

  cancers-14-04747




cancers-14-04747







Cancers 2022, 14(19), 4747; doi:10.3390/cancers14194747




Systematic Review



Magnetic Resonance Imaging-Based Predictive Models for Clinically Significant Prostate Cancer: A Systematic Review



Marina Triquell 1,2,*[image: Orcid], Miriam Campistol 1,2[image: Orcid], Ana Celma 1,2, Lucas Regis 1,2[image: Orcid], Mercè Cuadras 1,2, Jacques Planas 1,2[image: Orcid], Enrique Trilla 1,2,†[image: Orcid] and Juan Morote 1,2,†





1



Department of Urology, Vall d’Hebron University Hospital, 08035 Barcelona, Spain






2



Department of Surgery, Univesirtat Autònoma de Barcelona, 08193 Barcelona, Spain









*



Correspondence: mtriquell@vhebron.net






†



These authors contribute equally to this work.









Academic Editors: Giorgio Treglia and Ursula Maria Vogl



Received: 23 August 2022 / Accepted: 23 September 2022 / Published: 29 September 2022



Abstract

:

Simple Summary


Magnetic resonance imaging (MRI) has allowed the early detection of PCa to evolve towards clinically significant PCa (csPCa), decreasing unnecessary prostate biopsies and overdetection of insignificant tumours. MRI identifies suspicious lesions of csPCa, predicting the semi-quantitative risk through the prostate imaging report and data system (PI-RADS), and enables guided biopsies, increasing the sensitivity of csPCa. Predictive models that individualise the risk of csPCa have also evolved adding PI-RADS score (MRI-PMs), improving the selection of candidates for prostate biopsy beyond the PI-RADS category. During the last five years, many MRI-PMs have been developed. Our objective is to analyse the current developed MRI-PMs and define their clinical usefulness through a systematic review. We have found high heterogeneity between MRI technique, PI-RADS versions, biopsy schemes and approaches, and csPCa definitions. MRI-PMs outperform the selection of candidates for prostate biopsy beyond MRI alone and PMs based on clinical predictors. However, few developed MRI-PMs are externally validated or have available risk calculators (RCs), which constitute the appropriate requirements used in routine clinical practice.




Abstract


MRI can identify suspicious lesions, providing the semi-quantitative risk of csPCa through the Prostate Imaging-Report and Data System (PI-RADS). Predictive models of clinical variables that individualise the risk of csPCa have been developed by adding PI-RADS score (MRI-PMs). Our objective is to analyse the current developed MRI-PMs and define their clinical usefulness. A systematic review was performed after a literature search performed by two independent investigators in PubMed, Cochrane, and Web of Science databases, with the Medical Subjects Headings (MESH): predictive model, nomogram, risk model, magnetic resonance imaging, PI-RADS, prostate cancer, and prostate biopsy. This review was made following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) criteria and studied eligibility based on the Participants, Intervention, Comparator, and Outcomes (PICO) strategy. Among 723 initial identified registers, 18 studies were finally selected. Warp analysis of selected studies was performed with the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool. Clinical predictors in addition to the PI-RADS score in developed MRI-PMs were age, PCa family history, digital rectal examination, biopsy status (initial vs. repeat), ethnicity, serum PSA, prostate volume measured by MRI, or calculated PSA density. All MRI-PMs improved the prediction of csPCa made by clinical predictors or imaging alone and achieved most areas under the curve between 0.78 and 0.92. Among 18 developed MRI-PMs, 7 had any external validation, and two RCs were available. The updated PI-RADS version 2 was exclusively used in 11 MRI-PMs. The performance of MRI-PMs according to PI-RADS was only analysed in a single study. We conclude that MRI-PMs improve the selection of candidates for prostate biopsy beyond the PI-RADS category. However, few developed MRI-PMs meet the appropriate requirements in routine clinical practice.
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1. Introduction


Prostate cancer (PCa) suspicion, based on elevated serum prostate-specific antigen (PSA) and/or abnormal digital rectal examination (DRE), followed by systematic prostate biopsy, has been the classic strategy for early detection of PCa [1]. However, this strategy has led to a high rate of unnecessary prostate biopsies and overdetection of insignificant PCa (iPCa) [2]. Currently, early detection of PCa has evolved towards the detection of clinically significant PCa (csPCa), which is usually defined in prostate biopsies as the International Society of Uro-Pathology (ISUP) grade group (GG) 2 or higher [3]. However, other existing definitions of csPCa based on tumour burden and PSA density (PSAD) in addition to ISUP GG may correlate better with the histopathological findings of surgical specimens [4].



Most relevant progress in the early detection of csPCa has come from pre-biopsy multiparametric magnetic resonance imaging (mpMRI), which can identify suspicious lesions, providing the semi-quantitative risk of csPCa through the Prostate Imaging-Report and Data System (PI-RADS) [5]. Additionally, guided biopsies of suspicious lesions identified in mpMRI increase the sensitivity of csPCa reached with systematic biopsies [6,7]. The negative predictive value of mpMRI for csPCa reaches up to 95% [8]; therefore, a prostate biopsy is usually avoided in men with PI-RADS <3 [9] However, the positive predictive value of mpMRI ranges from 15 to 20% in men with PI-RADS 3, between 50–60% in those with PI-RADS 4, and between 85–95% in men with PI-RADS 5 [10]. Consequently, there are uncertain scenarios in which modern markers, PSAD, and predictive models based on MRI findings and clinical predictors (MRI-PMs) are re-commended for improving the selection of candidates for prostate biopsy [11,12,13].



Predictive models (PMs) are the only tool providing the individual risk of csPCa. These PMs have usually been presented through nomograms [14]; however, the cumbersome and time-consuming use of nomograms makes designing user-friendly web and smartphone available risk calculators (RCs) essential to facilitating the daily use of PMs [15,16,17]. In addition, PMs need external validation in the populations where they will be used to know if predictions are accurate. From the spread of pre-biopsy MRI, many MRI-PMs have been developed; however, the heterogenicity of development cohorts, diffe-rences between MRI scanners and PI-RADS versions used, variability of prostate biopsy schemes and approaches, and different csPCa definitions, in addition to external validations and availability of RCs, justify a systematic review. This systematic review analyses the current developed MRI-PMs and defines their clinical usefulness.




2. Evidence Acquisition


2.1. Search Strategy


Two independent reviewers (M.T. and J.M.) searched the literature to retrieve all relevant studies published before 31 March 2022. This search was conducted in PubMed, Cochrane, and Web of Science databases, using the Medical Subject Headings (MeSH): nomogram, risk model, magnetic resonance imaging, PI-RADS, prostate cancer, and prostate biopsy. The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) criteria [18] were followed. Disagreements were resolved through discussion between reviewers. This systematic review was registered in PROSPERO (International prospective register of systematic reviews), with the ID number CRD42022345848.




2.2. Eligible Criteria


The study eligibility was based on the Participants, Intervention, Comparator, and Outcomes (PICO) strategy [19]. The inclusion criteria were (1) the population at risk of PCa due to abnormal DRE or elevated serum PSA; (2) MRI identification of suspicious lesions and the performance of guided and systematic biopsies; (3) a comparison between PMs based on clinical parameters alone and MRI; (4) the outcome of csPCa. The search criteria were limited to articles written in English. Review articles, meta-analyses, conference abstracts, and letters were excluded.




2.3. Study Selection


The flow diagram of study selection is illustrated in Figure 1. Among 723 registers initially identified, 302 were duplicated. The retrieved study abstracts were screened and selected by exclusion and inclusion criteria, with 267 excluded. Of the 154 remaining stu-dies, 136 were excluded after full-text screening because the outcomes were not the pre-diction of csPCa before a prostate biopsy, or a PM was not developed. Finally, 18 studies fulfilled the eligibility criteria.




2.4. Quality Assessment


Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) was used as an evidence-based quality assessment tool [20]. QUADAS-2 comprised four domains: patient selection, index test, reference standard, and flow and timing. The risk of bias in each study was evaluated by two independent reviewers as low, high, or unclear. The QUADAS-2 results are summarised in Figure 2, suggesting an overall low risk of bias.





3. Synthesis of the Evid


The characteristics of development cohorts of each MRI-PM regarding size, prostate biopsy status (initial vs. repeat), MRI characteristics and reporting methods, prostate biopsy scheme and approach, types of guided biopsies, and the definition of csPCa are summarised in Table 1. The logistic regression analysis among the selected candidate clinical predictors of csPCa, in addition to the MRI report, was the only method used to generate all MRI-PMs. The independent clinical predictors of csPCa were included in each MRI- PM and are presented in Table 2. The csPCa discrimination ability of MRI-PMs was analysed using areas under the receiver operating characteristic curves (AUROCs). The net benefit over biopsy of all the men or other predictors as baseline models of clinical predictors or MRI alone were examined through decision curve analysis (DCAs). The clinical utility was explored with clinical utility curves (CUCs) as a representation of avoided biopsies and missed csPCa in a continuous evolution of thresholds for csPCa risk.



In addition, the specificity corresponded to 95% sensitivity of each MRI-PM and avoided prostate biopsies are summarised in Table 3. Below we review the most significant characteristics and findings of developed MRI-PMs regarding the year of publication.



In 2016, Fang et al. [21] developed the first MRI-PM. They recruited 984 biopsy-naïve men from a single centre in Pekin, China, in whom guided and 12-core systematic biopsies were performed by transrectal approach after multiparametric MRI (mpMRI) between 2011 and 2013. The CsPCa (GS > 3+4) detection was 24.4%. Age, DRE, serum PSA, and prostate volume (PV) assessed from the transrectal ultrasound (TRUS) just before prostate biopsy, were the clinical predictors, in addition to the retrospective review of PI-RADS v1 as grade 0 (PI-RADS 1 and 2), grade 1 (PI-RADS 3), and grade 3 (PI-RADS 4 and 5). The AUROC of MRI-PM compared to that of the baseline model of clinical predictors were 0.87 and 0.85, respectively (p = 0.001). DCAs suggested the net benefit of MRI-PM over MRI and biopsy of all men from the risk threshold of 5%. At 95% sensitivity, the specificity was 38%, and the percentage of avoided biopsies was 19.8%. This model was not externally validated, and no RC was designed. Also in 2016, Kim et al. [22] incorporated MRI into the Prostate Cancer Prevention Trial RC (PCPT-RC). The MRI-PM was developed in 339 suspected PCa men (185 biopsy-naïve and 154 men subjected to repeat biopsy) from St. Louis, US, in whom 34% csPCa (GS ≥ 3+4) was detected after transrectal cognitive or -guided biopsies and 12-core systematic biopsy carried out between 2012 and 2015. MRI-PM improved the discrimination ability of the PCPT-RC of csPCa but not significantly; the AUROCs were 0.78 and 0.74, respectively (p = 0.06). At 95% sensitivity, the specificity was 20% and the rate of avoided biopsies was 15.1%. This MRI-PM was not externally validated and the current available PCPT-RC v.2.0 does not incorporate the MRI findings.



