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Background and objective: The treatment landscape of metastatic prostate cancer
(mPCa) has evolved significantly over the past two decades. Despite this, the opti-
mal therapy for patients with mPCa has not been determined. This systematic
review identifies available predictive models that assess mPCa patients’ response
to treatment.
Methods: We critically reviewed MEDLINE and CENTRAL in December 2022 accord-
ing to the Preferred Reporting Items for Systematic Reviews and Meta-analyses
statement. Only quantitative studies in English were included with no time restric-
tions. The quality of the included studies was assessed using the PROBAST tool.
Data were extracted following the Checklist for Critical Appraisal and Data
Extraction for Systematic Reviews criteria.
Key findings and limitations: The search identified 616 citations, of which 15 studies
were included in our review. Nine of the included studies were validated internally
or externally. Only one study had a low risk of bias and a low risk concerning appli-
cability. Many studies failed to detail model performance adequately, resulting in a
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high risk of bias. Where reported, the models indicated good or excellent
performance.
Conclusions and clinical implications: Most of the identified predictive models require
additional evaluation and validation in properly designed studies before these can
be implemented in clinical practice to assist with treatment decision-making for
men with mPCa.
Patient summary: In this review, we evaluate studies that predict which treatments
will work best for which metastatic prostate cancer patients. We found that exist-
ing studies need further improvement before these can be used by health care
professionals.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prostate cancer (PCa) is a major cause of morbidity and
mortality amongst men. While localised PCa is charac-
terised by high long-term disease-specific (ie, PCa specific)
survival, metastatic PCa (mPCa) is considered incurable
despite the availability of novel treatment modalities [1].

The treatment landscape of mPCa has evolved signifi-
cantly over the past two decades. Androgen deprivation
therapy (ADT) has been the standard of care for mPCa treat-
ment for over 50 years [2]. In recent decades, owing to sig-
nificant advances in the understanding of metastatic
disease, new drugs have been developed for patients [3].
ADT is now commonly used in combination with other
treatments such as androgen receptor (AR) antagonists
(eg, apalutamide, darolutamide, and enzalutamide) and
chemotherapies (eg, docetaxel and cabazitaxel), known as
ARTA and combination therapy, respectively. Evidence sug-
gests that the addition of other treatments in combination
with ADT has resulted in an improvement in overall survival
for patients with metastatic hormone-sensitive PCa at
almost 5 years after treatment, compared with ADT treat-
ment alone [4–7]. Other available treatments for mPCa
include abiraterone acetate, radiopharmaceutical therapy
(radium-223), immunotherapy (pembrolizumab), and poly
ADP-ribose (PARP) inhibitors (olaparib, rucaparib, tala-
zoparib, and niraparib). The emergence of so-called triplet
therapies, consisting of an AR antagonist (darolutamide),
docetaxel, and ADT, or abiraterone, docetaxel, and ADT,
demonstrates greater overall survival benefit than doublet
therapy with docetaxel and ADT, as noted in a recent sys-
tematic review and met-analysis by Mandel and colleagues
[8,9]. This review also included highly anticipated data from
the PEACE-1 and ARASENS randomised controlled trials
[10,11].

Treatment options depend on several factors, including
the extent of disease at diagnosis, castration status, and vol-
ume or timing of the metastatic disease. Moreover, the effi-
cacy of these treatment options varies according to similar
variables, such as whether the patient has metastatic dis-
ease at diagnosis as well as the patient’s response to
treatment.
Despite greater availability of effective treatments, there
are no comparative studies to determine the optimal ther-
apy or therapy sequence for the most appropriate patient
[12]. This means that treatment selection is currently
guided by several other factors: disease characteristics,
patient age and fitness, patient comorbidities, potential
adverse effects, monetary cost, and availability of the drug
[12–14]. Treatment selection should be made jointly by
clinicians and patients, based on the clinical evidence and
patients’ informed preferences [15]. However, efforts are
continuing to identify the optimal treatment and treatment
sequence for men with mPCa.

