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Abstract
Background/Objectives: Active surveillance (AS) has become the standard of care for many men with localised prostate cancer, aiming to avoid the overtreatment of indolent disease while maintaining oncological safety. Despite improvements in diagnostic techniques, misclassification at diagnosis and the limited ability to predict disease progression remain major challenges in AS. Novel molecular and genetic biomarkers, assessed through liquid biopsy approaches, offer the potential to refine patient selection and support risk-adapted monitoring in AS. Methods: We conducted a narrative review of biomarkers in the context of AS for prostate cancer, framing the discussion in terms of the challenges in AS and how biomarkers may address these. PubMed and Embase were searched for English- language peer-reviewed studies published between 2000 and 2025. International guidelines (AUA, EAU, NCCN, NICE) and reference lists were reviewed manually. Priority was given to large prospective cohorts, meta-analyses, and high-impact publications. Results: Blood-based assays such as PHI and the 4Κ score, urinary tests including ExoDx and SelectMDx, and the Prostate Urine Risk (PUR) signatures have all shown associations with disease progression or decisions to undergo earlier treatment. However, studies are often small, use surrogate endpoints, and lack validation in MRI-integrated cohorts. Biomarkers appear most informative in men with Gleason Grade 1 (GG1) disease, while evidence in GG2 cohorts is limited. Cost-effectiveness, heterogeneity of endpoints, and uncertainty in managing discordant biomarker and MRI results remain barriers to clinical adoption. Conclusions: Molecular and genetic biomarkers show promise for improving AS by reducing diagnostic misclassification and enhancing prediction of progression. Future research should define clinically relevant cut-offs, clarify integration with MRI, and evaluate longitudinal use. Demonstrating utility in contemporary cohorts could enable the development of biomarker-guided, personalised AS that maintains safety while minimising harm.
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1. Introduction
Radical treatments for localised prostate cancer, such as surgery or radiotherapy, carry a substantial risk of long-term side effects, including urinary incontinence and erectile dysfunction, which can significantly impact patient quality of life [1,2]. Avoiding the overtreatment of indolent tumours is therefore a major priority in contemporary prostate cancer care [3]. Active surveillance (AS), a structured monitoring strategy intended to defer or avoid radical treatment in appropriately selected patients, has emerged as a key approach to address this issue [4].
The UK National Institute for Health and Care Excellence (NICE) guidelines (NG131) endorse AS as the first-line option for men with Cambridge Prognostic Group 1 (CPG1) localised prostate cancer, as well as the choice of AS for men with CPG2 disease. Addition​ally, they suggest AS as an option for men with CPG3 disease if they choose not to have immediate treatment [5]. There is broad international guideline endorsement, including recommendations from the European Association of Urology (EAU) to offer AS as the standard of care for low-risk disease [6] and the American National Comprehensive Cancer Network (NCCN), highlighting AS as the preferred option for men with very-low-risk prostate cancer and for most men with low-risk prostate cancer [7]. Nevertheless substantial variation remains in how patients are selected and how AS is implemented across real- world clinical settings [8]. The Movember Prostate Cancer Landscape Analysis emphasised the need for improved tools to support patient selection, risk stratification, and surveillance protocols [9].
Scientific and technological advancements in prostate cancer diagnostics [10], the emergence of personalised follow-up plans [11,12], healthcare system-based prioritisation of remote outpatient follow-up appointments [13], and the increased adoption of digital health records [14] have all contributed to the evolving landscape of AS. However, despite improvements in imaging and biopsy techniques, misclassification at diagnosis and limita​tions in terms of the ability to predict true disease progression during follow-up remain significant challenges in contemporary AS practice.
In this narrative review, we critically appraise recent evidence of molecular and genetic biomarkers in AS, focusing on their potential to refine patient selection and to predict disease progression during surveillance. We searched PubMed and Embase for English- language peer-reviewed studies published between 2000 and 2025, supplemented by international guidelines (EAU, AUA, NCCN, NICE) and a manual review of reference lists. Priority was given to large prospective cohorts, meta-analyses, and high-impact journals.
2. Context for Biomarkers: Long-Term Oncological Outcomes of AS
