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Abstract

Objectives To develop and retrospectively validate an artificial intelligence-based decision support system (Al-DSS)
for optimising prostate biopsy decisions and improving benefit-to-harm ratios.

Materials and methods This retrospective, multicentre, multiscanner study used data from 1022 patients. An Al-DSS
integrating PI-RADS scores, automated prostate-specific antigen density (PSAd), and deep-learning imaging risk scores
was developed on 770 cases and validated on an independent cohort of 252 men from six UK centres. The AI-DSS
performance was benchmarked against the real-world clinical decisions (reference standard) using grade selectivity,
biopsy efficiency, and selective biopsy avoidance as outcome measures. Biopsy-proven detection of grade group
(GG) = 2 disease was the reference standard.

Results In the validation cohort of 252 patients (mean age, 67.3 years), 137 underwent biopsy and 79 (31%)
harboured > GG2 disease. Compared to the reference standard, the AI-DSS at the 31% cancer detection rate (CDR)
would have avoided 28 biopsies while missing one > GG2 cancer. This corresponded to a 70% increase in grade
selectivity (from 4.6 to 7.8), 79% increase in biopsy efficiency (from 1.4 to 2.5), and a 143% increase in selective biopsy
avoidance (from 2.8 to 6.8). At the reduced CDR of 30%, grade selectivity, biopsy efficiency, and selective biopsy
avoidance increased by 172%, 236%, and 475%, with four > GG2 cancers missed.

Conclusion An AI-DSS that integrates clinical and advanced imaging data improves the benefit-to-harm ratio of
prostate biopsy decisions in a retrospective setting. Future prospective validation as part of real-world clinical workflow
is required to enable clinical implementation.

Key Points
Question Current prostate cancer diagnostic pathways result in fewer unnecessary biopsies. Can an Al decision support
system (AI-DSS) further improve biopsy efficiency for detecting significant cancer?
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biopsy avoidance by 70%, 79%, and 1439%, respectively.

Graphical Abstract

Findings An AI-DSS avoided 28 biopsies in a 252-patient cohort, increasing grade selectivity, biopsy efficiency, and selective

Clinical relevance Integrating an Al-DSS into clinical workflows may further reduce unnecessary prostate biopsies and
overdiagnosis of indolent disease, thus potentially improving the efficiency of the prostate cancer diagnostic pathway.

Keywords Prostate cancer, Magnetic resonance imaging, Al (artificial intelligence)

Al decision support for increasing prostate biopsy
efficiency: a retrospective multicentre, multi-scanner study

[

Can an Al decision support system (Al-DSS), integrating MRI and clinical data,
improve biopsy efficiency for detecting clinically significant prostate cancer?
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Introduction

Pre-biopsy multiparametric magnetic resonance imaging
(mpMRI) is the recommended first-line diagnostic tool in
patients with suspected localised prostate cancer (PCa)
[1-3]. Accordingly, the use of pre-biopsy MRI has been
growing steadily [4, 5], a trend expected to continue given
the increasing PCa incidence [6] and the potential intro-
duction of MRI-driven population screening [7]. This
growth puts considerable strain on the diagnostic work-
force [8], indicating the need for optimisation of the MRI-
based PCa diagnostic pathway [9].

Key limitations of the current pathway include high
inter-reader variability [10], which limits equitable access
to high-quality MRI interpretation outside expert centres.
Another limitation is the low positive predictive value of
MRI for detecting grade group (GG) =2 disease [10, 11].
There is a critical need to reduce false-positive cases to
minimise unnecessary biopsies and thereby mitigate the
overdiagnosis and overtreatment of indolent disease [12].

Al-based decision support systems (AI-DSS), trained on
diverse, expert-annotated datasets, are promising tools for
addressing these challenges. Although Al tools provide at
least non-inferior performance compared to expert radi-
ologists [13, 14], further research is needed to assess their
potential to improve the benefit-to-harm ratios for men
undergoing prostate biopsy [12]. Biopsies detecting >
GG2 disease are considered a benefit of the pathway,
whereas detecting either GG1 PCa or no cancer at all (GO)
is considered unproductive and potentially harmful [12].