One such effort is being undertaken by the PIONEER Con-
sortium, a European network of world leading PCa experts
[16]. The consortium aims to establish evidence-based
management and clinical practice of PCa across all disease
stages by leveraging the power of big data analytics towards
an outcome-driven, value-based, and patient-centric health
care system. To achieve their objective of identifying the
optimal treatment for men with mPCa, it is helpful to exam-
ine the existing predictive models that assess these
patients’ response to distinct treatments. The term predic-
tive model is often misused in the existing literature to refer
to diagnostic and/or prognostic models. However, diagnos-
tic models aim to calculate an individual’s risk that the dis-
ease is present, while prognostic models aim to calculate
the risk of a particular health event (eg, survival) occurring
in the future [17]. On the contrary, predictive models refer
to the prediction of outcomes strictly related to the efficacy
and effects of treatment, for example, overall survival, dis-
ease progression, treatment discontinuation, toxicity, and
adverse events. In mPCa, predictive models can help iden-
tify which treatment is most effective for a given patient
group in prolonging survival and time to disease progres-
sion. Additionally, predictive models can identify which
patients are likely to experience adverse events or toxicity
from a given treatment based on their clinical characteris-
tics, amongst other factors. This provides useful information
for the decision-making process between clinicians and
patients when selecting treatment [18].

Therefore, we aimed to identify and evaluate existing
predictive models developed for assessing patients’
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response to treatment for mPCa. Additionally, we aimed to
describe the characteristics of the identified predictive
models.

2. Methods

This systematic review is reported in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines [19]. A protocol was
written a priori (but it was not published). The protocol
was shared with some PIONEER Consortium members for
their input and was finalised after incorporating their feed-
back (unpublished work). The protocol is available on
request.

2.1. Stage 1: comprehensive literature review

The literature search terms were developed by the mem-
bers of the core team (A.L., C.L., J.G.R., P.-P.W., S.R., and K.
B.), which includes urologists, a bioinformatician, a statisti-
cian, and researchers experienced in systematic reviews for
urology. We searched for quantitative observational studies
that assessed predictive models of mPCa. Relevant studies
were identified by conducting searches of Medline
(PubMed) and Cochrane (CENTRAL) using the search terms
listed below from inception to December 2022. The same
search terms were used for both databases:

prostate cancer and prediction model*
prostate cancer and prediction model* filtered by systematic

review only
prostate cancer and prediction model* and metas*
Searches were not restricted by publication year or lan-

guage, and included conference proceedings and abstracts.
The complete search strategy is available upon request.

The eligibility of studies was checked independently by
two researchers (A.L. and C.L.). Screening of both the
abstract and the full text was conducted in duplicate by
the same two reviewers. Discrepancies were resolved
through discussion, or where the discrepancy could not be
resolved through discussion, a third reviewer (K.B.) was
consulted to assess the given study.

2.1.1. Eligibility criteria
2.1.1.1. Study design. Only quantitative observational
studies were included. Qualitative studies, narrative litera-
ture reviews, and commentary pieces were excluded. Stud-
ies not published in the English language were excluded.

2.1.1.2. Participants. Participants are adult men (�18 yr of
age) diagnosed with mPCa: any T, any N, or M1 a-c. Studies
in which local disease (any �T, any N, and M0) accounted
for >10% of their participants were excluded, unless there
were distinct models for metastatic participants. Partici-
pants with localised PCa, locally advanced PCa, or non-
metastatic castration-resistant PCa (nmCRPC) were
excluded.

2.1.1.3. Interventions. Interventions considered for this
systematic review were all treatments supported by the
2023 European Association of Urology guidelines for PCa
[20].

2.1.1.4. Outcomes. Such studies had to assess the predic-
tive factors (ie, treatment efficacy and effects) of (1) mPCa,
(2) risk of progressing mPCa, (3) metachronous PCa, (4)
local recurrence of PCa after previously having an mPCa
diagnosis, and (5) progression from nmCRPC to metastatic
castration-resistant PCa (mCRPC).

Studies that assessed the predictive factors for nmCRPC
were also excluded.

