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Abstract: Background: Radiotherapy (RT) is a mainstay treatment for prostate cancer (PC).
Accurate delineation of organs at risk (OARs) is crucial for optimizing the therapeutic
window by minimizing side effects. Manual segmentation is time-consuming and prone to
inter-operator variability. This study investigates the performance of Limbus® Contour®

(LC), a deep learning-based auto-contouring software, in delineating pelvic structures
in PC patients. Methods: We evaluated LC’s performance on key structures (bowel bag,
bladder, rectum, sigmoid colon, and pelvic lymph nodes) in 52 patients. We compared
auto-contoured structures with those manually delineated by radiation oncologists using
different metrics. Results: LC achieved good agreement for the bladder (median Dice: 0.95)
and rectum (median Dice: 0.83). However, limitations were observed for the bowel bag
(median Dice: 0.64) and sigmoid colon (median Dice: 0.6), with inclusion of irrelevant
structures. While the median Dice for pelvic lymph nodes was acceptable (0.73), the
software lacked sub-regional differentiation, limiting its applicability in certain other
oncologic settings. Conclusions: LC shows promise for automating OAR delineation in
prostate radiotherapy, particularly for the bladder and rectum. Improvements are needed
for bowel bag, sigmoid colon, and lymph node sub-regionalization. Further validation
with a broader and larger patient cohort is recommended to assess generalizability.

Keywords: auto-contouring; organs at risk; deep learning; segmentation; prostate cancer;
pelvic lymph nodes; Limbus® Contour

1. Introduction

Prostate cancer is the most common malignancy in the male population and consumes
a significant number of resources in Radiation Oncology departments [1–3]. In Italy,
prostate cancer accounts for over 20% of all cancers diagnosed in men over the age of 50. In

Curr. Oncol. 2025, 32, 321 https://doi.org/10.3390/curroncol32060321
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2022, there were approximately 40,500 new cases, while in 2023, the number increased to
41,100 and in 2024 it was 40,192. In total, 8200 men died because of prostate cancer in Italy
in 2022 [4].

The treatment of prostate cancer must be personalized, considering the stage and
aggressiveness of the disease, as well as the patient’s life expectancy and the presence of any
comorbidities that may increase the risk of mortality compared to the prostate cancer itself.

Radiotherapy (RT) is a therapeutic option for the treatment of prostate cancer with
curative intent [5–12]. Equally radical prostatectomy (RP), involving surgical removal
of the prostate, vas deferens, and seminal vesicles (with or without lymphadenectomy),
is a common treatment for prostate cancer. However, even after RP, biochemical recur-
rence of disease (BCR) occurs in 27–53% of patients [13,14]. Adjuvant radiotherapy (ART)
following RP has demonstrated a 50% reduction in BCR risk for patients with high-risk
features [15–17]. A recent large retrospective study further emphasizes the benefit of
ART in patients with positive lymph nodes (pN1), a high Gleason score (pathological GS
8–10), and extra prostatic extension (pT3/pT4), showing a reduction in all-cause mortality
rates [18]. The salvage setting after RP, where cancer recurs, has become a crucial area of
research. The ARTISTIC meta-analysis, encompassing trials like RADICALS-RT, TROG
08.03/ANZUP RAVES, and GETUG-AFU 17, supports the PSA-based approach and the
role of salvage radiotherapy (SRT) in patients who were previously considered candidates
for ART [19–22]. The RTOG 0534 trial showed a marginal benefit of prophylactic pelvic
nodal irradiation (PNRT or ENRT) [23]. Consequently, RT plays an essential role in prostate
cancer management in both radical and salvage setting by delivering a targeted high dose
to eradicate cancerous cells while minimizing harm to surrounding healthy tissues. This
delicate balance is crucial for mitigating both short- and long-term side effects. However, a
major bottleneck in the treatment planning process is the manual segmentation of target
volumes and organs at risk (OARs) on Computed Tomography (CT) scans [24]. Historically,
manual segmentation of structures on 3D anatomical images, typically CT scans, has been
performed by clinical experts. While this ensures expert review, it is also a very time-
consuming process. Literature reports mean manual segmentation times for head and neck
cases ranging significantly, from 28.5 min up to 3 h, depending on the specific structures
being delineated. This time-intensive nature, coupled with the inherent susceptibility of
manual segmentation to inter- and intra-observer variability, has driven the increasing
adoption of automatic techniques over the past decade [25].

While manual contouring of organs at risk (OARs) and clinical target volumes (CTVs)
is an essential component of radiotherapy (RT) planning, its time-consuming nature and re-
liance on staff availability contribute substantially to RT treatment planning lead times [26].

Artificial Intelligence (AI) can provide a powerful contribution to a lot of human-
dependent steps in RT, considering that human participation is a principal uncertainty
source, potentially impacting on the efficacy of treatments. In particular, the main fields of
applications of AI in RT are the following:

• Lesion and OAR contouring, with data derived from fusions of multimodal imaging:
The accuracy of auto-segmentation is higher for structures that have a high contrast
against their surrounding tissues (lung, eye, bladder), while it is lower in the case of
OARs with small volumes and fuzzy boundaries (optic chiasma). In clinical practice,
manual checking is necessary, with a consideration of the different reference guidelines
of different institutions.

• Treatment Planning: AI can help in augmenting dose map prediction (Dose Volume
Histograms (DVHs) and voxel-based dose prediction) and in supervising and guiding
the optimization process, which usually requires sequential modifications of parame-
ters such as target coverage, OAR constraints and their priorities, selecting the ones
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that need an update and also allowing for procedures of replanning and adaptive RT
to be completed more quickly.

• Patient- and machine-specific quality assurance: The purpose of this is to ensure
consistency between the medical prescription and its delivery, reducing the workload
involved in measuring and analyzing doses using a phantom and in the assessment of
the performances of all devices involved in RT. AI algorithms can also help in relating
the spatial dose to RT outcomes, consenting prognosis predictions and prediction of
the risk of side effects.

A major limitation in the use of AI in RT practice is the lack of regulation, because these
systems do not have 100% accuracy, so human surveillance is essential. Furthermore, the
use of AI could lead to young radiation oncologists dealing with matters beyond their level
of expertise, since they have to face problems and devise solutions, particularly in checking
results. This could cause issues in the advancements made within the discipline [27].

A thorough comprehension of these technologies is essential to warranting the optimal
use of these tools. Advanced AI techniques, like Convolutional Neural Networks (CNNs)
with high-performance predictions for complex problems, lead to the so-called “black box”
problem: a lack of transparency and knowledge about the functioning of the machine
learning models. This cultural barrier can dampen the faith in AI solutions held by
health professionals. A technology known as Explainable AI (XAI) has the objective of
clarifying how predictions are made, offering an insight into the internal mechanisms of
these algorithms [28].

There is a real need for effective Uncertainty Quantification (UQ) methods, which
could incentivize clinicians’ confidence in and integration of AI models into clinical practice.
UQ methods, both for epistemic and aleatoric uncertainties, are well established in com-
puter science and are useful for the characterization of the limits of AI tools, but they are
only in the early stages in their applications in healthcare. In the auto-segmentation field,
methods such as conformal prediction can help in flagging cases with a low probability of
correct segmentation and which need further human intervention [29].

Among the automated approaches, atlas-based segmentation methods have gained
popularity in commercial systems. These methods typically involve selecting one or more
pre-segmented atlases and deforming them to match the patient’s anatomy to generate
contours. Various methods exist for selecting the best atlas or combination of atlases [25].

Studies have evaluated atlas-based auto-segmentation for different anatomical sites
and structures, including head and neck OARs and prostate OARs. For example, re-
search has assessed atlas-based auto-segmentation tools for the head and neck OARs,
pre-clinically and clinically validating them for multiple target volumes and normal tissues
like swallowing and mastication structures [30].

More recently, advances in machine learning, particularly deep learning, have led to
the development of sophisticated automated segmentation and planning tools [26,30–34].

Deep learning algorithms, such as CNNs and Fully Convolutional Networks (FCNs),
have shown promise in segmenting anatomical structures [30].

Examples include deep learning for the clinically applicable segmentation of head and
neck anatomy and the automated CT segmentation of prostate cancer anatomy [31,35].

Traditionally, the auto-segmentation approach was based on intensity analysis (based
on differences in imaging intensity among different tissues), shape modeling (based on the
typical anatomical aspect of the structures of interest), and atlas-based techniques (based on
a database of previously delineated structures), derived from retrospective peer reviewed
treatment contours. They required substantial manual editing. The advent of deep learning
models, especially CNNs, has led to a paradigm shift in auto-segmentation approaches.
Indeed, they can handle a wider variety of complex anatomical structures; in particular,
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CNNs can extract hierarchical features from medical images through layers of learned
convolutional filters [36].

Machine learning and AI applications are rapidly finding their way into the radiother-
apy workflow.

Auto-segmentation solutions, particularly those leveraging deep learning, are being
actively explored to alleviate these burdens, with the latter demonstrating improved
accuracy over atlas-based techniques [31]. Despite this potential, the translation of deep
learning-based auto-segmentation into routine clinical practice has been slow [3]. This
delay in its adoption is likely associated with the current lack of comprehensive knowledge
and standardized guidelines for the effective commissioning and implementation of these
machine learning tools [3,32]. Moreover, this time-consuming and subjective task can lead
to both inter and intra-variability between healthcare professionals.

Radici et al. reported time savings across multiple sites using Limbus Contour®, with
the maximum advantages seen in head and neck cancer (65%-time savings), though time
reductions for prostate (44%), breast (25%), and rectum (38%) have also been reported [37].

The recent emergence of AI used in medicine has also led to innovations in radiation
oncology, offering significant advancements in treatment precision and workflow [38].
Recent advancements in AI have led to the development of auto-segmentation algorithms
capable of delineating anatomical structures with a precision that rivals the expertise of
human radiation oncologists. Watkins et al. explored the efficiency gains achievable with
unedited AI-generated contours in total marrow irradiation, highlighting the potential of AI
to achieve a 100% improvement in efficiency compared to traditional manual methods [39].
Another study reported that deep learning-based auto-segmentation reduces contouring
time and improves clinical workflow efficiency in the treatment of cervical cancer [40]. A
study focusing on the auto-segmentation of target volumes and OARs in pediatric cancer
patients emphasized the importance of both accuracy and time efficiency in this vulnerable
group. The study highlighted the potential of AI to strike a delicate balance between
effective treatment and the preservation of normal tissue, which is crucial for minimizing
potential growth-related complications in young patients [41]. Prior research suggests that
AI can perform radiation contouring with a precision comparable to, if not exceeding, that
of human oncologists. However, the strongest evidence of AI’s efficacy lies in its ability to
replicate the nuanced expertise of human practitioners. In the AI conference co-hosted by
the Embassy of the Republic of Korea to the UAE, the Department of Health Abu Dhabi,
and G42 Healthcare, comparative analysis was conducted, during which human radiation
oncologists and the AI software Limbus® AI were tasked with contouring the axilla and
internal mammary nodal chain from CT scans of a post-lumpectomy breast cancer patient.
Only a small proportion of healthcare professionals and AI experts could correctly identify
the AI-generated contour [42].

Auto-segmentation, facilitated by AI, holds promise for streamlining the manual
contouring process. Studies suggest that AI can not only enhance efficiency but also
reduce discrepancies arising from clinician interpretations [24,31]. Deep learning-based
auto-segmented contours (DCs) have demonstrated remarkable accuracy, closely matching
that of manual contours and surpassing that of traditional atlas-based methods [24,43]
(Figure 1).
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Figure 1. Comparison between traditional contouring methods used in radiation oncology and
AI-based data contouring. Created in BioRender. Cristiano Grossi. (2025) https://app.biorender.
com/illustrations/681bc74040787bb5138b50f9.

Despite the promising capabilities of AI-powered contouring, widespread clinical
adoption remains limited [32]. Wong et al. reported the impact of DC models in the clinical
workflow at two centers; in a previous study, they also conducted a comparison between
DC and multiple radiation oncologists for central nervous system (CNS), head and neck
(H&N), and prostate OARs and CTVs [24].

Further research is necessary to address the variability observed in the quality of DC
models [33,44]. Rigorous studies are crucial to verify the reliability of specific models before
their full integration into routine clinical practice [34]. This focus on robust validation will
ensure the safe and effective implementation of AI in radiation oncology.

Seeking to streamline the radiotherapy workflow, in our institution, we investigated
the clinical implementation of a commercial deep learning-based auto-contouring software.
Wong et al. in 2020 reported on investigated CTVs in HN cancer and prostate gland cancer,
but nonpelvic CTVs were included in their analysis [24].

Ethical concerns need to be considered in the development phase of AI tools. Ethical
considerations in AI applications in healthcare call attention to issues such as security and
privacy, the evaluation of AI models’ reliability, the appropriate settings of applications
of AI models, the allocation of responsibilities and the need for human monitoring of
the results obtained with AI processes. Instruments for systematic ethical assessments of
generative AI in healthcare have been developed, such as the TREGAI checklist, based on
nine generally recognized ethical principles [45].

In this study, we aimed to assess the software’s impact on contouring key pelvic
structures, especially major pelvic lymph nodes, but also including the bowel, bladder,
rectum, and sigmoid colon, within a homogeneous population with a diagnosis of PC. This
study represents the first evaluation of major pelvic lymph node contouring, and may act
as a valuable reference for other oncological diseases, including rectal cancer, anal canal
cancer, and gynecological malignancies.
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2. Materials and Methods

To streamline the radiotherapy workflow at our institutions, we investigated the
clinical implementation of Limbus Contour software (Limbus AI Inc., Regina, SK, Canada,
version 1.7.1) [46]. This study assessed the software’s impact on the contouring of key
pelvic structures, including the bowel, the bladder, the rectum, the sigmoid colon, and
major pelvic lymph nodes.

For this study, we investigated the consistency and the geometric reliability of LC in
patients with PC and pelvic lymph node involvement. Our analysis deliberately excluded
the prostate gland, because previous authors previously demonstrated the accuracy of this
method for delineating the whole prostate gland [47]. Our focus was on structures located
outside the prostate gland.

We chose to evaluate pelvic structures due to their high inter-patient variability. This
characteristic makes them a good target for testing the software’s robustness in handling
anatomical variations. Traditional segmentation methods, like atlas-based approaches,
rely on pre-segmented image databases, which often require significant editing [25,43].
AI-powered contouring tools, like Limbus Contour, aim to overcome these limitations by
offering quicker and more accurate delineations of target volumes and OARs. This has
the potential to significantly improve patient outcomes through more precise radiation
delivery [37].

We retrospectively analyzed data from 52 patients, treated at Mauriziano Umberto
I Hospital, Turin, and “Umberto Parini” Hospital, Aosta, Italy, diagnosed with PC, com-
prising 40 patients with locally advanced PC and 12 patients with recurrent PC, treated
between 2018 and 2024. All patients received either radical radiotherapy or adjuvant
radiotherapy using the Volumetric Modulated Arc Therapy-Image Guided Radiotherapy
(VMAT-IGRT) technique. All patients provided written informed consent approved by our
Internal Institutional Review Board.

2.1. Software Description

In this study, we employed LC version 1.7.1, a commercially available auto-contouring
software powered by deep learning algorithms. This advanced tool utilizes deep CNNs,
with each anatomical structure being assigned a dedicated model specifically tailored for
its unique features. These models are based on the widely adopted U-net architecture, a
neural network design recognized for its effectiveness in biomedical image segmentation
tasks [30,48,49].

The training process for LC models draws from an extensive and diverse array of
imaging datasets. These include both publicly accessible datasets and proprietary collec-
tions obtained through collaborations with a range of medical institutions. Together, these
sources form a robust and heterogeneous foundation for training the models, enhancing
their generalizability and performance across different patient populations and imaging
conditions [50–59]. The number of scans used to train each model typically ranges from sev-
eral hundred to several thousand, ensuring that each model is supported by a substantial
volume of learning data, which contributes to its accuracy and reliability.

To maintain high standards of performance and clinical relevance, Limbus AI imple-
ments a stringent dual-phase validation strategy. The first phase is an internal validation,
where the software’s auto-generated contours are systematically compared against expert-
drawn annotations on a designated test dataset. This process provides an initial benchmark
of the model’s precision and segmentation accuracy. The second phase involves external
validation through peer-reviewed publications, where independent studies assess both
the qualitative and quantitative performance of the models. These studies also explore the
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software’s ability to enhance and expedite clinical workflows, thereby supporting its utility
in real-world radiotherapy planning scenarios [24,50].

2.2. Contouring Process and Data Analysis

In this study, we assessed the level of concordance between organ delineations auto-
matically generated by the Limbus AI software and those manually contoured by three
experienced radiation oncologists using the RayStation System (RaySearch Laboratories,
Stockolm, Sweden) as the treatment planning system (TPS), with the latest version available
in 2024. The treatment plans and contours from our institutions were retrieved for analysis.
The anatomical structures selected for delineation and analysis included key OARs and
target volumes relevant to pelvic radiotherapy, specifically the bowel bag, bladder, rectum,
and sigmoid colon, as well as the pelvic lymph nodes, which were contoured as part of the
CTV. These structures were chosen due to their clinical importance in treatment planning
and the potential variability in manual contouring. For each patient case, a duplicate set of
the original manually defined structures was created within the Limbus software. These
auto-generated contours were designed to mirror the original anatomical regions but were
automatically labeled with a “Limbus” suffix. This labeling strategy was employed to
clearly distinguish between the auto-contoured structures and those manually delineated
by the radiation oncologists, ensuring clarity during subsequent analyses.

These new Regions of Interest (ROIs) were then exported back to RayStation for
analysis using custom Python scripting (version 3.12) in terms of the following metrics:

1. Volume: The absolute volume of each ROI expressed in cubic centimeters (cc).
2. Dice Coefficient (DC): A measure of conformity, reflecting the spatial overlap between

two delineated volumes. A value of 1 indicates perfect overlap.
3. Precision: The proportion of voxels identified by Limbus that truly belong to the OAR,

reflecting the accuracy of inclusion. A value of 1 indicates only true positives (with no
irrelevant structures included).

4. Sensitivity: The proportion of voxels in the true OAR that are correctly identified by
Limbus, reflecting the completeness of delineation. A value of 1 indicates all true
positives (no missed voxels).

5. Specificity: The proportion of voxels outside the true OAR that are correctly excluded
by Limbus, reflecting the ability to avoid irrelevant structures. A value of 1 indicates
only true negatives (with no false positives included).

6. Mean Distance to Agreement (Mean DA): The average distance between the surfaces of
structures identified in both delineations and those identified by only one delineation.
A value of 0 indicates perfect agreement in surface location.

7. Maximum Distance to Agreement (Max DA): The largest distance between any cor-
responding surface points in the two delineations. A value of 0 indicates perfect
spatial overlap.

The following sections will provide detailed explanations of each metric (precision,
sensitivity, specificity, Mean DA, and Max DA) in the context of organ delineation and their
clinical significance.

3. Results

Fifty-two patients were included in this retrospective analysis. Table 1 summarizes
the dosimetric evaluation of organ delineation using all metrics listed previously.
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Table 1. The median average of all dosimetric data evaluated for each structure.

CTV Bowel Bladder Rectum Sigmoid

Diff. Vol (cc)
−56.82

(−205.96; 185.94)
−417.25

(−1500.57; 5168)
−0.09

(−22.27; 14.58)
3.05

(−18.91; 23.73)
−13.68

(−198.91; 82.34)

Dice
0.73

(0.53; 0.84)
0.62

(0.36; 1)
0.97

(0.77; 1)
0.87

(0.57; 1)
0.60

(0.2; 1)

Precision
0.58

(0.36; 0.73)
0.45

(0.22; 1)
0.94

(0.63; 1)
0.76

(0.4; 1)
0.44

(0.11; 1)

Sensitivity
0.79

(0.57; 0.97)
0.65

(0.24; 1)
0.97

(0.76; 1)
0.86

(0.61; 1)
0.85

(0.22; 1)

Specificity
0.65

(−0.2; 0.96)
0.83

(−1.08; 1)
0.98

(0.72; 1)
0.91

(0.09; 1)
0.41

(−6.93; 1)

Mean DA
0.39

(0.18; 0.97)
1.2

(0.01; 3.98)
0.07

(0; 0.35)
0.15
(0; 1)

0.73
(0; 3.43)

Max DA
3.25

(1.76; 6.65)
8.39

(0.02; 16.51)
0.66

(0.01; 2.26)
1.3

(0.01; 5.52)
5.44

(0.01; 17.09)

CTV achieved good agreement with clinician contours, with a median Dice of 0.73 and
a median volume difference of −56.82 cc. However, the model’s precision for CTV segmen-
tation was lower (0.58), indicating a higher rate of false positives. In some cases, non-target
structures like the bowel were included in the segmentation. The sensitivity was better
than specificity (0.79 and 0.65, respectively). These findings suggest that, while the model
can accurately delineate the CTV, in some cases, false structures were included in CTV, so
further refinement is necessary to improve the precision of segmenting this structure. In
contrast, delineation of the bowel bag using LC resulted in a lower median Dice coefficient
(0.60) and a larger median volume difference −417.25 cc. This discrepancy likely arises
from the excessively large LC margins incorporating the neighboring structures within
the bag, as reflected by the lower precision (0.45) value for the bowel bag segmentation.
Specificity reached an unexpectedly high value (0.83).

Bladder delineation achieved excellent agreement, with the highest median Dice (0.97)
among the OARs evaluated (Figure 2). Volume differences were also minimal (median:
−0.09 cc). A similarly excellent result was also obtained for precision, specificity, and
sensitivity (0.94, 0.97, and 0.98, respectively). The mean DA achieved was 0.07, with a
maximum DA of 0.66.

Similarly to the outcomes for the bowel bag segmentation, sigmoid delineation using
LC proved challenging. The median Dice value for the sigmoid was 0.6, and the median
volume difference was −13.68 cc. Precision was confirmed to be very poor, at 0.44, the
worst of all analyzed structures. Similarly, the specificity was 0.41. We frequently observed
inconsistencies between the LC-defined cranial margin of the sigmoid and the clinician’s
delineation. In some cases, a gap existed between the sigmoid and the rectal Limbus
Contour. In contrast, the rectum exhibited good agreement with a median Dice value of
0.76 and a negligible median volume difference, 3.05 cc. The precision value was 0.76, and
the sensitivity was 0.86; therefore, LC did not miss many voxels.
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Figure 2. Variability range of Dice distribution for the CTV and OARs analyzed. The bladder
achieved the best results, with the least differences, while the sigmoid had the worst results, with
wide variability and the lowest median Dice. Similar results were obtained with the bowel. The
rectum had excellent results. The CTV reached an acceptable value for a short while.

4. Discussion

The present study investigated the clinical implementation of a commercial deep
learning-based auto-contouring software (Limbus Contour, LC, version 1.8) for PC patients
with pelvic lymph node involvement in a radiation therapy workflow.

The primary aim was to evaluate the software’s impact on the contouring of key pelvic
structures, with a particular focus on major pelvic lymph nodes, alongside the bowel bag,
bladder, rectum, and sigmoid colon (Figure 3).

To the best of our knowledge, this research represents the first evaluation of major
pelvic lymph node contouring using an auto-contouring software, acting as a potentially
valuable reference for other pelvic malignancies.

Previous studies have extensively evaluated the performance of auto-segmentation
software, including deep learning models, for commonly contoured organs-at-risk (OARs)
such as the bladder, rectum, and prostate, often demonstrating excellent results [37,60,61].