In this study, we first developed an AI-DSS that cal-
culates prostate volume, prostate-specific antigen den-
sity (PSAD), and imaging-based PCa risk scores to
predict whether a biopsy would result in the detection of
> GG2 disease. We then retrospectively applied this
system to an independent pre-biopsy cohort from six
UK centres to assess its potential to improve biopsy
efficiency, grade selectivity, and the selectivity of biopsy
avoidance.
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Materials and methods

Dataset characteristics

This retrospective, exploratory study used clinical and
mpMRI data from 1022 patients investigated for sus-
pected clinically localised PCa. Of those, 770/1022 (75%)
cases were used for AI-DSS development, with the
remaining 252/1022 (25%) cases used for validation after
model parameters were frozen.

Among the 770 training cases, 527 were sourced from
the retrospective, multicentre PAIR-1 study conducted
across six UK National Health Service hospitals using
various scanner models and acquisition protocols; the full
study protocol has been published previously [13]. The
remaining 243 training cases were drawn from the PRIME
study, a prospective, international, multicentre, within-
patient diagnostic yield trial [15]. The inclusion of PRIME
data aimed to enhance the model generalisability, and
both studies mandated the inclusion of scans of high
diagnostic quality. The prevalence of = GG2 disease in the
training set was 34%. In both datasets, Prostate Imaging-
Reporting and Data Systems (PI-RADS) MRI acquisition
and reporting guidelines [16] were followed for all
included cases. Patient demographics, vendor character-
istics, and image acquisition protocols are listed in Sup-
plementary Information.

The 252 validation cases were from the PAIR-1 study
[13], with the CONSORT diagram provided in Fig. 1. The
prevalence of > GG2 disease in this cohort was 31%.

Ground truth

For all patients included in this study, a multidisciplinary
team, including radiologists, determined the need for
biopsy based on local standard-of-care procedures, with
further details documented in PAIR-1 and PRIME study
protocols [13, 17]. In cases suspicious of harbouring
clinically significant PCa, both targeted and systematic
biopsies were performed. Histopathological analysis of
biopsy samples was used to confirm the presence of >
GG2 disease. Patients with negative MRI findings who did
not undergo biopsy were assumed to be negative for
clinically significant PCa.

Al-DSS model development

AI-DSS was developed primarily to reduce false positives
that lead to unproductive biopsies sampling either GG1
disease or benign tissue. The model outputs a continuous
AI-DSS score indicating whether a patient should
undergo a biopsy. This would typically be used with a
threshold determined to minimise biopsies while main-
taining the target > GG2 cancer detection rate (CDR). To
derive its prediction, the model integrates radiologists’ PI-
RADS scores, automated prostate-specific antigen density
(PSAd), and imaging-based cancer risk scores.
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465 Patients had their
multiparametric MRI and
clinical data reviewed

| —

464 Patients were eligible for
further assessment

1 Patient declined biopsy

42 Patients were on active
surveillance
13 Patients received prior
treatment to the prostate
11 Patients underwent MRI
outside the study site
» 63 Patients had MRI studies
with image quality issues
62 Patients did not receive
DCE-MRI
21 Patients with PI-RADS =3
lesions did not undergo
3 biopsy
252 Patients were included
in the AI-DSS performance
validation

Fig. 1 CONSORT diagram illustrating patient selection for the validation
set. The validation set is similar to the one used in the original PAIR-1
study report [13]. AI-DSS, artificial intelligence-based decision support
system; DCE-MRI, dynamic contrast-enhanced magnetic resonance
imaging; PI-RADS, Prostate Imaging-Reporting and Data System

The imaging-based risk scores were generated using the
proprietary  Conformité Européenne (CE)-certified
computer-aided detection medical device (Lucida Medi-
cal, Prostate Intelligence™-Pi-v3.0). Pi processes the axial
images from either mpMRI or bpMRI scans to produce
lesion- and patient-level risk scores on a continuous scale
from 1 to 5. Pi is further described in [13] and in Sup-
plementary Information.

