH information, and were followed-up prospectively through 

linkage with national registries. Data were available on a modified 268-SNP PGS and on the HOXB13 

G84E variant for all participants,14,46 and on BRCA1/2 protein-truncating variants for 40% of the 

participants (Supplementary material).47,48  

http://www.icr.ac.uk/ukgpcs/
https://www.ukbiobank.ac.uk/
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Descriptive familial relative risks (FRR) 

To explore familial aggregation patters in UKGPCS families, we estimated FRRs to relatives of the 

probands (Supplementary material). 

 

Risk model development 

We used complex segregation analysis to fit genetic models for the observed cancer inheritance 

patterns in UKGPCS families.49 PCa incidence was assumed to depend on BRCA2, HOXB13 and BRCA1 

PVs, together with a polygenic component (PGC) to model residual familial risk. The PGC was 

assumed normally distributed, reflecting the combined effects of a large number of low-risk alleles. 

Additional models were considered which allowed for a fourth hypothetical major gene; following 

recessive, dominant or multiplicative models of Mendelian inheritance. The average age-specific 

incidences across all genotypes and polygenotypes were constrained to agree with calendar-period-

and-birth-cohort-specific population incidences.29,30,50,51 Female relatives were assumed to be at risk 

of breast and ovarian cancer, following a similar model but without PGC. The models were 

parametrised by logit-transformed allele frequencies and log-relative risks (RRs) for genetic 

components; the log-SD of PGC which was assumed constant or age-dependent; and the logit-

transformed proportion of the PGC that was explained by the PGS. Parameters were estimated by 

maximising the joint likelihoods of the family members’ phenotypes under the assumed genetic 

model, using MENDEL software (version 3.3).52 We adjusted for the non-random ascertainment of 

families by conditioning on data that may have influenced the ascertainment.53 The fit of different 

models were compared using the Akaike information criterion and likelihood ratio tests 

(Supplementary material).  
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Known genetic components  

For BRCA1/2, given the small number of carriers in UKGPCS, we assumed external estimates of age-

specific RRs of PCa,5 breast and ovarian cancer and allele frequencies.29–31,33 HOXB13 G84E 

frequencies and RRs were estimated here: guided by a previous study, we assumed a multiplicative 

per-allele effect, with birth-cohort-specific RRs (born<1930/≥1930).10  

 

We used the best-fitting model to include a PCa PGS based on 268 SNPs 

(https://www.pgscatalog.org/score/PGS000662/).18 We decomposed the PGC into one part 

explained by the PGS and an independent residual part due to unidentified genetic effects,31,33 and 

estimated the fraction of the PGC explained by the PGS as a model parameter. 

 

Guided by observations that FH is associated with higher PCa risk also for PV carriers,9,10 and that 

PGSs modify the risk for PV carriers,13,26–28 we assumed that the joint effects of PGC, PGS and PVs on 

PCa risk are multiplicative. 

 

Sensitivity analyses 

We assessed the effect of the ascertainment adjustment based on method of PCa diagnosis 

(symptomatic, PSA testing, or unknown), and refitted the model in subgroups (supplementary 

material). 

 

Model-predicted risks 

We compared age-specific model-predicted FRRs with FRRs reported in observational studies.1 The 

model was used to estimate absolute PCa risks in example scenarios (supplementary material). 

https://www.pgscatalog.org/score/PGS000662/
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External validation 

We predicted 5 and 10yr prospective risks of developing PCa for the UK Biobank participants, using 

the data on age and FH available at baseline, PVs and PGS. Only BRCA1/2 protein-truncating variants 

were available, and hence BRCA1/2 PVs did not include pathogenic missense variants or large 

rearrangements; we therefore assumed testing sensitivities of 83% for BRCA2 and 65% for BRCA1. 

We compared the predicted and observed risks of PCa diagnosis, and assessed the model 

discriminatory ability and calibration (supplementary material). We also assessed the model 

sensitivity and specificity at different quantiles of the risk distribution. 

 

Ethics 

All participants provided written informed consent. UKGPCS was approved by the London Central 

Research Ethics Committee. UK Biobank was approved by the North West Multi-Centre Research 

Ethics Committee. 