2.2. Stage 2: quality evaluation of studies using risk of bias
tool

All studies identified through the literature search were
assessed using the PROBAST criteria. PROBAST is a tool to
assess the risk of bias (RoB) as well as the applicability of
studies developing, validating, or updating prediction mod-
els [21]. Applicability was judged as low, high, or of unclear
concern. Further scoring information is available in Supple-
mentary Table 1.

We conducted pilot screening to prepare the raters for
using PROBAST. Both groups received a guidance document
to assist with the process [21], and questions were dis-
cussed with the groups by a reviewer (K.B.). All raters—
one epidemiologist (A.L.), one biostatistician (C.L.), and
two urologists (L.I. and P.A.)—were involved in the pilot
assessments of two studies from the final study list
[22,23]. Any discrepancies were discussed amongst the
group.

PROBAST assessments of the remaining studies were
then conducted in duplicate by two reviewers for each
study. Assessments were conducted independently, and
reviewers met to discuss any discrepancies. Where a dis-
crepancy could not be addressed through discussion, a third
reviewer was asked to make a judgement.

2.3. Stage 3: data extraction

Data extraction was performed at a study level and guided
by the Critical Appraisal and Data Extraction for Systematic
Reviews of Predictions Modelling Studies (CHARMS) check-
list [24]. Data extraction provides the necessary information
for describing and summarising the characteristics of a
model. Additionally, it enables an examination of the RoB
and applicability concerns of models. As in phase 3, four
assessors extracted the data independently. Owing to the
anticipated heterogeneity across studies, only a narrative
review was planned.
3. Results

3.1. Stage 1: comprehensive literature review

The PRISMA flow chart for study selection is shown in
Figure 1.

A multidisciplinary steering committee reviewed the
study list, and no recommendations for the exclusion of



Fig. 1 – PRISMA flow diagram for systematic review of predictive models for mPCa. mPCa =metastatic prostate cancer; PRISMA = Preferred Reporting Items for
Systematic Reviews and Meta-analyses.

E U R O P E A N U R O L O G Y O P E N S C I E N C E 6 3 ( 2 0 2 4 ) 1 2 6 – 1 3 5 129
listed studies or inclusion of additional unlisted studies
were received.

3.2. Stage 2: quality evaluation of studies using a RoB tool

We identified 15 studies to be assessed with PROBAST. The
RoB was low for one study and high for 13 studies. No study
had an unclear RoB. However, it was not possible to assess
one study [25] as it was neither a model development nor
a validation study. For overall applicability, ten studies were
judged to be of low concern and four of high concern. One
study was scored to have a low RoB across both domains.
Table 1 presents the RoB assessments using PROBAST for
all studies, including the overall score and scores for each
domain. Supplementary Table 2 presents the full reviewer
assessments for all PROBAST signalling questions.

3.3. Stage 3: data extraction

Data extraction was conducted for 14 studies. One study
[25] was excluded during stage 3 as it was not a model
development or validation study. Table 2 presents an over-
view of the key characteristics and performance metrics of
the included predictive models extracted during this stage.
Tables 3 and 4 describe the treatments and outcomes,
respectively, included in the model.
3.4. Characteristics of low RoB models

We identified one model with an overall low RoB [26]. The
internally validated machine-learning model aimed to pre-
dict skeletal-related events following denosumab treatment
discontinuation in 421 men diagnosed with PCa and bone
metastases between January 1, 2007 and September 1,
2019. Patient data were extracted from the Optum PanTher
Electronic Health Record repository. A c-statistic of 0.82
(95% confidence interval: not available) was achieved by
the model, which indicates good model discrimination (c-
statistic >0.75) [26]. Precision was reported as 0.62 or 60%,
which is below the minimum value required for the model
to be considered useful [27].