The AI-DSS uses the following patient-level features in
descending order of importance: PI-RADS score, MRI-
Al risk score derived from the Pi v.3.0 model, and PSA
density. These three features were used to train a
machine learning-based risk calculator, with > GG2
being the target label. Originally assigned PI-RADS
scores were reviewed by two radiologists (at least one
being at the Consultant level) prior to their incorpora-
tion into the classifier. PSAd was derived from
automatic  whole-volume prostate segmentations
performed by Pi.

Al-DSS model evaluation and benefit-to-harm ratio
calculation

The trained AI-DSS model was applied to the hold-out
validation cohort. Metrics used to assess the model per-
formance included the CDR, number of > GG2 cancers
missed, number of GG1 cancers detected, grade selec-
tivity, biopsy efficiency, and selective biopsy avoidance,
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with the appropriate formulae [12] presented below.

> GG2 cancers detected
GG1 cancers detected

Grade selectivity =

> GG2 cancers detected

Biopsy efficiency =
psy eff Y= GGl cancers detected + Benign biopsies

Avoided biopsi
Selective biopsy avoidance = w
Benign biopsies

For comparison, the AI-DSS performance metrics were
assessed against three scenarios. Scenario 1 follows the
reference standard of care, i.e., the results of biopsy
decisions made by the original multidisciplinary team that
oversaw clinical care of the validation cohort. Scenario 2
mandated biopsy in all patients who had either PI-
RADS > 3 disease or PSAd > 0.15. Scenario 3 mandated
biopsy in patients who had either PI-RADS > 4 disease or
PSAd = 0.15 in compliance with the NICE risk-based
pathway [18]. In the latter two scenarios, PSAd values
were derived from the original patient notes, while Al-
DSS used PSAd derived using an Al-trained prostate
segmentation algorithm. These scenarios were selected to
benchmark the AI-DSS against commonly used clinical
biopsy thresholds and assess its potential for reducing
unnecessary biopsies at a pre-specified CDR.
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False-negative case assessment

For > GG2 missed by AI-DSS, we retrieved the following
clinical information from the electronic case report forms
collected as part of the PAIR-1 study, in addition to PSAd,
PI-RADS, and biopsy GG: radiological T-stage [19], per-
centage of Gleason pattern 4 disease (%GP4), maximum
cancer core length (MCCL), presence of adverse pathology
[20] (any Gleason pattern 5, large cribriform morphology or
intraductal carcinoma, complex intraluminal papillary
architecture, grade 3 stromogenic carcinoma, or complex
anastomosing cord-like growth), along with the con-
cordance between biopsy and MRI results. The rationale for
this was to evaluate the potential aggressiveness of the false-
negative cases and understand the limitations of the AI-DSS.

Results

Cohort characteristics

The mean age of patients in the validation cohort
(n=252) was 67.3 years (standard deviation: 8.5 years),
and the median pre-biopsy PSA was 6.81 ng/mL (inter-
quartile range: 4.73-10.62ng/mL). Additional cohort
characteristics have been detailed previously in the ori-
ginal PAIR-1 study report [13].

Benchmark biopsy strategies and benefit-to-harm ratios

137/252 (54%) patients in the validation set underwent
biopsy, resulting in the detection of > GG2 and GG1 disease
in 79/252 (31%) and 17/252 (7%) men, respectively (Fig. 2a).
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Biopsy =GG2 cancers Biopsies GG1 cancers =GG2 cancers -3 5 +236%
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Fig. 2 a Number and proportion of > GG2 cancers detected, number of biopsies performed, number of GG1 cancers detected, and number of > GG2
cancers missed by the reference standard, two clinical benchmark scenarios, and Al-DSS used at the reference (31%) and reduced (30%) CDR. b-d Box
plots comparing grade selectivity (b), biopsy efficiency (c), and selective biopsy avoidance (d) ratios across the five biopsy recommendation strategies
used in this study. AI-DSS, artificial intelligence-based decision support system; CDR, cancer detection rate; GG, grade group; PI-RADS, Prostate Imaging-

Reporting and Data System; PSAd, prostate-specific antigen density
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This reference standard yielded grade selectivity, biopsy
efficiency, and selective biopsy avoidance of 4.6, 1.4, and 2.8,
respectively (Fig. 2b—d).