Van Dijk et al. classified vDSC (volumetric Dice similarity coefficient) scores into
good (vDSC > 0.8), good–intermediate (0.7 < vDSC < 0.8), intermediate (0.6 < vDSC < 0.7),
intermediate–poor (0.5 < vDSC < 0.6), and poor (vDSC < 0.5) [62]. However, it is important
to remember that vDSC scores are relative; a score of 0.8 signifies high accuracy for small
organs like optic nerves but indicates lower accuracy for larger structures such as the bowel
or lungs. While we observed a good median Dice coefficient for the CTV (0.73), with the
value generally considered clinically acceptable being around 0.72, according to previous
studies [61], a major limitation exists. Unlike head and neck applications where lymph
node sub-regions are identified and contoured separately, LC does not generate different
structures for iliac, obturator, presacral, or inguinal lymph nodes and does not contour
inguinal or lombo-aortic lymph nodes. This hinders its applicability in gynecological
and gastrointestinal cancers, in which these important lymph node stations are absent.
However, these settings are beyond the scope of our investigation.
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Figure 3. Orange CTV made by radiation oncologists, Red CTV made by Limbus; Blue Bowel made by
radiation oncologists, Purple Bowel made by Limbus; Yellow Bladder made by radiation oncologists,
Orange Bladder made by Limbus; Pink Rectum made by radiation oncologists, Light blue Rectum
made by Limbus; Olive sigmoid made by radiation oncologists, Turquoise sigmoid made by Limbus.
Orange line: CTV contoured by radiation oncologists. Red line: CTV contoured by LC. Blue bowel:
bowel contoured by radiation oncologists. Purple bowel: bowel contoured by LC. Yellow bladder:
contoured by radiation oncologists. Orange bladder: contoured by LC. Pink rectum: contoured by
radiation oncologists. Light blue rectum: contoured by LC. Olive sigmoid: contoured by radiation
oncologists. Turquoise sigmoid: contoured by LC.

Despite the strong performance of AI on many OARs, it is crucial to note that certain
structures or specific regions often require significant manual editing. In a study by Cha
et al. focusing on prostate Stereotactic Body Radiation Therapy (SBRT), 33% of the auto-
contours required major, clinically significant edits based on physician surveys. While
OARs generally required minimal to moderate changes, structures like the CTV in the
pelvic region (specifically the prostate and seminal vesicles in the study mentioned) and
the penile bulb had a greater necessity for significant modification [31].

Wong et al., evaluating deep learning-based auto-contours, reported that for bladder
and rectum OARs, the average editing scores were 2 or less on a five-point scale (where
1 means minimal editing) [24].

Similarly, Zabel et al. compared manual contouring (MANpreRO) with atlas-based
(ATLASpreRO) and deep learning-based (DEEPpreRO, using Limbus Contour) auto-
contouring for the bladder and rectum in prostate cancer patients. Their findings in-
dicated that DEEPpreRO contours showed greater geometric similarity to manual contours,
with significantly higher DSC values and a lower Mean Surface Distance (MSS) for both
structures [60].

Radici et al., using Limbus Contour for various sites, reported an average DSC of
0.72 across all analyzed structures [37].

The performance of LC varied across the different OARs, as can be seen in Figure 2.
Bladder delineation achieved excellent agreement, with a high median Dice coefficient
(0.97) and good precision (0.94), specificity (0.97), and sensitivity (0.98). This aligns with
previous findings in several studies [60,63]; Kim et al. reported a lower Dice value, but they
tested LC version 1.5 and 1.6 only on 10 pelvic patients [64]. In an earlier atlas-based study
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carried out in 2016, Wong et al. [65] reported median DSC values of 0.90 for the bladder,
0.77 for the rectum, and 0.84 for the prostate with the recommended settings. These values
generally support the potential of deep learning to achieve high geometric similarity for
common pelvic OARs.

However, bowel delineation presented challenges. The median Dice coefficient (0.62)
was lower than that for the bladder, and the precision (0.45) was particularly poor, indicat-
ing the inclusion of irrelevant structures. This finding aligns with Radici et al. [37], who
reported discrepancies between manual and automatic bowel segmentation. Doolan et al.
analyzed only 20 prostate patients with five commercial AI auto-segmentation devices
and reported a very low dice value (vDSC 0.59−0.76) for the bowels, but they did not test
LC [66].

LC offers the opportunity to choose between single loops or whole-bowel delineation.
In our study, whole-bowel volumes were significantly larger than manually contoured
ones, potentially impacting treatment planning.

Although LC’s performance was evaluated for abdominal OARs in a recent study, the
bowel was not included in our analysis [67].

Similar results were observed for the sigmoid. While the median Dice coefficient
(0.6) suggests some overlap, the low precision (0.44) indicates the frequent inclusion of
non-sigmoid structures. In further detail, discrepancies in manual and LC delineation of
the rectosigmoid junction were frequently observed.

LC’s capabilities regarding rectum contouring were totally different. Our study re-
ported a Dice coefficient of 0.87a, value close to that (0.86) reported in previous research
by Zabel et al. [60] and Oktay et al. (0.90) [63], indicating good overlap with manual
contours. However, our study suggests that LC may exhibit greater difficulty with sigmoid
contouring compared to contouring of the rectum, a limitation seen with many other AI
auto-segmentation softwares [66]. This aligns with our findings of a lower Dice coefficient
and lower precision for the sigmoid.

Despite the difficulties in precisely quantifying the time savings, perceived utility and
observed improvements in workflow efficiency are frequently reported. Zabel et al. found
that deep learning auto-contouring (using Limbus Contour) for the bladder and rectum
significantly reduced the initial contour generation time (1.4 min for DEEP vs. 10.9 min for
manual) without significantly increasing the time required for physician editing compared
to manual methods (4.7 min for DEEP editing vs. 4.1 min for manual editing) [61].

This study has limitations, including its retrospective design and limited sample
size. Further research with a larger and more diverse patient population is necessary
for generalizability. Future studies should investigate the potential of AI algorithms to
accurately delineate not only pelvic lymph nodes in various cancer types, but also the bowel
and sigmoid. This could significantly improve the efficiency of radiotherapy planning and
reduce the workload for radiation oncologists.

Another limitation is the lack of a dedicated dosimetric analysis to assess the impact
of using auto-contours instead of manual contours in terms of DVH metrics.

The most recent version of LC, version 1.8, can contour new structures for example
inguinal lymph nodes station, but it cannot contour other structures for example lombo-
aortic lymph nodes yet. Furthermore, differentiation of pelvic lymph nodes (iliac, obturator,
and presacral), such as those in the head and neck cancer setting, is not permitted.

Overall, this study provides valuable insights into the potential and limitations of
using LC as a supporting instrument for pelvic structure delineation in radiotherapy.
Accurate comparison with studies in the previously published literature is inherently
difficult. This is due to variations in the definition of “gold-standard” manual contours,
differences in arbitration and consensus-building processes, variations in the datasets used
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(including patient demographics, disease sites, stages, and tumor types), diverse scanning
parameters and image devices, and different labeling protocols [30].

Quantifying time savings accurately in a real-world clinical setting remains challenging.

5. Conclusions

In conclusion, the findings from this study, supported by the growing body of evidence
in existing research, demonstrate the capability of deep learning approaches to achieve high-
quality auto-segmentation for radiotherapy, often reaching performance levels comparable
to that of human experts for common OARs. The evaluation of Limbus Contour, particularly
for pelvic structures, confirms its potential utility in the clinical workflow by reducing
the initial contouring burden and providing suitable starting points for required edits.
While significant progress has been made, particularly for well-defined OARs, challenges
remain in achieving consistent accuracy for all structures and in precisely quantifying the
impact on clinical workflow efficiency. Continued refinement of AI models, addressing
areas of frequent editing, establishing clinical consensus on contouring protocols, and
providing adequate training and robust QA frameworks are necessary steps to maximize
the benefits of auto-segmentation in radiotherapy and improve consistency and safety in
clinical practice. These challenges require further development and validation before AI’s
broader clinical adoption.

By overcoming these limitations and exploring LC’s applicability across diverse cancer
types, we can significantly improve the efficiency and precision of treatment planning in
the future. Ultimately, this translates to better patient outcomes in cancer care. Continued
advancements in AI-driven technologies hold immense potential for optimizing radiotherapy.
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RT Radiotherapy
PC Prostate Cancer
OARs Organs at risk
LC Limbus contour
RP Radical Prostatectomy
BCR Biochemical Recurrence
ART Adjuvant Radiotherapy
GS Gleason Score
SRT Salvage Radiotherapy
PNRT Pelvic Nodal Radiotherapy
ENRT Elective Nodal Radiotherapy
CT Computed Tomography
CTV Clinical target volume
AI Artificial Intelligence
DVHs Dose Volume Histograms
CNNs Convolutional Neural Networks
XAI Explainable AI
UQ Uncertainty Quantification
FCNs Fully Convolutional Networks
DCs Deep Learning-Based Auto-Segmented Contours
CNS Central Nervous System
H&N Head and Neck
VMAT-IGRT Volumetric Modulated Arc Therapy-Image Guided Radiotherapy
TPS Treatment Planning System
ROIs Regions Of Interest
cc Cubic Centimeters
DC Dice Coefficient
DA Distance to Agreement
vDSC Volumetric Dice Similarity Coefficient
SBRT Stereotactic Body Radiation Therapy
DEEP Deep learning auto contour
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Simple Summary: Prostate cancer treatment has shifted dramatically over the last decade.
In this manuscript, a case series of three different focal therapy modalities (high-intensity
focused ultrasound, cryoablation, and irreversible electroporation of the prostate) to treat
prostate cancer is reported. The analysis compares functional and oncologic controls. Focal
therapy provides adequate functional outcomes with oncologic control like established
whole-gland therapies. Additionally, the cost by treatment modality is compared, often
disregarded when considering focal therapy. Lastly, a brief narrative review of the literature
was conducted to contextualize our findings.

Abstract: Focal therapy for prostate cancer (PCa) provides approaches to treat PCa patients
in a less invasive manner than traditional whole-gland surgical or radiation modalities. This
manuscript provides a case series of high-intensity focused ultrasound (HIFU), cryoablation,
and irreversible electroporation (IRE) for PCa at a single institution and cost analysis with
a review of the literature. All patients who underwent HIFU, cryoablation, or IRE for
localized PCa were retrospectively reviewed, excluding patients who received whole-gland
therapy. Functional outcomes were erectile dysfunction and lower urinary tract symptoms.
Cost data were collected. A total of 45 patients were included in the study with focal therapy
ranging from 2023 to 2025 (4 HIFU, 20 cryoablation, 21 IRE). A total of 30 patients had
focally treated lesions, and 15 patients had hemi-gland treatment. The mean preoperative
PSA was 7.7 ng/mL. On the paired sample t-test, there was no significant difference
between pre-focal and post-focal therapy PSA. Three patients experienced biochemical
recurrence requiring prostate biopsy after focal treatment. Mean cost was USD 3804.50 and
not significantly different by focal treatment. No metastatic events occurred nor deaths at
a median follow-up of 6 months. Patients in this series had largely unaltered functional
outcomes. Cost analysis in contemporary publications is lacking. Although follow-up was
short, cancer control was adequate.

Keywords: focal; prostate cancer; HIFU; IRE; cryoablation

1. Introduction

The annual rate of incidence of prostate cancer (PCa) in the United States of America
(USA) was over 299,000 in the year 2024 [1]. PCa treatments have been revolutionized
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over the last decade, with improved survival rates. In 2024, the five-year cancer-specific
survival (CSS) was estimated to be 97% in the USA alone [1]. Traditional treatments for
PCa have been radical prostatectomy (RP) and radiation to the prostate, each of which is
a whole-gland therapy with curative intent, still widely employed in practice today. The
literature varies, but approximately 40–60% of men opt for RP as the primary means to treat
their PCa [2–4]. The average number of RP performed in the USA has remained relatively
steady but difficult to estimate, at around 138,000 RP performed each year [5]. However,
only a minority of urologists are high-volume surgeons performing the majority of RP [6].
The second most common treatment selection is radiation therapy, either external beam ra-
diation or brachytherapy approaches directed by radiation oncologists, with approximately
37% of men with PCa receiving primary radiation therapy each year for their disease [4].
Both RP and radiation therapy carry significant side effects to patients. These are most
often urinary incontinence and erectile dysfunction (ED). ED and urinary incontinence
can impact upwards of 30% and upwards of 70–80% of patients after RP, respectively [7].
Further, evidence has pointed to around 30% of patients experiencing urinary incontinence
and 30–50% of patients experiencing ED after radiation therapy [8]. Only ~5–10% of PCa
patients elect active surveillance in the USA, although the number is significantly higher for
low-risk disease, with some estimating 60% [9,10]. This is particularly relevant as 10–30% of
patients with localized PCa report regret in the way they managed their PCa [11,12]. There
are multiple reasons for this but given there is still a 2.6% risk of dying of PCa, many men
want to take a more active role in treating their disease but may not be aware of the side
effects with the standard whole-gland treatment options [13]. Additionally, the increased
use of prostate indication magnetic resonance imaging (MRI) and MRI-guided biopsy
through software fusion technologies has augmented the reliability of grade and stage-
defining diagnostic biopsy samples, with more confident decision making when suitable
for surveillance versus definitive therapy of varying levels of aggressiveness [14–16].

Focal therapy with various ablative energy sources has created a revolutionary ap-
proach to managing PCa in a less invasive way. Subtotal gland treatments can use a variety
of different energy modalities, all with the fundamental goals of treating index lesions of
known, localized PCa while sparing unaffected tissue regions in the gland [17]. Often, this
includes but is not limited to high-intensity focused ultrasound (HIFU), cryotherapy, and
irreversible electroporation (IRE) of the prostate which have long been used and vetted for
whole-gland prostate ablative approaches [18]. There is a paucity of research comparing
these different modalities, and no randomized clinical trial exists comparing them head-
to-head with standard-of-care, whole-gland curative treatment options (RP or radiation
therapy) [19]. Current case series seem to show promising results for HIFU, cryoablation,
and IRE with respect to functional outcome preservation in focal treatments [19–21]. Cancer
control evidence is not as strong for focal treatments, but case series in the literature seem
to show no difference in overall survival (OS) and metastasis-free survival (MFS) compared
to RP and radiation [19]. Nevertheless, additional patient data is required, and cost is not
factored into many of the contemporary publications of these treatment modalities. The
purpose of this paper is to report a case series of focal/hemi-gland HIFU, cryoablation, and
IRE with respect to functional outcomes and cost at a single institution and provide a brief
narrative review of the literature surrounding these treatment modalities. Secondarily, the
purpose was to report short-term oncologic outcomes.

2. Materials and Methods

This was a retrospective study from 2023 to 2025 performed at a single institution of
all patients who underwent either HIFU, cryoablation, and/or IRE for localized PCa. All
patients who received whole-gland therapy were excluded, such that only focal and/or
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hemi-gland therapy was included in the analysis. The study was approved under the
Wake Forest Baptist Institutional Review Board (IRB00132775). Demographic information
was collected on all eligible participants including age, race, comorbidities, and Charlson
Comorbidity Index (CCI) at the time of focal therapy administration. Functional status
at baseline was tracked for both ED and lower urinary tract symptoms (LUTS). This was
achieved in the form of both qualitative documentation of ED and LUTS preoperatively as
well as preoperative International Index of Erectile Function (IIEF) scores and International
Prostatic Symptom Scores (IPSS). Additionally, complications were recorded after focal
therapy and graded using the Clavien-Dindo classification system [22]. Preoperative
oncologic data were also collected which included prior prostate biopsy data with grade
group (GG) prior to therapy, prostate-specific antigen (PSA) value prior to focal treatment,
prostate size on MRI, and prior history of focal treatment and/or other treatment for
PCa. Patients were also categorized based on PCa risk category using the American
Urologic Association Classification System [23]. Patient selection for focal therapy was
at surgeon discretion and not standardized in the study. However, it was most often
based on GG and PCa risk stratification, with a specific focus on GG 1–2 and risk category
≤ favorable intermediate risk. All patients were required to have a pre-focal therapy MRI
completed, most often within 3 months or less of focal therapy administration, all of which
were multiparametric MRIs. There were no absolute exclusions by tumor location, but
multiple positive locales on preoperative prostate biopsy were typically justified by a
surgeon for hemi-gland over focal gland treatment. There were no criteria to choose one
energy modality over another (i.e., cryoablation versus IRE, etc.). However, HIFU was only
recently introduced to this institution in 2024, which accounts for its making up the smallest
proportion of patients in the study. HIFU was performed using Sonablate® (Charlotte, NC,
USA), IRE was performed using NanoKnife systems, and cryoablation was performed
through Endocare™ (CryoCare CS®, Winston Salem, NC, USA) and Galil (Boston Scientific,
Winston Salem, NC, USA) probes.

Postoperative oncologic data recorded included operative time, most recent follow-up
PSA, need for additional prostate biopsy and biopsy data, development of metastasis, most
recent follow-up, and OS. All patients were seen in the clinic postoperatively 4–6 weeks
after focal therapy administration with a PSA lab draw. Then, a PSA was followed at
3, 6, and 12 months post-procedure. An MRI was performed one year post-therapy. A
post-treatment confirmatory biopsy was performed based upon the PSA and MRI results,
specifically using MRI targeting of any sites of suspicion and the site of post-ablative
tissue involution changes. PSA was then checked every 6 months up to 5 years post-focal
therapy. The postoperative PSA median follow-up interval was six months. Cost data was
obtained from medical record logs of each case and comprised healthcare system costs,
not costs to the patient. This included operating room disposable costs such as supplies,
machinery (which was rented now owned), and the like. Operating room block times
and anesthesia costs were not included. Not every case had available cost data, so only
cases with cost information (IRE and cryoablation) were included in the analysis on cost.
Additionally, not every patient had a complete set of data available in the electronic medical
record. Independent sample t-test was utilized to compare the mean cost between IRE
and cryoablation. Analysis of variance was used to compare operative time by treatment
modality. Paired sample t-test was used to compare pre-focal to post-focal therapy PSA
values both in the overall cohort and for each individual treatment type. All statistical
analysis was performed using SPSS Statistics Version 28 (Armonk, NY, USA).

In addition to reporting a case series, this study performed a brief review of the
literature and summarized these findings in the discussion of the paper. Further, the data
from this case series were compared in descriptive format to some current publications.
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3. Results

A total of 45 patients were included in the analysis (4 HIFU, 20 cryoablation, and 21
IRE; Table 1). Of these, 30 patients had focally treated lesions, and 15 patients had hemi-
gland treatment. Median follow-up was 6 months in the study. The mean age at the time of
focal therapy was 70.1 years old. There were 34 (76%) Caucasian patients, 8 (18%) patients
who were black, and 3 (7%) patients whose race was listed as “other.” Mean CCI was 5.7 at
the time of focal therapy. A total of 13 (29%) patients received prior treatment for their PCa.
Of these, two had brachytherapy, four had radiation therapy, six had prior cryoablation,
and one had prior IRE. Focal therapy is not infrequently administered in the salvage
setting after prior treatment for PCa rather than as a primary treatment, with promising
outcomes for use in this setting; thus, it was deemed justified to include these patients
in the study [24–26]. Further, the goal of this paper was to report a case series of HIFU,
cryoablation, and IRE which provided additional justification for their inclusion. There
were 27 (60%) patients with ED preoperatively and 16 (36%) patients noted to have ED
postoperatively. The mean preoperative IIEF score was 14.7, and the mean postoperative
IIEF score was 7. Two patients did not have ED pre-focal therapy and were found to have
developed ED post-focal therapy in the study (1 IRE and 1 cryoablation). There were
23 (51%) patients noted to have LUTS preoperatively and 20 (44%) patients with LUTS
postoperatively. The mean preoperative IPSS was 7.9, and the mean postoperative IPSS
was 6. Five patients with no LUTS pre-focal therapy developed LUTS post-focal therapy
(two IRE and three cryoablation). The mean prostate size at the time of treatment was
46.1 cc. Figure 1 displays an algorithm for urologists to use when considering focal therapy
for a patient with PCa.

Table 1. Focal therapy series data. The following table shows different patient and oncologic variables
in the left-most column. Each focal modality is shown with corresponding values for each variable.
Continuous variables are means with standard deviations in parentheses. Categorical variables
are total numbers with percentage of the cohort in parentheses. Total represents the entire focal
therapy cohort.

Variable HIFU IRE Cryoablation Total

N 4 21 20 45

Age 66.5 (13.3) 70.5 (7.4) 70.6 (7.4) 70.1 (8.2)

Caucasian 3 (75) 16 (76) 15 (75) 34 (76)
Black 1 (25) 5 (24) 2 (10) 8 (18)
Other 0 0 3 (15) 3 (7)

Charlson
Comorbidity 4 (5.0) 5.7(1.7) 5.9 (2.0) 5.7 (1.9)

IIEF preoperative 19.5 (0.7) 13.6 (7.3) 14.7 (8.3) 14.7 (7.4)

ED preoperative 1 (25) 12 (57) 14 (70) 27 (60)

IPSS preoperative 7.3 (4.6) 8.1 (3.5) 8.0 (7.4) 7.9 (5.2)

LUTS
preoperative 2 (50) 11 (52) 10 (50) 23 (51)
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Table 1. Cont.