 

Results 

Figure S1 details the inclusion and Table S1 the characteristics of the UKGPCS probands and their 

relatives. Thirty percent reported at least one PCa diagnosis in first- or second-degree relatives 

(FDRs/SDRs). Fifty percent were diagnosed by clinical symptoms, 24% by PSA screening and for 26% 

the method of detection was unknown.  
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The descriptive PCa FRR was 3.18 (95% CI 2.92-3.45) for male FDRs in the population-based families. 

The FRRs were higher for brothers than fathers, and for FDRs of men diagnosed through PSA testing 

than for FDRs of men diagnosed through clinical symptoms (Table S2). 

 

Model development 

A detailed description of the model-fitting process is available in the supplementary material and 

Table S3. The most parsimonious model is summarised in Table 1, and included the effects of BRCA2, 

HOXB13 and BRCA1, together with a hypothetical recessively inherited allele and a PGC with age-

dependent SD. The SD was 2.13 (95% CI 2.00-2.27) at age 70yr and decreased at a relative rate of 

0.989 (95% CI 0.985-0.994) per year of age. The PGS explained 52.3% (95% CI 50.3%-54.4%) of the 

polygenic SD. The predicted age-specific FRRs were consistent with previously published FRR 

estimates (Figure S2A-B).1  

 

Sensitivity analyses 

Ignoring the method of PCa detection in the ascertainment adjustment had a marked effect on the 

model parameters (Supplementary material, Table S4), but resulted in model-predicted FRRs that 

were considerably higher and inconsistent to those reported in large epidemiological studies (Figure 

S2C-D).1 This was driven by the subgroup of families ascertained through PSA-screened probands 

(Table S4). We therefore did not pursue these models further. 

 

Model-predicted absolute risks 

The average population risk is 16% by age 85yr. The corresponding model-predicted risk is 54% for 

BRCA2 carriers, 39% for HOXB13 G84E carriers, 17% for BRCA1 carriers and 16% for non-carriers 

(Figure 1). Based on FH alone, the predicted risk for men with a relative diagnosed at age 50yr is 42% 
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when the father is affected and 43% when the brother is affected. These risks reduce to 27% and 

26%, respectively, when the age-at-diagnosis is 80yr (Figure 1). Based on the PGS alone, the 

predicted risk varies between 4%-36% between the 5th-95th percentiles of the PGS distribution 

(Figure 1). The absolute risk differences by PGS are larger in those with FH (Figure 2) and those 

carrying PVs (Figure 3).  

 

External validation 

Figure S3 summarises the inclusion and Table S5 the characteristics of the UK Biobank participants. 

The supplementary material and Table S6 detail the modified 268-SNP PGS used. There were 3,456 

incident PCa cases within 5yr and 7,624 within 10yr.  

 

Discrimination 

The predicted risk based on age had a C-index of 0.716 (95% CI 0.709-0.723) for prospective PCa 

diagnosis within 5yr and 0.693 (95% CI 0.688-0.698) within 10yr. Adding FH, PV or PGS information 

increased the C-indices. Including all available information, the corresponding C-indices were 0.790 

(95% CI 0.783-0.797) and 0.772 (95% CI 0.768-0.777) respectively (Table 2).  

 

In subgroups defined by age, FH, PV status or PGS quartile, the corresponding C indices ranged 

between 0.702-0.806 for 5yr and 0.692-0.789 for 10yr risks (Table S7). 

 

Calibration 

The predicted risks based on all available information appeared to systematically underestimate the 

observed risks (Figure 4A-B). The underestimation was however apparent also when based only on 
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the year-and-age-specific population incidence (Figure S4A-B), and in age-, FH- or PV-status-based 

subgroups (Figures S5-S11A-B), indicating a higher PCa incidence in UK Biobank participants 

compared to the UK population incidence. After re-calibrating the predicted risks to account for the 

excess overall risk in UK Biobank (Supplementary material; Figure S12),54 the model-predicted and 

observed risks were generally similar, both in the full dataset (Figure 4C-D) and in subgroups (Figures 

S5-S11C-D). The results indicated that the re-calibrated risks might be somewhat overestimated in 

the highest risk-decile (Figure 4C-D), but the difference was small (ratio of observed/predicted 10yr 

risks=0.90, 95% CI 0.87-0.93), and in participants with FH (Figure S8C-D). 