AS demonstrates excellent long-term oncological outcomes in men with low and favourable intermediate-risk prostate cancer [15-28]. In the latest update from the Canary Prostate Active Surveillance Study (n = 2155; median follow-up 7.2 years), 49% received treatment at 10 years, yet prostate cancer-specific mortality was only 0.1% [26]. Similar results have been reported across other large AS cohorts, including PRIAS (n = 5302) [18], the Toronto cohort (n = 993) [17], and the MSKCC cohort (n = 2664) [21], which all report 10-year prostate cancer-specific survival rates exceeding 98% (Supplementary Materials: Table S1).
Data from the Movember Foundation's Global Action Plan (GAP3) consortium, en​compassing 25 cohorts across 15 countries, support the long-term safety of AS for low- and intermediate-risk prostate cancer [29,30]. Among 14,623 men, 91% had Gleason 3 +3 disease, 8% had Gleason 3 +4 disease, and 1% had Gleason 4+3 disease. At 10 years, treatment had been initiated in 20% of men with low-risk and 31% with intermediate-risk disease. Most deaths were unrelated to prostate cancer, with 10-year overall survival at 84.1% and metastasis-free survival at 99.4% [30]. Predictors of grade reclassification at re​biopsy were age, PSA, prostate volume, T-stage, and number of positive biopsy cores [31]. Rates of AS discontinuation due to progression at 5 years were similar in men < 60 and >60 years (22% vs. 25%) [32]. A more recent analysis of over 24,000 patients in the GAP3 AS cohort demonstrated a 15-year prostate cancer-specific survival of 98.7% and an overall survival of 88.5% [27].
In a UK single-centre prospective AS cohort from the Royal Marsden (n = 471), the 5-year adverse histology rate was 22% and treatment-free probability was 70% [28]. The ProtecT trial was a major UK-based multicentre RCT that, whilst not incorporating proto- colised re-biopsy, provided further reassurance regarding conservative management. At 15 years, prostate cancer mortality was 3.1% in the active monitoring arm (η = 545), not significantly different from radical prostatectomy (2.2%) or radiotherapy (2.9%) (p = 0.53). Notably, 24.4% of men remained treatment-free at 15 years [23].
Long-term data have also been reported from the Cancer of the Prostate Strategic Urologic Research Endeavour (CaPSURE) registry [24]. In this prospective, multi-centre cohort (median follow-up 9.4 years), after adjustment for Cancer of the Prostate Risk Assessment (CAPRA) score, the hazard ratio for prostate cancer specific mortality (with radical prostatectomy as the reference) was 1.76 [95% confidence interval (CI): 1.30-2.40; p < 0.001] for the "monitoring" group, which included patients either on AS or under watchful waiting [24].
Although long-term survival outcomes are excellent, a substantial proportion of men transition to active treatment over time. Across cohorts, the 5-year conversion to treatment rate ranges from 24% to 52% (Supplementary Materials: Table S1), with histological up​grading now the most common trigger for intervention in the USA [7]. Earlier AS cohorts often relied on PSA kinetics to monitor disease, often without MRI imaging or re-biopsy, likely underestimating the true incidence of pathological progression. In addition, most long-term oncological outcome data is predominantly derived from white cohorts, limiting generalisability to more diverse populations. GAP3 analyses indicate higher risks of up​grading and progression in men of African ancestry, and suggest that rates of treatment vary by ethnicity independent of progression [33]. Together, these limitations highlight persistent challenges in the diagnosis, monitoring, and consistency of practice, providing the rationale for evaluating molecular biomarkers as complementary tools in AS.
3. Current Challenges in AS: Opportunities for Biomarkers
3.1. Patient Selection and Uptake of AS: The Misclassification Problem
Risk assessment tools are central to identifying suitable candidates for AS (i.e., se​lecting men with indolent disease that is unlikely to progress) and guiding long-term monitoring strategies. The modern diagnostic pathway entails pre-biopsy MRI followed by targeted prostate biopsy of suspicious lesions. Major international urological guidelines stratify newly diagnosed patients based on PSA, clinical stage, Gleason scoring, and biopsy factors, with tiered management recommendations (Table 1) [5-7,34]. The three-tiered risk classification system originally described by D'Amico, upon which the EAU and NCCN classifiers were derived from, predicted biochemical recurrence amongst men undergoing radical treatment for clinically localised prostate cancer [35]. In contrast, the Cambridge Prognostic Group (CPG) five-tiered model was built to predict cancer-specific mortality and derived from a prostate cancer cohort that included men managed with AS [36]. Im​portantly, CPG2 disease is associated with a better prognostic outlook than CPG3 disease. As evidenced by the NPCA group, the incorporation of the CPG model into UK practice has broadened eligibility for AS [37]. The UK currently has one of the highest rates of AS uptake worldwide, with only 8% of men diagnosed with low-risk disease in England undergoing radical treatment within 12 months of diagnosis [38]. This is in contrast to just under 60% in North America [39].