If only patients with a PI-RADS > 3 and/or PSAd > 0.15
were biopsied while maintaining the CDR at 31%, this
would result in seven additional biopsies, with three
undetected GG1 tumours and one missed > GG2 tumour
(Fig. 2a). The resulting grade selectivity, biopsy efficiency,
and selective biopsy avoidance would be 5.6 (+22%), 1.2
(—14%) and 2.1 (—25%), respectively (Fig. 2b—d).

If only patients with a PI-RADS > 4 and/or PSAd > 0.15
were biopsied at the CDR of 31%, this would result in nine
fewer biopsies, five undetected GG1 tumours, and one
missed > GG2 tumour (Fig. 2a) compared to the reference
standard. The resulting grade selectivity, biopsy efficiency,
and selective biopsy avoidance would increase to 6.5
(+41%), 1.6 (+14%), and 3.3 (+18%), respectively
(Fig. 2b—d).

AI-DSS and benefit-to-harm ratios

Compared to the reference standard, using AI-DSS at a
31% CDR would result in 28 fewer biopsies, seven unde-
tected GG1 tumours, and one missed = GG2 tumour
(Fig. 2a). The same > GG2 would be missed also by sce-
narios 2 and 3. The resulting grade selectivity, biopsy
efficiency, and selective biopsy avoidance would increase
to 7.8 (+66%), 2.5 (+79%), and 6.8 (4-143%), respectively
(Fig. 2b—d). Of the 28 patients whose biopsies could have
been avoided, 13 (46%) and 15 (54%) had PI-RADS 2 and
PI-RADS 3 lesions, respectively.

Notably, using AI-DSS at a slightly reduced 30% CDR
would result in marked improvements in the benefit-to-
harm ratios than the reference standard, with 46 fewer
biopsies, 11 undetected GG1 tumours; however, missing
four > GG2 tumours compared to the reference standard
(Fig. 2a). The resulting grade selectivity, biopsy efficiency,
and selective biopsy avoidance would increase to 12.5
(+172%), 4.7 (+236%), and 16.1 (+475%), respectively
(Fig. 2b—d). Of the 46 patients whose biopsies could have
been avoided under this strategy, 13 (28%), 26 (56%), and
7 (16%) had PI-RADS 2, PI-RADS 3, and PI-RADS 4
lesions, respectively.

False-negative and true-negative Al-DSS cases

Clinical and radiological characteristics of the four > GG2
tumours missed by AI-DSS at 30% CDR are presented in
Fig. 3. Besides Patient 1, who did not have MRI-visible
disease reported clinically (PI-RADS 2) and had low PSAd
of 0.09, the other three patients had either equivocal MRI-
visible lesions (originally reported as PI-RADS 3) or PSAd
> 0.15 (Fig. 3a). In patients with MRI-visible lesions,
biopsy showed tumour foci in areas concordant with the
MRI reports (Fig. 3b). Notably, the maximum cancer core
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length in these foci did not exceed 6 mm, and none of the
lesions were recorded to harbour adverse histological
phenotypes. In addition, Fig. 4 presents examples of Al-
DSS true negative cases that were originally reported as
PI-RADS 4 and underwent biopsies yielding benign
findings or GG1 disease.

Discussion

In this multicentre, multiscanner study, we developed and
retrospectively validated an AI-DSS designed to optimise
prostate biopsy decision-making. Our primary finding is
that the AI-DSS, which integrates PI-RADS scores,
automated PSAd calculations, and deep-learning-derived
imaging risk scores, may substantially improve biopsy
benefit-to-harm ratios compared to current standard-of-
care and other common biopsy decision thresholds.
Specifically, when benchmarked against the real-world
decisions made in our validation cohort, the AI-DSS could
have avoided 28 biopsies while missing only one addi-
tional = GG2 cancer, thereby increasing biopsy efficiency
by 79% and grade selectivity by 70%. A 1% reduction in >
GG2 CDR compared to the reference standard would
have enabled AI-DSS to avoid 46 biopsies, substantially
increasing biopsy efficiency by 236% and grade selectivity
by 172%, missing a total of four > GG2 cancers. Notably,
the latter approach offers a considerable improvement in
all biopsy benefit-to-harm ratios compared to the NICE
risk-based pathway [18] threshold of PI-RADS >4 and/or
PSAd = 0.15.