Variable HIFU IRE Cryoablation Total

Focal 1 (25) 17 (81) 12 (60) 30 (67)
Hemi 3 (75) 4 (19) 8 (40) 15 (33)

Prior treatment
Brachytherapy 0 (0) 0 (0) 2 (10) 2 (15)

Radiation 0 (0) 1 (5) 3 (15) 4 (31)
Cryoablation 0 (0) 2 (10) 4 (20) 6 (46)

IRE 0 (0) 0 (0) 1 (5) 1 (8)

Preoperative PSA
(ng/mL) 7.2 (2.2) 7.0 (3.0) 8.5 (3.8) 7.7 (3.3)

GG preoperative
1 0 (0) 2 (10) 3 (15) 5 (11)
2 3 (75) 13 (62) 14 (70) 30 (67)
3 1 (25) 5 (24) 3 (15) 9 (20)
4 0 (0) 1 (5) 0 (0) 1 (2)

Prostate size (cc) 52.8 (17.3) 51.3 (25.4) 39.5 (17.0) 46.1 (21.7)

Very low risk 0 2 2 4 (9)
Favorable

intermediate risk 5 13 17 35 (78)

Unfavorable
intermediate risk 1 5 3 9 (20)

High risk 0 1 0 1 (2)

Operative time
(minutes) 114.3 (20.6) 43.1 (6.1) 65.2 (14.0) 59.2 (23.3)

Complication 1 (25) 7 (33) 8 (40) 16 (36)

Clavien

9 (20)
6 (13)
2 (4)

I 0 (0) 4 (19) 5 (25)
II 2 (50) 3 (14) 1 (5)

IIIa 0 (0) 0 (0) 2 (10)
IIIb 0 (0) 0 (0) 0 (0)
IV 0 (0) 0 (0) 0 (0)
V 0 (0) 0 (0) 0 (0)

Most recent PSA
(ng/mL) 4.5 (2.4) 3.5 (2.4) 2.5 (2.2) 3.1 (2.3)

Biopsy
postoperative 0 (0) 0 (0) 3 (15) 3 (7)

Positive biopsy
postoperative 0 (0) 0 (0) 3 (15) 3 (7)

GG postoperative - - 3 (100) 3 (100)

IIEF postoperative - 14 (67) 7 10.5 (5)

ED postoperative 0 (0) 4 (19) 12 (60) 16 (36)

IPSS postoperative 5 0 6.3 (6.8) 6 (5.6)

LUTS
postoperative 0 (0) 7 (33) 13 (65) 20 (44)

Cost (USD) - 3762.3 (2552.3) 4648.3 3804.5 (2495.2)

Metastasis 0 0 0 -

Dead 0 0 0 -
Follow-up
(months) 4 (3–8) 4 (4–7) 12 (2.5–17) 6 (3–12)
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Newly diagnosed prostate 
cancer by biopsy

No prostate MRI data

Would not recommend 
pursuing focal therapy 

before obtaining prostate 
MRI

Prostate MRI data is 
available

GG 1–2

Patient and physician discussion regarding active 
surrveillance (especially GG 1), surgery, radiation, 

and focal therapy 

Patient wishes to avoid surgery 
and radiation but is not 
comfortable with active 

surveillance

Counsel patient focal therapy is 
not currently endorsed by 

major societal guidelines in 
most instances

Patient still wishes to 
pursue focal therapy

Offer as many focal options 
as available; no clear 

superiority of one modality 
over the other

Perform focal therapy

Obtain PSA 4–6 weeks 
after therapy

If patient wishes surgical intervention, 
radiation, or active surveillance do not 
offer focal therapy as initial treatment

GG > 2

Currently not enough 
evidence to recommend 

focal therapy

Figure 1. Focal therapy algorithm. The following image displays an algorithm generated by the
authors of this manuscript to guide urologists considering focal therapy for a patient with prostate
cancer. It is not meant to represent level I evidence nor expert-agreed fact. This algorithm also does
not address salvage focal therapy in the setting of previously treated prostate cancer.
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Mean preoperative PSA was 7.7 ng/mL. There were 5 (11%) patients with GG 1 PCa
preoperatively, 30 (67%) patients with GG2 PCa, 9 (20%) patients with GG3 PCa, and
1 (2%) patient with GG4 PCa. There were 4 (9%) patients with very low risk PCa, 35
(78%) patients with favorable intermediate risk PCa, 9 (20%) patients with unfavorable
intermediate risk PCa, and 1 (2%) patient with high risk PCa preoperatively in the cohort.
The mean operative time was 59.2 min overall, with a significant difference by focal
modality with HIFU at 114.3 min, cryoablation at 65.2 min, and IRE at 43.1 min (p < 0.05).
Overall, there were 16 (36%) complications reported postoperatively. Of these, only two
were > Clavien-Dindo II, and both were IIIa. The most recent mean PSA on follow-up
was 3.1 ng/mL. On the paired sample t-test, there was no significant difference between
pre-focal and post-focal therapy PSA (p > 0.05; Table 2). In individual focal therapy analysis,
both IRE and cryoablation had a significantly lower PSA post-focal therapy compared to
pre-focal therapy (p < 0.05), but HIFU did not (p > 0.05). There were three patients who
underwent postoperative biopsy after focal therapy during the study window, all of whom
were cryoablation patients, and all of whom were positive for PCa. All biopsies (100%)
were GG2 disease. No patients died during the study window nor did anybody develop
metastasis.

Table 2. Paired samples t-test for PSA. The following table compares pre-focal therapy PSA to
post-focal therapy PSA values. Each individual treatment modality is shown along with the total
cohort. p-values are provided for reference.

Therapy
PSA Preoperative

(ng/mL)
PSA Postoperative

(ng/mL)
p-Value

HIFU 6.4 (1.9) 4.5 (2.4) 0.082

IRE 7.1 (3.3) 3.5 (2.4) 0.001

Cryoablation 8.0 (3.8) 2.5 (2.2) <0.001

Total 7.5 (3.4) 3.1 (2.3) 0.854

Cost data was only available for IRE and cryoablation patients. Mean cost of IRE was
USD 3762.30 and mean cost of cryoablation was USD 4648.30 (p > 0.05).

4. Discussion

Currently, focal therapy is not endorsed by the American Urologic Association and
National Comprehensive Cancer Network (NCCN) guidelines to treat PCa for any risk
level, aside from select instances of radio-recurrent PCa [23,27,28]. If a patient fails radiation
therapy for PCa and has a recurrence, whole-gland cryoablation and HIFU are considered
for salvage treatment in the NCCN guidelines [27,28]. The European Association of Urology
guidelines note that HIFU and cryoablation may be considered for select patients as
part of a clinical trial or prospective cohort study [29,30]. Recently, the FocAL therapy
CONsensus (FALCON) project released some recommendations to refine partial gland
ablation for localized prostate cancer [31,32]. Although no consensus or significant societal
endorsement exists for focal therapy in PCa guidelines, many urologists employ these
treatment modalities in select cases, largely with the driver of patient desire and the
advances in pretreatment imaging defining the isolated localization of clinically significant
PCa foci [33,34].

There is a paucity of data on the exact percentage of patients opting for focal therapy to
treat their PCa, with some critics noting its use in improperly selected patients. In Germany,
Flegar et al. analyzed the German Billing Database for focal therapy over the course
of 2006–2019 for hyperthermia ablation, cryoablation, vascular-targeted photodynamic
therapy, transurethral ultrasound ablation, and various other modalities [35]. They found
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nearly 24,000 focal therapy cases for PCa performed in this time frame, with an initial
increase and then a plateau in use around the year 2015. However, for patients >70 years
old undergoing focal treatment for PCa, they noted a significant increase over time in its
use [35]. Interestingly, the mean age in this series was >70 years old. Multiple critics of
focal therapy argue that it is too often employed to treat disease in the wrong patients or
undertreats clinically significant PCa [36,37]. Tay et al. performed a systematic analysis
of HIFU, cryoablation, and IRE [38]. They noted an increasing trend of these treatments
being used for GG2-5 disease and a downtrend in their use for GG1 PCa in their study. At
this institution, there has been an uptick in HIFU, which was only added as an option for
patients under care early in 2024, as well as increased utilization of IRE. Further, only 11%
of this case series received treatment for primary pattern GG1 disease. The data highlights
the need for large population-based studies to identify how frequently focal therapy is
being employed and in which patients urologists are opting to use it on.

Functional outcomes were adequate, like much of the current literature. Proponents
of treatments like HIFU, cryoablation, and IRE argue improved ED and lesser degrees of
LUTS relative to radical surgery or radiation in PCa [37]. Just two patients who did not
have ED preoperatively were found to have developed it after therapy. Tay et al. performed
a systematic review of 49 HIFU, cryotherapy, and IRE studies, of which 35 reported sexual
function data [38]. The overwhelming majority of studies reported a low to moderate
impact of all three treatments on sexual function, with only two studies reporting severe
sexual side effects. Additionally, no significant differences were identified between each
of the three treatments. While this study did not directly compare each focal modality
in the case series, similar proportions of patients with ED pre- and post-focal therapy by
treatment modality were identified. Another review by Hopstaken et al. included 27 HIFU
studies, 11 on cryoablation, and 9 on IRE [39]. These authors broke HIFU down to a prior
history of transurethral resection of the prostate (TURP) versus no prior TURP, as some
perform TURP initially to reduce the risk of urinary retention. For HIFU with TURP, sexual
function was mixed, with some authors noting a moderate increase in ED after HIFU,
while others showed a return to baseline one year postoperatively [40–42]. For patients
who had HIFU and no prior TURP history, a median decrease in erectile function of 12%
was noted after HIFU, and there was a median increase in the use of phosphodiesterase
five inhibitors (17%) after treatment [39]. No patients in this HIFU series had a TURP
prior. For IRE, six of the nine studies in Hopstaken’s review noted ED after therapy, and
50% of these reported severe dysfunction [39]. One important analysis by Mendez et al.
compared focal to whole-gland cryoablation, noting significantly improved sexual function
in focally treated patients, with nearly 50% reporting early return to sexual activity [43].
Tan et al. published on 28 patients who underwent focal cryoablation, concluding there
was a transient decline in sexual function postoperatively, but this recovered within three
months [44]. Rastinehad et al. found that out of 282 focal cryoablation patients, 74% of
patients potent prior to therapy maintained erections necessary for sexual intercourse after
cryoablation [45]. In this series, 67% of patients received focal gland therapy compared to
33% hemi-gland.

Urinary outcomes for focal HIFU, cryoablation, and IRE vary across the literature,
but appear comparable to those of RP or radiation. In this study’s cohort, nearly identical
rates of LUTS before and after focal therapy were seen. Additionally, only two patients
who did not report LUTS before focal therapy were found to have developed LUTS postop-
eratively. In ten studies of TURP followed by HIFU, 95% of patients were pad-free after
HIFU [39]. For HIFU without TURP, nearly 96% of patients in six different studies were
pad-free after treatment [39]. IRE had even better outcomes in the analysis by Hopstaken
et al., with a 100% pad-free rate. Other contemporary series on IRE report continence
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rates also approaching 100%, although one small series of elderly patients noted pads
to be required in 18% of patients more than six months postoperatively [46]. Looking
at cryoablation, Hopstaken et al.’s meta-analysis had five focal studies reporting urinary
continence outcomes, of which four noted 100% pad-free continence after therapy [39].
Mendez et al. compared focal to whole-gland cryoablation, finding improved urinary
continence rates in the focal grouping [43]. Rastinehead et al. recently presented a cohort
of 282 patients who underwent focal cryoablation for PCa, with a 98% pad-free rate at
12 months postoperatively [45]. In summary, it appears IRE offers the highest rates of
continence postoperatively of the three modalities, but all provide adequate outcomes in
this domain. IRE patients in this series had outcomes in line with this, but given the small
cohort and follow-up, no definitive comments on the superiority of one focal therapy over
another using these data can be made.

Oncologic outcomes for HIFU, cryotherapy, and IRE are difficult to assess due to
significant heterogeneity in the current study design and patient selection. Nevertheless, the
current landscape seems to indicate that outcomes are adequate. In Tay et al.’s systematic
analysis of HIFU, cryoablation, and IRE, 22 different studies reported survival outcomes,
with 98% OS noted [38]. CSS was 99.3%. MFS was 98.5%, and no difference in OS, CSS,
or MFS was observed by focal modality [38]. Additionally, biochemical recurrence was
noted to be approximately 9% per year. Ślusarczyk et al. performed a meta-analysis of
prospective focal therapy studies, which included 50 studies, of which 18 were HIFU,
11 cryoablation, and 7 IRE [47]. The 12-month biopsy-proven recurrence-free survival was
81% and was not different by focal therapy type. MFS differed based on median follow-up
in the study but ranged from 93 to 100%. Most research did not directly compare oncologic
outcomes by focal therapy type, but Stabile et al. compared HIFU to cryoablation and did
not identify oncologic superiority of one modality over the other [48]. No deaths occurred
in this analysis’s study window nor metastatic events. The short follow-up time and
heterogeneous cohort make oncologic analysis complicated. The overall body of literature,
however, appears promising.

Adverse events in Ślusarczyk et al.’s study found complications ≥ Clavien III in
approximately 3% of instances, with no difference by focal modality [47]. Hopstaken et al.
reported a median ≥ Clavien III complication rate of 1.9% in HIFU with TURP, 2% in HIFU
without TURP, cryoablation ranged with most studies noting 0–1.6%, and nearly 0% for
IRE [39]. In this study, a complication rate of 35% was noted, but only 4% of complications
were ≥Clavien III, all of which were IIIa. Given that RP has a complication rate ≥ Clavien
III around 9%, focal therapy appears to be a safe alternative for clinicians to employ [49].

One of the main issues with focal ablative therapy is the lack of level one evidence
to allow for adoption in the large panel-derived guideline bodies that define its role
in the treatment of PCa. No clinical trial has ever been published directly comparing
focal therapy to RP or whole-gland radiation therapy. The only randomized clinical trial
to compare focal therapy to standard-of-care treatments in the space of PCa evaluated
206 men who received vascular targeted photodynamic therapy of the prostate to 207 men
on active surveillance [50]. There was a significantly lower rate of disease progression in the
phototherapy group relative to active surveillance and at a four-year lower rate of requiring
radical therapy [50,51]. Clinical trial design is difficult. The correct target population to
include in the ideal clinical trial remains elusive. Additionally, as noted by others, even
the best focal therapy studies have only modest population sizes [52]. Further, treating
localized tumor lesions does not necessarily lead to meaningful survival outcomes [52].
Questions also remain regarding future urologists using focal therapy in their practices,
as little data exists on how often urologic residents receive exposure and if they are even
trained in it at all.
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A unique aspect of this case series is the inclusion of cost data. Most of the cost
information came from IRE, which was found not to significantly differ from cryoablation.
Consideration should be given to the difference in operative time, appreciated though,
as IRE had the shortest operative time. Reddy et al. utilized a Markov Model to model
stable disease, local recurrence, metastatic disease, and death from PCa [53]. Focal therapy
was defined as either cryoablation or HIFU, and radical therapy was RP or radiation.
Interestingly, focal therapy had lower overall costs and higher quality-adjusted life year
gains compared to RP or radiation [53]. Silva and Lima calculated that it costs around
USD 1100 to treat a man with PCa using HIFU [54]. There is surprisingly little published
data comparing focal therapy modalities by cost to one another. Given that there does
not appear to be a meaningful difference by focal therapy regarding functional outcomes
nor cancer control, cost should be a high priority when considering treating a patient with
either HIFU, cryoablation, or IRE.

Multiple limitations exist in this series worth acknowledging. First, while the majority
of the literature is mainly small cohorts of focal therapy patients, this study also has
relatively small numbers of patients who received HIFU, cryoablation, and IRE. Moreover,
the short interval of follow-up significantly limits the study’s ability to analyze functional
and oncologic outcomes. The limited follow-up particularly limits oncologic data, as it is
unexpected that relevant outcomes like recurrence or metastasis would frequently happen
in the 6-month median follow-up time. Focal therapy is relatively new and has been slow
to be adopted in mainstream practice, and short follow-up times are relatively ubiquitous
in the literature, with many studies reporting median follow-ups of less than two years [24].
An updated series with lengthier follow-ups would be useful in the future to report on.
A complete set of data, both pre- and post-focal therapy on each patient (i.e., IIEF scores,
IPSS, etc.) for the entire series, was not available, given the retrospective nature of the data
collection. Additionally, there are other ablative modalities used for focal therapy that are
not included in the current analysis and literature review since they are not currently offered
in this institution’s practice including laser ablation, focal brachytherapy, focal stereotactic
body radiation therapy, and partial prostatectomy. The cost information included is a
strength of this series, but no cost data were available for HIFU patients, and minimal data
were available on cryoablation. Further, costs were mainly representative of operating
room disposables and machinery rentals, so it is likely the analysis underestimates the
true total cost of focal therapy. Moreover, given that wage levels, material prices, and
other factors vary across countries and regions, the conclusions of this study only represent
the results from a single institution where the study was conducted. Therefore, the cost
significance of this study is limited. Still, given the paucity of cost analysis in the focal
therapy literature, there is still value in this data which can guide more robust studies in
the future.

5. Conclusions

In this case series, outcomes of treating localized PCa patients with either HIFU,
cryoablation, or IRE at a single institution were presented. Additionally, a comprehensive
synopsis of the current literature surrounding these focal treatment options was conducted.
Outcomes show focal therapy to be feasible, with excellent functional outcomes and
adequate oncologic control. Moreover, cost was analyzed. The literature shows similar
success with HIFU, cryoablation, and IRE. What is clear from this series and review is that
more level one evidence evaluating focal therapy compared to the standard of care in PCa
is required before fully implementing these therapies into guidelines. Nevertheless, they
represent an exciting new avenue for future research, and focal therapy seems poised to
change the landscape of PCa management moving forward.
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HIFU High-intensity focused ultrasound
IRE Irreversible electroporation
OS Overall survival
MFS Metastasis-free survival
LUTS Lower urinary tract symptoms
IIEF International Index of Erectile Function
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M.; et al. Outcomes of Focal Therapy for Localized Prostate Cancer: A Systematic Review and Meta-analysis of Prospective
Studies. Eur. Urol. Oncol. 2025, S2588931125000392. [CrossRef] [PubMed]

29



Curr. Oncol. 2025, 32, 476

48. Stabile, A.; Pellegrino, A.; Mazzone, E.; Cannoletta, D.; de Angelis, M.; Barletta, F.; Scuderi, S.; Cucchiara, V.; Gandaglia, G.; Raggi,
D.; et al. Can Negative Prostate-specific Membrane Antigen Positron Emission Tomography/Computed Tomography Avoid the
Need for Pelvic Lymph Node Dissection in Newly Diagnosed Prostate Cancer Patients? A Systematic Review and Meta-analysis
with Backup Histology as Reference Standard. Eur. Urol. Oncol. 2022, 5, 1–17. [CrossRef] [PubMed]

49. Novara, G.; Ficarra, V.; Rosen, R.C.; Artibani, W.; Costello, A.; Eastham, J.A.; Graefen, M.; Guazzoni, G.; Shariat, S.F.; Stolzenburg,
J.-U.; et al. Systematic review and meta-analysis of perioperative outcomes and complications after robot-assisted radical
prostatectomy. Eur. Urol. 2012, 62, 431–452. [CrossRef]

50. Azzouzi, A.-R.; Vincendeau, S.; Barret, E.; Cicco, A.; Kleinclauss, F.; van der Poel, H.G.; Stief, C.G.; Rassweiler, J.; Salomon, G.;
Solsona, E.; et al. Padeliporfin vascular-targeted photodynamic therapy versus active surveillance in men with low-risk prostate
cancer (CLIN1001 PCM301): An open-label, phase 3, randomised controlled trial. Lancet Oncol. 2017, 18, 181–191. [CrossRef]

51. Gill, I.S.; Azzouzi, A.-R.; Emberton, M.; Coleman, J.A.; Coeytaux, E.; Scherz, A.; Scardino, P.T. PCM301 Study Group Randomized
Trial of Partial Gland Ablation with Vascular Targeted Phototherapy versus Active Surveillance for Low Risk Prostate Cancer:
Extended Followup and Analyses of Effectiveness. J. Urol. 2018, 200, 786–793. [CrossRef]

52. Labbate, C.V.; Klotz, L.; Morrow, M.; Cooperberg, M.; Esserman, L.; Eggener, S.E. Focal Therapy for Prostate Cancer: Evolutionary
Parallels to Breast Cancer Treatment. J. Urol. 2023, 209, 49–57. [CrossRef]

53. Reddy, D.; van Son, M.; Peters, M.; Bertoncelli Tanaka, M.; Dudderidge, T.; Cullen, E.; Ho, C.L.T.; Hindley, R.G.; Emara, A.;
McCracken, S.; et al. Focal therapy versus radical prostatectomy and external beam radiotherapy as primary treatment options
for non-metastatic prostate cancer: Results of a cost-effectiveness analysis. J. Med. Econ. 2023, 26, 1099–1107. [CrossRef] [PubMed]

54. da Silva, P.A.L.; Lima, A.F.C. Direct costs of treating men with prostate cancer with High Intensity Focused Ultrasound. Rev. Esc.
Enferm. USP 2023, 57, e20230132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

30



Article

Long-Term Patient-Reported Bowel and Urinary Quality of Life
in Patients Treated with Intensity-Modulated Radiotherapy
Versus Intensity-Modulated Proton Therapy for Localized
Prostate Cancer

Kimberly R. Gergelis 1,†, Miao Bai 2,†, Jiasen Ma 3, David M. Routman 3, Bradley J. Stish 3, Brian J. Davis 3, Thomas

M. Pisansky 3, Thomas J. Whitaker 4 and Richard Choo 3,*

1 Department of Radiation Oncology, University of Rochester School of Medicine and Dentistry, 601 Elmwood
Ave, Rochester, NY 14642, USA

2 Department of Operations and Information Management, University of Connecticut, 352 Mansfield Rd,
Storrs, CT 06269, USA

3 Department of Radiation Oncology, Mayo Clinic, 200 First St SW, Rochester, MN 55905, USA
4 Department of Radiation Physics, Division of Radiation Oncology, The University of Texas MD Anderson

Cancer Center, 1515 Holcombe Blvd, Houston, TX 77030, USA
* Correspondence: choo.c@mayo.edu; Tel.: +1-507-284-3551
† These authors contributed equally to this work.

Abstract: Purpose: This study aimed to compare long-term patient-reported outcomes
in bowel and urinary domains between intensity-modulated radiotherapy (IMRT) and
intensity-modulated proton therapy (IMPT) for localized prostate cancer. Methods and
Materials: Patients with clinical T1–T2 prostate cancer receiving IMRT or IMPT at a tertiary
cancer center from 2015–2018 were analyzed to determine the changes in the prospectively
collected bowel function (BF), urinary irritative/obstructive symptoms (UO), and urinary
incontinence (UI) domains of EPIC-26. The mean changes in EPIC-26 scores were evaluated
from pretreatment to 24 months post-radiotherapy for each modality. A score change
>50% of the baseline standard deviation was considered a clinically meaningful change.
Results: A total of 82 patients treated with IMRT (52.2%) and 56 patients treated with
IMPT (53.3%) completed the questionnaire at baseline and 24 months post-RT. There were
no baseline differences in domain scores between treatment modalities. At 24 months
post-radiotherapy, there was a significant and clinically meaningful decline in the BF mean
score in the IMRT cohort (−4.52 (range −50, 29.17), p = 0.003), whereas the decline in BF
score did not reach clinical relevance or significance (−1.88 (range −37.5, 50), p = 0.046)
when accounting for the Bonferroni adjustment in the IMPT cohort. A higher proportion
of patients treated with IMRT had a clinically relevant reduction in BF when compared
with IMPT (47.37% vs. 25.93%, p = 0.017). The mean changes in the UI and UO scores
of the IMRT and IMPT cohorts were neither statically significant nor clinically relevant.
Conclusions: IMPT leads to a smaller decrease in BF than IMRT at 24 months post-RT,
while there was no differential effect on UO and UI.

Keywords: quality of life; EPIC-26; prostate cancer; intensity-modulated radiotherapy;
intensity-modulated proton therapy

1. Introduction

Treatment-related adverse effects and overall quality of life (QOL) are essential out-
comes in prostate cancer treatment. Definitive prostate cancer treatments, including radical
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prostatectomy and radiotherapy (RT), can alter bladder, bowel, and sexual function [1].
Minimizing treatment-related adverse effects and maintaining QOL are crucial in patients’
treatment choices.

Intensity-modulated RT (IMRT) and proton beam therapy (PBT) are conformal ra-
diotherapy modalities that allow for dose escalation to the prostate while minimizing the
dose delivered to adjacent normal structures. PBT has been used as a means of potentially
increasing the therapeutic ratio of external beam RT for prostate cancer. Protons can lower
the dose of radiation delivered to at-risk organs due to its Bragg peak dose distribution
profile, and it potentially reduces radiation toxicity, compared to photons [2]. The question
of whether this dosimetric advantage translates to decreased toxicity is of great interest.

As several single-institution studies of PBT for prostate cancer yielded encouraging
results, two phase III studies investigating PBT versus IMRT for the treatment of prostate
cancer are underway (ClinicalTrials.gov identifiers: NCT01617161, NCT04083937) [3–6].
The primary endpoint of both the Prostate Advanced Radiation Technologies Investigating
Quality of Life (PARTIQoL) and Prostate Cancer Patients Treated with Alternative Radiation
Oncology Strategies (PAROS) trials is to determine whether PBT is superior to IMRT in
patient-reported bowel QOL. The PARTIQoL group recently presented their results in
abstract form; the results demonstrated no difference between PBT or IMRT in the mean
change in bowel score at 24 mo (p = 0.836), with both arms showing only a small, clinically
non-meaningful decline from the baseline [7]. Patients treated with PBT on PARTIQoL
could have received either pencil-beam scanning intensity-modulated proton therapy
(IMPT) (49%) or passive scatter (51%) PBT. Approximately half of included patients received
hypofractionation (51%).