	Table 1. Summary of American (AUA, NCCN), British (NICE) and European (EAU) guidelines for risk stratification and AS recommendations.

	Guideline
	Risk Group
	Clinical Criteria
	Guideline Recommendation on AS

	
	Low Risk
	ISUP GG1 and PSA < 10 ng/mL and cTl-T2a
	Recommend AS as the preferred management option

	AUA [34]
	Intermediate Risk, Favourable
	GG1 and PSA 10—<20 ng/mL OR
cT2b-c and <50% biopsy cores positive OR
GG2 with PSA < 10 ng/mL and cTl-2a and <50% biopsy cores positive
	Discuss AS and radical therapy

	
	Low Risk
	ISUP GG1 and PSA < 10 ng/mL and cTl-2a
	Recommended AS as standard of care

	EAU [6]
	Favourable Intermediate Risk
	ISUP GG2 and PSA < 10 ng/mL and cTl-2b OR
ISUP GG1 and PSA 10-20 ng/mL and cTl-2b OR
ISUP GG1 and PSA < 10 ng/mL and cT2b
	AS may be considered in selected cases

	
	Very Low Risk
	Has all of the following: cTlc
ISUP GG1
PSA < 10 ng/mL
<3 prostate biopsy fragments/cores positive, <50% cancer in each fragment/core
PSA density < 0.15 ng/mL/g
	Recommend AS as the preferred management option

	NCCN [7]
	Low Risk
	Has all of the following but does not qualify for very low risk: cTl-cT2a
ISUP GG1
PSA < 10 ng/mL
	Recommend AS as the preferred management option for most patients

	
	Favourable Intermediate Risk
	Has all of the following:
1 risk intermediate risk factor (cT2b-cT2c, GG2 or 3, PSA 10-20 ng/mL) ISUP GG1 or 2
<50% biopsy cores positive (e.g., <6 of 12 cores)
	Offer AS to carefully selected patients


Table 1. Cont.
	Guideline
	Risk Group
	Clinical Criteria
	Guideline Recommendation on AS

	
	Cambridge Prognostic Group 1
	ISUP GG1 and PSA < 10 ng/mL and stages cTl—Τ2
	Offer AS Consider radical treatment if AS not suitable or acceptable to the person

	NICE [5]
	Cambridge Prognostic Group 2
	ISUP GG2 OR
PSA 10-20 ng/mL and stages cTl-T2
	Offer a choice between AS or radical treatment if radical treatment is suitable

	
	Cambridge Prognostic Group 3
	ISUP GG2 and PSA 10-20 ng/mL and stages cTl-T2
OR
ISUP GG3 and stages cTl-T2
	Offer radical treatment and consider AS for people who choose not to have immediate radical treatment


Abbreviations: AS, active surveillance; AUA, American Urological Association; NCCN, National Comprehensive Cancer Network; NICE, National Institute for Health and Care Excellence; EAU, European Association of Urology; ISUP, International Society of Urological Pathology; GG, Gleason Grade Group; PSA, prostate-specific antigen; cT, clinical T-stage (TNM classification).

Differences in AS uptake globally reflect, in part, variation in classification systems and prognostic tools. The PREDICT Prostate model, used in the UK, advances traditional risk classification by incorporating patient age and co-morbidity status, in addition to standard diagnostic investigations, into a multivariable prognostic model. It estimates prostate cancer-specific and overall survival for patients undergoing conservative versus radical treatment, aiding decision-making for patients considering AS [40,41]. The PREDICT Prostate online tool can assist patient counselling by providing visual representations of survival as well as treatment harms (erectile dysfunction, incontinence, bowel issues) when comparing conservative versus radical treatment. The use of PREDICT resulted in a reduced chance of undergoing radical prostate surgery in patients with CPG2 disease [42]. In an RCT of standard information versus the structured presentation of the PREDICT prostate tool, PREDICT reduced patient decisional conflict and uncertainty when deciding about treatment [43].
Despite advances in imaging and biopsy techniques, misclassification at diagnosis remains a major challenge. Recent meta-analysis showed that the pooled rate of upgrading at the first confirmatory biopsy (performed between 4 and 24 months from diagnosis) among men AS fulfilling low- and intermediate-risk criteria is 20% [44]. In a cohort of men with CPG1-3 disease, confirmatory transperineal template biopsy resulted in up- classification or Gleason GG increase in 37.5% of patients (with 12.5% reclassified to >GG3 and 5% reclassified to >GG4) [45]. Furthermore, whilst pre-biopsy mpMRI has improved detection of clinically significant disease [46,47], there is concern that MRI-targeted biopsies may result in grade inflation and therefore reduce the number of men going into AS due to a higher perceived risk of disease progression [48]. The misclassification problem represents a key opportunity for biomarkers, which may help to identify multifocal aggressive disease at baseline and complement existing clinical tools.
3.2. Predicting Disease Progression During AS
Several modelling tools (Table 2) have been developed to predict likelihood of disease progression during AS. The PRIAS model, predicting cancer progression to >GG2, was based on data from the PRIAS study (patients with GG1 disease who were diagnosed using systematic biopsies in the absence of MRI) [49]. The Canary model was developed using the Canary PASS cohort (patients with GG1 disease) and incorporates PSA, biopsy results, time since diagnosis, BMI, and prostate size to predict a risk of >GG2 [50]. The Johns Hopkins model was devised based upon their very-low-risk cohort (Epstein criteria), which predicts the Gleason grade after radical prostatectomy [51]. Other clinical parameters have shown prognostic value. The STRATCANS model incorporates PSA density and the Cambridge Prognostic Group (CPG) at the start of AS to predict disease progression from CPG1-2 to CPG3 disease [52-54]. The 5-year STRATCANS outcomes were reported recently for 297 men with CPG1 or 2 disease on AS; treatment rates for CPG > 3 disease were 4.7%, 12.9% and 27.4% for STRATCANS tiers 1, 2, and 3, respectively (p < 0.001), with an area under the curve (AUC) of 0.74 for predicting CPG > 3 progression [54].
In summary, performance across the available clinical models is similar and there is room for improvement, with AUCs ranging from 0.6 to 0.74 [50,51,55,56]. Interestingly, the US-based studies all describe progression to GG2 as an endpoint, whereas many patients with GG2 will still be suitable for AS. The consequence is that some men progress in the absence of clear risk factors, while others may undergo unnecessary intervention. Incorporation of molecular biomarkers may provide complementary biological information beyond clinical and imaging variables, potentially improving model performance and enabling the more individualised prediction of disease progression.
Table 2. Summary of existing clinical models for predicting progression in AS.
	Model/Tool
	Inclusion Criteria for Model Development Cohort
	Pre-Biopsy MRI in Model Development Cohort
	Disease Progression Endpoint
	Model Performance