In 2017, six MRI-PMs were developed. Bjurlin et al. [23] developed two MRI-PM for csPCa (GS ≥ 3+4) regarding the biopsy status of 464 suspected PCa men, 288 biopsy-naïve and 171 with prior negative prostate biopsy. Prebiopsy mpMRI and 1 to 4-core software-guided biopsies and/or 12-core systematic biopsy carried out by transrectal approach were performed between 2012 and 2014, in New York, US. The rates of csPCa detection were 33.6% and 18.1%, respectively. The MRI-PM included age, PSAD, and PI-RADS v1 score for the mpMRI report as predictors. The AUROCs for csPCa detection were 0.91 in biopsy- naïve men and 0.86 in those with previous negative biopsies; 42% and 34% of prostate biopsies were avoided in these groups, missing 5% of csPCa. These models were not externally validated, and RC was not designed. Lee et al. [24] developed an MRI-PM including age, biopsy status, PSAD, and biparametric MRI (bpMRI) as predictors of csPCa (GS > 7 or maximal core cancer length > 6 mm) in a cohort of 615 suspected. PCa men (21.3% with prior negative prostate biopsy) subjected to transperineal template biopsy (24–40 cores) and 2- to 5-core cognitive-guided biopsies in Essex, UK, between 2012 and 2015. The rate of detected csPCa was 38.5%. The AUROC of MRI improved from 0.87 to 0.92. With the 30% csPCa risk threshold, 34.6% of prostate biopsies were avoided, and 2.5% of csPCa were missed. No external validations were made, and no RC was designed. Niu et al. [25] developed an MRI-PM for csPCa (GS > 3+4) among 151 biopsy-naïve men with serum PSA between 4 and 10 ng/mL. After mpMRI, a transrectal 1 or more-core cognitive-guided biopsy of suspicious lesions and/or a 12-core systematic biopsy were performed between 2014 and 2015 in Chengdu, China. The detection rate of csPCa was 21%, and the predictors of the model were age, PSAD, and PI-RADS v2. The AUROC of MRI increased from 0.76 to 0.85 when the model included the age and PSAD. The MRI-PM with 87.3% sensitivity obtained from the 36% csPCa threshold avoided 64.9% of prostate biopsies. The model was internally validated in a subsequent series of 74 men in the same centre; however, it was not externally validated, and no RC was designed. Radtke et al. [26] developed two MRI-PMs of csPCa (GS > 3+4) after sharing the same clinical predictors used by the Rotterdam RC-3 and RC-4 among 1159 consecutive suspected PCa men subjected to mpMRI reported by PI-RADS v1, and transperineal 24-core template biopsies and 2 to 4 additional cognitive-guided biopsies to suspicious lesions, between 2012 and 2015, in Heidelberg, Germany. The rates of detected csPCa were not provided; however, the model developed from 660 biopsy-naïve men reached an AUC of 0.83 compared to the 0.81 obtained from 335 men with previous negative prostate biopsy. Both models presented a net benefit over mpMRI from 16 and 12% risk of csPCa, respectively. Additionally, their specificities were 35% and 25.5%, respectively, at 95% sensitivity. The rates of avoided biopsies and missed csPCa were not provided. These models have not been externally validated and no RC has been designed. Truong et al. [27] developed an MRI-PM in 285 men with suspected PCa and at least one previous negative biopsy from two institutions in Rochester, NY, and Birmingham, Alabama, US. Pre-biopsy mpMRI and 12- to 24-core transrectal biopsies and 2-core software-guided biopsies to suspicious lesions were performed, and 38.9% of csPCa (GS > 3+4) was detected. The predictors shared in the model were age, serum PSA, PV, and PI-RADS v2. The AUROC to discriminate csPCa was 0.83; with a 40% threshold, 36.5% of prostate biopsies were avoided while missing 6.3% of csPCa. The model exhibited a net benefit over MRI from the 3% risk threshold. External validation of the Truong’s MRI-PM was carried out by Bjurlin et al. [36] in a cohort of 104 men with previous negative prostate biopsy in whom csPCa was detected in 49%. The AUROCs were 0.77 and 0.80, respectively. In the validation cohort, 55% of prostate biopsies were avoided missing 7% of csPCa. RC has not been designed. Finally, van Leeuwen et al. [28] also reported their MRI-PM in 2017. The model was developed in 393 suspected PCa men in whom pre-biopsy mpMRI and transperineal 30-core template prostate biopsy with 2 additional-core software or cognitive-guided biopsies of each suspicious lesion were performed between 2012 and 2014 in Sidney, Australia. The model included age, DRE, serum PSA, PV, and PI-RADS v1 as predictors, and the rate of detected csPCa (GS > 7 and >5% of G 4, and maximal core cancer length > 20% or 7 mm) was 37.9%. The baseline model with clinical predictors presented an AUROC of 0.80, increasing to 0.88 when the MRI was shared (p < 0.001). A threshold of 12.5% of csPCa avoided 34.3% of prostate biopsies while missing 6.1% of csPCa. The MRI-PM exhibited a net benefit over MRI and biopsy of all men from the csPCa risk of 3%. This model was externally validated in a cohort of 198 men, from another hospital in Sidney, with an AUROC of 0.86. No RC was designed.



In 2018, Huang et al. [30] developed an MRI-PM including age, serum PSA, DRE, PV measured from TRUS, and mpMRI reported by PI-RADS v2 in 231 suspected PCa men after an initial negative prostate biopsy performed between 2007 and 2017, in whom 2-core guided biopsies to suspicious lesions and/or 12-core systematic biopsies were carried out by transrectal approach in Beijing, China. The detection rate of csPCa (GS > 3+4) was 25.5%. The AUROC of MRI-PM increased to 0.92 from the 0.88 of the baseline model of clinical predictors. DCA showed a net benefit of MRI-PM over the baseline model from the csPCa risk threshold of 10%. At 95% sensitivity of the MRI-PM, the specificity was 63%, and 48% of prostate biopsies were avoided. No external validation of this MRI-PM was made, and RC was not designed. Also in 2018, Mehralivand et al. [31] developed an MRI-PM in 400 suspected PCa, 55.2% of them with previous negative prostate biopsy. After mpMRI transrectal 2-core software-guided biopsy and/or 12-core systematic biopsy were performed between 2015 and 2016 in Bethesda, US. The rate of detected csPCa (GS > 3+4) was 48.3%. The MRI-PM, including DRE, biopsy status, ethnicity, PSA, and PI-RADS v2, exhibited an AUROC of 0.84 compared to 0.72 of the baseline model without MRI (p < 0.001). At 96% sensitivity of the MRI-PM, the specificity was 54%, and 30% of prostate biopsies were avoided. DCA showed the net benefit of MRI-PM over the baseline model and MRI alone from the 10% risk threshold of csPCa. This MRI-PM was externally validated in 251 men from two institutions in Chicago, IL and Birmingham, AL, where the incidence of csPCa was 41.6 and 36%, respectively. No RC was designed.



In 2019, Boesen et al. [32] developed a PM of csPCa (GG > 2) including bpMRI, reported by PI-RADS v2 and stratified as negative (score 1–2), equivocal (score 3), and po- sitive (score 4–5), in addition to age, DRE, and PSAD, in 876 biopsy-naïve men from Herlev, Denmark. Suspected PCa men over 75 years or PSA serum levels behind 50 ng/mL were excluded. These men were subjected to transrectal 2-core cognitive-guided biopsies for each suspicious lesion and/or 10-core systematic biopsies between 2015 and 2017. The AUROC of 0.85, obtained from the baseline model with clinical predictors, increased to 0.89 when the MRI was shared (p < 0.001). The net benefit of MRI-PM over MRI alone, baseline model, and biopsy of all men were observed from a 5% risk of csPCa. At 96% sensitivity, the MRI-PM presented a specificity of 60%, and 38% of prostate biopsies were avoided. No external validation was performed, and no RC was designed. Alberts et al. [29] adjusted the Rotterdam RC-3 and RC-4 to a multi-centre population of 961 suspected PCa men, 504 biopsy-naïve and 457 men with prior negative biopsy, in whom csPCa (GS > 3+4) was detected in 42% and 29% respectively. These two models incorporated prebiopsy MRI, mostly multiparametric and reported by PI-RADS v1. Transrectal cognitive, software, or in bore-guided biopsies and/or 12-core systematic biopsies were performed, between 2012 and 2017, in Düsseldorf and four Dutch cities. The Rotterdam RC-3 improved its AUROC from 0.76 to 0.84 when the MRI was shared, while the RC-4 improved from 0.74 to 0.85. DCAs showed a net benefit of MRI-PM over RC-3 and RC-4 from the respective 10% and 4% csPCa risk thresholds. At 92% sensitivity, 24% of prostate biopsies were avoided in biopsy-naïve men, and at 96% sensitivity, 41% of prostate biopsies were avoided in men with prior negative prostate biopsy. Both MRI-PMs have been incorporated into the current Rotterdam MRI-RC, which has been externally validated in populations from China, Italy, and the UK [37,38,39]. Finally, Borque-Fernando et al. [15] developed an MRI-PM to predict csPCa (GG > 2) in 346 men with suspected PCa, 52.8% with prior negative prostate biopsy in whom transrectal 2-core cognitive-guided biopsies to suspicious lesions and/or 12-core systematic biopsy were performed between 2015 and 2016 in Barcelona, Spain. The rate of detected csPCa was 32.6%. Age, DRE, PSAD, biopsy status, and PI-RADS v2 were the individual predictors of csPCa included in the model. The AUROC of MRI-PM was 0.88, and CUCs showed at 10% csPCa risk threshold that 30% of prostate biopsies were avoided, while 95% of csPCa were de-tected. This model was not externally validated, and no RC is available.



In 2020, Chen et al. [33] developed an MRI-PM to discriminate between low-grade PCa (GS < 6) and high-grade (GS > 3+4) among 257 newly diagnosed PCa between 2017 and 2019 in Wuhan, China. PCa was diagnosed after prebiopsy mpMRI and no referred type and approach of prostate biopsy. The rate of high-grade PCa was 59.2%. This PM shared serum PSA, PV, and PI-RADS v.2. The AUROC was 0.84, and the sensitivity and specificity of the greatest discriminative threshold were 79.4% and 77.6%, respectively. A median serum PSA of 51 ng/mL was noted in this development cohort. The corresponding sensitivity at 95% specificity of the model was 40%, and 19% of overdetection of low-grade PCa would be avoided. The net benefit of this MRI-PM developed was not analysed, and external validation of the designed nomogram was carried out on 57 patients in Xiangyang, China. The sensitivity to predict high-grade PCa in this validation cohort was 80%, the specificity was 77%, and the correlation between the prediction threshold and high-grade PCa was 57%. Noh et al. [34], also in 2020, developed an MRI-PM to predict csPCa (GS > 3+4), sharing age, PSAD and bpMRI reported with PI-RADS v2 in 300 suspected PCa men, with 28.3% having a previous negative prostate biopsy, from Seoul, Korea. These men were subjected to transperineal up to 10-core software-guided prostate biopsies to PI-RADS > 3 lesions and/or from 14 to 20-core template-prostate biopsy between 2017 and 2019. The csPCa detection rate was 34%. The AUROC of the MRI-PM model was 0.86 compared to 0.79 of the clinical predictors model. The MRI-PM resulted in a net benefit over MRI and the clinical predictors model from a 10% csPCa threshold. The 95% sensitivity threshold provided 52% specificity and avoided 30% of prostate biopsies. External validation of this MRI-PM has not been done, and no RC has been designed.