Our group previously reported the effect of IMRT versus IMPT for prostate cancer
on early urinary and bowel toxicity using the prospectively collected 26-item Expanded
Prostate Index Composite (EPIC-26) [5]. This study demonstrated the significant and
clinically meaningful worsening of bowel function (BF) and urinary obstructive (UO)
symptom scores at the end of RT for patients receiving either IMRT or IMPT. The IMRT
cohort experienced greater decrease in BF scores and had a higher proportion of patients
with clinically meaningful reductions compared to IMPT. The IMRT group had significant
and clinically meaningful worsening of BF at three months post-RT, whereas the change
in the BF score of the IMPT cohort was no longer statistically significant nor clinically
meaningful compared to the baseline. Changes in UO or urinary incontinence (UI) were
neither significant nor clinically meaningful three months post-RT.

Late toxicity and QOL changes are also meaningful endpoints of interest to patients
and providers. Comparative-effectiveness studies of conventional RT, three-dimensional
conformal RT (3DCRT), IMRT, and PBT have been reported; however, these studies relied
on Medicare claims as surrogates for clinical outcomes [8–12] that used conventional
fractionation or passively scattered PBT [13,14]. As moderate hypofractionation is now an
attractive alternative [15] and IMPT is increasingly used, we herein report the late toxicity
outcomes of IMRT and IMPT using prospectively collected EPIC-26 data from patients
treated with conventionally fractionated or moderately hypofractionated RT.

2. Materials and Methods

2.1. Patient Selection

Our cohort was selected using an Institutional-Review-Board-approved prospective
registry of patients who received IMRT or IMPT to the prostate ± the proximal seminal
vesicles for clinical stage T1–T2 N0 M0 prostate cancer at a tertiary cancer center between
2015 and 2018. Patients receiving pelvic lymph node irradiation were excluded. The
included patients completed the EPIC-26 questionnaire prior to the initiation of RT, as
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well as 24 ± 9 months post-RT. All included patients were treated with 60 Gy in 20 frac-
tions, 70.2 Gy in 26 fractions, or 78 Gy in 39 fractions, as these regimens were the most
commonly utilized at our institution during this period. Ultrahypofractionated regimens
were excluded.

2.2. Measurement of Patient-Reported QOL and Treatment Details

Patients prospectively completed the EPIC-26 questionnaire prior to RT (baseline),
at the completion of RT, and at 3, 6, 12, 24, 36, and 48 months post-RT. The EPIC-26
questionnaire includes domain scores for BF, UO, UI, sexual function (SF), and hormonal
function (HF). Responses within each domain are scored from 0–100, with higher scores
indicating better function [16].

The primary outcomes included the change in BF, UO, and UI scores from pretreatment
to 24 months post-RT. SF and HF domains were excluded as they were confounded by the
use of androgen deprivation therapy (ADT).

Details of IMPT and IMRT treatment planning at our institution have been previously
described [5].

2.3. Statistical Analysis

Differences in the demographics, clinical features, and baseline EPIC-26 BF, UO, and
UI scores between patients treated with IMRT and those receiving IMPT were initially
examined to assess whether a meaningful analysis of QOL change between the two modal-
ities could be performed. The 24-month time point was selected to investigate late toxicity
as 24 ± 9 months was identified as having the greatest number of responders. Baseline
characteristics between the responders and the non-responders to the 24-month question-
naire were compared to assess whether the outcomes obtained from the responders could
be generalized to the overall patient population.

The changes in BF, UO, and UI scores from baseline to 24 months post-RT were
compared between patients treated with IMRT and those receiving IMPT. The statistical
significance and clinical relevance of the score changes at 24 months post-RT were also
assessed for IMRT and IMPT. A clinically meaningful change was defined as a score change
that exceeded >50% of the standard deviation of a baseline score [17–19]. The difference
in the proportion of patients with clinically meaningful changes between treatment with
IMRT and IMPT was also assessed.

We examined the mean changes in EPIC-26 scores from baseline to 24 months post-RT
for each RT modality to evaluate the late effects of RT on QOL. The evaluation of EPIC-26
score changes was limited to patients who completed the questionnaire both at baseline
and at 24 ± 9 months post-RT.

We evaluated the independent effects of multiple variables to determine factors that
significantly impacted EPIC-26 score changes over time. The examined variables included
the RT modality, dose-fractionation regimen, use of a rectal hydrogel spacer, baseline EPIC-
26 scores for BF, UO, and UI domains, age, baseline prostate-specific antigen (PSA), Gleason
score, T stage, and the receipt of ADT. Due to the small number of non-White patients, race
was excluded from this analysis. Stepwise backward/forward variable selections were
conducted for the model construction based on the Akaike Information Criterion (AIC).
Only variables with statistical significance were tabulated.

A two-sided Wilcoxon rank–sum test, a Wilcoxon signed-rank sum test, Fisher’s
exact test, and a t-test were used for the testing of statistical hypotheses, with p < 0.05
considered statistically significant unless specified otherwise. For analyses involving
multiple pairwise comparisons, p < 0.017 was considered statistically significant to account
for Bonferroni correction.
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3. Results

3.1. Baseline Demographics and EPIC-26 Questionnaire Completion

A total of 157 patients treated with IMRT and 105 patients treated with IMPT com-
pleted the baseline pre-RT EPIC-26 questionnaire. Of those, 82 patients treated with IMRT
(52.2%), and 56 patients treated with IMPT (53.3%) also completed the questionnaire at 24
months post-RT, and these patients comprised our study cohort. There were no statistical
differences between the responders and non-responders with respect to age, baseline PSA,
Gleason score, T stage, dose-fractionation regimen, the proportion of patients with hydrogel
spacer (40% vs. 43%), the proportion of patients receiving androgen deprivation therapy
(75% vs. 75%), baseline BF score (93.3 vs. 93.5), baseline UI score (88.2 vs. 87.7), or baseline
UO score (85.3 vs. 87.6).

Table 1 describes the patient demographics and treatment characteristics of the IMRT
and IMPT cohorts. There were no differences between the IMRT and IMPT cohorts with re-
spect to race, mean age, mean pre-RT serum prostate-specific antigen (PSA), Gleason score,
PSA distribution, or the proportion of patients receiving hydrogel spacer. IMPT patients
were more likely to have T2 disease than those receiving IMRT (69.6% vs. 51.2%, p = 0.04).
There was no difference in the proportion of patients receiving each dose-fractionation
regimen between IMRT and IMPT (42.7% vs. 25.0% for 60 Gy in 20 fractions; 47.6% vs.
64.3% for 70.2 Gy in 26 fractions; 9.8% vs. 10.7% for 78 Gy in 39 fractions, respectively).

Table 1. Baseline characteristics of the IMRT cohort vs. the IMPT cohort.

Characteristics IMRT (n = 82) IMPT (n = 56) p-Value *

Age

Mean (range), year 70.9 (55–84) 70.7 (52–88) 0.77

Age group, n (%) 0.95

<70 33 (40.2%) 21 (37.5%)

70–79 46 (56.1%) 33 (58.9%)

≥80 3 (3.7%) 2 (3.6%)

Race

Race, n (%) 1.00

White 77 (93.9%) 53 (94.6%)

Others 3 (3.7%) 2 (3.6%)

Missing 2 (2.4%) 1 (1.8%)

Pre-RT PSA

Mean (range, ng/mL) 7.8 (0.2–39.4) 7.5 (0.2–23.2) 0.64

PSA level, n (%) 0.30

<4 25 (30.5%) 11 (19.6%)

4–10 40 (48.8%) 34 (60.7%)

>10 17 (20.7%) 11 (19.6%)

Gleason score

Group, n (%) 0.63

≤7 68 (82.9%) 49 (87.5%)

>7 14 (17.1%) 7 (12.5%)
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Table 1. Cont.

Characteristics IMRT (n = 82) IMPT (n = 56) p-Value *

T stage

Group, n (%) 0.04

T1 40 (48.8%) 17 (30.4%)

T2 42 (51.2%) 39 (69.6%)

Dose-fractionation regimen

n (%) 0.10

60 Gy/20 fractions 35 (42.7%) 14 (25.0%)

70.2 Gy/26 fractions 39 (47.6%) 36 (64.3%)

78 Gy/39 fractions 8 (9.8%) 6 (10.7%)

Hydrogel spacer

Treated with hydrogel spacer, n
(%) 35 (42.7%) 20 (35.7%) 0.48

Androgen deprivation therapy
(ADT)

Treated with ADT, n (%) 64 (78.1%) 40 (71.4%) 0.42

Baseline bowel score

Mean (range) 94.0 (62.5–100) 92.3 (50–100) 0.98

Standard deviation 8.3 12.6

Missing 3 1

Baseline urinary incontinence
score

Mean (range) 87.7 (22.8–99.5) 88.9 (39.3–99.5) 0.49

Standard deviation 16.7 15.8

Missing 0 1

Baseline urinary
irritative/obstructive score

Mean (range) 85.8 (43.8–100) 84.4 (50–100) 0.50

Standard deviation 12.6 12.6

Missing 0 5
* p-values were derived from Wilcoxon rank–sum test for continuous variables, and Fisher’s exact test for
categorical variables. p-values reflect whether the means or the distributions were different between the two
cohorts. p < 0.05 is considered significant. IMRT: Intensity Modulated Radiation Therapy. IMPT: Intensity
Modulated Proton Therapy. Pre-RT PSA: Pre-radiotherapy prostate-specific antigen. T stage: Tumor stage. Gy:
Gray. ADT: Androgen deprivation therapy

3.2. Changes in the BF, UO and UI Scores Between the IMRT and IMPT Cohorts

There were no statistically significant differences in the baseline BF, UO, and UI
domain scores between the IMRT and IMPT cohorts (Table 1).

In the IMRT cohort, there was a clinically relevant and significant decline in the BF
mean score from baseline to 24 months post-RT (p = 0.003) (Table 2). In contrast, the decline
in the BF mean score in the IMPT cohort was less pronounced and did not reach statistical
significance when accounting for the Bonferroni adjustment (p = 0.046). Furthermore, its
decline was not a clinically relevant reduction. The mean changes in the UI and UO scores
of the IMRT and IMPT cohorts were neither statistically significant nor clinically relevant.
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Table 2. Score changes and their clinical relevance for each treatment modality.

EPIC-26 Domain
Radiation
Modality

No. of
Respondents (%)

Mean Score Change
From Baseline (Range)

p *
Clinically Relevant
Change? (Y/N) **

Bowel function
IMRT 76 (92.7%) −4.52 (−50, 29.17) 0.003 Y
IMPT 54 (96.4%) −1.88 (−37.5, 50) 0.046 N

Urinary
incontinence

IMRT 67 (81.7%) −2.61 (−32.75, 27.5) 0.79 N
IMPT 51 (91.1%) −0.80 (−39, 40) 0.75 N

Urinary irrita-
tive/obstructive

IMRT 76 (92.7%) −0.58 (−50, 25) 0.76 N
IMPT 51 (91.1%) 1.84 (−37.5, 43.75) 0.41 N

* p-values were derived from a Wilcoxon signed-rank–sum test and reflect whether late scores were different from
baseline score. p < 0.017 is considered significant to account for the Bonferroni adjustment. ** When a score change
exceeds > 50% of the standard deviation of baseline score, it is considered clinically relevant. IMPT: Intensity
Modulated Proton Therapy. IMRT: Intensity Modulated Radiation Therapy. EPIC-26: 26-item Expanded Prostate
Index Composite. Y: Yes. N: No.

A higher proportion of patients treated with IMRT had a clinically relevant reduction in
BF when compared with IMPT (47.4% vs. 25.9%, p = 0.017), which approached significance.
There was no difference in the proportion of patients with clinically relevant reductions in
UI (p = 0.82) or UO (p = 0.36) scores between IMRT and IMPT (Table 3).

Table 3. Comparison of the proportions of patients with clinically relevant changes between the
IMRT cohort and the IMPT cohort.

EPIC-26 Domain Radiation Modality
Patients with Clinically
Relevant Reduction (%)

p *

Bowel

IMRT 36 (47.4%)
0.017

IMPT 14 (25.9%)

Urinary Incontinence

IMRT 15 (22.4%)
0.82

IMPT 10 (19.6%)

Urinary
Irritative/Obstructive

IMRT 12 (15.8%)
0.36

IMPT 12 (23.5%)
* p-values derived from Fisher’s exact test. p-values test whether the difference in the proportion of patients
experiencing clinically relevant reduction is statistically significant between two modalities. p < 0.017 is considered
significant to account for the Bonferroni adjustment. IMPT: Intensity Modulated Proton Therapy. IMRT: Intensity
Modulated Radiation Therapy. EPIC-26: 26-item Expanded Prostate Index Composite

The mean score changes in BF, UO, and UI domains from baseline to 24 months
post-RT of the IMRT and IMPT cohorts are described and compared in Table 4. The mean
BF and UI scores declined in both cohorts. The mean score of the UO domain improved
from baseline in the IMPT cohort, whereas it declined in the IMRT cohort. Although the
mean score decline in the BF domain was less in the IMPT cohort (−1.88) than in the IMRT
cohort (−4.52), the difference in the mean score decline between the two cohorts was not
statistically significant. There were also no statistical differences in the mean score changes
in UI and UO domains when comparing the IMRT and IMPT cohorts.
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Table 4. Comparison of score changes between the IMRT cohort and IMPT cohort.

EPIC-26 Domain Radiation Modality
Late Response

Mean Change from Baseline p *

Bowel

IMRT −4.52
0.69

IMPT −1.88

Urinary Incontinence

IMRT −2.61
0.55

IMPT −0.80

Urinary
Irritative/Obstructive

IMRT −0.58
0.64

IMPT 1.84
* p-values were derived from a Wilcoxon rank–sum test. p-values reflect whether score changes were different
between two treatment cohorts. p < 0.017 is considered significant to account for the Bonferroni correction. IMPT:
Intensity Modulated Proton Therapy IMRT: Intensity Modulated Radiation Therapy EPIC-26: 26-item Expanded
Prostate Index Composite

3.3. Variables Associated with Domain Score Changes

The variables associated with the domain score changes from baseline to 24 months
post-RT are summarized in Table 5. A greater reduction in the BF domain for all patients
was associated with a higher baseline BF score (i.e., fewer bowel symptoms) (p < 0.001) and
a lower baseline UO score (i.e., more irritative/obstructive symptoms) (p = 0.01). A greater
reduction in the UO domain was associated with a higher baseline UO score (i.e., fewer
irritative/obstructive symptoms) (p ≤ 0.001). A greater reduction in the UI domain was
associated with a higher baseline UI score (i.e., less urinary incontinence) (p < 0.001). The
domain score changes were not associated with the radiation modality, dose-fractionation
regimens, or use of a hydrogel spacer.

Table 5. Factors associated with late changes in each domain of the EPIC-26 score.

EPIC-26 Domain
Independent

Variable
Coefficient p-Value *

Bowel
Baseline BF score −0.9 <0.001

Baseline UO score 0.2 0.01

Urinary incontinence Baseline UI score −0.4 <0.001

Urinary irritative/obstructive Baseline UO score −0.7 <0.001
* Multivariable linear regression was used to identify factors that were statistically significantly associated with
changes in the scores. p-values test the individual covariate effect. p < 0.05 is considered significant. Variables
included in the regression models were the type of radiation modality (IMPT vs. IMRT), the dose-fractionation
regimen utilized (60 Gy/20 fraction vs. 70.2 Gy/26 fraction vs. 78 Gy/39 fraction), the use of a hydrogel spacer (yes
vs. no), baseline BF, UO, and UI scores, age, PSA, the Gleason score, the T stage, and the use of ADT. We excluded
race from this analysis because of the small number of non-Caucasian patients. Stepwise backward/forward
variable selections were conducted for the model construction based on the Akaike Information Criterion (AIC).
Only those variables found to be statistically significant are tabulated. EPIC-26: 26-item Expanded Prostate Index
Composite. BF: Bowel function symptom score. UO: Urinary irritative/obstructive symptom score. UI: Urinary
incontinence symptom score

4. Discussion

Our group previously reported early toxicity differences between IMRT and IMPT
prostate RT, showing that the IMRT cohort experienced greater decrease in BF at the end
of RT, and that a higher proportion of patients have a clinically meaningful reduction
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compared with IMPT. The IMRT group exhibited a significant and clinically meaningful
worsening of BF at three months following the completion of RT, whereas the change in
BF score of the IMPT cohort was neither statistically significant nor clinically meaningful
compared to the baseline. At three months following the completion of RT, there were no
statistically significant nor clinically meaningful changes in UO or UI. As early toxicity
generally improves with time, an evaluation of late effects is an important addition to the
toxicity profile of any treatment, which prompted this study.

With continued follow up, we found that patients treated with IMRT had a significant
and clinically meaningful decrease in BF two years after completing treatment, whereas
IMPT- treated patients did not. In addition, the percentage of patients with a clinically
relevant reduction in BF score was greater with IMRT than with IMPT, and this approached
significance. However, in our multivariable linear regression analysis, we did not identify
an association between the treatment modality and a change in the BF domain score from
baseline to 24 months post-RT. Only better baseline BF and worse baseline UO scores were
associated with decline in BF score at 24 months. This lack of an association between the
treatment modality and changes in the BF domain score according to the multivariate
analysis is possibly due to the small number of patients included in this study, with
response rates at 24 months of 52.2% and 53.3% for IMRT and IMPT, respectively. That
is, our sample size was insufficient to detect a difference, if one existed. There were no
significant or clinically meaningful differences in UI or UO domain scores at 24 months
between patients treated with IMRT or IMPT.

Hoppe et al. completed a similar study at the University of Florida [13] and, similarly,
found that only BF scores met the minimally detectable difference from baseline at six
months, one year, and two years for IMRT, and at one year and two years for PBT. In
their study, more patients treated with IMRT had a minimally detectable difference in BF
score from baseline at six months (p = 0.002); however, there was no difference between
modalities at one and two years. This differs from our study, because the patients treated
with IMRT at our institution reported a clinically meaningful reduction in BF at two years
compared to patients treated with IMPT. However, our studies have differences that may
affect the outcomes and interpretation of results. Hoppe et al. compared a group treated
with conventionally fractionated (1.8 Gy or 2.0 Gy per fraction) passive scatter PBT at their
center with IMRT patients treated at nine other centers during an earlier timeframe. In
contrast, our patients mainly received moderately hypofractionated (2.7 Gy or 3.0 Gy per
fraction) RT at only one institution. Our report may be more germane to contemporary
practice, because hypofractionated RT has become a standard of care for organ-confined
prostate carcinoma. The patients in our study were treated with pencil-beam IMPT, rather
than passive scatter, which is a newer and more conformal technology.

A matched-pair analysis conducted by Dutz et al. compared patient-reported early
and late toxicities using the EORTC-QLQ-C30/PR25, dosimetric parameters, and QOL
between conventionally fractionated passive scatter PBT and IMRT in prostate cancer
patients [20]. Their study identified significantly lower late urinary urgency in patients
receiving PBT, and it also found that late grade ≥ 2 GU toxicities were associated with
the relative volume of the anterior bladder wall receiving 70 Gy and the entire bladder
receiving 60 Gy. Their study is limited by the use of passive scatter and patient-reported
QOL only for one year.

The University of Washington reported their experience [21] of patient-reported QOL
with conventionally fractioned IMPT for prostate cancer and found that EPIC bowel domain
declined at one-year post-treatment compared to baseline with no further decline over time;
however, the IMPT cohort was not compared to an IMRT cohort. They also had a more
heterogeneous study cohort than ours, as some of their patients also received pelvic nodal
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RT. Pugh et al. conducted a similar study [22] investigating the QOL of patients receiving
conventionally fractionated passive scatter PBT or IMPT for prostate cancer; similarly, they
found a clinically significant decrement in bowel QOL over time. However, there was no
IMRT comparative cohort in their study.

Bulman et al. investigated the rectal dose and changes in bowel-related QOL in
patients treated with IMPT and correlated QOL to dosimetric parameters [23]. Their study
examined a heterogeneous cohort, including patients treated with conventional, moderate
hypofractionation, as well as ultrahypofractionation. The BF domain score declined from
baseline to the end of treatment and at 12 months; however, this study did not investigate
whether it was a clinically meaningful decline. They found that rectal BED D25 (Gy) ≥23%
was significantly associated with decline.

The Phase III PARTIQoL study recently presented results in abstract form; these results
demonstrated no difference between PBT or IMRT in the mean change in the bowel score at
24 months (p = 0.836), with both arms showing only small, clinically non-meaningful decline
from baseline [6,7]. This study included a large number of patients treated with PBT and
IMRT (n = 226 and n = 224, respectively). Like our cohort, participants received treatment
to the prostate and proximal seminal vesicles; pelvic nodal RT was not performed. Our
results differ from those of the PARTIQoL study; in our cohort, patients treated with IMRT
had a significant and clinically meaningful decrement in BF two years after completing
treatment, whereas the IMPT- treated patients did not. Both IMPT (49%) and passive scatter
(51%) techniques were utilized in the PBT cohort of PARTIQoL, whereas all patients in our
PBT cohort received IMPT. It is possible that the PBT technique or bowel and/or rectum
dosimetry may account for this discrepancy. It is also possible that we detected differences
in bowel QOL by chance.

Our study has multiple limitations. First, our study was not designed as a randomized
clinical trial. Thus, it does not offer a definitive comparison between IMRT and IMPT, and
there may be selection bias and unknown factors affecting treatment outcomes and the
type of treatment modality a patient received. Second, our evaluation of QOL change was
limited to a single post-RT timepoint, because not every patient answered the EPIC-26
surveys at each specified time point. Treatment-related QOL may change over time, and we
were not able to capture this information or to present the QOL data as a continuum. Third,
we had a relatively small number of patients, and this may introduce some uncertainty that
a larger study cohort would not face. Thus, the results of our study need to be interpreted
with caution. Fourth, we did not examine whether a potential benefit of IMPT in BF
outcome justifies the additional cost of proton therapy. Lastly, although our study suggests
that patients treated with IMPT experience lower rates of late BF decline, we did not
correlate this with the dose-volume histogram (DVH) parameters used in planning RT.