	Canary model [57]
	GG1
	Not specified
	Time from confirmatory biopsy to reclassification (GG2 or higher on subsequent biopsy)
	AUC 0.70 (95% CI: 0.63-0.76)

	John Hopkins [51]
	Epstein criteria for very-low-risk prostate cancer
	No
	Radical prostatectomy pathological Gleason
Score > 6
	AUC 0.74 (95% CI 0.66-0.81)

	PRIAS [55]
	GG1 (on systematic biopsy)
	No
	Upgrading to GG2 or higher on repeat biopsy
	AUC 0.6-0.7
(95% CI not reported)

	STRATCANS [56]
	CPG 1-2
	Most (16% did not have MRI)
	Progression to >CPG3
	AUC 0.74
(95% CI: 0.63-0.85)
In 5-year follow-up cohort
(i! = 297) c-index 0.724
(95% CI 0.694-0.793) on internal validation cohort (n = 883) c-index 0.845
(95%CI 0.712-0.958) on external validation cohort (n = 151)


Abbreviations: MRI, magnetic resonance imaging; GG, Gleason Grade Group; PRIAS, Prostate Cancer Research International Active Surveillance study; CPG, Cambridge Prognostic Group; AUC, area under the curve; CI, confidence interval; c-index, concordance index.
3.3. Heterogeneity in AS Clinical Practice
AS clinical practice is highly heterogeneous, complicating both the interpretation of the literature and the implementation of any innovations. There is variation across the full spectrum of AS delivery, from patient entry to monitoring protocols through to exit criteria and triggers for treatment.
For entry criteria, the GAP3 consortium has shown wide variation internationally in who is considered eligible for AS [30,58,59]. The recent Prostate Cancer UK AS policy report, based on freedom of information (FOI) requests, highlighted frequent deviation from NICE NG131 guidelines, with some centres incorporating PSA density or a number of positive biopsy cores in addition to the CPG group [8]. Consensus efforts such as the Movember International Consensus Meeting, building on the 2019 DETECTIVE statements, convened a multidisciplinary panel of healthcare professionals and 12 participants with lived experience of AS to define best practices [60,61]. Gleason grade and MRI findings were deemed the most important AS selection criteria, followed by PSA density and PSA. However, these conclusions remain opinion-based, and variation persists.
In terms of monitoring intensity, surveillance protocols are inconsistent. More frequent biopsy schedules during AS can deter some men from continuing AS despite not displaying grade progression [58]; data from the GAP3 consortium suggests that 12.8% of men convert to active treatment without evidence of disease progression [59]. Whilst the NICE guidance suggests a one-size-fits-all time-based schema of follow-up, in reality, many UK centres are now using stratified follow-up (only 39% of centres in the PCUK AS policy report were using a uniform follow-up protocol for all AS patients) [8]. Indeed, there is an increasing body of evidence to support the adoption of personalised follow-up schedules to enable men with the lowest risk disease to undergo a less intensive AS follow-up schedule [53,62,63].
In the UK, the STRATCANS model stratified men with CPG1-2 disease into 3 tiers with increasing follow-up intensity, and resource modelling suggests this could reduce clinic appointments by 22% and MRI scans by 42% compared to NICE guidelines [53]. This approach has now been incorporated into the 2025 Irish National Cancer Control Programme guidelines [64]. Englman et al. described an MRI-led risk-adapted protocol based on a retrospective cohort of 1150 patients on AS [62]. In their study, progression was defined as histological upgrading to GS > 4 + 3 or transition to treatment. MRI was performed at baseline and 12 months, with an additional 24-month scan for men with a visible lesion at diagnosis. Repeat biopsy was reserved for those with radiological progression or rising PSA density, illustrating a shift towards imaging-led, risk-adapted AS. Future approaches to risk-stratified AS may incorporate dynamic surveillance rules, whereby sequential surveillance decisions rules adapt over time according to a patient's evolving characteristics [63]. The increasing adoption of digital health records will provide the infrastructure to facilitate this.
Despite these efforts, there are inherent limits to how far clinical guidelines, consensus statements, or even validated diagnostic tools can standardise AS practice. Ultimately, decisions about entry, monitoring intensity, and the timing of intervention are shaped not only by clinician discretion but also by patient preference. This reliance on individual judgement and choice introduces inevitable variation, highlighting both the importance of robust clinical governance and the potential role of biomarkers as complementary tools to support, rather than replace, shared decision-making. Emerging biomarkers may help address these challenges by reducing misclassification, improving the prediction of progression, and offering greater objectivity within heterogeneous practice.
4. Improving Patient Selection to AS by Reducing Misclassification at Diagnosis
Appropriate patient selection to AS relies on accurate cancer classification at diagnosis. Systematic biopsy can be subject to the under-sampling of multifocal cancer leading to misclassification, which may later be mistaken for disease progression in AS [65]. As many as 36% of cases may be undergraded from biopsy pathology [66]. Over the past decade, several molecular and genomic biomarkers have been evaluated to improve diagnosis and refine AS eligibility. Biomarkers with evidence published in the last 10 years are summarised in Table 3.