In 2021, Sakaguchi et al. [35] developed an MRI-PM in 773 biopsy-naïve men with suspected PCa recruited in a single centre in Tokyo, Japan. Pre-biopsy bpMRI was reported with PI-RADS v.2, and 2- to 4-core guided-cognitive biopsies and/or from 8- to 14-core systematic biopsies were carried out through a transrectal approach. The MRI-PM shared age, serum PSA, and PV as clinical predictors of csPCa, defined as GS > 4+3 or maximum cancer core length > 6 mm, and 44.3% of csPCa was detected. The AUROC of MRI alone (0.82) increased to 0.86 when MRI and clinical predictors were combined. DCAs showed a net benefit for MRI-PM over MRI from the csPCa risk threshold of 35%. At 95% sensitivity, the MRI-PM presented 73% specificity, and 43% of prostate biopsies were avoided. This model was not externally validated, and no RC was designed.



Finally, in 2022 two new MRI-PMs have been reported. Kinnaird et al. [17] developed an MRI-PM in 2354 men with suspected PCa in whom mpMRI was reported by PI-RADS v2 and 2- to 3-core cognitive-guided biopsies and/or 12-core systematic biopsy by transrectal approach were performed between 2009 and 2019 in two centres in Los Angeles and New York, US. The rate of csPCa detected was 40%. The authors divided the po- pulation into five groups, and one of them was randomly selected for internal validation. The developed MRI-PM shared the clinical predictors, including age, DRE, biopsy status, ethnicity, serum PSA, PSAD, and PV. The AUROC of MRI-PM (0.84) outperformed that of MRI alone (0.76). DCAs evaluating the net benefit were not provided. At 95% sensiti-vity, the specificity of the MRI-PM was 56%, and 40% of prostate biopsies were avoided. External validation of this model has not been performed, and a designed RC is not currently available. Last, Morote et al. [16] designed the Barcelona RC from an MRI-PM developed in 1486 men with PSA > 3 ng/mL or abnormal DRE. The developed model was externally validated in a cohort of 946 men belonging to two centres in the same metropolitan area. The rate of csPCa, defined when GG > 2, in the development cohort was 36.9% and 40.8% in the validation cohort. The developed model shared the independent predictors of age, PCa family history, biopsy status, DRE, serum PSA, PV, and PI-RADS v2. Prostate biopsies were performed by transrectal approach with two to four-core cognitive-guided biopsies to suspicious lesions and/or twelve-core systematic biopsy. The AUROC of MRI-PM increased that of MRI from 0.84 to 0.90 (p = 0.01) in development cohort and from 0.74 to 0.86 in validation cohort (p < 0.001). At the 15% csPCa threshold, 40.1% of overall biopsies would be avoided, and 95.7% of csPCa would be detected in the development cohort, while the specificity was 39.9% and 89.5% would be avoided in the validation cohort. This MRI-PM was analysed according to the PI-RADS categories for the first time. The authors concluded after this analysis that the clinical utility and net benefit of the Barcelona MRI-PM in entire developed and validation cohorts did not represent the true usefulness of the model regarding PI-RADS categories. The model’s performance was low for men with PI-RADS >3, especially those with PI-RADS 5. The performance and clinical utility were greater in men with PI-RADS <3; in those men with PI-RADS 3, 61.9% and 62.3% of prostate biopsies would be avoidable in development and validation cohorts while 28.2% and 14% of the csPCa would be missed. In men with negative mpMRI (PI-RADS < 3), 4.3% and 6.5% of biopsies showed that 33.3% and 18.2% of existing csPCa would be detected in development and validation cohorts, respectively.



Many previous studies have compared baseline PMs based on clinical predictors, MRI alone, and the MRI-PM [17,21,22,26,28,29,32,34]. Other studies have compared the MRI-PM with MRI alone [15,17,25,26,32,33,34,35]. AUROCs for MRI setting alone, PM based only in clinical predictors and MRI-PMs are collected in Table 4. Net benefit was often represented by DCAs [15,16,17,26,27,28,29,30,31,32,33,35]. Some studies analysed the performance of MRI-PM from selected thresholds [24,28,29,32] while few studies reported CUCs, which represent the continuous probabilities of avoided prostate biopsies and missed csPCa regarding the continuous risk threshold of csPCa [15,16]. Only a single developed MRI-PM was analysed according to each PI-RADS category [16].




4. Discussion


Predictive models are the only tools providing the individualised risk of csPCa of men with suspected PCa [40]. These models have evolved and currently share MRI findings, mainly reported through PI-RADS v2, and independent clinical predictors helping clinicians improve the selection of candidates for prostate biopsy. This strategy can reduce unnecessary prostate biopsies in uncertain scenarios beyond avoiding those in negative MRIs (PI-RADS < 3), while missing acceptable rates of csPCa according to the incidence in PI-RADS categories and its aggressiveness [13]. Almost all current MRI-PMs analysed in this systematic review have shown increased discrimination ability for csPCa than baseline models based on clinical predictors without MRI [28,31] and MRI alone [34,35].



Considerations of MRI characteristics are important since it is the weightiest predictor of csPCa [41]. Both 1.5 and 3 Tesla MRIs have been used for developing the reported MRI-PMs; however, the most recently developed models used a 3 Tesla MRI. The acquisition protocol of mpMRI included T2-weighted imaging (T2W), diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) imaging [42]. In contrast, bpMRI, which avoids dynamic contrast-enhanced (DCE) imaging, is a cheaper and faster procedure than mpMRI while maintaining high diagnostic accuracy [43,44,45]; these were incorporated in MRI-PMs developed in high volume centres with experienced radiologists [24,32,34,35], even though comparison data between both MRI techniques in PMs is still missing. Update PI-RADS version 2 were used exclusively in eleven of the eighteen developed MRI-PMs [15,16,17,25,27,30,31,32,34,35,37]. A recent meta-analysis found higher pooled sensitivity of PI-RADSv2 over PI-RADSv1, but with similar pooled specificity [46]. In an external validation of the Radtke’s MRI-PM based on PI-RADSv1 improved performance was observed when PI-RADSv1 was replaced by PI-RADSv2 [47]. However, consistent data analysing the influence of the PI-RADS version on MRI-PMs performance is lacking.



Clinical predictors incorporated in developed MRI-PMs are those with significant and independent weight to predict csPCa in logistic regression analysis [48]. Although PSA has known limitations it is still the mainstay for establishing PCa suspicion [49] and all MRI-PMs include serum PSA alone or in combination with prostate volume as PSAD [15,17,23,24,25,32,34]. In two of the analysed MRI-PMs [21,32], men with serum PSA levels above 50 ng/mL were excluded from the development cohort. Due to the low specificity of serum PSA between 4 and 10 ng/mL [50], Niu et al. developed an MRI-PM in patients with serum PSA in the “grey zone” in whom it could not predict csPCa. Contrarily, MRI-PM predicted csPCa efficiently in this uncertain scenario. [25]. PSAD has gained prominence since the spread of MRI, which provides the assessment of PV without additional cost and avoids the annoying and time-consuming training of urologists for transrectal ultrasonography (TRUS) [41]. Moreover, PV estimated volume by MRI either measured by ellipsoid or bullet formula has been shown to be the most accurate method compared to TRUS and DRE [51]. PSAD is the most powerful predictor of csPCa after the PI-RADS score [52]. PSAD has shown its dynamic behaviour across the PI-RADS categories, which improves its efficacy after selecting the appropriate threshold in each PI-RADS [12]. Age is related to a higher incidence and aggressiveness of PCa [53]. The Rotterdam MRI-RC and the MRI-PM developed by Boesen et al. restricted the age from 50 to 74 years, limiting clinical practice [32]. Although DRE is questioned due to the modest incremental gain of csPCa detection in men with low serum PSA [54], abnormal DRE is associated with increased detection of higher-grade tumours [55]. DRE has been commonly incorporated in developed MRI-PMs [15,16,17,21,22,26,28,29,30,31,32]. However, Niu et al. [25] and Truong et al. [27] did not include DRE in their MRI-PMs because it did not result in an independent predictor of csPCa in their logistic regression analysis. In the remaining MRI-PMs, DRE was not reported or not included in logistic regression analyses [23,24,34,35,37]. Ethnicity was only included as a predictor in three MRI-PMs [17,22,31]. In some developed MRI-PMs, ethnicity was not considered [15,23,24,26,29]; in others, it was not included as a predictor due to the low heterogenicity of race distribution, e.g. cohorts based in Asian [21,25,30,34] or Caucasian [28,32] populations. Kinnaird et al. [17] noted that Asian ethnicity predicted a reduced risk of csPCa in the American population, and this observation is consistent with the available literature [56]. Black men have been shown to have a poorer PCa prognosis and a higher risk of recurrence than white men [57]. However, a recent multiple-cohort study have seen no differences of PCa specific mortality in Black population after the adjustment of nonbiological differences [58]. Previous negative prostate biopsy is a common occurrence in csPCa early detection. Four MRI-PMs have been developed only with biopsy-naïve men [21,25,32,35]. MRI-PMs based only on one type of biopsy status restricts their usefulness in everyday practice [21,25,27,30,32,34,35].



The biopsy scheme influence csPCa detection rate and its heterogenicity was observed in this systematic review. Between 8 to 14-core systematic prostate biopsy associated to 1 to 4-core guided biopsies was reported in nine developed MRI-PMs [15,16,17,23,25,30,31,32,35]. Some MRI-PMs did not provide information about the number of cores in guided biopsies [21,22,29]. 24- to 40-cores template biopsies and 2- to 4-core guided biopsies were reported in three developed MRI-PMs [24,26,28]; last, in one developed MRI-PM, the biopsy scheme was not reported [30], although in one it was previously described [34]. All biopsy approaches were transrectal except those using template biopsies, which used the transperineal approach [24,28,34]. Currently, studies comparing the influence of biopsy schemes on the efficacy of developed MRI-PM are lacking. Since 2021, the European Association of Urology PCa guidelines has highly recommended performing prostate biopsies using a transperineal approach due to the lower risk of infectious complications [59]. Therefore, MRI-PMs developed with biopsy schemes using the transrectal approach should be validated with the same schemes but carried out through a transperineal approach. A recent meta-analysis exhibited 86% csPCa detection rate when a transperineal approach was used against 73% when a transrectal approach [60]. The possibility of targeting biopsies to suspicious lesions detected in MRI increases the sensitivity of prostate biopsy to detect csPCa [10]. However, the Cochrane metanalysis noted the complementarity between guided and systematic biopsies [7]. All developed MRI-PMs incorporated cohorts of men in whom a cognitive approach (visual fusion between MRI and TRUS images) or software approach (MRI-TRUS fusion image with software) were performed. In one study, both types of guided biopsies and in-bore guided biopsies were performed [29]. Eight studies used exclusively cognitive guided biopsies [15,16,17,24,25,32,34,35], four only used software-guided biopsies [23,26,27,31] and two studies used both types of guided biopsies [22,28]. Based on the current knowledge, there is no clear benefit of software-guided biopsies over cognitive-guided biopsies, especially when experienced practitioners [61]. A recent meta-analysis regarding guided biopsies has shown similar csPCa detection rates for cognitive-guided biopsies, software-guided biopsies, and in bore-guided biopsies [62].