5. Conclusions

Most previously published reports of patients treated with IMRT and PBT for localized
prostate cancer have found a decline in BF QOL after RT. Our study provides a single
institution’s comparative analysis between IMRT and IMPT for BF, UO, and UI changes at
24 months post-RT using prospectively collected EPIC-26 data. In our experience, IMPT
continued to show less of a decrease in BF than IMRT at 24 months post-RT, whereas
there was no differential effect on UO and UI between treatment modalities. Further work,
including dosimetric studies correlating QOL with DVH parameters and randomized
trials, are needed to determine whether there is a clinically meaningful difference in tumor
control, RT adverse effects, and QOL changes between IMRT and IMPT.
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Abstract: Purpose: The purpose of this study is to study the evolution of quality of life (QoL) in the first
5 years following Intensity-modulated radiation therapy (IMRT) for prostate cancer (PCa) and to deter-
mine possible associations with clinical/treatment data. Material and methods: Patients were enrolled
in a prospective multicentre observational trial in 2010-2014 and treated with conventional (74–80 Gy,
1.8–2 Gy/fr) or moderately hypofractionated IMRT (65–75.2 Gy, 2.2–2.7 Gy/fr). QoL was evaluated
by means of EORTC QLQ-C30 at baseline, at radiation therapy (RT) end, and every 6 months up to
5 years after IMRT end. Fourteen QoL dimensions were investigated separately. The longitudinal
evaluation of QoL was analysed by means of Analysis of variances (ANOVA) for multiple measures.
Results: A total of 391 patients with complete sets of questionnaires across 5 years were available. The
longitudinal analysis showed a trend toward the significant worsening of QoL at RT end for global
health, physical and role functioning, fatigue, appetite loss, diarrhoea, and pain. QoL worsening was
recovered within 6 months from RT end, with the only exception being physical functioning. Based
on ANOVA, the most impaired time point was RT end. QoL dimension analysis at this time indicated
that acute Grade ≥ 2 gastrointestinal (GI) toxicity significantly impacted global health, physical and role
functioning, fatigue, appetite loss, diarrhoea, and pain. Acute Grade ≥ 2 genitourinary (GU) toxicity
resulted in lower role functioning and higher pain. Prophylactic lymph-nodal irradiation (WPRT)
resulted in significantly lower QoL for global health, fatigue, appetite loss, and diarrhoea; lower pain
with the use of neoadjuvant/concomitant hormonal therapy; and lower fatigue with the use of an
anti-androgen. Conclusions: In this prospective, longitudinal, observational study, high radiation IMRT
doses delivered for PCa led to a temporary worsening of QoL, which tended to be completely resolved
at six months. Such transient worsening was mostly associated with acute GI/GU toxicity, WPRT, and
higher prescription doses.

Curr. Oncol. 2024, 31, 839–848. https://doi.org/10.3390/curroncol31020062 https://www.mdpi.com/journal/curroncol



Curr. Oncol. 2024, 31

Keywords: prostate cancer; radiotherapy; EORTCQLQ-C30 questionnaire; quality of life

1. Introduction

Radiation therapy is a widely used, highly effective, therapeutic modality for the
definitive treatment of locally advanced or localized prostate cancer (PCa), with or without
the combination of androgen deprivation [1–6]. With the continuous improvement of
clinical outcome, radiation oncologists increasingly pay attention to the possible impact of
side effects on an individual’s functioning, physical, and/or psychosocial domains. For this
reason, patient-reported outcomes (PROs) concerning health-related quality of life (HRQoL)
need to be increasingly considered in order to better investigate more subjective parameters
(e.g., physical, social, or role functioning), possibly allowing for the identification of bother-
some symptoms not highlighted by physician-reported toxicity. Consequently, patients’
HRQoL is more and more becoming a noteworthy factor supporting the decisions regard-
ing treatment options [7]. Donovan et al. [8] compared the subjective outcomes of 1643 men
managed with active monitoring, radical prostatectomy, or external-beam radiotherapy
(EBRT) for their clinically localized prostate cancer. The patient-reported HRQoL evaluated
by means of questionnaires emphasized that prostatectomy had the greatest negative effect
on the patients’ sexual and urinary function while EBRT had only a little effect on urinary
continence. Similar findings were reported by systematic reviews focused on a quality of
life comparison among surgery, radiotherapy, surveille, or brachytherapy [9]. Additional
studies evaluating changes in quality of life in PCa patients undergoing radiotherapy and
that aimed at identifying factors that influence QoL were performed. Yucel et al. [10],
evaluating 367 PCa patients treated with definitive RT, observed a transient radiation-
induced deterioration of patients’ HRQoL, with complete restoration by one month from
radiotherapy end. Furthermore, a correlation between HRQoL and disease-specific and
patient-specific factors was found.

One of the most widely used instruments to assess the QoL of cancer patients is the
EORTC QLQ-C30 questionnaire [11] developed in 2001 by the European Organisation for
Research and Treatment of Cancer (EORTC).

The aim of the current paper was to investigate patients’ HRQoL changes in the first
5 years following intensity-modulated radiotherapy (IMRT) for prostate cancer in a large,
prospectively followed multicentric cohort and to determine possible associations with
clinical and treatment factors.

2. Materials and Methods

Between April 2010 and December 2014, 391 patients treated with definitive IMRT
for both clinically localized or locally advanced, non-metastatic, prostate cancer were en-
rolled in a prospective, longitudinal, multicentre observational trial aimed at developing
predictive models of both urinary toxicity and erectile dysfunction. The DUE-01 (Uri-
nary and Erectile Disfunction after radical RT for localized prostate cancer) study was
approved by the local Ethical Committee of any participating institution, and written
informed consent for the inclusion in the study was obtained for each enrolled patient. The
study’s coordinator centre Ethics Committee Name is “IL COMITATO ETICO dell’Ospedale
San Raffaele–Milano, Istituto di Ricovero e Cura a Carattere Scientifico” with approval
protocol N◦: DUE-01.

Detailed information about the trial was reported previously [12,13]. In short, relevant
clinical, dosimetric, and patient-reported toxicity data were prospectively collected. Patients
were treated at different prescription doses with conventional (74–80 Gy, 1.8–2 Gy/fr) or
moderately hypofractionated IMRT (65–75.2 Gy, 2.2–2.7 Gy/fr), always with 5 fractions/week.
The prescribed doses D were converted into 2 Gy equivalent doses (EQD2), according to the
linear quadratic model [14] considering the formula EQD2 = D(α/β + d)/(α/β + 2), where
d is the daily dose and the α/β ratio is a measure of the fractionation sensitivity of the cells.
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This value was set according to the literature-reported data [14,15] depending on the toxicity
endpoint investigated.

All patients were treated supine with an empty rectum and comfortably full bladder.
Patients were treated at eight institutions, as shown in Table 1, while patients’ char-

acteristics are indicated in Table 2. Figure 1 reports how many patients completed the
questionnaire at different time points.

Table 1. Number of patients grouped according to fractionation and institution.

Institution

Patients

NConventional
Fractionation

Moderate
Hypofractionation

1 111 21 132

2 - 76 76

3 - 12 12

4 13 12 25

5 9 21 30

6 27 28 55

7 - 32 32

8 - 29 29

Table 2. Patient characteristics. Counts (percentage in parenthesis) for categorical variables and
medians (range) for continuous variables are reported.

Age (y) 71 (67–74)
BMI (kg/m2) 26 (19-42)
PSA (ng/mL) 6.7 (0.3–277)
Gleason score:

<7 135
=7 186
>7 40
n.a. 30

T stage:
T1 217
T2 117

T3-4 46
TX 11

Lymph node staging
Nx 349
N0 39
N1 3

Diabetes 63 (16%)
Cardiovascular disease 102 (26%)
Hypercholesterolemia 23 (6%)

Urological disease 23 (6%)
Anticoagulants 27 (7%)
Antidepressive 16 (4%)

TURP 39 (10%)
Previous abdominal surgery 180 (46%)

Smoke 63 (16%)
Alcohol 188 (48%)

Hormone therapy before/during RT 227 (58%)
Pelvic irradiation (Yes/No) 167 (Yes 42.7%)/224 (No 57.3%)

Hormone therapy after RT 166 (56%) 226 (58%)
Prescribed dose (Gy) HYPO (n = 231): 70.2 (54.3–74.2)

CONV (n = 160): 76 (74–83.2)
Daily dose (Gy/fr) HYPO: 2.55 (2.2–3.8)

CONV: 2.0 (1.8–2.0)
CTV volume (cc) 51 (34–66) 52 (11–180)

PTV volume (cc) 131 (93–170) 132 (28–350)
(BMI = body mass index; TURP = transurethal resection of prostate; CTV = clinical target volume; PTV = planning
target volume.)
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Figure 1. Number of patients that completed the questionnaire at different time points.

The health-related quality of life (HRQoL) of prostate cancer patients was assessed
by means of the EORTC QoL 30-item questionnaire (EORTC QLQ-C30) filled in by pa-
tients at baseline, at RT end, and thereafter every 6 months up to 5 years after IMRT. The
14 domains investigated by the EORTC QLQ-C30 were the following: global health/QoL,
five functional scales (physical, role, cognitive, emotional, and social), and eight symptom
scales/items (fatigue, nausea/vomiting, pain, dyspnoea, insomnia, appetite loss, constipa-
tion, and diarrhoea). Patients’ responses were scored according to the EORTC QLQ-C30
scoring manual [11]. With respect to the functional scores, a higher score indicated better
functioning levels, whereas a higher score in the symptom scales indicated a higher severity
(worse) of symptoms.

The questionnaire scores were longitudinally evaluated across time using repeated-
measures analysis of variance for multiple measures (ANOVA). Effects of multiple variables
such as age, presence and type of hormonal therapy, prescribed dose, and CTCAE (Common
Toxicity Criteria for Adverse Event, v4.03) acute intestinal Grade ≥2 on QoL changes over
the time were studied using two-way repeated-measures analysis of variance. Differences
among groups were evaluated through the Mann–Whitney test. A p value <0.05 was
considered to indicate statistical significance.

The statistical analysis was performed using Medcalc statistical software (Version 10;
Broekstratt 52, 9030 Mariakerke, Belgium).

3. Results

3.1. Longitudinal Changes in QoL Scores

The median age of the patients considered was 71 years. Table 3 reports the summary
of the results from the ANOVA analysis while Figure 2 presents longitudinal results for
the 14 investigated QoL dimensions. A general trend toward the significant worsening
of QoL at RT end with respect to the baseline was detected for global health (5-point
worsening, p = 0.05), physical (4-point worsening, p = 0.04), role functioning (5-point
worsening, p = 0.04), fatigue (7-point worsening, p = 0.03), appetite loss (5-point worsening,
p = 0.004), diarrhoea (14-point worsening, p = 0.05), and pain (5-point worsening, p = 0.03).
With the only exception of physical functioning which exhibited a further worsening of
4 points at 5 years, all the remaining QoL aspects impaired by RT usually recovered within
6 months from radiotherapy conclusion. No significant variations were, on the contrary,
observed for cognitive functioning, insomnia, nausea, dyspnoea, and constipation.
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Table 3. Results of ANOVA analysis (over 5 years after the end of IMRT) on the 14 QoL dimensions
investigated by EORTC QLQ C30 questionnaire.

Qol Dimension
Significant Trend with Time

from ANOVA
p-Value Time and Size of Significant Variation

Global health/QoL quadratic 0.05 5-point worsening at RT end with respect to baseline, then recovery

Physical functioning cubic 0.04 4-point worsening at RT end with respect to baseline, then recovery,
further 4-point worsening at 5 years

Role functioning cubic 0.04 5-point worsening at RT end with respect to baseline, then recovery,
further 5-point worsening at 5 years

Social functioning linear 0.04 2-point increase in the 5-year period
Emotional functioning linear 0.01 3-point increase in the 5-year period
Cognitive functioning no significant trend

Appetite loss quadratic 0.004 5-point worsening at RT end with respect to baseline, then recovery

Diarrhoea quadratic + linear decrease 0.05 14-point worsening at RT end with respect to baseline, then recovery,
and at 5 years, 1.5 points better with respect to baseline

Fatigue quadratic 0.03 7-point worsening at RT end with respect to baseline, then recovery
Insomnia no significant trend
Dyspnoea no significant trend

Pain quadratic 0.03 5-point worsening at RT end with respect to baseline, then recovery
Constipation no significant trend

Nausea no significant trend

 

Figure 2. Longitudinal evaluation (5-year time frame of the EORTC QLQ C30 investigated
QoL dimensions.
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3.2. Predictors of QoL Changes at RT End

Considering the most impaired time point of the ANOVA, detailed analyses focused on
the possible predictors’ deterioration of HRQoL at RT end were carried out. It emerged that
acute Grade ≥ 2 GI toxicity significantly impaired global health, physical, role functioning,
fatigue, appetite loss, diarrhoea, and pain (p-value range: 0.02–0.0003, worsening range:
3–9 points). Prophylactic lymph-nodal irradiation resulted in significantly lower QoL
levels for global health, fatigue, appetite loss, and diarrhoea (p-value range: 0.05–0.0001,
worsening range: 5–14 points). Acute Grade ≥ 2 GU toxicity led to lower levels of role
functioning and higher pain (p = 0.03 and 0.002, respectively, worsening 5 and 10 points, re-
spectively). The radiation doses were associated with diarrhoea (most informative cut-off at
81 2Gy-equivalent, p = 0.0001, 23.9 vs. 13 points). The use of any neoadjuvant/concomitant
hormonal therapy was associated with lower pain (6.7 vs. 11, p = 0.01), while the use of a pe-
ripheral anti-androgen (e.g., bicalutamide) was associated with lower fatigue (19.2 vs. 24.8,
p = 0.01).

4. Discussion

Intense research is actively performed not only to improve prostate cancer patient
clinical outcomes but also to better understand the possible impact of side effects on an
individual’s functioning, both physical and psychosocial. These issues may clearly have a
strong impact on the patient’s decision-making process. In fact, all these items not only
reflect the patient’s overall physical health but also are related to the ability to perform
tasks associated with daily life activities and employment. In this study, we therefore
investigated the longitudinal QoL changes from radiotherapy start to 5 years after IMRT-
IGRT delivered for PCa within a large multicentric study. The prospective evaluation of
HRQoL was performed using patient-reported QoL evaluated by means of a validated
questionnaire, the EORTC QLQ-C30. In addition, the possible impact of clinical, technical,
and dosimetric data on QoL were investigated, focusing on the timing corresponding to
the evidence of a significant impact of the treatment on QoL.

The results of this study highlighted a relatively temporary worsening of 9 QoL di-
mensions out of 14 at RT end with respect to baseline, with a complete restoration within
6 months, with the sole exception of physical functioning, exhibiting an additional worsen-
ing of 4 points at the 5-year follow-up. The disappearance of the detrimental effect in certain
aspects of QoL after six months can be explained by the fact that supporting nutritional sta-
tus, a possible mental health serenity connected to anxiety reduction, suddenly managing
symptoms during and following treatment, and good treatment tolerability improve QOL.
Moreover, acute symptoms usually resolve within a few months [16] and patients present a
fatigue reduction related to the end of transportation to the radiotherapy centre.

In particular, a worsening of 5 points for global health, role functioning, appetite loss,
and pain and 4 points for physical functioning were detected at RT end. These findings are
consistent with previous reports describing lower HRQoL and functional status following
RT [4,11,13,17–19]. On the other hand, some studies reported no significant changes in
daily activities during the treatment course [20,21].

The two dimensions mostly impaired by irradiation were fatigue and diarrhoea, which
exhibited a worsening of 7 and 14 points, respectively, at radiotherapy end. The more
likely sources of fatigue during radiotherapy may be hormonal therapy, transportation
to the institute where radiotherapy is delivered, and the treatment itself, while diarrhoea
represents the most common radiation side effect related to pelvic radiotherapy. Fatigue
is very commonly reported in men treated with radiotherapy for prostate cancer [17,22].
Physical functioning worsening may probably be related to patients’ age increasing between
baseline and 60 months follow-up. In the series of Sveistrup et al. [23], a decrease in physical
functioning one year after RT was observed even though it was usually small (<5 points).
The authors’ hypothesis was that a decrease in physical functioning lower than 5 points
had to be considered clinically not significant. No variation in cognitive functioning,
insomnia, nausea, dyspnoea, and constipation was observed in our series. The lack of
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change in cognitive function following radiotherapy was also reported by Bansal et al. [24].
Other studies showed, on the contrary, moderate but transient impaired QoL immediately
after radiotherapy [16,25]. The exact reason for the correlation of a lower degree of pain
and hormonal therapy is not easily explainable. A hypothesis could be that the result
is influenced by the concept called benefit finding. Namely, benefit finding refers to the
fact that the beginning of pharmacological therapy could reduce patient anxiety related to
the patient’s illness. In fact, it was reported that symptom complications such as fatigue,
sleeplessness, pain, and diarrhoea were significantly associated with levels of anxiety [26].

When focusing on QoL dimensions’ variation at radiotherapy end as compared to
baseline, acute Grade ≥ 2 GI toxicity was found to significantly affect global health, physi-
cal, role functioning, fatigue, appetite loss, diarrhoea, and pain, while acute Grade ≥ 2 GU
toxicity produced lower role functioning and higher pain. Also, Sveistrup and cowork-
ers [23], analysing the impact of urinary and gastrointestinal bothers, concluded that the
worsening of both GU and GI symptoms were associated with a QoL decrease in several
scales. Clark et al. [27], investigating the impact of pelvic symptoms on HRQoL scores,
reached similar conclusions. Conversely, Jereczek-Fossa et al. [28], considering a cohort
of 337 patients followed for 19 months after irradiation, reported no change in urinary
symptom-related QoL in PCa patients treated with image-guided radiation therapy.

Prophylactic lymph-nodal irradiation resulted in significantly lower QoL for global
health, fatigue, appetite loss, and diarrhoea (p range: 0.05–0.0001, worsening range:
5–14 points), apparently as a result of the larger volumes irradiated. Higher prescrip-
tion doses were associated with an increased risk of diarrhoea, even though it was only if
delivered at radiation doses exceeding 81 EQD2 Gy, possibly as a result of the more refined
dose delivery achievable with modern IMRT. The impact of radiation doses on short-term
bowel dysfunction, such as diarrhoea, urgency, or rectal pain, is largely reported. Acute
symptoms usually resolve within a few months [16].

The use of any neoadjuvant/concomitant hormonal therapy was associated with lower
pain (6.7 vs. 11, p = 0.01), while the use of an anti-androgen was associated with lower levels
of fatigue in the range of 5 points. Sanda et al. [29] highlighted how vitality may be lower
in patients who receive androgen deprivation therapy (ADT). Similarly, Langston et al. [22]
and Lilleby et al. [17] reported that fatigue is a common side effect in men affected by
prostate cancer, especially if receiving ADT. The direct impact of hormonal therapy on
fatigue and on treatment-related symptoms was also found by Marchand et al. [30]. It is
noteworthy to observe that, differently from what was observed by Krahn MD et al. [18],
no impact of ADT on social functioning and global health emerged in our study.

The strength of our series is that all data were collected prospectively, including
all the baseline HRQoL data collected prior to the treatment start. Moreover, the 5-year
longitudinal nature of study has the potential to adequately capture even slight changes in
patients’ HRQoL over a robust time span. At the same time, considering the time interval
of data collection in the study, it was possible to correlate the changes to specific causes.
Similar prior studies mostly reported results at 2 years [31]. Thereafter, our results not only
confirm the 6-month prospective published literature data on HRQoL after IMRT [19,32]
but also provide additional information of HRQoL trends up to 60 months.

The fact that the patients recovered their initial QoL within 6 months is an extremely
important result indicating a good tolerability of the treatment. Therefore, considering
that acute toxicity is predictive of late toxicity for general toxicity as well as urinary and
bowel toxicity, we will also expect less late toxicity. Moreover, the "acute" effects that
disappear after six months could be in favour of hypofractionation that allows for the
shortening of the radiotherapy course leading to direct patient convenience, cost savings,
and potential radiobiological advantages. In fact, the literature reported that prostate
cancer has a relatively low alpha–beta ratio compared to other malignancies, and even in
relation to adjacent normal tissues (e.g., rectum and bladder). This suggests an increase in
the therapeutic ratio with larger doses per fraction; that is, prostate cancer cells are more
sensitive to hypofractionation than the surrounding organs at risk.
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In this study, however, we did not have the opportunity to investigate if hormonal
therapy for more or less than six months has an impact on QoL and if outcome variation
during the patients’ follow-up modifies the QoL score.

5. Conclusions

Our findings suggest that modern radiotherapy delivered by conventional or hy-
pofractionated regimens with EQD2 doses up to 90 Gy represents a modality that does
not significantly affect long-term QoL. A temporary deterioration of some investigated
endpoints was experienced by patients at the end of radiotherapy, but all radiation-induced
detrimental effects disappeared after six months from radiotherapy end. This result is
extremely important because it indicates that there is no need for additional home health
or spousal support.

We believe that nowadays the prostate cancer treatment aim is not only to prolong life,
increasing tumour control rate and survival, but also to apply any effort aiming to improve
QoL. Moreover, a regular QoL measurement of patients during the treatment course may be
a useful instrument in order to detect QoL variation early using a personalized approach.

On the other hand, further analyses should focus on better depicting specific sub-
groups of patients who may be more subject to long-term impairment of HRQoL.
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Abstract: Purpose: Image-guided radiotherapy (IGRT) has been widely implemented in
the treatment of prostate cancer, offering a number of advantages regarding the precision
of dose delivery. This study provides an overview of factors, clinical and physical alike,
that increase treatment accuracy in prostate cancer radiotherapy in the context of IGRT.
The following aspects are explored based on recent literature: the radiotherapy technique
used in conjunction with IGRT, the type and frequency of IGRT, the impact of radiotherapy
technique/IGRT on target dosimetry and organs at risk, the influence of IGRT on planning
target volume margins, the impact of treatment time on dosimetric outcome and clinical
outcomes using IGRT repositioning or an online adaptive plan. Methods: A systematic
search of the literature was conducted within Pubmed/Medline databases to find relevant
studies. Of the 152 articles fulfilling the initial search criteria, 79 were selected for final anal-
ysis. Results: The frequency of image guidance, the treatment regimen and the radiation
technique are important factors that contribute to the optimization and personalization
of the treatment plan. The daily anatomy and volume of the bladder and rectum can
vary considerably, which can significantly impact the dosimetric effects on these organs.
When used in conjunction with volumetric modulated arc therapy, IGRT allows for shaping
the dose distribution to avoid nearby critical structures such as the bladder and rectum.
Conclusions: Precise tumor targeting via IGRT can result in fewer geometric uncertain-
ties, thereby improving treatment outcome both in terms of superior target coverage and
sparing organs at risk.

Keywords: image-guided radiotherapy; geometric errors; PTV margin; organs at risk;
adaptive radiotherapy; tumor control; quality of life

1. Introduction

According to the latest statistics, prostate cancer (PCa) is the second most common
cancer in men in Western Europe and the United States and the fourth most common cancer
overall [1]. External beam radiotherapy (EBRT) is the main treatment option for many
patients diagnosed with PCa owing to increased efficiency compared to other treatment
techniques [2]. In recent years, radiotherapy has undergone significant advancements,
enabling the delivery of a more precise and conformal dose to the prostate while simul-
taneously reducing the dose to surrounding organs at risk (OARs) [3]. In view of this,
three-dimensional conformal radiation therapy (3D CRT) has been replaced by techniques
employing intensity-modulated beams, such as IMRT (intensity-modulated radiotherapy)
or VMAT (volumetric modulated arc therapy) [4]. Yet, compared to 3D CRT, IMRT has some
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acknowledged disadvantages, such as increased monitor units (MUs) and longer treatment
delivery time (even double), which can result in higher positioning errors [5]. For instance,
if the treatment time were to be doubled from 1 to 2 min, software analysis suggests that
the prostate may move between 750 and 1500 times over the treatment course [6]. VMAT
was shown to overcome these drawbacks through the use of arcs or semi-arcs to deliver the
treatment in a continuous rotation of the gantry [5].