Table 1 – Predictive models for examining mPCa patient’s response to treatment assessed for risk of bias using PROBAST

Study ID Year RoB Applicability Overall

Participants Predictors Outcome Analysis Participants Predictors Outcome RoB Applicability

1 2016 Low Low High High Low Low High High High
2 2019 Low Low Low Unclear Low Low Low High Low
3 2021 Low Low Low High Low Low Low High Low
4 2020 Low Low Low High Low Low Low High Low
5 2021 High Low Low High Low Low Low High Low
6 2018 Low Low Low High Low Low Low High Low
7 2022 Low Low Low Low Low Low Low Low Low
8 2014 Low Low High High Low Low Low High Low
9 2016 Low Low Low High Low Low Low High Low
10 2020 High Low Low High High Low High High High
11 2018 Low High High High Low Low Low High Low
12 2021 High Low Low High Low Low Low High High
13 2017 Low Low Low High Low Low Low High High
14 2013 Low Low Low High Low Low Low High Low

mPCa = metastatic prostate cancer; RoB = risk of bias.
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3.5. Characteristics of high RoB models

3.5.1. Validation
The remaining 13 studies were identified with an overall
high RoB [18,22,23,28–37]. Eight of these studies were val-
idated internally or externally. Patient data were extracted
from registries, cohort studies, and phase 3 clinical trials.
Most of the high overall RoB judgements were made based
on high RoB within the analysis domain (Table 1). Many
studies failed to detail model performance evaluation ade-
quately, as demonstrated in Table 2.

3.5.2. Treatment discontinuation
Treatment discontinuation or treatment completion was
predicted by three models [22,23,36]. Two models pre-
dicted treatment completion of docetaxel for mCRPC
patients as part of the Prostate Cancer DREAM (Dialogue
for Reverse Engineering Assessment and Methodology)
challenge. The challenge aimed to determine whether base-
line clinical characteristics could be used to predict which
patients will discontinue their docetaxel treatment due to
adverse events and involved 34 teams worldwide. The chal-
lenge compiled data from 2070 patients across four phase 3
clinical trials for docetaxel chemotherapy [22,36]. Model
performance (eg, discrimination and calibration) was
described by only one model that reported poor discrimina-
tion (c-statistic: 0.6) [22], where a c-statistic of 0.5 indicates
no predictive ability [38]. The third model predicted com-
pletion of six cycles of radium-223 in patients with bone
mCRPC. Model performance was not reported.

3.5.3. Disease progression
Disease progression was predicted by four studies
[28,30,33,37]. Two studies aimed to predict progression to
castration-resistant disease in patients treated with ADT
alone [28,33], and one study predicted progression in those
treated with ADT, docetaxel and abiraterone acetate [37].
The fourth study retrospectively predicted disease progres-
sion to metastases in mPCa patients who received radical
prostatectomy [30]. Discrimination was reported by all
models and ranged from 0.72 to 0.91 (Table 2). Calibration
plots were reported by two models (Supplementary Fig. 1-
B-G), and indicated reasonable agreement between the pre-
dicted and observed values. Zhao and colleagues [33] also
conducted a Hosmer-Lemeshow test, yielding a p value of
0.54.

3.5.4. Survival
Survival was predicted by four models, two of which were
reported in the same study [35]. Three models aimed to pre-
dict overall survival after mCRPC patients were treated with
enzalutamide [31], abiraterone acetate alone, or abiraterone
combined with prednisone [35]. One model aimed to pre-
dict death from castration-resistant PCa in patients who
received docetaxel [29]. Model discrimination was reported
in all studies, ranging from 0.73 to 0.78, indicating good dis-
crimination. Only one study included a calibration plot
(Supplementary Fig. 1A) and indicated reasonable agree-
ment between the predicted and observed probabilities of
survival [35].

3.5.5. Treatment efficacy
Two models examined the efficacy of ADT and alternative
nonsteroidal antiandrogen therapy, in terms of biochemical
recurrence and prostate-specific antigen (PSA) decrease for
PCa patients, respectively. The biochemical recurrence pre-
diction model demonstrated excellent discrimination (0.95)
[32], while the PSA decrease model reported good discrim-
ination (0.73) [18]. Neither model reported calibration.