The definition of csPCa as the main outcome of MRI-PMs also has changed in deve- loped MRI-PMs. In four MRI-PMs an ISUP-GG > 2 was the used definition [15,16,17,32]. In eleven MRI-PMs Gleason grade 3+4 or higher was used [21,22,23,25,26,27,29,30,31,33,34]. Three MRI-PMs used definitions based on Gleason grade 3+4 and higher than 6–7 mm cancer core extension [24,28,35]. To our knowledge, no MRI-PM has been developed with the recommendation of the 2019 Consensus Conference on Grading Prostatic Carcinoma, which considers with poor prognosis the GG 2 tumours with cribriform differentiation or intraductal carcinoma [63]. Today, the Rotterdam RCs consider csPCa when GG > 2 or GG = 2 with cribriform differentiation or intraductal carcinoma, which was applied to RC-3 and RC-4 but not to the Rotterdam MRI-RC [39].



All included MRI-PMs use as a reference standard the histopathological findings of csPCa in the prostate biopsies. Liu et al. [64] developed a model with PI-RADSv2, PSA and PSAD for the prediction of PCa and csPCa for low and high-risk groups. In this study, histopathological findings of PCa were obtained from prostate biopsy but also from the whole prostate gland, including transurethral resection of the prostate, transurethral enucleation of the prostate and radical prostatectomy. Limitations of a PM based on a cohort of patients whose pathological specimens were obtained by a surgical approach are the exclusion of patients who underwent radiotherapy, active surveillance, watchful waiting, metastatic patients or refusal of standard of care. However, strengths could be the presence of the histology of the whole prostate gland, as prostate a biopsy may downgrade prostate cancer [65].



External validations are the key point for the extensive use of MRI-PMs in the deve- lopment population. However, external validations that guarantee accurate predictions have been made in less than half of developed MRI-PMs [16,27,28,29,31,33,34]. The significant difficulty of external validations of predictive models is the difference between development incidence and validation cohorts. Predictive models will overestimate csPCa likelihood when the incidence decreases and underestimate csPCa risk when the incidence increases [66]. An adjusted selection of threshold probability of csPCa might be required to sidestep this limitation [67]. Mehralivand et al. [31] validated their model in a cohort of 251 men from two independent centres. Despite a difference of about 10% in csPCa incidence between the development and validation cohort, the AUROCs were similar; however, after adjusting the probability threshold of csPCa to 20%, 38% of prostate biopsies were saved while missing 11% of csPCa. Pullen et al. [68] compared the external validation of three MRI-PMs in a cohort of 307 men. The AUROCs of the three models were similar; however, after adjusting their risk threshold, better calibration and net benefit of the Rotterdam MRI-RC were observed in biopsy-naïve men over the other two models with a worse balance between saved prostate biopsies and missed csPCa. Saba et al. [69] validated and compared three MRI-PMs [26,28,31], the Rotterdam MRI-RC [29] and the Prostate Biopsy Collaborative Group (PBCG)-RC [70] in 468 suspected PCa men, 31% with previous negative prostate biopsy, in whom transperineal 39 to 42-core template biopsy with additional 2 to 3-core software or cognitive-guided biopsies were performed between 2014 and 2018 in Zürich, Switzerland. The finding of any Gleason pattern 4 in prostate biopsy was considered csPCa. The authors concluded that MRI-PMs outperformed those models without MRI. However, the clinical net benefit was only observed when the risk threshold was not greater than 15%.



Risk calculators (RCs) are essential for the routine use of MRI-PMs because they avoid the cumbersome and time-consuming use of nomograms [38]. However, only three MRI-RCs were designed [15,16,17], and two of them are available [15,16]. The prestigious Rotterdam MRI-RC was validated by De Nunzio et al. [38] in a multi-centre study on 580 suspected PCa men from 12 Italian centres. Recalibration was necessary to obtain a net benefit between 20% and 80% csPCa probability threshold. More recently, Remmers et al. validated the Rotterdam MRI-RC in the PRECISION Trial population that only included biopsy-naïve men. Recalibration and adjustment of the csPCa probability threshold were also necessary to reach appropriate performance, which avoided 28% of prostate biopsies while missing 10% of csPCa when the 10% risk threshold for csPCa was used [39]. The Barcelona RC was designed from a developed MRI-PM using the same variables as the Rotterdam MRI-RC and PCa family history [16]. This new MRI-PM was produced in almost 1500 suspected PCa men in whom a 3 Tesla pre-biopsy mpMRI reported with PI-RADSv2 and the recommended by the EAU PCa guidelines scheme of guided and systematic prostate biopsy. The definition of csPCa was the same as the Rotterdam MRI-RC, as was the biopsy scheme and approach [29]. The Barcelona MRI-PM was externally validated in almost 1000 men from the same metropolitan area. The Barcelona RC was designed with the new option of selecting the threshold of csPCa risk, which offers the possibility of facilitating further external validations [16]. The Barcelona MRI-PM and RC were analysed according to the PI-RADS categories; their behaviour showed how the performance in the overall population did not reflect the performance in each PI-RADS category. Therefore, this analysis has shown the scenarios where the MRI-PM is helpful and what the optimal threshold to be used in each PI-RADS category based on the acceptable rate of missing csPCa is, according to its incidence and aggressiveness of detected tumours [16].



To summarise the synthesis of generated evidence from this systematic review, we note that MRI-PMs are the best way to individualise the risk of csPCa among men with suspected PCa. However, available MRI-RCs are essential to predict the individual csPCa risk in routine practice. Although the overall risk of bias of selected articles for this review was low, developed MRI-PMs are heterogeneous regarding the characteristics of development cohorts, the characteristics of MRIs scanners and reporting methods, the clinical predictors included in the models, the types of prostate biopsy schemes and approaches, and the definitions of csPCa. Few external validations were carried out, and recalibrations of the model and adjustment of csPCa risk threshold were necessary when accurate predictions were made. The analysis of MRI-PMs regarding PI-RADS categories seems reasonable because clinical usefulness in overall populations does not represent the true utility in each PI-RADS. However, this analysis has only been carried out in a single MRI-PM, and, incredibly, only two RCs are currently available.



There is an emerging need for tools to improve the radiologist interpretation of MRI. Radiomics, known as the conversion of digital images into mineable high-dimensional data, which has gradually become a research focus in recent years [71]. uture developments envisage a comparison between radiomics performance and the radiologist eye [72]. There are existing algorithms that can detect suspicious lesions missed by the radiologist [73] and to distinguish accurately clinically significant lesions from indolent lesions and normal tissue in MRI [73,74]. These innovative tools identify histological grades of aggressiveness in suspicious lesions by a pixel-level label for the whole-mount histopathology, which can overstep the limitation of PMs based on biopsy histopathology. Moreover, other radiomic models have been proved to improve some aspects of the performance of PI-RADS v2 in predicting of csPCa [75,76,77]. Deep learning techniques might also make a difference in everyday clinical practice being used for prostate gland segmentation, increasing its speed and reducing error for suspicious lesion identification [78]. Mentioned strategies might help to improve csPCa detection by assisting guided targeted biopsies, reducing unnecessary biopsies while not missing csPCa. Radiomics will improve the future prediction of PI-RADS, and genomics will enhance the definition of csPCa [79]. The integration of big data from radiogenomics and clinical predictors using artificial intelligence algorithms will improve the prediction true csPCa. Because differences in csPCa incidence will persist among populations with suspected PCa, external validations of the generated MRI-PMs will be unresolved unless a federated network is implanted [79]. Recent appearance of this artificial intelligence algorithms create a need for validation tools such as ProstateX and the new Prostate Image: Cancer AI (PI-CAI) training (https://pi-cai.grand-challenge.org/) (accessed on 27 September 2022). This available dataset provides clinical information that could also be used for AI-based PM development. The continuous update of an MRI-RC by machine learning algorithms and feedback through the new diagnosed cases will provide the models with the evolution of attended populations, the current diagnostic approaches, and csPCa definition refinements to maintain the effectiveness of csPCa predictions [80].




5. Conclusions


MRI-PMs are the current way to individualise the risk of csPCa and improve the selection of candidates for prostate biopsy. Available RCs are essential to facilitate the routine use of MRI-PMs. External validations are needed to assure accurate predictions of csPCa in any population where a developed MRI-PM is to be accomplished. Among the recently developed MRI-PMs, few meet the appropriate requirements used in routine clinical practice. In addition, only a single MRI-PM has been analysed according to the PI-RADS categories, which seems essential to define the scenarios of clinical usefulness and the appropriate csPCa risk thresholds. Future MRI-PMs should incorporate improved methods of prediction through radiomics, better definition of csPCa through genomics, and the integration of bigdata and the generation of artificial intelligence algorithm. The key point of external validations should be resolved through the integration and feedback of generated algorithms in federated networks.







Author Contributions


Conceptualization, M.T. and J.M.; methodology, M.T. and J.M.; formal analysis, M.T., J.M.; data curation, M.T., M.C. (Miriam Campistol), A.C., L.R., M.C. (Mercè Cuadras), J.P., E.T. and J.M.; writing—original draft preparation, M.T. and J.M.; writing—review and editing, M.T., J.M., M.C. (Miriam Campistol) and E.T.; supervision, J.M. and E.T.; project administration, J.M.; funding acquisition, J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Instituto de Salud Carlos III (ESP), grant number PI20/01666.




Institutional Review Board Statement


Ethical review and approval were waived for this study since is based only on bibliographic research.