	Table 3. Summary of biomarkers that are relevant to AS selection and monitoring with evidence published in the last 10 years. The cited shidies are described in detail, with clinical endpoints, in Sections 3 and 4.

	Name of Biomarker
	Sample Type
	Description of Biomarker +/— Clinical Factors Incorporated into Algorithm
	Technical Notes/Methodology
	Readout
	FDA Approval Status
	Commercial Availability
	Roles in AS with Recent Evidence

	4-kallikrein (4K)
	Blood
	Total PSA, Free PSA, Intact PSA, human kallikrein-related peptidase 2 (hK2), combined with clinical factors (prior biopsy status, age and DRE)
	Immunoassay
	4Kscore from <1% to >95%
	Approved
	Yes
	Patient selection [67]

	Prostate Health Index (PHI)
	Blood
	Total PSA, Free PSA, [—2] proPSA
	Immunoassay
	Phi score calculated from the formula: ([—2]proPSA/free
PSA) x {PSA
	Approved
	Yes
	Patient selection [68-70] Serial monitoring [71]

	Stockholm3
	Blood
	Plasma protein markers (human glandular kallikrein 2 [hK2], microseminoprotein beta [MSMB], microphage inhibitory cytokine-1 [MIC1], total PSA and free PSA) are combined with genetic markers (101 single-nucleotide polymorphisms) and clinical data (age, first-degree family history of prostate cancer, a previous biopsy, digital rectal examination, and prostate volume assessed by transrectal ultrasound at cancer diagnosis)
	Immunoassay and RT-PCR
	Stockholm3 score from 0% to 100%
	Not approved by FDA (offered as laboratory-based test in a CLIA certified laboratory)
	Yes
	Patient selection [72]

	ExoDx Prostate Intelliscore (EPI)
	Urine (non-DRE)
	EV ERG and PCA3 mRNA relative to SPDEF expression
	RT-PCR
	ExoDx Prostate Test score from 0 to 100
	Approved
	Yes
	Patient selection [73]

	Prostate Urine Risk (PUR)
	Urine (post-DRE)
	36-gene signature (AMACR, MEX3A, AMH, MEMO1, ANKRD34B, MME,
APOC1, MMPllAR(exons 4-8), MMP26,
DPP4, NKAIN1, ERG(exons 4-5), PALM3, GABARAPL2, PCA3, GAPDH, PPFIA2, GDF15, SIM2 (short), HOXC6, SMIM1,
HPN, SSPO, IGFBP3, SULT1A1, IMPDH2,
TDRD1, ITGBL1, TMPRSS2/ERG fusion, KLK4, TRPM4, MARCH5, TWIST1, MED4, UPK2)
	NanoString expression analysis
	Primary PUR score (PUR-1, PUR-2, PUR-3, PUR-4);
PUR-4 as a continuous variable from 0 to 1
	Not approved (Offered only in a research setting)
	Not available outside of research setting
	Patient selection [74,75] Serial monitoring [74]


Table 3. Cont.
	Name of Biomarker
	Sample Type
	Description of Biomarker +/ Clinical Factors Incorporated into Algorithm
	Technical Notes/Methodology
	Readout
	FDA Approval Status
	Commercial Availability
	Roles in AS with Recent Evidence

	SelectMDx
	Urine (post-DRE)
	DLX1 and HOXC6 mRNA, in combination with serum PSA and clinical factors (age, DRE, prostate volume, family history of prostate cancer)
	RT-PCR
	SelectMDx risk score from —6 to 6
	Not approved by FDA (Offered as laboratory-based test in a CLIA certified laboratory)
	Yes
	Patient selection [76]

	Decipher Prostate (22-gene genomic classifier, GC)
	Biopsy tissue (FFPE)
	22-gene signature (LASP1, IQGAP3, NFIB, S1PR4, THBS2, ANO7, PCDH7, MYBPC1, ΕΡΡΚ1, TSBP, ΡΒΧ1, NUSAP1, ZWILCH, UBE2C, CAMK2N1, RABGAP1, PCAT-32, GLYATL1P4/PCAT-80, TNFRSF19)
	Microarray
	Genomic Classifier score from 0-1 (also known as the Decipher Biopsy score)
	Not approved by FDA (Offered as laboratory-based test in a CLIA certified laboratory)
	Yes
	Patient selection [57,77-80]

	Genomic Prostate Score (GPS)— previously Oncotype Dx
	Biopsy tissue (FFPE)
	17-gene signature (AZGP1, KLK2, SRD5A2, FAM13C, FLNC, GSN, TPM2, GSTM2, ΤΡΧ2, BGN, COL1A1, SFRP4, ARF1, ΑΤΡ5Ε, CLTC, GPS1 and PGK1)
	RT-PCR
	GPS from 0 to 100
	Not approved by FDA (Offered as laboratory-based test in a CLIA certified laboratory)
	Yes
	Patient selection [81,82] Serial monitoring [83]