The final model predicted tumour, node, metastasis stag-
ing, extracapsular extension, seminal vesicle involvement,
and lymph node metastasis for PCa patients who received
radical prostatectomy [34]. Model performance is not
described.
4. Discussion

Predictive models can aid in treatment selection by identi-
fying which treatments a patient is likely to respond well
to. We aimed to identify existing predictive models assess-
ing mPCa patient’s response to treatment. Our review found



Table 2 – Characteristics and performance metrics of the predictive models for assessing patients’ response to treatment

Study
ID

Authors Year Data
source

Population Sample size Treatment Significant predictors Outcome(s) Discrimination Calibration

Total Outcome AUC Confidence
interval

Development
1 Anand et al [31] 2016 Registry mCRPC 62 40 Enzalutamide Automated BSI, PSA Overall survival 0.77 0.71-0.81 NR
2 Choi et al [28] 2019 Registry Locally

advanced
PCa, mPCa

602 272 ADT PSA, regional lymph node metastasis, non-lymph node
metastasis, bone metastasis, visceral metastasis

Progression to
CRPC

0.72 NR NR

3 Martini et al
[36]

2021 Phase 3
clinical
trials

mCRPC 1600 238 Docetaxel
chemotherapy

Age, ECOG performance status, AST, bilirubin, use of
analgesics, presence of diabetes, chronic kidney disease

Toxicity-related
treatment
discontinuation

NR NR NR

4 Mei et al [32] 2020 Cohort PCa—all
stages

145 43 ADT Lymph node metastasis, GS, pretreatment PSA, treatment
method, TIC indicators (PI and TTP)

Biochemical
recurrence

0.95 0.91-0.98 NR

5 Miyoshi et al
[23]

2021 Hospital
records

Bone
mCRPC

122 83 Ra-223 ALP, HB, baseline pain Completion of 6
cycles of Ra-223

NR NR NR

6 Yang et al [35] 2018 Cohort mCRPC 110 43 Abiraterone
acetate &
prednisone

Liver metastases, HB, time interval from ADT to initiation
of abiraterone therapy

Overall survival 0.76 0.68-0.84 NR a

Development and internal validation
7 Jacobson et al

[26]
2022 Electronic

health
records

mPCa 1414 490 Denosumab Denosumab duration, cumulative number of SREs, unique
anticancer drugs

Skeletal-related
events

0.82 NR 0.62

8 Kamiya et al
[18]

2014 Cohort PCa—all
stages

161 75 Alternative
nonsteroidal
antiandrogen
therapy

Initial diagnosis PSA, PSA nadir to first-line hormone
therapy, initial diagnosis HB, C-reactive protein, GS

PSA decrease 0.73 NR NR

9 Mahmoudian
et al [29]

2016 Phase 3
clinical
trials

mCRPC 1600 585 Docetaxel
chemotherapy

ALP, HB, AST, PSA, lesions Death 0.78 NR NR

10 Rho et al [34] 2020 Registry PCa—all
stages

7128 NA RP Age at diagnosis, BMI, marital status, education, smoking,
alcohol, family history of PCa, PSA, GS, maximum positive
core, total cores, HGPIN, core ratio

TNM, ECE, SVI,
lymph node
metastasis

NR NR NR

11 Zhao et al [37] 2018 Cohort De novo
mPCa

449 286 ADT, docetaxel
chemotherapy,
abiraterone
acetate

Biopsy GS, IDC-P status, ECOG score, baseline ALP,
haemoglobin, PSA

Incidence of
CRPC

0.76 NR NR a

12 Zhao et al [33] 2021 Cohort Locally
advanced
PCa, mPCa

183 124 ADT T stage, distant metastasis, GS, AUC, PSA nadir, time to
PSA nadir

Time to CRPC 0.91 0.85-0.96 0.54

Development and external validation
13 Seyednasrollah

et al [22]
2017 Phase 3

clinical
trials

mCRPC 1600 197 Docetaxel
chemotherapy

Albumin, HB, lactate dehydrogenase, PSA, sodium, RBC,
ALP, calcium, AST, creatinine clearance, total protein

Treatment
discontinuation

0.60 NR NR

External validation
14 Karnes et al

[30]
2013 Cohort mPCa 256 73 RP GS Metastatic

disease
0.79 0.68-0.87 NR

6 Yang et al [35] 2018 Cohort mCRPC 110 43 Abiraterone
acetate

ECOG PS, liver metastases, albumin, ALP, time interval
from ADT to initiation of abiraterone therapy