 

Risk classification 

The participants with the top 1% of the predicted risks included 7.2% and 5.8% of the observed PCa 

cases within 5yr and 10yr respectively. Expanding to the top 10% of the predicted risks identified 

38.5% and 34.8% of the cases respectively. 89.1% and 86.3% of the cases had above-median 

predicted risks (Table S8; Figure S13). 

 

Discussion 

We have developed a comprehensive genetic PCa risk model for European ancestry men, using 

UKGPCS, the largest family-based PCa study of its kind. The model allows for personalising PCa risks 

based on a consultand’s age, detailed cancer FH, moderate-to-high risk BRCA2, HOXB13 and BRCA1 

PVs, and a 268-SNP PGS. In the large independent prospective UK Biobank cohort, the model 

discriminated well between individuals unaffected or affected with PCa within 5 or 10yr, and the 

predicted risks were in line with the observed risks after re-calibration to accommodate a higher-

than-population-risk in the cohort. 
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In the model, familial PCa aggregation is explained by the known PVs, a PGC with a SD that decreases 

with age, together with an additional high-risk recessive allele. The 268-SNP PGS explains 52.3% 

(95% CI 50.3%-54.4%) of the PGC’s SD. The putative recessive high-risk allele is consistent with the 

higher FRRs observed between brothers than in father-son pairs in this study and in previous 

observational studies.1,2 The result is also consistent with previous segregation analysis studies.55–57 

However, to date, no PCa recessive susceptibility loci have been identified, and it is more likely that 

such a recessive component reflects several alleles that collectively behave in a recessive manner, or 

potentially other factors that explain the FRR patterns. In particular, the patterns might be driven by 

more frequent PSA testing in brothers than sons of affected men, as men with PCa FH are more 

likely to be PSA tested than other men58 and PCa FRRs are higher during the first year after a FDR’s 

PCa diagnosis,59,60 particularly after a brother’s diagnosis.59 The estimated RR for homozygote 

carriers was higher when the method of diagnosis was ignored in the ascertainment adjustment and 

in the subgroup of families of probands diagnosed by PSA test, indicating that the result may 

partially be driven by PSA screening effects. However, early reports also suggested higher risks for 

brothers of affected men than for sons, even before widespread PSA test availability.61 In addition, 

twin studies found that little PCa risk variation is attributable to shared familial non-genetic 

factors.3,4 Taken together, these suggest that variants which act in a recessive manner may explain 

some of the higher FRR to brothers of cases, but direct identification of such variants in association 

studies will be required to confirm this. Notwithstanding, the model provides a good fit to the data 

and hence a rational basis for risk prediction. 

 

In family-based studies, relatives are ascertained through an affected family member and are 

generally at a higher-than-average risk of disease. Therefore, it is critical to adjust for the 

ascertainment to avoid biased parameter estimates.62–64 The participants diagnosed by PSA testing 

had FRRs that were higher than FRR estimates reported in population-based studies.1,2 This may 
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reflect a greater PSA screening rate by FH.58 To address this, we adjusted for potential ascertainment 

due to family phenotypes in all families of probands who were not diagnosed through symptomatic 

PCas. This provided FRR estimates that are consistent with those reported in large population-based 

studies.1,2  

 

The PCa risks observed for UK Biobank participants were higher than corresponding year-and-age-

specific population incidences. The UK Biobank participants have been reported to have higher 

socioeconomic status than the general UK population.65 PSA testing rates vary by socioeconomic 

status,66 and might explain this excess PCa risk. Consistently, the model-predicted risks 

underestimated those in UK Biobank, but after adjusting for the overall excess PCa risk in the cohort, 

the predicted risks were consistent with the observed risks in most risk categories.  

 

 

The model can be expanded with the inclusion of new PVs, as evidence and reliable risk estimates 

become available for additional genes associated with PCa risk.44,67–72 Similarly, although the model 

incorporates the latest 268-SNP PGS,18 the model is flexible and can incorporate alternative PGSs, 

provided that an estimate of the proportion of the PGC that is explained by the PGS is available.73 As 

further risk variants are identified, the model discrimination is expected to improve. 