Informed Consent Statement


Patient consent was waived for this study since is based only on bibliographic research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mottet, N.; van den Bergh, R.C.N.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.; Gandaglia, G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer—2020 Update. Part 1: Screening, Diagnosis, and Local Treatment with Curative Intent. Eur. Urol. 2021, 79, 243–262. [Google Scholar] [CrossRef] [PubMed]

	



Drazer, M.W.; Huo, D.; Eggener, S.E. National Prostate Cancer Screening Rates after the 2012 US Preventive Services Task Force Recommendation Discouraging Prostate-Specific Antigen-Based Screening. J. Clin. Oncol. 2015, 33, 2416–2423. [Google Scholar] [CrossRef]

	



Epstein, J.I.; Egevad, L.; Amin, M.B.; Delahunt, B.; Srigley, J.R.; Humphrey, P.A. The 2014 International Society of Urological Pathology (ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma Definition of Grading Patterns and Proposal for a New Grading System. Am. J. Surg. Pathol. 2016, 40, 244–252. [Google Scholar] [CrossRef] [PubMed]

	



Matoso, A.; Epstein, J.I. Defining Clinically Significant Prostate Cancer on the Basis of Pathological Findings. Histopathology 2019, 74, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Weinreb, J.C.; Barentsz, J.O.; Choyke, P.L.; Cornud, F.; Haider, M.A.; Macura, K.J.; Margolis, D.; Schnall, M.D.; Shtern, F.; Tempany, C.M.; et al. PI-RADS Prostate Imaging—Reporting and Data System: 2015, Version 2. Eur. Urol. 2016, 69, 16–40. [Google Scholar] [CrossRef]

	



Schoots, I.G.; Padhani, A.R.; Rouvière, O.; Barentsz, J.O.; Richenberg, J. Analysis of Magnetic Resonance Imaging-Directed Biopsy Strategies for Changing the Paradigm of Prostate Cancer Diagnosis. Eur. Urol. Oncol. 2020, 3, 32–41. [Google Scholar] [CrossRef]

	



Drost, F.J.H.; Osses, D.; Nieboer, D.; Bangma, C.H.; Steyerberg, E.W.; Roobol, M.J.; Schoots, I.G. Prostate Magnetic Resonance Imaging, with or Without Magnetic Resonance Imaging-Targeted Biopsy, and Systematic Biopsy for Detecting Prostate Cancer: A Cochrane Systematic Review and Meta-Analysis. Eur. Urol. 2020, 77, 78–94. [Google Scholar] [CrossRef]

	



Sathianathen, N.J.; Omer, A.; Harriss, E.; Davies, L.; Kasivisvanathan, V.; Punwani, S.; Moore, C.M.; Kastner, C.; Barrett, T.; Van Den Bergh, R.C.; et al. Negative Predictive Value of Multiparametric Magnetic Resonance Imaging in the Detection of Clinically Significant Prostate Cancer in the Prostate Imaging Reporting and Data System Era: A Systematic Review and Meta-Analysis. Eur. Urol. 2020, 78, 402–414. [Google Scholar] [CrossRef]

	



Moldovan, P.C.; Van den Broeck, T.; Sylvester, R.; Marconi, L.; Bellmunt, J.; van den Bergh, R.C.N.; Bolla, M.; Briers, E.; Cumberbatch, M.G.; Fossati, N.; et al. What Is the Negative Predictive Value of Multiparametric Magnetic Resonance Imaging in Excluding Prostate Cancer at Biopsy? A Systematic Review and Meta-Analysis from the European Association of Urology Prostate Cancer Guidelines Panel. Eur. Urol. 2017, 72, 250–266. [Google Scholar] [CrossRef]

	



Mazzone, E.; Stabile, A.; Pellegrino, F.; Basile, G.; Cignoli, D.; Cirulli, G.O.; Sorce, G.; Barletta, F.; Scuderi, S.; Bravi, C.A.; et al. Positive Predictive Value of Prostate Imaging Reporting and Data System Version 2 for the Detection of Clinically Significant Prostate Cancer: A Systematic Review and Meta-Analysis. Eur. Urol. Oncol. 2021, 4, 697–713. [Google Scholar] [CrossRef]

	



Becerra, M.F.; Atluri, V.S.; Bhattu, A.S.; Punnen, S. Serum and Urine Biomarkers for Detecting Clinically Significant Prostate Cancer. Urol. Oncol. Semin. Orig. Investig. 2021, 39, 686–690. [Google Scholar] [CrossRef] [PubMed]

	



Morote, J.; Celma, A.; Diaz, F.; Regis, L.; Roche, S.; Mast, R.; Semidey, M.E.; de Torres, I.M.; Planas, J.; Trilla, E. Prostatic-Specific Antigen Density Behavior According to Multiparametric Magnetic Resonance Imaging Result. Urol. Oncol. Semin. Orig. Investig. 2020, 38, 410–417. [Google Scholar] [CrossRef] [PubMed]

	



Schoots, I.G.; Roobol, M.J. Multivariate Risk Prediction Tools Including MRI for Individualized Biopsy Decision in Prostate Cancer Diagnosis: Current Status and Future Directions. World J. Urol. 2020, 38, 517–529. [Google Scholar] [CrossRef]

	



Stephenson, A.J.; Kattan, M.W. Nomograms for Prostate Cancer. BJU Int. 2006, 98, 39–46. [Google Scholar] [CrossRef]

	



Borque-Fernando, Á.; Esteban, L.M.; Celma, A.; Roche, S.; Planas, J.; Regis, L.; de Torres, I.; Semidey, M.E.; Trilla, E.; Morote, J. How to Implement Magnetic Resonance Imaging before Prostate Biopsy in Clinical Practice: Nomograms for Saving Biopsies. World J. Urol. 2020, 38, 1481–1491. [Google Scholar] [CrossRef] [PubMed]

	



Morote, J.; Borque-Fernando, A.; Triquell, M.; Celma, A.; Regis, L.; Escobar, M.; Mast, R.; de Torres, I.M.; Semidey, M.E.; Abascal, J.M.; et al. The Barcelona Predictive Model of Clinically Significant Prostate Cancer. Cancers 2022, 14, 1589. [Google Scholar] [CrossRef] [PubMed]

	



Kinnaird, A.; Brisbane, W.; Kwan, L.; Priester, A.; Chuang, R.; Barsa, D.E.; Delfin, M.; Sisk, A.; Margolis, D.; Felker, E.; et al. A Prostate Cancer Risk Calculator (PCRC-MRI): Use of Clinical and Magnetic Resonance Imaging Data to Predict Biopsy Outcome in North American Men. Can. Urol. Assoc. J. 2021, 16, 161–166. [Google Scholar] [CrossRef]

	



Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; Altman, D.G.; Booth, A.; et al. Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (Prisma-p) 2015: Elaboration and Explanation. BMJ 2015, 349, 1–25. [Google Scholar] [CrossRef]

	



Huang, X.; Lin, J.; Demner-Fushman, D. Evaluation of PICO as a Knowledge Representation for Clinical Questions. AMIA Annu. Symp. Proc./AMIA Symp. 2006, 359–363. [Google Scholar]

	



Reitsma, J.B.; Leeflang, M.M.G.; Sterne, J.A.C.; Bossuyt, P.M.M.; Whiting, P.F.; Rutjes, A.W.S.S.; Westwood, M.E.; Mallet, S.; Deeks, J.J.; Reitsma, J.B.; et al. QUADAS-2: A Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies. Ann. Intern. Med. 2011, 155, 529–536. [Google Scholar]

	



Fang, D.; Zhao, C.; Ren, D.; Yu, W.; Wang, R.; Wang, H.; Li, X.; Yin, W.; Yu, X.; Yang, K.; et al. Could Magnetic Resonance Imaging Help to Identify the Presence of Prostate Cancer Before Initial Biopsy? The Development of Nomogram Predicting the Outcomes of Prostate Biopsy in the Chinese Population. Ann. Surg. Oncol. 2016, 23, 4284–4292. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.H.; Weaver, J.K.; Shetty, A.S.; Vetter, J.M.; Andriole, G.L.; Strope, S.A. Magnetic Resonance Imaging Provides Added Value to the Prostate Cancer Prevention Trial Risk Calculator for Patients With Estimated Risk of High-Grade Prostate Cancer Less Than or Equal to 10%. Urology 2017, 102, 183–189. [Google Scholar] [CrossRef] [PubMed]

	



Bjurlin, M.A.; Rosenkrantz, A.B.; Sarkar, S.; Lepor, H.; Huang, W.C.; Huang, R.; Venkataraman, R.; Taneja, S.S. Prediction of Prostate Cancer Risk Among Men Undergoing Combined MRI-Targeted and Systematic Biopsy Using Novel Pre-Biopsy Nomograms That Incorporate MRI Findings. Urology 2018, 112, 112–120. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.M.; Liyanage, S.H.; Wulaningsih, W.; Wolfe, K.; Carr, T.; Younis, C.; van Hemelrijck, M.; Popert, R.; Acher, P. Toward an MRI-Based Nomogram for the Prediction of Transperineal Prostate Biopsy Outcome: A Physician and Patient Decision Tool. Urol. Oncol. Semin. Orig. Investig. 2017, 35, 664.e11–664.e18. [Google Scholar] [CrossRef] [PubMed]

	



Niu, X.K.; Li, J.; Das, S.K.; Xiong, Y.; Yang, C.B.; Peng, T. Developing a Nomogram Based on Multiparametric Magnetic Resonance Imaging for Forecasting High-Grade Prostate Cancer to Reduce Unnecessary Biopsies within the Prostate-Specific Antigen Gray Zone. BMC Med. Imaging 2017, 17, 1–9. [Google Scholar] [CrossRef]

	



Radtke, J.P.; Wiesenfarth, M.; Kesch, C.; Freitag, M.T.; Alt, C.D.; Celik, K.; Distler, F.; Roth, W.; Wieczorek, K.; Stock, C.; et al. Combined Clinical Parameters and Multiparametric Magnetic Resonance Imaging for Advanced Risk Modeling of Prostate Cancer—Patient-Tailored Risk Stratification Can Reduce Unnecessary Biopsies. Eur. Urol. 2017, 72, 888–896. [Google Scholar] [CrossRef]

	



Truong, M.; Wang, B.; Gordetsky, J.B.; Nix, J.W.; Frye, T.P.; Messing, E.M.; Thomas, J.V.; Feng, C.; Rais-Bahrami, S. Multi-Institutional Nomogram Predicting Benign Prostate Pathology on Magnetic Resonance/Ultrasound Fusion Biopsy in Men with a Prior Negative 12-Core Systematic Biopsy. Cancer 2018, 124, 278–285. [Google Scholar] [CrossRef]

	



Van Leeuwen, P.J.; Hayen, A.; Thompson, J.E.; Moses, D.; Shnier, R.; Böhm, M.; Abuodha, M.; Haynes, A.M.; Ting, F.; Barentsz, J.; et al. A Multiparametric Magnetic Resonance Imaging-Based Risk Model to Determine the Risk of Significant Prostate Cancer Prior to Biopsy. BJU Int. 2017, 120, 774–781. [Google Scholar] [CrossRef]

	



Alberts, A.R.; Roobol, M.J.; Verbeek, J.F.M.; Schoots, I.G.; Chiu, P.K.; Osses, D.F.; Tijsterman, J.D.; Beerlage, H.P.; Mannaerts, C.K.; Schimmöller, L.; et al. Prediction of High-Grade Prostate Cancer Following Multiparametric Magnetic Resonance Imaging: Improving the Rotterdam European Randomized Study of Screening for Prostate Cancer Risk Calculators. Eur. Urol. 2019, 75, 310–318. [Google Scholar] [CrossRef]

	



Huang, C.; Song, G.; Wang, H.; Ji, G.; Li, J.; Chen, Y.; Fan, Y.; Fang, D.; Xiong, G.; Xin, Z.; et al. MultiParametric Magnetic Resonance Imaging-Based Nomogram for Predicting Prostate Cancer and Clinically Significant Prostate Cancer in Men Undergoing Repeat Prostate Biopsy. Biomed. Res. Int. 2018, 2018. [Google Scholar] [CrossRef]

	



Mehralivand, S.; Shih, J.H.; Rais-Bahrami, S.; Oto, A.; Bednarova, S.; Nix, J.W.; Thomas, J.V.; Gordetsky, J.B.; Gaur, S.; Harmon, S.A.; et al. A Magnetic Resonance Imaging–Based Prediction Model for Prostate Biopsy Risk Stratification. JAMA Oncol. 2018, 4, 678–685. [Google Scholar] [CrossRef] [PubMed]

	