Both IMRT and VMAT require high accuracy in tumor localization due to possi-
ble variations in patient positioning caused by setup errors. Image-guided radiotherapy
(IGRT) techniques, when used in conjunction with IMRT or VMAT, can significantly im-
prove treatment accuracy. IGRT techniques include two-dimensional megavoltage (MV)
or kilovoltage (kV) imaging, cone-beam computed tomography (CBCT) and megavoltage
computed tomography (MVCT). Additionally, non-radiative techniques, such as ultra-
sound, the Calypso system, the AlignRT system or magnetic resonance imaging (MRI), can
be employed to monitor the position of the prostate in real time. One of the key roles of
IGRT in prostate cancer radiotherapy is to increase treatment precision and to reduce the
planning target volume (PTV) margins for better conformity and organ sparing [2].

While radiotherapy delivery aims for high precision, there are factors that can limit
accuracy. It is important to note that errors can occur despite all efforts to minimize them.
These errors are the result of a number of factors, such as tumor motion, weight loss, and
changes in patient posture or organ volumes. In addition to interfractional variations, it is
essential to consider intrafractional variations caused by internal physiological movements
such as breathing, rectal gas, swallowing or heartbeat. To ensure accurate treatment, it is
necessary to (re)optimize the treatment plan with appropriate PTV margins, taking into
account the movement of the prostate. Differences in PTV margins may occur due to
variations in the frequency of IGRT techniques, time intervals between IGRT and treatment,
and differences in bladder and rectal filling from one radiotherapy session to the next [7].

Adaptive radiotherapy (ART) is a solution that adjusts treatment plans according
to these changes. ART can be conducted in two ways: online, with adjustments made
during treatment sessions, or offline, with adjustments made between sessions [8]. The
MR-Linac has numerous advantages, including improved anatomic visualization of OARs,
being a potential treatment approach for reirradiation of prostate cancer after intraprostatic
recurrence while also offering the option for direct soft-tissue-based gating [9]. How-
ever, MR images are prone to geometric distortions when treating patients with metal
prostheses/implants [10], and treatment time may be prolonged (up to 45–60 min) [11].

The purpose of this study is to provide an overview of factors contributing to treatment
precision and personalization in prostate cancer radiotherapy in the context of IGRT. To
fulfil this aim, the following aspects were investigated based on the published literature:
EBRT used in combination with IGRT; the IGRT method and frequency; the impact of
technique/IGRT on target and OAR dosimetry, including reoptimization or adaptive
radiotherapy; the decision on PTV margins according to IGRT indications; and the effect of
treatment time on dosimetric and clinical outcomes.

2. Methods—Literature Search

This systematic review is reported according to the 2020 PRISMA (Preferred Reporting
Items for Systematic Review and Meta-Analysis) guidelines, and it has been registered with
the Open Science Framework with the registration code OSF.IO/342MR being available at:
https://osf.io/rmavj (accessed on 12 April 2025).

The search of the literature was conducted within the Pubmed/Medline databases
for scientific articles published over the past 10 years (2014–2025) using the following
as keywords: “prostate cancer” AND “intensity modulated radiotherapy OR IMRT OR
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volumetric modulated radiotherapy OR VMAT” AND “image-guided radiation therapy
OR IGRT”. Studies were included regardless of tumor stage or treatment status, as long
as the patients received external radiotherapy. The present study exclusively considers
full-text articles that focus on male patients and are written in English. Reviews, abstracts
and conference proceedings were excluded. As a result, 493 articles met the search criteria.
The search was narrowed down to articles focusing on treatment personalization using
the keywords “PTV margins” and “adaptive radiotherapy”. Article filtration was thus
facilitated, resulting in the identification of 152 publications (74 pertaining to PTV margins
and 78 to adaptive radiotherapy). Articles concerning fewer than 10 patients or non-EBRT
(brachytherapy), as well as articles that provide only radiation effects on hematological
parameters or those not presenting a quantitative dose analysis, were excluded, leading to
79 eligible articles (Figure 1).

Figure 1. PRISMA flow diagram for literature search.

3. Results

3.1. Imaging Techniques Used on Board the Linear Accelerator to Guide Prostate Cancer Treatment

To increase treatment precision delivery, modern treatment techniques have incorpo-
rated pretreatment imaging to account for, prevent and/or correct any patient or organ
movement that may occur. Several IGRT techniques are implemented in clinics, and the
most common ones, together with their prevalence in prostate cancer radiotherapy, are
shown in Figure 2.

Based on the last 10 years’ statistics, CBCT is the most commonly employed imaging
method in prostate radiotherapy, with 41% of the analyzed articles reporting its regular
use. CBCT provides better visualization of the bladder and rectum, though at the expense
of higher imaging dose, particularly for MV systems (EPID MV 30–70 mGy/image, EPID
kV 1–3 mGy/image, CBCT 30–50 mGy/image), and a twofold acquisition time [12].
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Figure 2. Most commonly used IGRT techniques and their frequency in prostate cancer radiotherapy.

As shown in Figure 2, another commonly used IGRT method applied in 26% of cases
reported in the literature is two-dimensional orthogonal kV imaging with or without

fiducial markers (FM). FM can facilitate the tracking of inter- or intrafractional movements
of the prostate; therefore, FM-based IGRT is an effective tool that can increase the accuracy
of radiotherapy while minimizing the radiation dose to normal tissues [13].

Magnetic resonance imaging (MRI) has been integrated into linear accelerators to
create MR-Linac systems (MRIgRT) to facilitate adaptive treatments and motion manage-
ment. The primary advantage of this technology is the superior soft-tissue contrast it
provides [14], as well as its capacity to control intrafraction motion without the need for
additional dose to the patient [15].

Surface-Guided Radiotherapy (SGRT) creates 3D images of the patient’s surface,
which are compared to a reference surface to assist with positioning. Using SGRT for
prostate cancer provided a faster and more accurate patient positioning compared to the
conventional three-point localization setup [16].

Ultrasound imaging offers an alternative solution for verifying the treatment setting
in order to quantify changes in bladder and rectal filling levels, as it is a non-invasive and
non-radiative procedure [17].

Figure 2 illustrates the frequency of IGRT use in prostate cancer radiotherapy as
conveyed from the literature. While most centers reported daily usage of IGRT, around 20%
employ image guidance for prostate radiotherapy on a weekly basis. A limited number
of clinics reported other IGRT regimens, including the use of IGRT for the first 3 days of
treatment, followed by weekly imaging every other day or daily for the first week, followed
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by once-a-week imaging. The technique, which is used less frequently on a daily basis,
is either in the initial stages of implementation or is employed in conjunction with other
IGRT techniques.

A limited number of studies evaluated the association between the type/frequency
of image guidance and treatment-related adverse effects [18,19]. In their IMRT study,
Serizawa et al. compared the outcomes and toxicities of patients treated with IGRT using
fiducial markers vs. patients treated without image guidance (non-IGRT). The IGRT cohort
was divided into the IGRT-A group, which used the same margins as the non-IGRT group,
and the IGRT-B group, with reduced margins. In comparison with non-IGRT, the IGRT-A
group showed a lower rate of grade 2+ late GU toxicities (16% vs. 28%), as well as a lower
rate of grade 1+ acute GI toxicities (44% vs. 55%). Furthermore, when compared to the
IGRT-A group, the IGRT-B group had reduced rates of acute grade 2+ GU (21% vs. 45%)
and acute grade 1+ GI toxicities (18% vs. 44%), illustrating the protective role of reduced
tumor margins on the adjacent organs at risk [18].

Ghanem et al. compared the impact of daily (arm A) vs. irregular IGRT (arm B), with
arm A undergoing IMRT with daily CBCT and arm B patients being positioned on skin
tattoos, with 3D-US or 2D KV scans performed on a weekly or biweekly basis. Arm A
presented fewer grade 2 (18.1% vs. 28.6%) and grade 3 (1.4% vs. 6.5%) late GU toxicities
than arm B, with the most common late GU toxicities being irritative symptoms, hematuria
and urethral stricture [19]. The study reiterated the role of frequent (daily) IGRT for accurate
targeting, which, inherently, leads to better normal tissue protection.

3.2. Positioning Errors in Prostate Cancer Treatment

A patient setup error is defined as a discrepancy between the actual and expected
position of the patient relative to the treatment beam, recorded along the X, Y and Z axes,
respectively. These errors are then corrected according to each department’s protocol [20].
Setup errors can extend to a six-degree (6D) scope (three translational and three rotational
setup errors). Unfortunately, rotational setup errors are not routinely corrected because
most currently available couches can only correct one degree of these rotational move-
ments [21]. Motion variation within a fraction is referred to as intrafractional error, while
the variation between fractions is designated as interfractional error. These errors have
been classified into random (σ) and systematic (Σ), and for each setting, they are calculated
based on inter- and intrafractional changes in the prostate. Random errors are statistical
fluctuations (alterations in the patient’s position and internal anatomy, such as those result-
ing from respiration, bladder filling, or rectal distention), while systematic ones are often
due to a problem that persists throughout the treatment (difficulties in target delineation
due to tumor regression or growth, discrepancies in laser alignment between CT and linear
accelerator, or isocenter location) [22,23]. Their timely identification and implementation of
counteracting measures are essential [23,24].

Based on the above-mentioned setup verification systems, Table S1 presents position-
ing errors as reported by the literature in terms of interfractional and intrafractional errors.

3.2.1. Interfractional Error Management in Prostate IGRT

The minimization of interfractional errors can be achieved through the implementation
of optimal IGRT, facilitating real-time imaging of the prostate. Alternatively, an increase in
the frequency of IGRT can be used to reduce the incidence of inaccuracies.

To evaluate the advantages and limitations of various IGRT techniques, Mayyas et al.
performed a comparative study employing three different IGRT modalities: 3D ultrasound,
kV planar imaging and CBCT (Figure 3). The correlation between the shifts evaluated
by CBCT and 2D kV was found to be high in the LR and AP directions but low in the SI
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direction. This may be related to the difficulty in accurately visualizing the prostate apex
and base on CBCT. A lower correlation was also observed between 2D kV and US in the
AP direction. The time interval between scans (CBCT followed by 2D kV and US, with a
minimum of a 10 min delay between the CBCT and US) is a potential explanation for the
observed differences, as setup and physiological changes could have occurred between
the initial CBCT and the US scan. The interfractional errors were the highest for US (mean
error in AP direction −1.2 mm CBCT; −2.9 mm 2D kV; −3.6 mm US). This study also
provides insight into the additional dose due to imaging scans throughout treatment: five
CBCT scans per week at 2 cGy/scan or five orthogonal image pairs/week at 0.1 cGy/image
added approximately 98 cGy additional dose to the treatment [25].
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Figure 3. Impact of different IGRT techniques on interfractional errors (based on data from [25]).

Krengli et al. compared the daily variations detected by two non-ionizing IGRT tech-
niques, 3D surface imaging and transabdominal ultrasound, to examine the configuration
of prostate and internal organ variation (Figure 4). Systematic errors detected by 3D surface
and 3D US imaging were significantly different only in the LR direction, which was caused
by the difficulty in precisely defining the lateral border of the prostate by ultrasound. There-
fore, these two techniques could be used as complementary quality assurance methods and
could serve as a daily non-invasive IGRT technique in prostate radiotherapy [26].

Rosenschöld et al. highlighted the importance of IGRT frequency while comparing
alternative pretreatment image guidance protocols by using the first fraction weekly and
daily. The study demonstrated that weekly 2D kV compared to the initial treatment session
resulted in a reduction in systematic errors (from 0.15, 0.26, 0.21 to 0.08, 0.12, 0.09 (mm)),
but the random errors remained high (from 0.28, 0.42, 0.29 to 0.35, 0.29, 0.37 (mm) on the
lateral, longitudinal and vertical axes, respectively). Additionally, it was observed that in
patients with an elevated body mass index, a more rigorous IGRT protocol is necessary,
such as daily IGRT. The implementation of regular IGRT in this patient group reduced
random errors to 0.1 mm on all three axes [27].

Liu et al. analyzed interfractional organ motion after prostatectomy, evaluating three
treatment plans for the same patient: a plan using IGRT repositioning, an online adaptive
plan by adapting the original plan to conform to the anatomy of the day and a new plan
reoptimized entirely based on the daily anatomy. Data from the study showed that online
replanning can correct both systematic and random errors and has the advantage of keeping
the original dose distribution throughout the treatment sessions [28].
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Figure 4. Setup errors quantified by non-invasive IGRT (based on data from [26]).

Figure 5 illustrates the mean setup errors for the main IGRT techniques used in prostate
cancer, as analyzed by this review [13,25,26,29–39]. The mean error is generally used to
denote the systematic setup error, which is defined as the average deviation between the
planned and actual patient positions across all treatment fractions. The data reveal that
CBCT improves positioning precision due to the 3D reference. Planar kV images are quick
but only show bony structures, whereas CBCT highlights soft tissues, offering a higher
positioning accuracy. Also, while the data show that US imaging can offer similar accuracy
to CBCT in pretreatment positioning, generally, it is not safely interchangeable with the
latter due to poorer image quality. Recent advancements in MR-Linac technology have
significantly increased its use for assessing prostate intrafraction motion. This rise is due to
improved soft tissue contrast, continuous imaging without added dose, and the elimination
of the need for fiducial markers.

 

Figure 5. Mean setup errors for various IGRT techniques. The bars represent the standard deviation
of the dataset relative to the mean.
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3.2.2. Intrafractional Error Management in Prostate IGRT

Intrafractional movement of the prostate is assessed by considering changes in target
position relative to bony anatomy, tracking based on fiducial markers or electromagnetic
transponders. From the analysis of the literature and data quantification in Table S1, it can
be concluded that intrafractional movement of the prostate is influenced by the degree of
bladder filling, rectal diameter and the size and shape of the prostate.

The study conducted by Ballhausen et al. demonstrated that the length of treatment
is a significant factor influencing the extent of intrafractional movement of the prostate.
The intrafractional motion of the prostate was recorded by real-time four-dimensional
ultrasound (4DUS) in 28 patients, 14 being treated with step-and-shoot IMRT, while the
other 14 patients were treated with VMAT. The mean prostate radial displacement per
fraction was found to be substantially and significantly reduced, from 1.31 ± 1.28 mm
(n = 357 IMRT fractions) to 0.96 ± 1.04 mm (n = 363 VMAT fractions). The prostate remained
at 4.55 mm distance from the isocenter for 95% of the fraction time during IMRT and at
2.45 mm distance during VMAT. The variance of the displacements increased linearly with
time [40].

For optimal treatment delivery, Tatar et al. recommend MR-guided radiotherapy
with daily plan adaptation. They observed that prostate coverage was achieved in 49
out of 50 fractions with a 5 mm PTV without plan adaptation. However, coverage of
the seminal vesicles (SVs) was insufficient in 15 out of 50 fractions, which was corrected
through adaptive radiotherapy while reducing intrafractional motion [41].

3.3. The Influence of Positioning Errors on the PTV Margin

A personalized treatment plan in prostate cancer radiotherapy can only be created with
appropriate PTV margins; thus, there are several recommended methods for calculating
these margins (see, for example, [42]):

• ICRU Report 62: PTV margin = ∑ + 0.7σ,
• Stroom’s method: PTV margin = 2 ∑ + 0.7σ,
• Van Herk’s formula: PTV margin = 2.5 ∑ + 0.7σ.

In addition to the size of errors, several factors can affect the PTV margin, such as CTV
margins, tumor cell density, tumor cell aggressiveness and heterogeneity, as well as the
vicinity of normal structures [23]. The PTV margins reported by prostate studies published
in the literature are shown in Table S2. In most studies, the PTV margins were calculated
based on pretreatment CBCT images using the Van Herk formula.

For example, Su et al. showed that fiducial marker matching results in the smallest PTV
margins for the prostate (1.5 + 0.2 mm, 3.5 + 0.5 mm, 2.7 + 0.4 mm in LR, SI and AP direction,
respectively), while bone matching leads to the smallest PTV margins for the lymph nodes
(0.7 + 0.1 mm, 1.5 + 0.2 mm, 1.4 + 0.2 mm in LR, SI and AP direction, respectively). On
the other hand, tattoo matching led to the highest PTV margins, approximately double
compared to matching on FM, for both prostate and lymph nodes, the latter being increased
due to the interfractional movement of the prostate relative to the pelvic bones [43]. Within
the same context, Mayyas et al. reported that each technique (US, kV and CBCT) provided
additional information on the reproducibility of the prostate configuration during treatment
and reduced the PTV margin by 4 mm compared to alignment on tattoos [25].

Furthermore, Ghaffari et al. reported a set of PTV margins in their daily EPID study
(4.0 mm, 3.3 mm and 3.0 mm in the lateral, longitudinal and vertical axes, respectively),
which, in the absence of daily verification and correction, would be required to increase
(5.4 mm, 5.8 mm and 5.5 mm along the LR, SI and AP directions, respectively) to achieve a
95% CTV coverage [44].
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Recent studies indicate that the most effective reduction in PTV margin while main-
taining the prescribed dose to the prostate is achieved via MR-Linac due to real-time
adjustments in target geometry and volume during adaptive radiotherapy: 65% of patients
moved less than 2 mm in any direction during movement monitoring period, while 30%
moved 3 mm [45,46].

Figure 6 illustrates the differences between the PTV margin established in the planning
phase and the PTV margin calculated using the van Herk formula, after accounting for
systematic and random errors using IGRT [20,29,38,47–52]. This graph underscores the
significance of IGRT in prostate radiotherapy, demonstrating the way monitoring prostate
movement enables the optimization of treatment plans by reducing the margin while
maintaining the accuracy of dose delivery to the CTV and minimizing exposure to critical
structures. The largest discrepancies between the planning and calculated PTV margins
occurred along the LR direction. In contrast, PTV margins along the SI and AP directions
resulted in smaller discrepancies. It is plausible that the observed change in the AP and SI
directions was due to patient relaxation or a change in bladder and rectal fullness. This also
demonstrates the necessity of an anisotropic edge. Treatment margins should be patient-
dependent or individualized to maximize the benefit of conformal dose distributions in
VMAT and IMRT.

 
Figure 6. Quantification of setup errors by IGRT techniques (based on data from Table S2) (L = left;
R = right; S = superior; I = inferior; A = anterior; P = posterior). The bars represent the standard
deviation of the dataset relative to the mean.

3.4. Dosimetric Impact of PTV Margin Optimization on Target Coverage and OARs

The impact of geometric errors and PTV margins on dose distribution, hot and cold
spots and tumor volume coverage in prostate cancer radiotherapy are summarized in
Supplementary Table S3.

Table S4 summarizes the dosimetric values estimated for the rectum and bladder
as the main organs at risk, based on the published literature. Dosimetric parameters for
the femoral head and other organs less frequently reported in the literature (such as the
sigmoid colon, the penile bulb and the urethra) are also shown in this table.

In the study reported by Li et al., the impact of PTV margin on dosimetric parameters
pertaining to the rectum and urinary bladder was observed, as well as the difference
between planned and delivered dose. It seems that there is a correlation between the
reduction in PTV margins and the decreased exposure of healthy tissue to radiation.
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This is evidenced by the decrease in the D25 parameter with PTV margin reduction for
both the rectum and bladder, which dropped from 52.8% to 41.95% and from 54.07% to
47.70%, respectively. Upon recalculation of the dose distributions on the CBCT images,
it became evident that there were notable variations, particularly in the rectum, where
D50 increased from 39.20% to 41.11%. Similarly, in the case of the bladder, its fullness
appeared to contribute to the observed change, with the dose decreasing from 32.7% to
31.48%. These observations confirm the potential benefit of daily IGRT in prostate cancer
radiotherapy [53].

The objective of the study conducted by Heng et al. was to ascertain the impact of
bladder and bowel preparation protocols on dosimetric outcome using IMRT planning and
CBCT evaluation of the above organs. A total of 12 patients were included in the study,
with 6 undergoing the bladder and bowel preparation protocol and the other 6 serving
as the control group. The contoured volumes of the bladder and rectum on CBCT images
were compared with those on the planning CT. All patients were treated with a total dose of
78 Gy in 39 fractions over a period of 8 weeks. A comparison of patients with and without
a bladder preparation protocol revealed that patients without such instructions presented
with a greater bladder volume and a higher degree of dose variation. The maximum
variation in rectal volume on the day of treatment was found to be up to +96% due to
changes in rectal filling. In contrast, the maximum variations in rectal volume with the
bowel preparation protocol were less than 25%. The data confirmed that a rectum and
bladder preparation protocol can improve treatment accuracy while also leading to reduced
side effects and enhanced quality of life [54].

Plan Adaptation and Its Impact on Setup Errors

Given that IGRT is unable to fully account for patient-specific treatment variations,
the strategy of plan adaptation was introduced with the objective of reducing systematic
and random errors. Consequently, Böckelmann et al. devised a clinical approach to
evaluate setup errors during treatment sessions for each patient. The initial fractions
were employed to assess patient positioning by comparing the planning CT with CBCT
scans. In the event of a high degree of concordance between CT and CBCT images,
indicating minimal displacement of the rectal balloon and anterior rectal wall, PCa patients
were not subjected to an adapted treatment plan. When setup errors indicated greater
uncertainties (i.e., the rectal balloon and anterior rectal wall were situated outside the
delineated rectal volume), a new planning CT scan was conducted, an adapted set of
contours was created, and a treatment plan was developed that adhered to the principles
of adapted interfractional patient positioning accuracy for both the initial and adapted
treatment plans. The displacements in the LR and SI directions were smaller for the
adapted plan (1.12 and 1.72 mm for Σ and 4.17 and 3.75 mm for σ) than for the original
plan (1.77 and 2.62 mm for Σ and 4.46 and 5.39 mm for σ). With regard to AP motion,
the adapted (1.73 mm for Σ and 3.20 for σ) and initial (1.67 mm for Σ and 3.21 for σ)
plans were observed to exhibit comparable characteristics. The CTV-PTV margin in the
AP direction demonstrated comparable outcomes, with a range of 6–8 mm between the
original and adapted plans. Conversely, the LR and SI margins of the adapted plans
showed reductions of 2 mm (5–6 mm and 7–8 mm) and 3 mm (7–8 mm and 10–11 mm),
respectively, in comparison to the margins derived from the original plans [47].

Mannerberg et al. investigated the role of adaptive radiotherapy in 35 PCa patients
based on two MR images (MR1 and MR2) taken 30 min apart using an MR-Linac. Three
ultra-hypofractionated VMAT plans were created based on MR1 with three different PTV
margins (7 mm, 5 mm and 3 mm), the plans being recalculated using the second set of
MR images (MR2). Results showed an increase in bladder volume by an average of 40.9%
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between the two images. The difference in rectal volume ranged from 10.9% to 38.8%, with
the negative differences in rectal volume being caused by gas. The dose to the CTV was
reduced by 1.1% with the 7 mm PTV margin. The corresponding values for 5 mm and
3 mm PTV margins were 2.0% and 4.2%, respectively. While the results confirm the role of
adaptive treatment in personalized radiotherapy, the authors suggest that, owing to the
slow MR-Linac workflow, target underdosage can occur due to anatomical changes during
the investigation [16].

3.5. The Impact of Treatment Time on Error Reduction

Shorter treatment times in radiotherapy are directly associated with a reduction in
intrafractional motion and delivery uncertainties. For instance, a study by Li et al. has
shown that hypofractionated VMAT treatment is effective in reducing treatment time,
as compared to IMRT. VMAT delivers the dose in 2–4 min, while conventional IMRT
treatment takes 3–7 min. Owing to this, a 7 mm isotropic margin (5 mm posterior) was
used in the conventional group, while a 5 mm isotropic margin (4 mm posterior) was used
in the hypofractionated group. When dose distributions were recalculated using CBCT
images, the results showed that VMAT plans offer better PTV D95% and a reduction in
most dosimetric parameters pertaining to organs at risk [53]. In addition, Benedeka et al.
showed that using VMAT without a flattening filter for the ultra-hypofractionated delivery
of radiation reduces treatment time by around 50% (from 2.3 min to 1.01 min), while
keeping the dosimetric effect of organ movement under control. There was no deterioration
in the quality of the treatment plan in terms of dose volume parameters or delivery plan
verification results [24].