If the current MRI-based PCa diagnostic pathway
remains the standard of care and unchanged, the doubling
of PCa incidence by 2040 [6] will overwhelm radiology
departments, which already struggle with severe work-
force shortages. As the potential implementation of MRI-
based PCa population screening is gaining traction, the
growing number of patients recalled for full MRI exam-
ination risks adding further pressure on the early cancer
diagnosis system. Critically, as the diagnostic pathway is
increasingly focusing on maximising the detection of >
GG@G2 disease, efficient biopsy decision-making is impera-
tive for the assessment of its success.

Our findings demonstrate the potential of AI-DSS to
deliver tangible improvements in biopsy decision-making
by identifying more patients unlikely to harbour benign or
GG1 pathology. Avoiding biopsies in these men could
substantially improve the pathway in terms of grade
selectivity, biopsy efficiency, and selective biopsy avoid-
ance, metrics designed to evaluate the efficiency of MRI-
based PCa screening strategies [7]. It is important to note
that safely avoiding immediate biopsies, particularly for
MRI-visible (PI-RADS = 3) lesions, will necessitate robust
follow-up protocols, which will likely increase the demand
for surveillance MRIs. This scenario reinforces the critical
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Fig. 3 a Summary characteristics of > GG2 missed by AI-DSS at the reference (31%) and reduced (30%) CDR. b Representative multiparametric MR
images of the three patients with originally reported > GG2 PI-RADS 3 lesions (red arrows), which would have been missed by AI-DSS at 30% CDR. Al-DSS,
artificial intelligence-based decision support system; Bx, biopsy; CDR, cancer detection rate; GG, grade group; %GP4, percentage of Gleason pattern 4
disease; MCCL, maximum cancer core length in mm; PI-RADS, Prostate Imaging-Reporting and Data System; PSAd, prostate-specific antigen density; ADC,
apparent diffusion coefficient; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DWI, diffusion-weighted imaging

need for tools that improve pathway efficiency, as overall
imaging demand is set to rise from new referrals, active
surveillance protocols, and follow-up scanning for those
who avoid biopsy.

Practically, integrating an AI-DSS like ours into the
clinical workflow as an automated “second reader” could
provide the multidisciplinary team with an independent,
quantitative risk score to supplement the radiologist’s
report and clinical data. This could help standardise
biopsy recommendations across institutions, mitigating
the impact of reader experience and potentially improving
equity of access to expert-level interpretation. Further-
more, by automating prostate volume and PSAd calcula-
tion, the AI-DSS could reduce manual workload and
improve consistency. In a screening scenario, the AI-DSS
could function as a triage tool, ranking cases based on
their probability of harbouring > GG2 disease.

Importantly, setting up a CDR that is appropriate to the
clinical setting and population characteristics enables
further refinement of the AI-DSS performance. In this
study, using AI-DSS at the reference CDR led to missing
one MRI-invisible (PI-RADS 2), 4 mm GG2 cancer with-
out any adverse histology in the biopsy specimen and with
low reported PSAd (0.09). The dramatic increase in
biopsy efficiency achieved by reducing the CDR by 1%
came at the expense of missing three additional > GG2
cancers by AI-DSS. All three had indeterminate findings
on mpMRI (PI-RADS 3) and < 6 mm tumours on biopsy
(with small volume potentially hindering the reliability of
tumour grading), again without any adverse histology.
Considering the excellent 15-year disease-specific survival
of clinically localised disease in the ProtecT trial [21],
favourable outcomes of non-cribriform GG2 disease in
ProtecT [22] and on contemporary active surveillance
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Adverse
pathology
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Fig. 4 a Summary characteristics of PI-RADS 4 cases with benign or GG1-yielding biopsies that were classified as true negative by Al-DSS at 30% CDR.
b Representative multiparametric MR images of the three patients with originally reported PI-RADS 4 lesions (red arrows), which would not have been
biopsied if AI-DSS classification was followed. AI-DSS, artificial intelligence-based decision support system; Bx, biopsy; GG, grade group; MCCL, maximum
cancer core length in mm; PI-RADS, Prostate Imaging-Reporting and Data System; PSAd, prostate-specific antigen density; ADC, apparent diffusion
coefficient; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DWI, diffusion-weighted imaging