	Prolaris biopsy test (Cell Cycle Progression score)
	Biopsy tissue (FFPE)
	46-gene signature (FOXMl, CDC20, CDKN3, CDC2, KIF11, KIAA0101,
NUSAPI, CENPF, ASPM, BUB1B, RRM2, DLGAP5, BIRC5, KIF20A, PLK1, TOP2A, TK1, PBK, ASF1B, C18orf24, RAD54L, PTTG1, CDCA3, MCM10, PRC1, DTL, CEP55, RAD51, CENPM, CDCA8, ORC6L, and 15 housekeeping genes)
	RT-PCR
	Cell Cycle Progression score from 0 to 6
	Approved
	Yes
	Patient selection [84]


Abbreviations: AS, active surveillance; PSA, prostate-specific antigen; DRE, digital rectal examination; EV, extracellular vesicle; ERG, ETS-related gene; PCA3, Prostate Cancer Antigen 3; mRNA, messenger ribonucleic acid; RT-PCR, reverse transcription polymerase chain reaction; FFPE, formalin-fixed paraffin-embedded; GC, genomic classifier; FDA, U.S. Food and Drug Administration; CLIA, Clinical Laboratory Improvement Amendments; NPV, negative predictive value.

4.1. Blood Biomarkers
The Prostate Health Index (PHI) combines total PSA, free PSA, and [—2] proPSA [71,85]. While recent studies supported its ability to predict pathological upgrading upon serial biopsy during AS (AUC 0.68, 95% CI: 0.53-0.82) [68,69], analysis from the Canary PASS co​hort suggested PHI did not have better discrimination than clinical data alone for predicting reclassification upon subsequent re-biopsy [70].
The 4-kallikrein (4K) test, which is another PSA-based combinatory marker (total PSA, free PSA, intact PSA and human kallikrein-related peptidase 2 [hK2]) [86], predicted tumour reclassification by upgrading at confirmatory biopsy at 6 months in a cohort of 137 patients on AS who had ISUP GG1 at diagnosis [67]. Using a 7.5% cut-off, there were no re-classifications to GG3 on confirmatory biopsy, and biopsy rates could theoretically be reduced by 27%. The 4Κ score has also been incorporated alongside MRI in the Finnish Pro​Screen trial, a population-based study, where 1 additional low-grade cancer was detected per 909 men randomised to screening [87].
The Stockholm3 test combines plasma protein markers (hK2, microseminoprotein beta [MSMB], microphage inhibitory cytokine-1 [MIC1], total PSA and free PSA) with 101 single-nucleotide polymorphisms as well as clinical data [88]. In 280 AS patients with GG1 disease from the STHLM3 study, Stockholm3 discriminated reclassification to >GG2: among men with a negative test, only 7.9% had GG2 disease and none had unfavourable intermediate risk [72]. More recently, in a smaller AS cohort, a Stockholm3 cut-off > 15 achieved 87.5% sensitivity and 90% NPV for upgrading at confirmatory biopsy [89].
4.2. Urine Biomarkers
Biomarkers that predict upgrading at prostatectomy may help address cancer mis​classification. Biopsy samples represent only a small proportion of the gland, whereas prostate cancer is frequently multifocal. Molecular biomarkers may capture signals arising from multiple tumour foci, potentially providing complementary biological information beyond what is obtained from individual biopsy cores. The ExoDx Prostate Intelliscore (EPI) detects urinary ERG and PCA3 RNA relative to SPDEF [90]. In men with GG1 on biopsy, lower EPI scores were associated with concordant prostatectomy histology, while higher scores predicted upgrading to >GG3 (p < 0.001) [73]. Notably, no man with GG1 and EPI < 15.6 upgraded to >GG3, suggesting reassurance in selecting AS.
Erdmann et al. described their urinary EV-based marker [AMACR, ΗΡΝ, MALAT1, PCA3 and PCAT29 transcripts combined with PSA density and MRI Prostate Imaging Reporting and Data System (PI-RADS)] [91]. In 72 patients (93% GG1, 7% GG2), the model achieved an AUC of 0.869 (p < 0.001) for Gleason reclassification. However, patients entered at variable time points, up to 12 years after diagnosis, limiting application to the clinic [91] as well as making comparability across studies challenging.
4.3. Tissue Biomarkers
The Genomic Prostate Score (GPS, Oncotype Dx) is a 17 gene classifier [83,92]. In 131 men on AS who had GPS, each 5-unit increase in GPS was associated with increased risk of upgrading at repeat biopsy [Hazard Ratio (HR) 1.28, 95% CI: 1.19-1.39, p < 0.01] [81]. In Canary PASS, however, adding GPS to PSA density and biopsy grade did not improve the prediction of adverse pathology at prostatectomy [82], making routine clinical use harder to justify.
Prolaris is a 46-gene assay that generates a Cell Cycle Progression (CCP) score from 0 to 10, with higher scores indicating higher progression risk [93,94], and has been shown to assist risk stratification in the context of patients who were upgraded to Gleason 7 at prostatectomy [95]. ProMark, an 8-protein immunofluorescence assay, aims to predict Gleason > 4 + 3 and non-organ-confined disease in patients with Gleason 3 + 3 and 3 + 4 on prostate biopsy [96]. In a study comparing biopsy with matched prostatectomy speci​mens, ProMark had an AUC of 0.65 [p < 0.0001; Odds Radio (OR), 12.95] for distinguishing Gleason 6 vs. non-Gleason 6 pathology [97].
Decipher, a 22 gene assay originally developed for post-prostatectomy prognostication, has also featured in multiple recent studies relevant to AS selection [98,99]. In 647 men with NCCN very-low/low-risk or favourable/intermediate-risk prostate cancer undergoing prostatectomy, Decipher independently predicted adverse pathology (>GG3, >pT3b, or Ν1; OR 1.34 per 0.1-unit increase), even after CAPRA adjustment [57]. However, this was observational and did not inform AS entry decisions directly.