In terms of treatment duration and its impact on plan quality, VMAT was found
to demonstrate superiority over three other techniques (3D CRT, 5-field IMRT, helical
tomotherapy (HT)). VMAT was better at reducing rectal and bladder toxicity and allowed
for a higher dose to the target. The highest MUs were obtained with the HT technique,
leading to an average treatment delivery time of 4.70 ± 0.84 min as compared to 3D CRT
(0.74 ± 0.04 min), IMRT (1.42 ± 0.26 min) and VMAT (0.87 ± 0.06 min) [55].

The technology and design of the latest linear accelerators allow for further optimiza-
tion of treatment delivery. In view of this, Pokhrel et al. evaluated the performance of
the O-ring Halcyon in prostate cancer in terms of quality, delivery efficiency and accuracy.
Two types of stereotactic body radiotherapy (SBRT) plans were generated: one with a
Halcyon beam of 6MV-FFF (800 MU/min) and the other with a TrueBeam beam of 6MV-
FFF (1400 MU/min). Despite the longer beam start times for Halcyon plans (3.2 min, up
to 3.8 min) in comparison to TrueBeam VMAT plans (2.1 min, up to 2.5 min), the total
treatment times are comparable, with a mean delivery time of 8.20 ± 0.46 min for the
Halcyon linac and 9.90 ± 0.19 min for the traditional C-arm linac [56].

4. Discussion

The potential of IGRT to enhance the effectiveness of radiotherapy treatment for
patients diagnosed with prostate cancer is well understood, provided that the technology
is efficiently utilized. In this context, several studies present the advantages and limitations
of IGRT techniques.

For instance, an advantage of CBCT consists of the overlay of 3D reference data with
the pretreatment acquisition. This is performed either manually or automatically following
one of three procedures: bone alignment, soft tissue alignment (ST) or dual alignment.
Some studies have shown that the PTV margins based on soft tissue alignment are smaller
than those based on bony structure [29,48]. This translates into a lower risk of late rectal
toxicity [57]. However, a study reported by Hirose et al. showed the efficiency of 2D-FM
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parameters in defining PTV margins, as compared to CBCT-ST, to reduce the risk of under-
irradiation [49]. Although fiducial markers can be used to indicate the position of the
prostate, they are not capable of conveying the shape of the prostate in real time.

Modern radiotherapy centers are in a position to benefit from the high resolution
of MRI. Consequently, prostate cancer studies using MRIgRT have reported an isotropic
PTV margin reduction to 3 mm, in contrast with 5 mm with CT-guided RT [58]. Other
radiotherapy centers have adopted alternative IGRT techniques (such as SGRT or US),
which have been shown to be more cost-effective and better suited to meet the specific
resources of each department. Some limitations of the SGRT technique include the presence
of hair on the patient’s skin surface, which can compromise the accuracy of positioning due
to the loss of surface calculation points [59]. Additionally, daily variations in bladder and
bowel filling, which are not evident on the patient’s surface, can also introduce challenges.
Also, a number of studies have demonstrated that configurations based on user-dependent
transperineal ultrasound (TPUS) and user-independent CBCT lead to large geometric differ-
ences, especially in the anteroposterior (AP) direction [30,31]. In light of these discrepancies,
it was concluded that ultrasound fails to provide an acceptable level of geometric accuracy
for prostate localization. Consequently, these techniques are recommended to be employed
in conjunction with other IGRT techniques [60]. This could provide a non-invasive, daily
option for prostate cancer patients [26].

The use of IGRT and its frequency can influence decisions regarding the reduction of
the PTV margin to achieve better OAR protection while still maintaining the prescribed
dose within the volume of interest. For instance, Ariyaratne et al. showed that 90% of
patients achieved better target coverage with daily compared to weekly CBCT imaging [61].

Advancements in technology have facilitated more precise monitoring of tumor varia-
tions. Initially, tattoo positioning was utilized; subsequently, bony marking was employed;
and, finally, fiducial markers were introduced for the identification of soft tissues. In the
current era, 3D pretreatment information can be obtained, and even real-time tracking of
prostate variations is now possible. Consequently, positioning errors in prostate cancer
treatment have been significantly minimized. A number of studies demonstrate the ad-
vantage of using fiducial markers for position verification, showing smaller systematic
errors in seed matching than in bony matching on the lateral and vertical axes [13,43,49,50].
They also confirmed that random errors associated with seed matching are more significant
than those associated with bony matching on the same axes. This may be caused by the
motion of the pelvic lymph node, which is influenced by bladder filling and small intestine
motion [43].

On the other hand, the advantages of high-quality soft tissue contrast for MR-Linac
have shown that bone registration, with or without FM, cannot be a perfect surrogate for
prostate registration; therefore, online adaptive planning is required for accurate treat-
ment delivery. Nikol et al. used three FMs and observed that the FMs migrated by
0.05 mm/fraction due to prostatic deformation [62], while Kim et al. observed interfrac-
tional variability based on bone anatomy and prostate registration, showing a strong
correlation only in the AP direction: mean error 0.57, 2.28, 2.45 (mm) after bone localization
and 0.76, 2.02, 1.89 (mm) after prostate localization on the lateral and vertical axes [32]. This
finding aligns with numerous others that have hypothesized that MR-Linac and online
adaptive radiotherapy could facilitate the reduction of prostate motion during treatment,
and PTV margins could be safely reduced to 3 mm [41,63,64].

It can be seen from the evidence presented above that each IGRT technique has its
own particular advantages and drawbacks. It is thought that the most accurate solution in
patient positioning includes a daily MRI, although many centers use a CBCT/2D kV system
with fiducial markers. However, if the patient is not eligible for the insertion of fiducial

63



Curr. Oncol. 2025, 32, 291

markers, it may be beneficial to consider combining CBCT or 2D kV with non-ionizing
IGRT ultrasonography or 3D surface imaging, allowing movement monitoring in real time.

Studies to date suggest that it is difficult, if not impossible, to completely eliminate
all geometric errors during prostate radiotherapy. However, daily IGRT was shown to
significantly reduce PTV margins [51].

It is to be noted that successfully achieving optimal dosimetry for one criterion, e.g.,
PTV coverage, is often in conflict with meeting the requirements for the other criterion, i.e.,
the restrictions imposed by OARs. There are situations when complications are acceptable;
in the case of volumetrically applied dose constraints, this means that the risk of complica-
tions depends on the dose distributed throughout the organ. In contrast, for serial organs,
complications due to geometric errors are unacceptable, and the risk of complications
depends strongly on the region receiving the maximum dose [65].

As most studies indicate, the quality of target volume coverage increases as the PTV
margin increases. However, increasing the PTV margin has the downside of high toxicity
to organs at risk. Therefore, it is necessary to explore other methods to maintain clinically
adequate tumor volume coverage while keeping the PTV margin low. For this purpose,
many radiotherapy clinics follow a prostate cancer protocol in which the patient is scanned
with a full bladder and empty rectum [54]. The movement of the prostate is limited by these
two organs at risk to ensure that the tumor volume receives the planned radiation dose.

Despite advances in treatment planning and delivery, the rectum remains a critical
organ that raises caution in prostate cancer patients undergoing radiotherapy. Radiation-
induced rectal toxicities continue to be a clinical challenge due to the close proximity
of the anterior rectal wall to the prostate gland. Physical devices such as endorectal
balloons, hydrogel rectal spacers or rectal retractors have been used to increase the distance
between the prostate and the rectum [43]. In addition to these devices, IGRT has allowed
for a reduction of the PTV margin in the posterior region [66]. The use of anisotropic
margins was shown to increase the probability of tumor control while decreasing normal
tissue effects.

Da Silva et al. argued that the determination of the PTV margins depends on the
pretreatment imaging system used. In their study, comparable plan quality was obtained
between CBCT-guided VMAT plans and MRI-guided IMRT plans using the same PTV mar-
gin [1]. However, MRI-guided online adaptive radiotherapy allowed for margin reduction,
owing to the additional soft tissue information provided by this imaging technique.

Although MRI is superior to CBCT in terms of OAR dosimetry [14], when compared to
2D pretreatment techniques, CBCT remains advantageous in certain instances. Nakamura
et al. found that IMRT with soft tissue-matched CBCT allows for a reduction of the PTV
margin without compromising tumor control, which successfully reduced acute rectal
toxicity compared to IMRT configured on 2D bone landmarks [2]. Furthermore, Maund
et al. suggested that the use of IMRT in conjunction with daily CBCT could result in a
reduction of the PTV margin from 5 mm to 3 mm without compromising tumor control
and is favorable in terms of reducing rectal toxicity. At the same time, they cautioned
that a smaller margin presents a challenge due to the interfractional movement of seminal
vesicles [67]. These findings highlight the importance of frequent imaging in achieving
better treatment accuracy and increased therapeutic index in radiotherapy [31].

Thus, in order to minimize the discrepancy between the planned and delivered doses,
it is essential to ensure that the patient follows the protocol for filling the urinary bladder
and emptying the rectum, thereby achieving a volume as close as possible to that on the
day of the CT simulation. Rectal and urinary bladder variations can be compensated for
by an additional margin. However, this approach also has a disadvantage reflected by the
increased radiation-induced toxicity, which can often be tackled by adaptive radiotherapy.
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This review has identified numerous studies evaluating the accuracy of dose delivery
using different IGRT in prostate cancer. A comparison between reports is challenging due
to the large number of variables identified among the evaluated studies, such as image
acquisition protocol, frequency of IGRT, treatment planning system (TPS) algorithm and
the diversity of dosimetric parameters reported in the articles. However, it seems that
previous studies have indicated that MR-Linac represents a future-oriented solution for
adaptive radiotherapy in prostate cancer.

As for current challenges, the implementation of online adaptive radiotherapy re-
quires considerable investment in capital, equipment and personnel, which represents a
substantial barrier to its adoption. For instance, the Elekta Accelerator has developed a
new mechanism that enables position adaptation (online plan adaptation is performed
based on the new patient’s position and optimized on the pretreatment CT and contours)
and shape adaptation (online plan adaptation is performed on the new patient’s anatomy
and optimized on the daily MRI and adapted contours). This allows for the visualization
of all anatomical changes during the course of radiotherapy, enabling the adaptation of the
treatment plan to ensure optimal results [68].

Another critical aspect of online adaptive MRgRT is that it is time-consuming, not
only because MRI is inherently slow, but also due to the multi-step adaptation process.
The online adaptation can extend the radiotherapy sessions by 30 to 60 min, impacting
treatment efficacy [69]. In this context, the use of high-resolution IGRT that allows for
automatic alignment, combined with a hypofractionated treatment regimen, was shown to
be among the optimal solutions for delivering effective and rapid treatment [16].

A promising direction for adaptive MRgRT involves the use of quantitative MRI-
derived biomarkers, which can provide valuable information about treatment response,
allowing clinicians to detect tumor microenvironmental changes that could indicate early
responses or resistance to treatment [70]. Current trends show that online adaptive MRI-
guided radiotherapy is transforming conventional treatment workflows while also inte-
grating advanced AI-assisted processes to boost efficiency and maintain high standards of
dosimetric accuracy during treatment delivery [71].

5. Conclusions

Image-guided radiotherapy techniques are key tools in enhancing tumor control by
identifying and correcting positioning errors in real time. The type of such technology, fre-
quency of use, and the PTV margins, as well as the target position relative to organs at risk,
are all critical factors that dictate treatment outcome. Intensity-modulated treatment tech-
niques were shown to offer a more precise and targeted approach to the tumor, minimizing
toxicity and providing superior protection of normal tissues compared to conventional
techniques. Furthermore, patients’ compliance regarding prostate cancer treatment pro-
tocols (bladder/rectal filling) has an important impact on internal organ movement and
should be strictly monitored on a daily basis during the course of radiotherapy. This, in
turn, has the potential to enhance the patient’s quality of life.

The role of CBCT in the precise delivery of prostate cancer radiotherapy has been
proven by several studies, being considered a key component of the treatment process
and an important factor leading to a more personalized treatment approach. It is evident
that MRI offers a number of advantages; however, this technology remains accessible to a
limited number of centers due to the significant financial investment required. Therefore,
most centers use CBCT in conjunction with other IGRT systems (e.g., ultrasound or surface-
guided radiotherapy) to increase the precision of prostate cancer radiotherapy.

A summary of the main findings based on the analyzed literature is collated below:
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• CBCT is the most frequently employed IGRT technique, representing 41% of pretreat-
ment imaging in prostate cancer radiotherapy.

• Daily IGRT verification improves target volume coverage in 90% of patients compared
with weekly imaging.

• To avoid the risk of underdosing the tumor volume, the PTV margin must be kept at
3 mm or above, especially in situations when IGRT is not used daily.

• When patient positioning is based on skin tattoo vs. IGRT, it is recommended for the
PTV margin to be doubled.

• As confirmed by a number of studies, VMAT has the advantage of reducing the
intrafractional displacement variation of the prostate by half when compared to IMRT.

• Among linac-based techniques, VMAT provides optimal-quality treatment plans,
offering a reduction of up to 50% in monitor units and treatment time while achieving
the most conformal isodoses.

• MRI-guided radiotherapy represents the next solution for individualized and adaptive
treatment in prostate cancer patients.
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Abstract: Prostate cancer ranks as the second most common malignancy in males. Prostate cancer
progressing on androgen deprivation therapy (ADT) is castration-resistant prostate cancer (CRPC).
Poly-ADP ribose polymerase (PARP) inhibitors (PARPis) have been at the forefront of the treatment
of CRPC. We aim to better characterize the progression-free survival (PFS) and overall survival
(OS) in metastatic CRPC patients treated with PARPis. A systemic review search was conducted
using National Clinical Trial (NCT), PubMed, Embase, Scopus, and Central Cochrane Registry. The
improvement in overall survival was statistically significant, favoring PARPis (hazard ratio (HR)
0.855; 95% confidence interval (CI) 0.752–0.974; p = 0.018). The improvement in progression-free
survival was also statistically significant, with results favoring PARPis (HR 0.626; 95%CI 0.566–0.692;
p = 0.000). In a subgroup analysis, similar results were observed where the efficacy of PARPis was
evaluated in a subgroup of patients without homologous recombination repair (HRR) gene mutation,
which showed improvement in PFS favoring PARPis (HR 0.747; 95%CI 0.0.637–0.877; p = 0.000). Our
meta-analysis of seven RCTs showed that PARPis significantly increased PFS and OS when used with
or without antihormonal agents like abiraterone or enzalutamide.

Keywords: castrate-resistant prostate cancer; PARP inhibitors; progression-free survival; overall
survival; homologous recombination repair genes

1. Introduction

Prostate cancer ranks as the second most common malignancy in males and is esti-
mated to be responsible for almost 5.5% of all cancer-related deaths in the United States [1,2].
Nevertheless, prognosis and treatment options for advanced disease remain complex [2,3].

Prostate cancer is classically driven by the accumulation of somatic and genetic muta-
tions [1]. This is demonstrated by the higher risk of prostate cancer among the Ashkenazi
Jewish population [1,2]. Mutations in genes involved with homologous recombination
repair (HRR) are common in advanced prostate cancer, including BRCA1 and 2 [1,2,4].
Targeting these mutations remains key to effectively treating advanced disease.

The Gleason Score, PSA level, PSA density, percentage of free PSA (free/total PSA
ratio (f/t PSA)), and percentage of positive biopsy in core specimens determine the initial
staging and prognosis of prostate cancer [2,3,5]. Depending on the life expectancy and
symptoms of the patient, initial management for low-risk disease begins with active
surveillance for progression [6,7]. The standard of care (SOC) for definitive treatment
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includes prostatectomy followed by radiation treatment [2,4,8]. Radiation options include
external beam radiotherapy (EBRT) or brachytherapy [2]. In higher-risk diseases, radiation
is followed by maintenance androgen-deprivation treatment (ADT) using gonadotropin-
releasing hormone (GnRH) agonists and antagonists, with agents including leuprolide and
goserelin [2,4].

Prostate cancer that progresses on ADT (for example, in the form of increased serum
PSA, new metastasis, or progression of pre-existing metastasis) at castrate level testosterone
level (<50 ng/dL) is termed castration-resistant prostate cancer (CRPC), and is characterized
by changes in androgen receptor (AR) signaling [1,2,4]. CRPC requires additional hormone
therapies such as apalutamide and enzalutamide [2,4]. Traditional chemotherapeutic
agents, including docetaxel, etoposide, and platinum-based agents, are also used in the
setting of metastatic CRPC [2,4,9]. PDL-1 inhibitors and cell therapies such as sipuleucel-
T are also available [2,10,11]. In recent years, PARPis have been at the forefront of the
treatment of CRPC. PARPis capitalize on mutations in homologous recombination repair
(HRR) genes (such as BRCA1 and 2, ATM), which are frequently found in CRPC [4,12].

PARPis have long been used in patients exhibiting BRCA1 or 2 mutations in breast
and ovarian cancers [13–16]. PARP1 is a protein that identifies and repairs single-strand
breaks (SSBs) in DNA that have been subjected to oxidative stress [15,17,18]. Additionally,
PARP1 functions alongside other proteins and via homologous recombination (HR) to
repair damaged replication forks and restore DNA replication [17]. Doing so allows cancer
cells to continue DNA synthesis and replication. The first PARPi for use in metastatic CRPC
was approved by the FDA in 2020 [4].

Several trials have assessed the utility of PARPis in mCRPC [19–25]. Very recently, a
meta-analysis that included Phase II/III studies comprising seventeen trials concluded that
the benefit of PARPis was not uniform among the mCRPC patients and showed that the
benefit was not uniformly spread between all the patients with alterations in DNA damage
repair genes [26]. However, our study included only Phase III trials and showed the benefit
of PARPis in improving radiologic PFS in patients with HRR gene alterations and patients
lacking it. Previously, a meta-analysis by Niazi et al. that comprised three RCTs revealed
significant survival benefits in patients with mCRPC who were treated with PARPis when
compared to a placebo or traditional chemotherapies [4]. We performed this meta-analysis
to improve the power of the study by Niazi et al., including additional clinical trials that
have been performed to date. A subgroup analysis was performed to evaluate the results
for patients without HRR gene mutation. The authors hypothesize that PARPis can be
extended to a broader cancer population if supported by rigorous prospective trials. We
aim to better characterize the progression-free survival (PFS) and overall survival (OS) in
mCRPC patients treated with PARPis and determine the subgroup of patients with this
disease who can benefit from these medications at maximum.

2. Methodology

The authors of this systematic review followed PRISMA guidelines and adhered
to guidelines by the Cochrane Handbook for Systematic Reviews of Interventions in
performing this analysis. The study protocol was not registered.

2.1. Search Strategy

The authors accessed Cochrane Central Registry of Clinical Trials, Embase, Scopus,
NCT, and PubMed databases. MeSH (Medical Subject Heading) terms used were PARPi,
Prostate cancer, Prostate neoplasm, Olaparib, rucaparib, veliparib, niraparib, talazoparib
and docetaxel. The deadline for publication was set as 30 May 2023.

2.2. Inclusion and Exclusion Criteria

The papers included were as follows:
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1. Randomized control trials comparing PARPis with or without androgen receptor
pathway inhibitor (ARPI; abiraterone acetate or enzalutamide) against standard of
care (ARPI or docetaxel) in prostate cancer patients;

2. Studies that reported progression-free survival and overall survival;
3. Patient age greater than 18 years;
4. Available in the English language without any restrictions on the date or status of

the publication.

Papers that did not meet the above criteria were excluded.

2.3. Data Extraction

Information was extracted using a pre-specified extraction table. Information was
filtered from trials through the reading of text and tables. Another author reviewed the
information collected to ensure accuracy. The extracted data included Hazard ratios for
progression-free survival and overall survival.

2.4. Trial Selection and Evaluation

Three authors independently reviewed all articles and abstracts and excluded the
irrelevant trials. The risk of bias for selected papers was assessed using the Cochrane
collaborative tool.

Based on this methodology, the risk of biases was classified into high, uncertain, and
low (Figures 1 and 2).

2.5. Risk of Bias

Figures 1 and 2 exhibit the risk of bias.

2.6. Study Objectives

The objective of this analysis was to identify all the Phase III randomized controlled tri-
als (RCTs) in which PARPis have been evaluated in the treatment of mCRPC and to compare
the efficacy of PARPis among these patients with standard-of-care (SOC)/antihormonal
therapies (abiraterone/enzalutamide) or chemotherapy in terms of progression-free sur-
vival (PFS) and overall survival (OS). We also aimed to perform an exploratory analysis on
the subgroup of these patients who do not harbor HRR gene mutation to investigate the
therapeutic efficacy of these agents in terms of PFS in this population.

Figure 1. Risks of bias graph: review authors’ judgment about each risk of bias item presented as
percentages across all the included studies.

2.7. Statistical Analysis

Comprehensive Meta-Analysis software v. 3 was used to conduct this meta-analysis.
Hazard ratios were calculated for PFS and overall survival. For effect sizes, 95%CI (confi-
dence interval) was used, and for statistical significance, a p-value of less than 0.05 was used.
Heterogeneity was evaluated using I2 statistic, with heterogeneity less than 40 considered
low, 40–60 considered moderate, and above 60 considered high. Where the median was

74



Curr. Oncol. 2023, 30

used, it was assumed to be equivalent to the mean, and SD estimation was obtained by
dividing the interquartile difference by 1.35. Fixed-effect analysis is usually adapted in
cases where the I2 value is ≤50; otherwise, a random-effect model is used.

Figure 2. Risk of bias summary: review authors’ judgment about each risk of bias item or each
included study. Name of studies are mentioned along vertical axis. Whereas, characteristics are
mentioned along horizontal axis. “+” denotes presence of each factor in the study; “−“ denotes
absence of that factor” and “?” means that it is uncertain [19–21].

3. Progression-Free Survival

3.1. Overview

The analysis was performed on all seven studies. The effect size index was the
hazard ratio.

3.2. Statistical Model

Data were analyzed using a random-effect model since the studies were considered
an arbitrary sample from a universe of all possible studies. This means that the results of
this analysis can be generalized to the larger population of studies.

3.3. Mean Effect Size

The mean effect size was 0.630, with a 95% confidence interval of (0.547–0.726). This
means we are 95% confident that the true mean effect size falls within this range in the
universe of all comparable studies.

The Z-test was used to test the null hypothesis that the mean effect size is zero. The
z-value was −6.415, with a p-value of <0.001. As a result, the null hypothesis can be rejected,
and it can be concluded that the mean effect size in the universe of populations similar to
those in the analysis is not zero.

3.4. Q-Test

The Q-statistic is a test of heterogeneity in meta-analysis. It tests the null hypothesis,
which means all the studies included in the analysis have a common effect size. If this is
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true, then the expected value of the Q-statistic is equal to the degrees of freedom (df). In
this analysis, the q-value was 10.971, with 6 df and p = 0.089. This means that the Q-statistic
is significantly larger than the expected value, indicating heterogeneity among the studies.
Using a criterion α of 0.100, the null hypothesis can be rejected. Hence, we can conclude
that the studies do not share a common effect size.