[23], and the lack of adverse histology in these cases, there
is increasing evidence that these patients would not
experience adverse outcomes in the intermediate term.
However, these results highlight that any strategy using
AI-DSS to defer biopsies in men with MRI-visible disease
must be coupled with a robust surveillance protocol.
Developing such a protocol is challenging, considering the
lack of universally accepted MRI-driven active surveil-
lance programmes even for biopsy-proven disease. How-
ever, one prospective approach, which has proven safe for
monitoring men on active surveillance, could be to offer
quarterly PSA testing for a defined period (e.g., 3 years)
after the omission of biopsy, supplemented by a low
threshold for repeat MRI if clinically indicated [24].
Crucially, the aforementioned > GG2 cases would have
been missed if AI-DSS were used as a standalone biopsy
decision-making tool. However, its intended use is as part
of the real-world clinical workflow (radiological decision

support). Using AI-DSS in conjunction with a compre-
hensive assessment of clinical factors by the multi-
disciplinary team is likely to miss fewer > GG2 cases while
maintaining reductions in false positives. Testing this
prospectively as part of the clinical workflow is the key
objective for future studies.

Here, the retrospective nature of the study is among its
key limitations. Verification bias is also a factor, as the
ground truth for > GG2 cancers was primarily available
for patients who underwent biopsy based on existing
protocols. Patients with negative MRI findings who did
not undergo biopsy were assumed to be negative for >
GG2 disease, which is a common limitation for AI-
validation studies in the modern era. Hence, the focus of
this evaluation was to perform a comparative analysis
against the standard of care (no biopsy for negative cases
unless clinically indicated) by focusing on the clinical
impacts of the MRI pathways. Importantly, future work
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will aim to improve the generalisability of the developed
AI-DSS by expanding the development and validation
datasets through a larger cohort size and wider repre-
sentation of different vendors.

Given these limitations, robust prospective validation is
essential before clinical implementation. One scenario
would be a prospective cohort study where AI-DSS is run
in the background on all patients undergoing pre-biopsy
MRI. Clinical teams would remain blinded to the Al
recommendations, allowing for a direct, real-world com-
parison of the AI-DSS’s performance against actual clin-
ical outcomes without affecting patient care. The second,
and more definitive, approach would be a prospective
randomised controlled trial, or at least a within-patient
study similar to PRIME [17]. In such a trial, patients
would be randomised to either a standard-of-care arm
(where the MDT makes decisions without Al input) or an
Al-assisted arm (where the MDT is provided with the AI-
DSS report). The primary endpoints would be on com-
parative pathway outputs: biopsy efficiency, grade selec-
tivity, and selective biopsy avoidance, with an active and
programmatic follow-up of men who avoided biopsy in
the Al-assisted arm to monitor for disease misclassifica-
tion. Such a trial would provide the highest level of evi-
dence to confirm whether this AI-DSS can safely and
effectively improve upon the current prostate cancer
diagnostic pathway.

In conclusion, our study demonstrates that an AI-DSS
integrating clinical and advanced imaging data can
improve the benefit-to-harm ratio of prostate biopsy
decisions in a retrospective setting. By enhancing grade
selectivity and biopsy efficiency, this technology holds
promise for optimising the diagnostic pathway, particu-
larly in the face of rising demand and the potential advent
of population screening. However, its clinical utility and
safety must be confirmed in prospective trials before it
can be recommended for clinical adoption.

Abbreviations

AI-DSS Artificial intelligence-based decision support system
GG Grade group

MCCL Maximum cancer core length

PCa Prostate cancer

PSAd Prostate-specific antigen density
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