5. Improving the Prediction of True Disease Progression During AS
Beyond accurate classification at diagnosis, a central challenge in AS is predicting true biological disease progression. In Section 3.2, we considered clinical models for predicting disease progression during AS; here, we evaluate how novel biomarkers may add predictive value during AS.
5.1. Blood Biomarkers
PSA kinetics have limited predictive value for grade progression during AS [100-103]. PHI at diagnosis has shown some ability to predict progression (defined as >3 positive cores or a Gleason score > 6 on follow-up biopsy) among a cohort of patients with <3 cores of Gleason 6 disease at diagnosis, with an AUC of 0.641 (95% CI: 0.51-0.77, p = 0.034) [104]. In terms of serial PHI testing, in 241 GG1 patients on AS, PHI risk category changes over time predicted grade re-classification (risk category 4 vs. 1, HR 4.2, 95% CI: 1.76-10.05, p = 0.002, C-index 0.759) [71].
The 4Κ score was evaluated in 166 patients. Two definitions of disease progression were used: "protocol-defined progression" (>4 cores with any grade cancer, >2 cores with GG2, any core with >GG3, GG1 upgraded to GG2, or any treatment irrespective of histology), and "grade progression" (GG1 upgraded to >GG, or GG2 upgraded to >GG3). Overall, 83 men progressed per protocol; only 6% were GG2 at diagnosis. A very recent 4Kscore > 20% significantly predicted protocol-defined progression (OR 2.61, 95% CI: 1.03-6.63, p = 0.044) and grade progression (OR = 5.13, 95% CI: 1.63-16.11, p = 0.005) [105].
Circulating microRNAs, small non-coding RNAs implicated in the biology of prostate cancer progression, can be detected in plasma and serum [106]. The 3-miR score (miR- 223, -24, -375) independently predicted progression (Gleason upgrade, PSA doubling time < 3 years or PIRADS 4/5 on MRI) [107]. When combined with PSA in a multivariable model, the AUC for predicting disease progression was 0.70 (95% CI: 0.682-0.884).
5.2. Urine Biomarkers
SelectMDx detects urinary DLX1 and HOXC6 RNA, in combination with serum PSA and clinical data [108]. In 86 men on AS with low- or very-low risk prostate cancer, SelectMDx predicted pathological progression-free survival (progression defined as an increase in ISUP GG, tumour volume increase [>3 positive cores and >3 prostatic areas involved] or any core with >5 mm or >50% involvement), independently of the diagnostic grade [76]. Using an optimal cut-off of 5, patients with a SelectMDx score > 5 had an HR of 3.30 (95% CI: 1.75-6.24) for pathological progression at 5 years.
Urinary PCA3 has not demonstrated utility for predicting progression. In a cohort restricted to low-risk criteria (cTlc, PSA density < 0.15, GS6, <2 cores, <50% involvement), PCA3 alone did not discriminate men with progression (AUC 0.589, 95% CI: 0.50-0.68, p = 0.076) [109].
The Prostate Urine Risk (PUR) test evaluates 36 extracellular vesicle (EV) RNA tran​scripts, generating four risk signatures, from PUR-1 to PUR-4, aligned with D'Amico risk groups [74]. The test was found to predict disease progression in AS [75]. Among men on AS, the proportion of PUR-4 was significantly associated with outcomes, and a cut-off of 0.174 dichotomised patients with a marked difference in time to progression (HR 8.2, 95% CI: 3.26-20.81) [74]. The potential for serial testing is of interest. In a pilot cohort (n - 20), men who progressed were more likely to fail the PUR stability test (p = 0.059), suggesting value for longitudinal monitoring. This is currently being investigated in a multicentre study using home collection kits [74].
5.3. Tissue Biomarkers
Building upon previous evidence suggesting that the CCP (Prolaris) score could influ​ence urologist treatment decision-making [110], in a multicentre retrospective observational study of men with localised prostate cancer who underwent CCP testing to select AS, two thirds of patients remained on AS for more than 3 years [84].
Vince et al. evaluated 264 patients who underwent Decipher biopsy prior to AS [77]. After adjusting for the NCCN risk group, age, PSA, prostate volume, body mass index, and percent positive cores, a high-risk Decipher score was independently associated with shorter time to treatment (HR 2.51, 95% CI: 1.52-4.13, p < 0.001). Press et al. found Decipher predicted upgrading among patients with diagnostic GG1 disease, but not GG2 (AUC 0.69, 95% CI: 0.58-0.80) [78]. Zhu et al. analysed SEER (Surveillance, Epidemiology and End Results registry) data including 2576 Decipher-tested and 84,564 untested men with GG1-2 disease [79]. Higher Decipher scores were associated with upgrading (OR 1.29, 95% CI: 1.12-1.49, p < 0.001), upstaging (OR 1.31, 95% CI: 1.05-1.62, p = 0.020), and adverse pathology (OR 1.27, 95% CI: 1.12-1.45, p < 0.001) [79].
Beyond baseline testing, tissue-based assays from repeat biopsies may add information. In 111 GG1 men with two GPS results, both first and second scores were associated with upgrading (>GG2) and conversion to treatment [83]. Serial Decipher testing has also been described in a case report, with a doubling in score corresponding to reclassification on a third biopsy [111].