Boesen, L.; Thomsen, F.B.; Nørgaard, N.; Løgager, V.; Balslev, I.; Bisbjerg, R.; Thomsen, H.S.; Jakobsen, H. A Predictive Model Based on Biparametric Magnetic Resonance Imaging and Clinical Parameters for Improved Risk Assessment and Selection of Biopsy-Naïve Men for Prostate Biopsies. Prostate Cancer Prostatic Dis. 2019, 22, 609–616. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Yang, Y.; Peng, T.; Yu, X.; Deng, H.; Guo, Z. The Prediction Value of PI-RADS v2 Score in High-Grade Prostate Cancer: A Multicenter Retrospective Study. Int. J. Med. Sci. 2020, 17, 1366–1374. [Google Scholar] [CrossRef] [PubMed]

	



Noh, T.I.; Hyun, C.W.; Kang, H.E.; Jin, H.J.; Tae, J.H.; Shim, J.S.; Kang, S.G.; Sung, D.J.; Cheon, J.; Lee, J.G.; et al. A Predictive Model Based on Bi-Parametric Magnetic Resonance Imaging and Clinical Parameters for Clinically Significant Prostate Cancer in the Korean Population. Cancer Res. Treat. 2021, 53, 1148–1155. [Google Scholar] [CrossRef]

	



Sakaguchi, K.; Hayashida, M.; Tanaka, N.; Oka, S.; Urakami, S. A Risk Model for Detecting Clinically Significant Prostate Cancer Based on Bi-Parametric Magnetic Resonance Imaging in a Japanese Cohort. Sci. Rep. 2021, 11, 18829. [Google Scholar] [CrossRef]

	



Bjurlin, M.A.; Renson, A.; Rais-Bahrami, S.; Truong, M.; Rosenkrantz, A.B.; Huang, R.; Taneja, S.S. Predicting Benign Prostate Pathology on Magnetic Resonance Imaging/Ultrasound Fusion Biopsy in Men with a Prior Negative 12-Core Systematic Biopsy: External Validation of a Prognostic Nomogram. Eur. Urol. Focus. 2019, 5, 815–822. [Google Scholar] [CrossRef]

	



Chen, R.; Verbeek, J.F.M.; Yang, Y.; Song, Z.; Sun, Y.; Roobol, M.J. Comparing the Prediction of Prostate Biopsy Outcome Using the Chinese Prostate Cancer Consortium (CPCC) Risk Calculator and the Asian Adapted Rotterdam European Randomized Study of Screening for Prostate Cancer (ERSPC) Risk Calculator in Chinese and Europ. World J. Urol. 2021, 39, 73–80. [Google Scholar] [CrossRef]

	



De Nunzio, C.; Lombardo, R.; Baldassarri, V.; Cindolo, L.; Bertolo, R.; Minervini, A.; Sessa, F.; Muto, G.; Bove, P.; Vittori, M.; et al. Rotterdam Mobile Phone App Including MRI Data for the Prediction of Prostate Cancer: A Multicenter External Validation. Eur. J. Surg. Oncol. 2021, 47, 2640–2645. [Google Scholar] [CrossRef]

	



Remmers, S.; Kasivisvanathan, V.; Verbeek, J.F.M.; Moore, C.M.; Roobol, M.J. Reducing Biopsies and Magnetic Resonance Imaging Scans During the Diagnostic Pathway of Prostate Cancer: Applying the Rotterdam Prostate Cancer Risk Calculator to the PRECISION Trial Data. Eur. Urol. Open Sci. 2022, 36, 1–8. [Google Scholar] [CrossRef]

	



Louie, K.S.; Seigneurin, A.; Cathcart, P.; Sasieni, P. Do Prostate Cancer Risk Models Improve the Predictive Accuracy of PSA Screening? A Meta-Analysis. Ann. Oncol. 2015, 26, 848–864. [Google Scholar] [CrossRef]

	



Ahmed, H.U.; El-Shater Bosaily, A.; Brown, L.C.; Gabe, R.; Kaplan, R.; Parmar, M.K.; Collaco-Moraes, Y.; Ward, K.; Hindley, R.G.; Freeman, A.; et al. Diagnostic Accuracy of Multi-Parametric MRI and TRUS Biopsy in Prostate Cancer (PROMIS): A Paired Validating Confirmatory Study. Lancet 2017, 389, 815–822. [Google Scholar] [CrossRef]

	



Bjurlin, M.A.; Carroll, P.R.; Eggener, S.; Fulgham, P.F.; Margolis, D.J.; Pinto, P.A.; Rosenkrantz, A.B.; Rubenstein, J.N.; Rukstalis, D.B.; Taneja, S.S.; et al. Update of the Standard Operating Procedure on the Use of Multiparametric Magnetic Resonance Imaging for the Diagnosis, Staging and Management of Prostate Cancer. J. Urol. 2020, 203, 706–712. [Google Scholar] [CrossRef] [PubMed]

	



Sherrer, R.L.; Glaser, Z.A.; Gordetsky, J.B.; Nix, J.W.; Porter, K.K.; Rais-Bahrami, S. Comparison of Biparametric MRI to Full Multiparametric MRI for Detection of Clinically Significant Prostate Cancer. Prostate Cancer Prostatic Dis. 2019, 22, 331–336. [Google Scholar] [CrossRef] [PubMed]

	



Porter, K.K.; King, A.; Galgano, S.J.; Sherrer, R.L.; Gordetsky, J.B.; Rais-Bahrami, S. Financial Implications of Biparametric Prostate MRI. Prostate Cancer Prostatic Dis. 2020, 23, 88–93. [Google Scholar] [CrossRef] [PubMed]

	



Tamada, T.; Kido, A.; Yamamoto, A.; Takeuchi, M.; Miyaji, Y.; Moriya, T.; Sone, T. Comparison of Biparametric and Multiparametric MRI for Clinically Significant Prostate Cancer Detection With PI-RADS Version 2.1. J. Magn. Reson. Imaging 2021, 53, 283–291. [Google Scholar] [CrossRef] [PubMed]

	



Woo, S.; Suh, C.H.; Kim, S.Y.; Cho, J.Y.; Kim, S.H. Diagnostic Performance of Prostate Imaging Reporting and Data System Version 2 for Detection of Prostate Cancer: A Systematic Review and Diagnostic Meta-Analysis. Eur. Urol. 2017, 72, 177–188. [Google Scholar] [CrossRef]

	



Radtke, J.P.; Giganti, F.; Wiesenfarth, M.; Stabile, A.; Marenco, J.; Orczyk, C.; Kasivisvanathan, V.; Nyarangi-Dix, J.N.; Schütz, V.; Dieffenbacher, S.; et al. Prediction of Significant Prostate Cancer in Biopsy-Naïve Men: Validation of a Novel Risk Model Combining MRI and Clinical Parameters and Comparison to an ERSPC Risk Calculator and PI-RADS. PLoS ONE 2019, 14, e0221350. [Google Scholar] [CrossRef]

	



Osses, D.F.; Roobol, M.J.; Schoots, I.G. Prediction Medicine: Biomarkers, Risk Calculators and Magnetic Resonance Imaging as Risk Stratification Tools in Prostate Cancer Diagnosis. Int. J. Mol. Sci. 2019, 20, 1637. [Google Scholar] [CrossRef]

	



Ilic, D.; Djulbegovic, M.; Jung, J.H.; Hwang, E.C.; Zhou, Q.; Cleves, A.; Agoritsas, T.; Dahm, P. Prostate Cancer Screening with Prostate-Specific Antigen (PSA) Test: A Systematic Review and Meta-Analysis. BMJ 2018, 362, k3519. [Google Scholar] [CrossRef]

	



Vickers, A.J.; Cronin, A.M.; Roobol, M.J.; Hugosson, J.; Jones, J.S.; Clinic, C.; Kattan, M.W.; Klein, E.; Hamdy, F.; Neal, D.; et al. Cancer Risk: The Prostate Biopsy Collaborative Group. Clin. Cancer Res. 2011, 16, 4374–4381. [Google Scholar] [CrossRef]

	



Massanova, M.; Robertson, S.; Barone, B.; Dutto, L.; Caputo, V.F.; Bhatt, J.R.; Ahmad, I.; Bada, M.; Obeidallah, A.; Crocetto, F. The Comparison of Imaging and Clinical Methods to Estimate Prostate Volume: A Single-Centre Retrospective Study. Urol. Int. 2021, 105, 804–810. [Google Scholar] [CrossRef] [PubMed]

	



Nordström, T.; Akre, O.; Aly, M.; Grönberg, H.; Eklund, M. Prostate-Specific Antigen (PSA) Density in the Diagnostic Algorithm of Prostate Cancer. Prostate Cancer Prostatic Dis. 2018, 21, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



Boyle, H.J.; Alibhai, S.; Decoster, L.; Efstathiou, E.; Fizazi, K.; Mottet, N.; Oudard, S.; Payne, H.; Prentice, M.; Puts, M.; et al. Updated Recommendations of the International Society of Geriatric Oncology on Prostate Cancer Management in Older Patients. Eur. J. Cancer 2019, 116, 116–136. [Google Scholar] [CrossRef] [PubMed]

	



Cui, T.; Kovell, R.C.; Terlecki, R.P. Is It Time to Abandon the Digital Rectal Examination? Lessons from the PLCO Cancer Screening Trial and Peer-Reviewed Literature. Curr. Med. Res. Opin. 2016, 32, 1663–1669. [Google Scholar] [CrossRef] [PubMed]

	



Okotie, O.T.; Roehl, K.A.; Han, M.; Loeb, S.; Gashti, S.N.; Catalona, W.J. Characteristics of Prostate Cancer Detected by Digital Rectal Examination Only. Urology 2007, 70, 1117–1120. [Google Scholar] [CrossRef]

	



Gandaglia, G.; Leni, R.; Bray, F.; Fleshner, N.; Freedland, S.J.; Kibel, A.; Stattin, P.; Van Poppel, H.; La Vecchia, C. Epidemiology and Prevention of Prostate Cancer. Eur. Urol. Oncol. 2021, 4, 877–892. [Google Scholar] [CrossRef]

	



Evans, S.; Metcalfe, C.; Ibrahim, F.; Persad, R.; Ben-Shlomo, Y. Investigating Black-White Differences in Prostate Cancer Prognosis: A Systematic Review and Meta-Analysis. Int. J. Cancer 2008, 123, 430–435. [Google Scholar] [CrossRef]

	



Dess, R.T.; Hartman, H.E.; Mahal, B.A.; Soni, P.D.; Jackson, W.C.; Cooperberg, M.R.; Amling, C.L.; Aronson, W.J.; Kane, C.J.; Terris, M.K.; et al. Association of Black Race with Prostate Cancer-Specific and Other-Cause Mortality. JAMA Oncol. 2019, 5, 975–983. [Google Scholar] [CrossRef]

	



Pradere, B.; Veeratterapillay, R.; Dimitropoulos, K.; Yuan, Y.; Omar, M.I.; MacLennan, S.; Cai, T.; Bruyère, F.; Bartoletti, R.; Köves, B.; et al. Nonantibiotic Strategies for the Prevention of Infectious Complications Following Prostate Biopsy: A Systematic Review and Meta-Analysis. J. Urol. 2021, 205, 653–663. [Google Scholar] [CrossRef]