Overall survival 0.73 0.64-0.81 NR

ADT = androgen deprivation therapy; ALP = alkaline phosphatase; AST = aspartate aminotransferase; AUC = area under the curve; BMI = body mass index; BSI = bone scan index; CRPC = castration-resistant prostate cancer; ECE
= extracapsular extension; ECOG= Eastern Cooperative Oncology Group; GS = Gleason’s score; HB = haemoglobin; HGPIN = high-grade prostatic intraepithelial neoplasia; IDC-P = intraductal carcinoma of the prostate; mCRPC
= metastatic castration-resistant prostate cancer; mPCa = metastatic prostate cancer; NA = not available; NR = not reported; PCa = prostate cancer; PI = peak intensity; PS = performance score; PSA = prostate specific antigen;
RBC = red blood count; RP = radical prostatectomy; SRE = skeletal-related events; SVI = seminal vesicle involvement; TIC = time-intensity curve; TNM = tumour, node, metastasis; TTP = time to peak.
Note: Given the high number of predictors included in some models, we elected to include only significant predictors in this table.
a Calibration plot is provided, but no p value is specified.
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Table 3 – Overview of the treatment per study in prediction models for assessing patients, response to treatment

Authors ADT ARTA AA Chemotherapy RP Ra-223 Denosumab Prednisone Alternative nonsteroidal
antiandrogen therapy

Seyednasrollah et al [22] X
Miyoshi et al [23] X
Mei et al [32] X
Rho et al [34] X
Yang et al [35] X

X X
Zhao et al [33] X
Jacobson et al [26] X
Choi et al [28] X
Karnes et al [30] X
Anand et al [31] X
Kamiya et al [18] X
Mahmoudian et al [29] X
Zhao et al [37] X X X
Martini et al [36] X

AA = abiraterone acetate; ADT = androgen deprivation therapy; ARTA = androgen receptor-targeted agents; RP = radical prostatectomy; Ra-223 = radiotherapy.

Table 4 – Overview of the outcomes per study included by prediction models for assessing patients’ response to treatment

Authors Treatment discontinuation Disease progression Survival Treatment efficacy Adverse events Other

Seyednasrollah et al [22] X
Miyoshi et al [23] X
Mei et al [32] X
Rho et al [34] X
Yang et al [35] X
Zhao et al [33] X
Jacobson et al [26] X
Choi et al [28] X
Karnes et al [30] X
Anand et al [31] X
Kamiya et al [18] X
Mahmoudian et al [29] X
Zhao et al [37] X
Martini et al [36] X
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that almost all identified studies had a high RoB primarily
due to poor design, conduct, and/or reporting. Common
issues included failing to describe missing data and a lack
of model development testing. We identified one study
rated to have a low RoB, which reported adequate model
development. This study was the only study reviewed,
which extracted data from an electronic health record.
However, the model has yet to be validated externally.
Repeated external validation is required before a predictive
model can be deemed suitable for clinical use. We identified
three externally validated models predicting disease pro-
gression [30], treatment discontinuation [22], and survival
[35], none of which had reported complete model develop-
ment. As such, we did not identify any models suitable for
immediate use in clinical practice.

Similar issues with RoB were also observed in Beyer
et al’s [39] review of diagnostic and prognostic models, with
most studies identified as having a high RoB. The authors
concluded that additional evaluation and validation in
well-designed studies are required before the diagnostic
and prognostic factors included in their review can be rec-
ommended for use in clinical practice. A high RoB for stud-
ies was also observed in systematic reviews of predictive
models for other cancer types, such as breast cancer [40].
Lin et al [40] reported that all 17 studies identified in their
review were assessed as having a high RoB using PROBAST.
Furthermore, only one model that we identified exter-
nally validated the model they developed. An additional
two studies validated existing predictive models externally.
External validation is critical to ensuring model generalis-
ability and is an important step before model application
in clinical settings [41]. The lack of external validation
may be in part due to the novelty of predictive models in
cancer research. All studies identified in our review were
published in the past decade, with many of the studies
emphasising the need for external validation of their model
in future research.