While these studies suggest promise, translation into routine AS remains inconsistent. A qualitative study highlighted mixed patient experiences: some found genomic testing helpful, while others reported poor communication about purpose and meaning [80]. Reflecting this uncertainty, AUA guidelines advise against the routine use of tissue-based genomic classifiers for AS, though selective use may be considered (e.g., high-volume GG1 or favourable intermediate-risk patients) [77]. Cost-effectiveness remains a critical barrier, and none of these assays are endorsed by NICE for NHS use at the time of writing.
Patient preference is an important factor in decision-making. Embedding clear coun​selling about the safety of AS and expected triggers for treatment may mitigate avoidable early conversions to treatment in the absence of biological disease progression, while still respecting patient autonomy. Shared decision-making frameworks, supported by deci​sion aids such as PREDICT Prostate, may help differentiate anxiety-driven decisions from clinically indicated progression [42].
Several caveats must be acknowledged. Studies differ in their clinical endpoints, with some using treatment initiation, which may itself be influenced by genomic results, confounding associations with treatment-free survival. Many cohorts describe very con​servative low-risk populations (predominantly GG1/CPG1), limiting generalisability to broader AS practice. In addition, most US series predate routine MRI prior to biopsy, raising the possibility that some biomarkers are used to detect baseline misclassification rather than true progression.
In contemporary clinical practice, men entering AS typically follow a structured pathway comprising pre-biopsy MRI, targeted and systematic biopsy at diagnosis, and confirmatory biopsy at around 12 months, with subsequent surveillance incorporating regular PSA testing, interval MRI and repeat biopsy at predefined time points. As we have explored, within this care pathway, different biomarkers may have distinct roles. Firstly, biomarkers such as PHI, 4Kscore, ExoDx and Stockholm3 may be utilised at, or shortly after, diagnosis to address potential misclassification and to support decision-making around suitability for earlier confirmatory biopsy and the consideration of immediate radical treatment. Secondly, biomarkers may assist the personalisation of AS protocols. For example, patients with urinary markers, suggesting higher risk of disease progression (e.g., Select MDx > 5, or PUR-4 score > 0.174), may warrant a more intensive surveillance protocol with more frequent MRI and biopsy, or indeed lower-risk results may support de-escalation. Finally, serial biomarker testing may have the potential to complement, and in some settings reduce, reliance on the current PSA-MRI-biopsy paradigm of AS; however, prospective studies embedded within standardised AS pathways are required to determine when such tests add incremental value and how they should be integrated alongside established clinical tools.
6. Conclusions
Emerging evidence suggests that molecular and genetic biomarkers at diagnosis and serially during AS may provide additional prognostic information. However, current studies remain small, use surrogate endpoints such as biopsy upgrading, and have limited follow-up. Priorities for future research include identifying the clinically relevant optimal biomarker cut-offs, understanding how biomarkers and MRI results interact, and exploring how they can be integrated to improve disease characterisation and guide AS decisions. The attainment of consensus has been slowed by heterogeneity in study design and endpoint definitions, as well as by a lack of validation in modern AS cohorts.
The major hurdle for novel biomarkers is their ability to demonstrate not only predic​tive accuracy but also clinical utility and cost-effectiveness, as well as sufficient incremental benefit over established current clinical tools: reducing unnecessary biopsies without com​promising oncological safety, providing value for healthcare systems, ensuring equitable access, and enhancing communication with patients. Importantly, genomic biomarker development may also enhance biological understanding and provide mechanistic insights of disease progression. The transition towards remote care offers an opportunity for home sampling, e.g., via postal urine kits, integrated with digital records to potentially deliver risk-adapted follow-up that is both sustainable and acceptable. If validated in modern cohorts, the future of AS may involve novel biomarker combinations that transform surveil​lance from a "one-size-fits-all" protocol into a biologically informed personalised approach that maintains safety while minimising harm, fulfilling the central aim of modern prostate cancer management.
7. Patents
C.S.C. and D.S.B. have filed patent applications related to the Prostate Urine Risk (PUR) test, DESNT, and an anaerobic bacteria biomarker set for prostate cancer diagnosis and prognosis.
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