	



Tu, X.; Liu, Z.; Chang, T.; Qiu, S.; Xu, H.; Bao, Y.; Yang, L.; Wei, Q. Transperineal Magnetic Resonance Imaging–Targeted Biopsy May Perform Better Than Transrectal Route in the Detection of Clinically Significant Prostate Cancer: Systematic Review and Meta-Analysis. Clin. Genitourin. Cancer 2019, 17, e860–e870. [Google Scholar] [CrossRef]

	



Khoo, C.C.; Eldred-Evans, D.; Peters, M.; van Son, M.; van Rossum, P.S.N.; Connor, M.J.; Hosking-Jervis, F.; Tanaka, M.B.; Reddy, D.; Bass, E.; et al. A Comparison of Prostate Cancer Detection between Visual Estimation (Cognitive Registration) and Image Fusion (Software Registration) Targeted Transperineal Prostate Biopsy. J. Urol. 2021, 205, 1075–1081. [Google Scholar] [CrossRef] [PubMed]

	



Bass, E.J.; Pantovic, A.; Connor, M.; Gabe, R.; Padhani, A.R.; Rockall, A.; Sokhi, H.; Tam, H.; Winkler, M.; Ahmed, H.U. A Systematic Review and Meta-Analysis of the Diagnostic Accuracy of Biparametric Prostate MRI for Prostate Cancer in Men at Risk. Prostate Cancer Prostatic Dis. 2021, 24, 596–611. [Google Scholar] [CrossRef] [PubMed]

	



JLH van Leenders, G.; van der Kwast, T.H.; Grignon, D.J.; Evans, A.J.; Kristiansen, G.; Kweldam, C.F.; Litjens, G.; McKenney, J.K.; Melamed, J.; Mottet, N.; et al. The 2019 International Society of Urological Pathology (ISUP) Consensus Conference on Grading of Prostatic Carcinoma. Am. J. Surg. Pathol. 2020, 44, 87–99. [Google Scholar] [CrossRef]

	



Liu, C.; Liu, S.L.; Wang, Z.X.; Yu, K.; Feng, C.X.; Ke, Z.; Wang, L.; Zeng, X.Y. Using the Prostate Imaging Reporting and Data System Version 2 (PI-RIDS v2) to Detect Prostate Cancer Can Prevent Unnecessary Biopsies and Invasive Treatment. Asian. J. Androl. 2018, 20, 459–464. [Google Scholar] [CrossRef] [PubMed]

	



Andras, I.; Cata, E.D.; Serban, A.; Kadula, P.; Telecan, T.; Buzoianu, M.; Bungardean, M.; Stanca, D.V.; Coman, I.; Crisan, N. Combined Systematic and Mri-Us Fusion Prostate Biopsy Has the Highest Grading Accuracy When Compared to Final Pathology. Medicina 2021, 57, 519. [Google Scholar] [CrossRef] [PubMed]

	



Wynants, L.; Van Smeden, M.; McLernon, D.J.; Timmerman, D.; Steyerberg, E.W.; Van Calster, B. Three Myths about Risk Thresholds for Prediction Models. BMC Med. 2019, 17, 192. [Google Scholar] [CrossRef] [PubMed]

	



Vickers, A.J.; Van Calster, B.; Steyerberg, E.W. Net Benefit Approaches to the Evaluation of Prediction Models, Molecular Markers, and Diagnostic Tests. BMJ 2016, 352, 3–7. [Google Scholar] [CrossRef]

	



Püllen, L.; Radtke, J.P.; Wiesenfarth, M.; Roobol, M.J.; Verbeek, J.F.M.; Wetter, A.; Guberina, N.; Pandey, A.; Hüttenbrink, C.; Tschirdewahn, S.; et al. External Validation of Novel Magnetic Resonance Imaging-Based Models for Prostate Cancer Prediction. BJU Int. 2020, 125, 407–416. [Google Scholar] [CrossRef]

	



Saba, K.; Wettstein, M.S.; Lieger, L.; Hötker, A.M.; Donati, O.F.; Moch, H.; Ankerst, D.P.; Poyet, C.; Sulser, T.; Eberli, D.; et al. External Validation and Comparison of Prostate Cancer Risk Calculators Incorporating Multiparametric Magnetic Resonance Imaging for Prediction of Clinically Significant Prostate Cancer. J. Urol. 2020, 203, 719–726. [Google Scholar] [CrossRef]

	



Ankerst, D.P.; Straubinger, J.; Selig, K.; Guerrios, L.; De Hoedt, A.; Hernandez, J.; Liss, M.A.; Leach, R.J.; Freedland, S.J.; Kattan, M.W.; et al. A Contemporary Prostate Biopsy Risk Calculator Based on Multiple Heterogeneous Cohorts. Eur. Urol. 2018, 74, 197–203. [Google Scholar] [CrossRef]

	



Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 2016, 278, 563–577. [Google Scholar] [CrossRef] [PubMed]

	



Ferro, M.; de Cobelli, O.; Musi, G.; del Giudice, F.; Carrieri, G.; Busetto, G.M.; Falagario, U.G.; Sciarra, A.; Maggi, M.; Crocetto, F.; et al. Radiomics in Prostate Cancer: An up-to-Date Review. Ther. Adv. Urol. 2022, 14. [Google Scholar] [CrossRef] [PubMed]

	



Seetharaman, A.; Bhattacharya, I.; Chen, L.C.; Kunder, C.A.; Shao, W.; Soerensen, S.J.C.; Wang, J.B.; Teslovich, N.C.; Fan, R.E.; Ghanouni, P.; et al. Automated Detection of Aggressive and Indolent Prostate Cancer on Magnetic Resonance Imaging. Med. Phys. 2021, 48, 2960–2972. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, I.; Seetharaman, A.; Kunder, C.; Shao, W.; Chen, L.C.; Soerensen, S.J.C.; Wang, J.B.; Teslovich, N.C.; Fan, R.E.; Ghanouni, P.; et al. Selective Identification and Localization of Indolent and Aggressive Prostate Cancers via CorrSigNIA: An MRI-Pathology Correlation and Deep Learning Framework: CorrSigNIA: An MRI-Pathology Correlation and Deep Learning Framework. Med. Image Anal. 2022, 75, 102288. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Y.; Bao, M.L.; Wu, C.J.; Zhang, J.; Zhang, Y.D.; Shi, H. bin A Radiomics Machine Learning-Based Redefining Score Robustly Identifies Clinically Significant Prostate Cancer in Equivocal PI-RADS Score 3 Lesions. Abdom. Radiol. 2020, 45, 4223–4234. [Google Scholar] [CrossRef]

	



Brancato, V.; Aiello, M.; Basso, L.; Monti, S.; Palumbo, L.; di Costanzo, G.; Salvatore, M.; Ragozzino, A.; Cavaliere, C. Evaluation of a Multiparametric MRI Radiomic-Based Approach for Stratification of Equivocal PI-RADS 3 and Upgraded PI-RADS 4 Prostatic Lesions. Sci. Rep. 2021, 11, 643. [Google Scholar] [CrossRef]

	



Wang, J.; Wu, C.J.; Bao, M.L.; Zhang, J.; Wang, X.N.; Zhang, Y.D. Machine Learning-Based Analysis of MR Radiomics Can Help to Improve the Diagnostic Performance of PI-RADS v2 in Clinically Relevant Prostate Cancer. Eur. Radiol. 2017, 27, 4082–4090. [Google Scholar] [CrossRef]

	



Soerensen, S.J.C.; Fan, R.E.; Seetharaman, A.; Chen, L.; Shao, W.; Bhattacharya, I.; Kim, Y.H.; Sood, R.; Borre, M.; Chung, B.I.; et al. Deep Learning Improves Speed and Accuracy of Prostate Gland Segmentations on Magnetic Resonance Imaging for Targeted Biopsy. J. Urol. 2021, 206, 604–612. [Google Scholar] [CrossRef]

	



Ferro, M.; de Cobelli, O.; Vartolomei, M.D.; Lucarelli, G.; Crocetto, F.; Barone, B.; Sciarra, A.; Del Giudice, F.; Muto, M.; Maggi, M.; et al. Prostate Cancer Radiogenomics—From Imaging to Molecular Characterization. Int. J. Mol. Sci. 2021, 22, 9971. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, W.; Yue, X.; Shen, J.; Gao, C.; Pang, P.; Cui, F.; Xu, M. Development of a Novel, Multi-Parametric, MRI-Based Radiomic Nomogram for Differentiating Between Clinically Significant and Insignificant Prostate Cancer. Front. Oncol. 2020, 10, 888. [Google Scholar] [CrossRef]








[image: Cancers 14 04747 g001 550] 





Figure 1. Flow chart of systematic review according to the PRISMA criteria. 
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Figure 2. Analysis of bias risks (low, unclear, high) of analysed studies according to each bias. domain (A), and proportion of studies according to each domain (B) [15,16,17,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. 
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Table 1. Biopsy status and size of development cohorts, characteristics of pre-biopsy MRI, prostate biopsy approaches and types of systematic and guided biopsies, and csPCa definitions.
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	Authors,

Year [Ref.]
	Biopsy

Status
	MRI/T
	PI-RADS

Version
	Biopsy

Approach
	Systematic

Biopsy
	Guided

Biopsy
	Type of GB
	csPCa

Definition





	Fang et al., 2016 [21]
	984/0
	mp/1.5–3
	1
	TR
	12
	NA/≥3
	NA
	GS ≥ 3+4



	Kim et al., 2016 [22]
	185/154
	mp/3
	1–2
	TR
	12
	NA/≥4
	Cog/Soft
	GS ≥ 3+4



	Bjurlin et al., 2017 [23]
	288/171
	mp/3
	1
	TR
	12
	1–4/≥3
	Soft
	GS ≥ 3+4



	Lee et al., 2017 [24]
	484/131
	bp/1.5
	1
	TP
	24–40 *
	2–4/≥3
	Cog
	GS≥7 or

MCCL≥ 6 mm



	Niu et al., 2017 [25]
	151/0
	mp/3
	2
	TR
	12
	1/≥3
	Cog
	GS ≥ 3+4



	Radtke et al., 2017 [26]
	670/489
	mp/3
	1
	TP
	24 *
	2–4/≥2
	Soft
	GS ≥ 3+4



	Truong et al., 2017 [27]
	0/285
	mp/3
	2
	TR
	12–24 *
	2/≥3
	Soft
	GS ≥ 3+4



	van Leeuwen et al., 2017 [28]
	344/49
	mp/1.5–3
	1
	TP
	30 *
	2/≥3
	Soft/Cog
	GS≥ 7/> 5% G4 or MLCL≥ 20%/7 mm



	Alberts et al., 2018 [29]
	504/457
	mp-bp/3
	1–2
	TR
	12
	NA/≥3
	In bore/Cog/Soft
	GS ≥ 3+4