 

The validation results demonstrate that the model provides high levels of PCa risk-stratification in 

the population, and hence might facilitate the identification of men who could benefit from 

screening and other early detection interventions. For example, the half with above-median 

predicted risks included 89.1% of all prospective PCa cases observed within 5yr. Previous research 

has suggested that targeted PSA-based screening of BRCA2 PV carriers8,74 or based on PGS-
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stratification could reduce overdiagnosis rates75 and be cost-effective.76 Future studies should 

evaluate the impact of risk-stratified screening based on a more comprehensive risk prediction 

model such the model presented here. 

 

The study has limitations. The ascertainment adjustment is limited by a lack of data on PSA testing 

history in the UKGPCS families and data on whether FH influenced screening decisions of PSA-test-

diagnosed probands; it may be an overadjustment that has resulted in reduced precision in the 

parameter estimates compared to the estimates that could have been achievable if exact 

information were available. A growing body of evidence suggests that the risk to BRCA2 carriers 

varies by the location of the PV within the gene.77–79 The model does not incorporate this variation. 

This requires more precise estimates of the risks associated with PVs in each region than are 

currently available. The use of self-reported cancer FH data may be limited by underreporting and 

inaccuracies.80 However, model-predicted FRRs were consistent with FRRs reported in observational 

studies. Furthermore, the participants were unaware of their genotypic information at study entry, 

and so differential reporting of FH by PV status or PGS is unlikely. In the validation cohort, the FH 

data did not include information on relatives’ age-at-diagnosis or information on unaffected 

relatives. We inferred plausible ages-at-diagnosis based on assumed familial age structures, but did 

not make assumptions about the unaffected relatives. This may explain the somewhat higher than 

expected risks in the FH-positive subgroup, as inclusion of unaffected relatives would have 

attenuated the risks. Despite these limitations, there was a clear gradient toward higher observed 

risks with higher predicted risks, and the predicted risks discriminated well between cases and non-

cases also in the subgroup with FH. BRCA2 PVs are associated with high-grade PCa,5,8,9 but previous 

evidence suggests that overall risks based on HOXB1311–13 or BRCA1 PVs5,8,9 or the 268-SNP PGS25 are 

similarly predictive of high-/low-grade PCa. Both UKGPCS and UK Biobank lacked grade data on the 

self-reported PCas in relatives, so we could not estimate grade-specific FRRs, despite some previous 
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observational evidence suggesting that brothers tend to develop similar-grade PCas.81 Grade data on 

UKBiobank participants’ incident PCas are not currently available; therefore, validation of grade-

specific risks was also not possible. However, the majority of the UKGPCS probands had symptomatic 

PCas, which tend to be more aggressive than preclinical PCas.82 Taken together with the BRCA2 

risks5,8,9 and evidence suggesting grade-specific FRRs,81 it is likely that the model predictions reflect 

more clinically significant disease risks. This may also partly explain the under-predicted risks in UK 

Biobank, prior to re-calibration. However, further research is needed on genetic predictors for 

aggressive PCa and on validating the prediction of specifically aggressive PCa risks. The model does 

not incorporate non-familial/genetic factors, such as PSA or other clinical measurements. 

Importantly, the model was developed and validated in men of European ancestry. PCa risks are 

higher in men of African ancestry and lower in men of Asian ancestry,83 and further adaptation will 

be required to provide calibrated risks across all ancestries.  

 

Conclusion 

This multifactorial risk prediction model is the first to incorporate the effects of the currently known 

moderate-to-high-risk and common low-risk PCa risk variants together with detailed FH information. 

The model predicts consistent familial risks, and shows good discrimination and calibration in an 

independent prospective validation cohort. The model will be beneficial for counselling of men in 

cancer family clinics, and can form the basis for future research evaluating risk-stratified population 

screening approaches.  
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Figure legends 

Figure 1: Predicted cumulative prostate cancer risks for a 45 year old consultand by  

(A) father’s age at PCa diagnosis,  

(B) brother’s age at PCa diagnosis,  

(C) pathogenic variants, or  

(D) polygenic score percentile.  

For comparison, all graphs show the population average risk (grey curve). Consultands and brothers 

were assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth 

cohort. 

 

Figure 2: Predicted cumulative prostate cancer risks for a 45 year old consultand by combinations of 

family history and polygenic score percentile:  

(A) father diagnosed at age 50, by polygenic score;  

(B) father diagnosed at age 60, by polygenic score;  

(C) father diagnosed at age 70, by polygenic score; or  

(D) father diagnosed at age 80, by polygenic score.  