However, other issues remain, in addition to the lack of
external validation. At a data level, challenges with obtain-
ing high-quality, complete, and representative data may
hinder the development of low RoB predictive models. For
example, phase 3 clinical trial data are likely to be of high
quality and complete, but unlikely to be representative of
the general population given the strict inclusion criteria
for clinical trial participation. Notably, the sole study evalu-
ated as having a low RoB in our review extracted data from
an electronic health record. This indicates a role for high-
quality real-world evidence, reflective of the population,
in developing predictive models suitable for clinical
practice.

Moreover, in some of the identified studies, the predictor
variables were also used to calculate the outcome and/or
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there were not a sufficient number of participants for the
number of predictors due to small sample sizes. Such sam-
ple sizes could impact study outcomes, decrease statistical
power, and highlight a need for additional research on
much larger sample sizes. Additionally, missing data, and
handling of missing data, were reported rarely. This was
also observed in other systematic reviews of predictive
models [41,42]. Finally, there was some heterogeneity
across the predictors used in the identified models, even
where the models aimed to predict the same outcome
[29,31,35]. Core outcome sets offer a potential solution to
this problem and should be implemented in future model
development studies [43].

Relatedly, there is a need for concrete definitions of pre-
dictive, diagnostic, and prognostic models. There is substan-
tial confusion in the literature about the differences
between these model types. We observed countless studies
developing or validating diagnostic and prognostic models
that appeared in our literature search described as predic-
tive models, and it is possible that predictive models were
missed during our review if these did not use the appropri-
ate term. This issue extends beyond mPCa and covers all
fields in which these types of models are used. Not only
does this pose an issue for evidence synthesis, but it also
may lead to models being missed by researchers who seek
to perform external validation of existing models. While
definitions of the differing model types exist [17], these
are not used across the research landscape, resulting in
much confusion. Concrete definitions of the model types
and their widespread implementation should be a key focus
in future research. This could be achieved by using a study-
a-thon approach, a method previously used by PIONEER,
which brings together a multidisciplinary team of aca-
demics, clinicians, data scientists, epidemiologists, and
patient representatives to conduct an observational study
focusing on a clinical or research question over 5 days. By
using a study-a-thon approach, developed definitions
would be suitable for both clinical and nonclinical research,
allowing for universal use.
4.1. Strengths and limitations

The strengths of this review include the systematic method-
ology used to identify eligible studies. All eligibility screen-
ing and the PROBAST assessments were conducted in
duplicate by both researchers and clinicians working in
the (metastatic) PCa field. Moreover, to our knowledge, this
is the first systematic review of predictive models for mPCa.
This study has identified the limitations of existing predic-
tive models and highlighted areas for improvement that
should be addressed in future research.

Our study has several potential limitations. Firstly, our
search strategy was limited to English literature only. There
is also substantial confusion in the literature surrounding
the definitions of predictive, diagnostic, and prognostic
models. Thus, it is possible that predictive models relevant
to our review were missed in the literature search if these
were classified incorrectly. However, by keeping our search
strategy relatively broad and acting under the guidance of a
multidisciplinary steering committee, we tried to minimise
this risk. Additionally, despite our best efforts to minimise
bias during screening and RoB assessments, there is a
potential for subjectivity.
5. Conclusions

To our knowledge, 15 studies have developed and/or vali-
dated predictive models in mPCa to date. Existing predic-
tive models are not suitable for use in clinical practice
due to a lack of model performance evaluation and exter-
nal validation. The models may be improved by conducting
additional evaluation and validation, but the need for fur-
ther high-quality, externally validated predictive models
remains. Future research developing predictive models
for mPCa should ensure sufficient patient numbers for
their planned analysis, adequate handling of missing data,
appropriate model evaluation, and extensive reporting of
all steps taken throughout the model development process.
This review supports PIONEER in their work to identify the
best treatments for men diagnosed with PCa, across all dis-
ease stages.
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