	Huang et al., 2018 [30]
	0/231
	mp/1.5–3
	2
	TR
	12
	2/≥4
	NA
	GS ≥ 3+4



	Mehralivand et al., 2018 [31]
	179/221
	mp/NA
	2
	TR
	12
	2/≥3
	Soft
	GS ≥ 3+4



	Boesen et al., 2019 [32]
	876/0
	bp/3
	2
	TR
	10
	2/≥3
	Cog
	GG ≥ 2



	Borque et al., 2019 [15]
	163/183
	mp/3
	2
	TR
	12
	2/≥3
	Cog
	GG ≥ 2



	Chen et al., 2020 [33]
	316
	mp/NA
	2
	NA
	NA
	NA
	NA
	GS ≥ 3+4



	Noh et al., 2020 [34]
	215/85
	bp/3
	2
	TP
	24–20 *
	2–10/≥3
	Cog
	GS ≥ 3+4



	Sakaguchi et al., 2021 [35]
	773/0
	bp/1.5–3
	2
	TR
	8–14
	2–4/≥3
	Cog
	GG3 or

MCCL≥ 6 mm



	Kinnaird et al., 2022 [17]
	1449/905
	mp/3
	2
	TR
	12
	2–3/≥3
	Cog
	GG ≥ 2



	Morote et al. 2022 [16]
	1098/388
	mp/3
	2
	TR
	12
	2–4/≥3
	Cog
	GG ≥ 2







Ref. = reference; Biopsy status = number of biopsy naïve men/number of repeat biopsy; MRI = magnetic resonance imaging (mp = multiparametric, bp = biparametric/T = Tesla); Biopsy approach = TR (Transrectal), TP (Transperineal); Systematic biopsy = number of cores (* template); Guided biopsy = guided biopsy (Soft: software, Cog: cognitive); GB = guided biopsy; csPCa = clinically prostate cancer; GS = Gleason score; GG = grade group; MCCL = maximal core cancer length; NA = not available.













[image: Table] 





Table 2. Clinical predictors included in developed MRI-PMs for clinically significant prostate cancer.
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	Authors, [Ref.]
	Age
	PCa FH
	DRE
	Biopsy

Status
	Ethnicity
	PSA
	PSAD
	PV





	Fang et al., 2016 [21]
	Y
	N
	Y
	N
	N
	Y
	N
	Y



	Kim et al., 2016 [22]
	Y
	Y
	Y
	Y
	Y
	Y
	N
	N



	Bjurlin et al., 2017 [23]
	Y
	N
	N
	N
	N
	N
	Y
	N



	Lee et al., 2017 [24]
	Y
	N
	N
	Y
	N
	N
	Y
	N



	Niu et al., 2017 [25]
	Y
	N
	N
	N
	N
	N
	Y
	N



	Radtke et al., 2017 [26]
	Y
	N
	Y
	N
	N
	Y
	N
	Y



	Truong et al., 2017 [27]
	Y
	N
	N
	N
	N
	Y
	N
	Y



	van Leeuwen et al., 2017 [28]
	Y
	N
	Y
	N
	N
	Y
	N
	Y



	Alberts et al., 2018 [29]
	Y
	N
	Y
	N
	N
	Y
	N
	Y



	Huang et al., 2018 [30]
	Y
	N
	Y
	N
	N
	Y
	N
	Y



	Mehralivand et al., 2018 [31]
	N
	N
	Y
	Y
	Y
	Y
	N
	N



	Boesen et al., 2019 [32]
	Y
	N
	Y
	N
	N
	N
	Y
	N



	Borque et al., 2019 [15]
	Y
	N
	Y
	Y
	N
	N
	Y
	N



	Chen et al., 2020 [33]
	N
	N
	N
	N
	N
	Y
	N
	Y



	Noh et al., 2020 [34]
	Y
	N
	N
	N
	N
	N
	Y
	N



	Sakaguchi et al., 2021 [35]
	Y
	N
	N
	N
	N
	Y
	N
	Y



	Kinnaird et al., 2022 [17]
	Y
	N
	Y
	Y
	Y
	Y
	Y
	Y



	Morote et al. 2022 [16]
	Y
	Y
	Y
	Y
	N
	Y
	N
	Y







Y = yes; N = no; PCaFH = prostate cancer family history; DRE = digital rectal examination; PSA = prostate-specific antigen; PSAD = PSA density; PV = prostate volume.
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Table 3. Clinical usefulness of developed MRI-PMs.
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	Authors, [Ref.]
	n
	Repeat

Biopsy
	csPCa
	Sen.
	Spe.
	Avoided

Biopsies
	Cut-Off
	AUROC
	DCA
	CUC





	Fang et al., 2016 [21]
	894
	0
	24.4
	95
	38
	19.8
	30
	0.87
	5
	NA



	Kim et al., 2016 [22]
	339
	35.4
	34.0
	95
	20
	15.1
	NA
	0.78
	NA
	NA



	Bjurlin et al., 2017 [23]
	288
	0
	33.6
	95
	56
	42.2
	NA
	0.91
	NA
	NA



	Bjurlin et al., 2017 [23]
	171
	100
	18.1
	95
	40
	33.9
	NA
	0.86
	NA
	NA



	Lee et al., 2017 [24]
	615
	21.3
	38.5
	97.5
	54.8
	34.6
	30
	0.92
	NA
	NA



	Niu et al., 2017 [25]
	151
	0
	21.0
	87.3
	78.4
	64.9
	36
	0.85
	NA
	NA



	Radtke et al., 2017 [26]
	660
	0
	NA
	95
	35
	NA
	NA
	0.83
	16
	NA



	Radtke et al., 2017 [26]
	335
	100
	NA
	95
	25.5
	NA
	NA
	0.81
	12
	NA



	Truong et al., 2017 [27]
	285
	100
	38.9
	94.7
	57.5
	36.5
	40
	0.83
	1
	NA



	van Leeuwen et al., 2017 [28]
	393
	12.5
	37.9
	93.9
	NA
	34.4
	12.5
	0.88
	4
	NA



	Alberts et al., 2018 [29]
	504
	0
	42.0
	92
	NA
	24.0
	15
	0.84
	10
	NA



	Alberts et al., 2018 [29]
	504
	100
	29.0
	95
	NA
	41.0
	15
	0.85
	5
	NA



	Huang et al., 2018 [30]
	231
	100
	25.5
	95
	63
	48.0
	21
	0.92
	10
	NA



	Mehralivand et al., 2018 [31]
	400
	55.2
	48.3
	96
	54
	30.0
	15
	0.84
	10
	NA



	Boesen et al., 2019 [32]
	876
	0
	40.0
	96
	60
	38.0
	15
	0.89
	5
	NA



	Borque et al., 2019 [15]
	346
	53.0
	32.6
	95
	51
	30.0
	10
	0.88
	0.88
	Y



	Chen et al., 2020 [33]
	257
	NA
	59.2
	95
	40
	19.0
	NA
	0.84
	NA
	NA



	Noh et al., 2020 [34]
	300
	28.3
	34.0
	95
	52
	30.1
	10
	0.86
	10
	NA



	Sakaguchi et al., 2021 [35]
	773
	0
	44.3
	95
	73
	43.0
	15
	0.86
	5
	NA



	Kinnaird et al., 2022 [17]
	1885
	62.0
	40.0
	95
	32
	21.2
	NA
	0.84
	NA
	NA



	Morote et al. 2022 [16]
	1486
	26.1
	36.9
	95
	56
	40.0
	15
	0.90
	12
	Y







n = number of men; RB = percentage of repeat biopsies; csPCa = percentage of clinically significant prostate cancer; Sen = sensitivity; Spe = specificity; Repeat biopsy = percentage; Sen. = percent sensitivity; Esp. = percent specificity; Avoided biopsies = percentage; AUROC = area under Receiver operating characteristic curve; DCA = decision curve analysis; CUC = clinical utility curve; NA = not available.
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Table 4. AUROCs for MRI setting alone, PM based only in clinical predictors and MRI-based PMs.
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AUROC for csPCa




	
Authors,

Year [Ref.]

	
MRI Setting Alone

	
Clinical Predictors Predictive Model

	
MRI-Based Predictive Model






	
Fang et al., 2016 [21]

	
NA

	
BN: 0.85

PNPB: NA

Both status: NA

	
BN: 0.872

PNPB: NA

Both status: NA




	
Kim et al., 2016 [22]

	
NA

	
BN: 0.60

PNPB: 0.63

Both status: 0.60

	
BN: 0.72

PNPB: 0.61

Both status: 0.69




	
Bjurlin et al., 2017 [23]

	
NA

	
NA

	
BN: 0.84

PNPB: 0.87

Both status: NA




	
Lee et al., 2017 [24]

	
NA

	
NA

	
BN: NA

PNPB: NA

Both status: 0.92




	
Niu et al., 2017 [25]

	
BN: 0.76

PNPB: NA

Both status: NA

	
NA

	
BN: 0.85

PNPB: NA

Both status: NA




	
Radtke et al., 2017 [26]

	
BN: 0.76

PNPB: 0.78

Both status: NA

	
BN: 0.81

PNPB: 0.66

Both status: NA

	
BN: 0.83

PNPB: 0.81

Both status: NA




	
Truong et al., 2017 [27]

	
NA

	
NA

	
NA




	
van Leeuwen et al., 2017 [28]

	
NA

	
BN: NA

PNPB: NA

Both status: 0.797

	
BN: NA

PNPB: NA

Both status: 0.897




	
Alberts et al., 2018 [29]

	
NA

	
BN: 0.76

PNPB: 0.74

Both status: NA

	
BN: 0.84

PNPB: 0.85

Both status: NA




	
Huang et al., 2018 [30]

	
NA

	
NA

	
BN: NA

PNPB: 0.927

Both status: NA




	
Mehralivand et al., 2018 [31]

	
NA

	
BN: NA

PNPB: NA

Both status: 0.72

	
BN: NA

PNPB: NA

Both status: 0.84




	
Boesen et al., 2019 [32]

	
BN: 0.83

PNPB: NA

Both status: NA

	
BN: 0.85

PNPB: NA

Both status: NA

	
BN: 0.89

PNPB: NA

Both status: NA




	
Borque et al., 2019 [15]

	
NA

	
NA

	
BN: NA

PNPB: NA

Both status: 0.856




	
Chen et al., 2020 [33]

	
0.869

	
NA

	
0.84




	
Noh et al., 2020 [34]

	
BN: 0.801

PNPB: NA

Both status: NA

	
BN: 0.795

PNPB: NA

Both status: NA

	
BN: 0.861

PNPB: NA

Both status: NA




	
Sakaguchi et al., 2021 [35]

	
BN: 0.822

PNPB: NA

Both status: NA

	
NA

	
BN: 0.862

PNPB: NA

Both status: NA




	
Kinnaird et al., 2022 [17]

	
BN: NA

PNPB: NA

Both status: 0.760

	
BN: NA

PNPB: NA

Both status: 0.707

	
BN: NA

PNPB: NA

Both status: 0.843




	
Morote et al. 2022 [17]

	
BN: NA

PNPB: NA

Both status: 0.842

	
NA

	
BN: NA

PNPB: NA

Both status: 0.987








AUROC = area under Receiver operating characteristic curve; csPCa = clinically significant prostate cancer; MRI = magnetic resonance imaging, BN = biopsy-naïve, PNPB = previous negative prostate biopsy, NA = not available.
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