For comparison, all graphs show the population average risk (grey curve). Consultands were 

assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth cohort. 

 

Figure 3: Predicted cumulative prostate cancer risks for a 45 year old consultand, by combinations of 

family history, pathogenic variant and polygenic score percentile:  

(A) positive for BRCA2, by family history and polygenic score percentile;  

(B) positive for HOXB13 G84E, by family history and polygenic score percentile;  

(C) positive for BRCA1 PV, by family history and polygenic score percentile; or  
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(D) negative for pathogenic variants in BRCA2, HOXB13 and BRCA1, by family history and polygenic 

score percentile.  

For comparison, all graphs show the population average risk (grey curve). Consultands were 

assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth cohort. 

 

Figure 4: Calibration plots of the model-predicted and observed prostate cancer risks in the external 

UK Biobank validation cohort. The graphs show the mean predicted risk under the risk model based 

on all age, family history, pathogenic variant and polygenic score information available at baseline, 

within groups defined by the deciles of the model-predicted risks, against the corresponding 

observed prospective risks based on the Kaplan-Meier estimator: prostate cancer risk within  

(A) 5 yr;  

(B) 10 yr;  

(C) 5 yr, after re-calibrating the risks to account for the excess prostate cancer risk observed in the 

UK Biobank participants;  

(D) 10 yr, after re-calibrating the risks to account for the excess prostate cancer risk observed in the 

UK Biobank participants (see supplementary material and Figure S12). 
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Figure 1: Predicted cumulative prostate cancer risks for a 45 year old consultand by  

(A) father’s age at PCa diagnosis,  

(B) brother’s age at PCa diagnosis,  

(C) pathogenic variants, or  

(D) polygenic score percentile.  

For comparison, all graphs show the population average risk (grey curve). Consultands and brothers 

were assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth 

cohort.
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Figure 2: Predicted cumulative prostate cancer risks for a 45 year old consultand by combinations of 

family history and polygenic score percentile:  

(A) father diagnosed at age 50, by polygenic score;  

(B) father diagnosed at age 60, by polygenic score;  

(C) father diagnosed at age 70, by polygenic score; or  

(D) father diagnosed at age 80, by polygenic score.  

For comparison, all graphs show the population average risk (grey curve). Consultands were 

assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth cohort.
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Figure 3: Predicted cumulative prostate cancer risks for a 45 year old consultand, by combinations of 
family history, pathogenic variant and polygenic score percentile:  
(A) positive for BRCA2, by family history and polygenic score percentile;  
(B) positive for HOXB13 G84E, by family history and polygenic score percentile;  
(C) positive for BRCA1 PV, by family history and polygenic score percentile; or  
(D) negative for pathogenic variants in BRCA2, HOXB13 and BRCA1, by family history and polygenic 
score percentile.  
For comparison, all graphs show the population average risk (grey curve). Consultands were 
assumed to be born after 1960 and fathers were assumed to be born in the 1930-39 birth cohort. 
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Figure 4: Calibration plots of the model-predicted and observed prostate cancer risks in the external 
UK Biobank validation cohort. The graphs show the mean predicted risk under the risk model based 
on all age, family history, pathogenic variant and polygenic score information available at baseline, 
within groups defined by the deciles of the model-predicted risks, against the corresponding 
observed prospective risks based on the Kaplan-Meier estimator: prostate cancer risk within  
(A) 5 yr;  
(B) 10 yr;  
(C) 5 yr, after re-calibrating the risks to account for the excess prostate cancer risk observed in the 
UK Biobank participants;  
(D) 10 yr, after re-calibrating the risks to account for the excess prostate cancer risk observed in the 
UK Biobank participants (see supplementary material and Figure S12). 
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Tables  

Table 1: Risk model parameters.  

Parameter estimates used by the final prostate cancer risk model. 

Abbreviations: LL, log-likelihood. k, no. of parameters. AIC, Akaike information criterion. LRT, likelihood-ratio test. RR, relative risk. PCa, prostate cancer. CI, 

confidence interval. RAF, risk allele frequency. SD, standard deviation. PV, pathogenic variant. PGS, polygenic score. 

Genetic component Parameter  Subgroup, if 
applicable 

Estimate 
(95% CI) 

BRCA2 Risk allele frequency  0.10% [a] 

 Relative risk of prostate cancer [b] Age <65 7.14 [c] 

  Age ≥65 3.84 [c] 

HOXB13 G84E Risk allele frequency  0.21% (0.14%-0.32%) 

 Relative risk of prostate cancer (per-copy) Birth cohort <1930 3.17 (1.78-5.65) 

  Birth cohort ≥1930 5.93 (3.40-10.4) 

BRCA1 Risk allele frequency  0.06% [a] 

 Relative risk of prostate cancer [b] Age <65 1.78 [c] 

  Age ≥65 0.91 [c] 

Hypothetical recessive locus Risk allele frequency  6.33% (2.81%-13.7%) 

 Relative risk of prostate cancer (homozygous allele 
carriers vs non-carriers/heterozygous carriers) 

 48.1 (11.2-206) 

Polygenic component Polygenic SD (log-linear model)[d] Age 70  
(intercept) 

2.13 (2.00-2.27) 

  Per year  
of age 

0.989 (0.985-0.994) 

Polygenic score (PGS) Proportion of the polygenic SD that is explained by 
the PGS 

 52.3% (50.3%-54.4%) 
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[a] External estimates from the BOADICEA model.29–31,33 

[b] In addition to the parameters shown, the models incorporate external piecewise linear age-specific RR estimates for female breast and ovarian cancer from the BOADICEA model.29–31,33 

[c] External estimates from a previous meta-analysis.5 

[d] The log-linear age-specific polygenic SD at age t was specified as  

  ln SD(t) = a0 + a1 × (t-70) at age t,  

where a0 corresponds to the estimated SD at age 70 and a1 the change in SD per year of age. 
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Table 2: Risk model discrimination performance in the external UK Biobank prospective cohort. 

Time frame n prostate cancer/total (%) Predictors used Model-predicted risk, median (interquartile range) Concordance index (95% CI) 

      
Participants without 
prostate cancer 

Participants diagnosed 
with prostate cancer   

5 years 3456/170850 (2.02%) Age only 1.40% (0.44%-2.51%) 2.51% (1.63%-2.91%) 0.716 (0.709-0.723) 

  Age + Family history 1.36% (0.37%-2.38%) 2.42% (1.65%-2.90%) 0.720 (0.714-0.727) 

  Age + PVs 1.38% (0.43%-2.47%) 2.47% (1.61%-2.89%) 0.718 (0.711-0.725) 

  Age + PGS 0.77% (0.21%-1.94%) 2.86% (1.49%-5.18%) 0.787 (0.780-0.794) 

  Age + Family history + PVs 1.34% (0.37%-2.36%) 2.41% (1.66%-2.88%) 0.723 (0.716-0.729) 

  Age + Family history + PGS 0.77% (0.21%-1.95%) 2.97% (1.50%-5.44%) 0.788 (0.782-0.795) 

  Age + PVs + PGS 0.76% (0.21%-1.93%) 2.89% (1.48%-5.24%) 0.789 (0.782-0.796) 

    Age + Family history + PVs + PGS 0.76% (0.20%-1.94%) 2.97% (1.51%-5.50%) 0.790 (0.783-0.797) 

10 years 7624/170850 (4.46%) Age only 3.83% (1.29%-5.46%) 5.46% (4.21%-6.41%) 0.693 (0.688-0.698) 

  Age + Family history 3.69% (1.29%-5.51%) 5.41% (4.06%-6.32%) 0.696 (0.691-0.701) 

  Age + PVs 3.80% (1.27%-5.50%) 5.42% (4.17%-6.37%) 0.695 (0.690-0.700) 

  Age + PGS 2.18% (0.74%-4.82%) 6.52% (3.53%-10.95%) 0.770 (0.765-0.775) 

  Age + Family history + PVs 3.64% (1.28%-5.48%) 5.37% (4.02%-6.28%) 0.698 (0.693-0.703) 

  Age + Family history + PGS 2.16% (0.72%-4.87%) 6.62% (3.55%-11.35%) 0.771 (0.766-0.775) 

  Age + PVs + PGS 2.16% (0.73%-4.79%) 6.55% (3.53%-11.04%) 0.772 (0.767-0.777) 

    Age + Family history + PVs + PGS 2.14% (0.71%-4.84%) 6.65% (3.56%-11.43%) 0.772 (0.768-0.777) 

 