3.5. The I2 Statistic

The I2 statistic of 45% indicates that 45% of the variation in the observed effects of the
studies in the meta-analysis is due to variation in the true effects of the treatment in the
different studies, rather than chance (sampling error).

4. Overall Survival

4.1. Overview

The analysis was performed on five out of the seven studies. The effect size index was
the hazard ratio.

4.2. Statistical Model

This analysis was performed using the random-effect model. The studies included
were considered an arbitrary sample from a universe of potential studies, and this analysis
was utilized to make an inference to that universe.

4.3. Mean Effect Size

The mean effect size was 0.855, with a 95% confidence interval of (0.752–0.974). This
means we are 95% confident that the true mean effect size falls within this range in the
universe of all comparable studies. The Z-test was used to test the null hypothesis in which
the mean effect size would be zero.

The z-value was −2.363, with a p-value of less than 0.018. As a result, the null
hypothesis can be rejected, and it can be concluded that the mean effect size in the universe
of populations similar to those in the analysis is not zero.

4.4. Q-Test

The Q-statistic is a test of heterogeneity in meta-analyses. It tests the null hypothesis
which means all the studies included in the analysis have a common effect size. If this is
true, then the expected value of the Q-statistic is equal to the degrees of freedom (df). The
q-value was 2.888 with four degrees of freedom.

Since the q-value is less than the degrees of freedom, the amount of between-study
variance in the observed effects is less than we expect based on sampling error alone.
Therefore, true effect variance was estimated as zero, and all heterogeneity indices (I-
squared, tau-squared, and tau) were set to zero.

4.5. The I2 Statistic

The I2 statistic of 0% indicates that 0% of the variation in the observed effects of the
studies in the meta-analysis is due to variation in the true effects of the treatment in the
different studies, rather than chance (sampling error).

5. Results

5.1. Study Selection and Characteristics

After the initial search, 494 articles were identified. Upon removing duplicates,
34 articles were shortlisted, and 406 were filtered out. The full text of 54 articles was
analyzed. In total, 35 studies were identified as incomplete trials and hence precluded; 12
were review articles, 2 trials were terminated, 4 were single-arm studies, and 2 studies did
not have a relevant intervention. Only seven randomized control trials were included, with
2688 patients. Figure 3 illustrates the PRISMA flow diagram.
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Figure 3. Prisma flow sheet diagram.

All seven studies used in this analysis were Phase III RCTs. Three of the trials used
olaparib, whereas other studies used veliparib, rucaparib, niraparib, and talzoparib in the
experimental arm against the standard-of-care treatment. Only four out of these seven
studies reported the PFS outcomes for the subgroup of HRR wild-type patients, and that
was used in the subgroup analysis. The main features of the included RCTs are listed in
Table 1.

Table 1. Characteristics of randomized control trials (RCTs).

Study Name Treatment Drugs Study Characteristic Inclusion Exclusion Primary Outcome

Clarke et al.
(NCT01972217) [19]

olaparib (300 mg
bid) + abiraterone

(1000 mg/od) (n = 71)
vs. abiraterone

(1000 mg/od) alone
(n = 71)

mCRPC patients
previously treated
with docetaxel and

candidates for
abiraterone treatment

Age >18 with
mCRPC. ≤2 prior

lines of
chemotherapy,

testosterone
<50 ng/dL, no

previous exposure to
second-generation

ARPI, candidates for
abiraterone

treatment, life
expectancy

≥12 weeks, ECOG
performance status

of 0–2.

Previous treatment
with PARPis, or

cytotoxic
chemotherapy.

Other malignancies
(including MGUS

and MDS) within the
last 5 years

Percentage of
patients experiencing

adverse events
Number of patients
with dose-limiting

toxicities
Median (rPFS) time

percentage of
patients with

progression events or
death
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Table 1. Cont.

Study Name Treatment Drugs Study Characteristic Inclusion Exclusion Primary Outcome

De Bono et al.
PROfound study

(NCT029 87543) [20]

olaparib (300 mg bid)
vs. enzalutamide
(160 mg/od) OR

aberaterone
(1000 mg/od) + Pred-

nisone
(5 mg/bid)

mCRPC patients with
disease progression
on treatment with
enzalutamide or

abiraterone Cohort
A = Pts with at least

one alteration in
BRCA1, BRCA2, or

ATM Cohort B = Pts
with alteration in any
of the other 12 genes

men (≥18 years of
age) with mCRPC.
≤2 prior lines of

chemotherapy, no
previous exposure to

second-generation
antihormonal agents,

candidates for
abiraterone

treatment, life
expectancy

≥12 weeks, ECOG
performance status

of 0–2.

Previous treatment
with PARPis, or

cytotoxic
chemotherapy.

Other malignancies
(including MGUS

and MDS) within the
last 5 years

PFS via RECIST (v1.1)
for soft tissue, as a
20% increase in the
sum of diameters of

target lesions

Hussain et al.
NCT01576172 [21].

Arm A = abiraterone
(1000 mg) + pred-
nisone (5 mg/bid)
Arm B = veliparib

(300 mg/bid)+
abiraterone

(1000 mg) + pred-
nisone

(5 mg/bid)

pts stratified by ETS
fusion status

(positive or negative),
randomly assigned to

Arm (A) and (B)

Men with mCRPC,
testosterone

<50 ng/dL, ECOG
status of 0 to 2, no
prior exposure to

abiraterone, and up
to two prior

chemotherapy
regimens.

Chemotherapy,
radiotherapy, history

of active seizures,
pituitary or adrenal

dysfunction, active or
symptomatic viral
hepatitis, chronic

liver disease, brain
metastases

Confirmed PSA
response rate time

frame: up to 3 years

TRITON-3,
NCT02975934

Arm A = oral
rucaparib (600 mg
twice daily). Arm

B = physician’s
choice control
(docetaxel or a

second-generation
ARPI (abiraterone

acetate or
enzalutamide))

Men with mCRPC
and a BRCA or ATM
alteration + disease

progression on
previous

second-generation
ARPI. Previous

taxane-based
chemotherapy

for
castration-sensitive

disease was
permitted.

men (≥18 years of
age), with mCRPC,
molecular evidence
of BRCA1/2 or ATM

gene mutation.
ECOG 0–1. Disease

progression on prior
ARPI

Active second
malignancy, prior

treatment with any
PARPi, prior

chemotherapy for
mCRPC, metastasis

to CNS

Assess the efficacy of
rucaparib on the
basis of rPFS in

MCRPC patients
with HRD who

progressed on prior
AR-directed therapy

Propel study
NCT03732820

Arm A = oral
abiraterone (1000 mg
once daily) + olaparib

(300 mg twice
daily) + prednisone

or prednisolone. Arm
B = abi-

raterone + pred-
nisolone + placebo

double-blind,
randomized Phase III

trial of abiraterone
and olaparib versus

abiraterone and
placebo in first-line

treatment of patients
with mCRPC

regardless of HRR
status.

men (≥18 years of
age), who are

treatment naïve at
mCRPC stage, ECOG

0–1, previous
treatment with ARPI
was allowed if it was

at least 4 weeks
before randomization

Active second
malignancy, MDS or

AML, prior treatment
with any PARPi.

To determine the
efficacy of the

combination of
olaparib and

abiraterone vs.
placebo and

abiraterone by
assessment of rPFS in
patients with mCRPC
who have received no

prior cytotoxic
chemotherapy or
ARPI at mCRPC

stage

TALAPRO-2
(NCT03395197)

Arm A = talazoparib
0.5 mg + enzalu-

tamide 160 mg/daily,
Arm

B = placebo + enzalu-
tamide
160 mg

pts randomized
according to prior

abiraterone or
docetaxel for CSPC

and HRR gene
alteration status

Mildly or
asymptomatic

mCRPC with disease
progression at study
entry, ECOG PS ≤1,
ongoing androgen

deprivation therapy,
no prior

life-prolonging
therapy for CRPC

Patients who
received treatment at
the CRPC stage, prior

treatment with
PARPis, ARPI,

cytotoxic
chemotherapy, Brain

metastasis

To assess radiologic
progression-free

survival (rPFS) by
BICR per RECIST

(v.1.1)
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Table 1. Cont.

Study Name Treatment Drugs Study Characteristic Inclusion Exclusion Primary Outcome

MAGNI-TUDE
TRIAL

niraparib
200 mg + abiraterone
acetate 1000 mg plus
prednisone 10 mg or

placebo + AAP

Phase III,
randomized,
double-blind,

placebo-controlled,
multicenter study.

The efficacy of
Niraparib was

assessed in HRR+
and HRR-negative

patients

Pt who had used
ARPI for less than

4 months, prior
systemic therapy

(docetaxel,
enzalutamide,
apalutamide,

darolutamide) for
metastatic

castration-sensitive
prostate cancer or

non-metastatic
castration-resistant
prostate cancer. No
prior use of PARPis

Prior use of PARPis,
Use of AAP more
than 2–4 months

prior to
randomization,
History of CAD,

brain metastasis, or
MDS/AML

To evaluate the
effectiveness of

niraparib and AAP
compared to AAP

and placebo, as
determined by
radiographic

progression-free
survival (rPFS)

ARPI—androgen receptor pathway inhibitor; AR—androgen receptor; HRR—homologous recombination re-
pair; mCRPC—metastatic castration-resistant prostate cancer; ECOG—eastern cooperative oncology group;
PARPis—poly(adenosine diphosphate ribose) polymerase inhibitors; MDS—myelodysplastic syndrome;
MGUS—monoclonal gammopathy of undetermined significance; rPFS—radiologic progression-free survival;
RECIST (v1.1)—response evaluation criteria in solid tumors; PSA—prostate-specific antigen.

5.2. Quality of Studies

Cochrane’s risk of bias tools determined the risk of bias in each study. The “risk of
bias graph” shows that the study had a low risk for selection bias secondary to random se-
quence generation and allocation concealment. Furthermore, studies were double-blinded,
decreasing the risk of performance and detection bias. Overall, a low to moderate risk of
bias in the studies suggests that the results of this meta-analysis may be subjected to bias.
However, the results are still likely to be reliable, as they are based on many studies.

5.3. Result of Quantitative Analysis
5.3.1. Overall Survival (OS)

Five studies [19,20,22–24] reported overall survival when using PARPis compared
with standard of care. The pooled results showed that PFS was significantly better with
PARPis (hazard ratio (HR) = 0.855; 95%CI 0.752–0.974; p = 0.018) (Figure 4). The pooled
analysis was homogeneous (I2 = 0%, q-value 2.888 with 4 df), and a fixed-effect model
was used.

Figure 4. Forrest plot for comparing the overall survival using a fixed-effect model. The mean effect
size was 0.855 with a 95% confidence interval of 0.752 to 0.974. The z-value was −2.363 with p = 0.018.
The I-squared statistic was 0% [19,20].

5.3.2. Progression-Free Survival (PFS)

Seven studies [19–25] reported progression-free survival when using PARPis com-
pared with standard of care. The improvement in progression-free survival was found to
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be statistically significant and favored PARPis (HR 0.626; 95%CI 0.566–0.692; p = 0.000). The
pooled analysis was homogeneous (I2 = 45% and q-test for heterogeneity; p-value = 0.089),
and a fixed-effect model was used (Figure 5).

Figure 5. Forrest plot for comparing the progression-free survival using a fixed-effect model. The
mean effect size was 0. 626 with a 95% confidence interval between 0.566 and 0.692 with a z-value
of −9.128 and a p-value = 0.000. The improvement in progression-free survival was statistically
significant [19–21].

5.3.3. Progression-Free Survival (PFS) in Patients without HRR Gene Mutation

Four studies reported progression-free survival when using PARPis compared with
standard of care in a subgroup of patients without HRR gene mutation. The results favored
PARPis (HR 0.747; 95%CI 0.0.637–0.877; p = 0.000), and I2 = 0 (Figure 6).

Figure 6. Forrest plot for comparing the progression-free survival in the subgroup of patients without
HRR gene mutation. The effect size was 0.747 with a 95% confidence interval between 0.637 and
0.877, with a z-value of −3.573, a p-value = 0.000, and an I-squared statistics = 0. The results favored
PARPis [19].

6. Discussion

Prostate cancer remains the second most common malignancy in males [2]. Current
SOC treatment includes prostatectomy, radiation, and ADT [2]. Progression on ADT
is termed castration resistance and treatment for metastatic castration-resistant prostate
cancer (mCRPC) is less defined [2]. Recently, PARPis have been under investigation to treat
mCRPC as monotherapy in second- or third-line treatment options.

Our meta-analysis of clinical trials revealed that PARPis may improve both PFS (HR
0.626, 95%CI 0.566–0.692, p = 0.000) and OS (HR 0.855, 95%CI 0.752–0.974, p = 0.018)
in patients with mCRPC as compared to placebo or SOC chemotherapy or ADT. These
results were computed using the fixed-effect model. The findings also held true using the
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random-effect model. Moreover, when a subgroup analysis was performed for the patient
population who lacked HRR gene mutation, PFS was improved, favoring PARPis (HR 0.747
(0.0.637–0.877), p = 0.000) and I2 = 0.

Two PARPis were initially FDA-approved for use in mCRPC in 2020: Rucaparib was
approved for use in mCRPC with somatic and/or germline BRCA1 or BRCA2 mutations
based on TRITON2 [27], and olaparib was approved for mCRPC with HRR gene mutations
based on the PROfound trial [20]. So far, as per the NCCN guidelines and FDA approval
of rucaparib and olaparib, they are not used as first-line treatment for mCRPC either
alone or in combination with ADT. Overall, three trials (BRCAAWAY, MAGNITUDE, and
PROPEL) showed improvement in the PFS with PARPis (olaparib, niraparib, and olaparib,
respectively) when used in combination with ADT as the first-line treatment for mCRPC,
but there was no survival benefit [24,25,28]. Similarly, the results for this combination
for patients previously treated with ADT with or without chemotherapy are promising,
but it is not recommended outside the clinical trial by NCCN. Numerous other RCTs
are currently underway studying the efficacy of PARPis including olaparib, veliparib,
rucaparib, niraparib (Zejula), and talazoparib (Talzenna) with and without ADT in mCRPC.
Our search of www.clinicaltrials.gov (accessed on 30 May 2023) revealed approximately
39 RCTs studying PARPis in prostate cancer: 19 actively recruiting, 10 completed or nearly
completed, and 7 trials with results.

Three trials investigated the efficacy of olaparib. The first two trials were carried out by
Clarke et al. [19] and de Bono et al. [20]. PARPis are effective in mCRPC patients irrespective
of the genetic mutation status. However, the analysis performed later by reconstructing the
data from the original study revealed that patients in Cohort B (those without HRR genetic
alteration) failed to derive any PFS benefit [29]. The study by Clarke et al. aimed to show
the benefit of PARPis and novel hormonal agent synergy across all the mCRPC patients
regardless of HRR mutation status. Authors hypothesized that the combination of PARPis
and novel hormonal agents could be effective in HRR wild-type patients because androgen
receptors regulate DNA transcription, and PARP enzyme is used in this process that PARPis
can target. Secondly, androgen depletion impairs HRR, producing a BRCA-like phenotype
susceptible to PARP inhibition [19]. The third trial is the PROpel study (NCT03732820) [24].
Patients who failed primary androgen deprivation therapy were randomized into those
receiving abiraterone and either olaparib or placebo irrespective of HRR mutation status.
The study showed significant prolongation in PFS in the treatment group at 24.8 months
vs. 16.6 months in the control group (HR 0.66, 95%CI, [0.54–0.81]; p < 0.0001). These
results exhibit the prospects of PARPis in a broader population of patients with mCRPC,
irrespective of HRR mutation status, who have failed earlier line treatment. The overall
survival benefit was not significant in this study. Nevertheless, the study results have not
matured yet (data maturity: 28.6%).

The fourth trial investigated the efficacy of veliparib (NCT01576172; Hussain et al.) [21]
against the standard of care (abiraterone plus prednisone). The major goal of this trial was
to investigate whether ETS fusion status (family of transcription factors) had any effect on
tumor response to treatment. Patients were divided into case and control cohorts equally
after being classified as having an ETS fusion or not (positive or negative). PFS was found
to be similar in both treatment arms. PFS in the treatment group was 11 months (95%CI,
8.1–13.6) vs. 10.1 months (95%CI, 8.2–13.8) in the control group (p = 0.99).

The efficacy of rucaparib was originally demonstrated in the Triton-2 trial [27], the
results of which were later verified in a Phase III trial (Triton-3) [23]. Patients enrolled in this
trial had mCRPC with a BRCA1, BRCA2, or ATM mutation with disease progression after
ADT treatment. They were randomly divided into two groups, one receiving rucaparib and
the other docetaxel or ADT (abiraterone or enzalutamide). Compared with the previous
studies, this was the first study where patients received chemotherapy in the SOC group.
The population in the intention-to-treat group comprised patients who had undergone
randomization, with a prespecified subgroup of BRCA-mutated patients. There was a
significant improvement in the rucaparib group in comparison to the control group in the
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BRCA analysis and the intention-to-treat (ITT) analysis in BRCA subgroup: 11.2 months
(CI, 9.2 to 13.8) vs. 6.4 months (CI, 5.4 to 8.3) (HR, 0.50; 95%CI, 0.36 to 0.69; p < 0.001 by
log-rank test); in ITT group, patients with the BRCA mutation had greater benefits than
those with the ATM mutation. The overall survival benefit was not significant in this study.
Nevertheless, the study results have not matured yet (data maturity: 54%).

Agarwal et al. studied the efficacy of talazoparib, a PARPi that was approved for the
treatment of locally advanced or metastatic breast cancer harboring a BRCA mutation, in
patients with mCRPC [22]. In TALAPRO-2 (NCT03395197) [22], patients were randomized
to receive enzalutamide either with talazoparib or with a placebo. Patients enrolled in
this study had disease progression while on androgen deprivation therapy. The results of
this study showed a significant improvement in PFS in HRR-deficient (HR, 0.46; 95%CI,
0.30–0.70; p < 0.001), HRR-non-deficient or unknown (HR, 0.70; 95%CI, 0.54–0.89; p = 0.004),
and HRR-non-deficient patients based on tumor tissue testing (HR, 0.66; 95%CI, 0.49–0.91;
p = 0.009). Hence, this indicates that the addition of talazoparib on enzalutamide had
significant improvement in PFS over enzalutamide alone (considered the standard of care)
in patients with mCRPC regardless of HRR status.

The MAGNITUDE trial [25] was a placebo–control study where niraparib was com-
bined with abiraterone and prednisone in the experimental arm and compared with abi-
raterone/prednisone plus placebo. Patients could have received systemic therapies before
enrollment for non-metastatic prostate cancer or metastatic castration-resistant prostate
cancer. This study also showed a 45% reduction in rPFS or death. The overall survival data
were not immature at the time of publication. In this trial, rPFS was evaluated in the HRR+
cohort with subgroup analysis of BRCA1/2-positive patients. A futility analysis for HRR
patients was also performed with PARPis, which confirmed no benefit from medication in
this population.

Another interesting finding in this study was the subgroup analysis performed on
the patients without HRR gene mutation. Out of the seven studies, only four reported the
efficacy of the PARPis in terms of PFS in this patient population. The subgroup analysis
showed statistically significant improvement in the PFS of this patient population (HR
0.719 (0.607–0.852), p = 0.000), an effect that was previously endorsed by the TALAPRO-2
and PROPEL study. These results favor the utility of PARPis in patients with mCRPC
regardless of HRR gene mutation status and encourage trials to target a broader patient
population who can benefit from the synergy of PARPis and novel antihormonal agents.
Authors hypothesized that the combination of PARPis and novel hormonal agents could be
effective in HRR wild-type patients because androgen receptors regulate DNA transcription,
and PARP enzyme is used in this process that PARPis can target. Hence, the inhibition
of the PARP pathway enhances the antiandrogenic effect by suppressing the androgen
receptor’s transcription. Secondly, androgen depletion impairs HRR, producing a BRCA-
like phenotype susceptible to PARP inhibition [19,30,31].

In contrast to previous studies, the results we observed can translate to meaningful
improvement in the overall and progression-free survival in patients with mCRPC. Al-
though the effect was enhanced in the patients who harbored genetic mutations in HRR
genes, it still shows a significant improvement in the PFS among patients without HRR
gene mutations. In recent RCTs, PARPi was used as a second-line treatment even before
chemotherapy and was shown to have promising results. The results of this metanalysis
favor the use of PARPis in combination with novel hormonal agents like enzalutamide
and abiraterone, regardless of their HRR alterations status, with an acceptable side-effect
profile. Additionally, this analysis encourages the consideration of using this combination
in upfront treatments for mCRPC rather than in second- or third-line treatment options in
which this drug combo can be utilized in a broader population than the patient population
currently seen in our clinics who have the potential to derive survival benefits from it.
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Strengths and Limitations

We acknowledge several limitations to this study. These include limited availability
of Phase II and III RCTs, as well as the lack of heterogeneity in patient population and
narrow inclusionary criteria of patients. Data were derived from only seven studies at
the study level, not the patient level. Since the total number of studies was less than 10,
publication bias could not be reliably ruled out, which can lead to an overestimation of
the results. This can be minimized by including more clinical trials when their results are
published. This requires close circumspection while applying the results to the general
population. The overall survival data from the newer studies have yet to mature and would
require a follow-up of these studies to reanalyze the data. Therefore, the results of this
analysis need to be interpreted with caution. Lastly, the study protocol was not registered.
Future studies that assess the adverse effects of the medications used in the RCTs would
be beneficial. The primary strength of this meta-analysis is that it encompasses all the
completed Phase III RCTs.

7. Conclusions

Our meta-analysis of clinical trials found that PARPis in combination with novel
hormonal agents may improve both progression-free survival (PFS) and overall survival
(OS) in patients with metastatic castration-resistant prostate cancer (mCRPC), regardless of
their HRR gene mutation status.

These findings suggest that PARPis in combination with novel hormonal agents may
be a promising new treatment option for patients with mCRPC, even in patients who do
not have HRR gene mutations. This is a significant finding, as it could expand the number
of patients who are eligible for PARPi therapy.More research is needed to confirm these
findings and to determine the optimal use of PARPis in combination with novel hormonal
agents for the treatment of mCRPC.
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Abstract: (1) Background: Somatic and germline alterations can be commonly found in prostate
cancer (PCa) patients. The aim of our present study was to perform a comprehensive review of the
current literature in order to examine the impact of BRCA mutations in the context of PCa as well as
their significance as genetic biomarkers. (2) Methods: A narrative review of all the available literature
was performed. Only “landmark” publications were included. (3) Results: Overall, the number of
PCa patients who harbor a BRCA2 mutation range between 1.2% and 3.2%. However, BRCA2 and
BRCA1 mutations are responsible for most cases of hereditary PCa, increasing the risk by 3–8.6 times
and up to 4 times, respectively. These mutations are correlated with aggressive disease and poor
prognosis. Gene testing should be offered to patients with metastatic PCa, those with 2–3 first-degree
relatives with PCa, or those aged < 55 and with one close relative with breast (age ≤ 50 years) or
invasive ovarian cancer. (4) Conclusions: The individualized assessment of BRCA mutations is an
important tool for the risk stratification of PCa patients. It is also a population screening tool which
can guide our risk assessment strategies and achieve better results for our patients and their families.
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1. Introduction

Based on epidemiological data, prostate cancer (PCa) has been shown to be the most
common of all urologic malignancies and second only to lung cancer as regards cancer-
related mortality among male patients in developed countries [1]. The incidence of the
disease has been steadily increasing over recent years [2], with the lifetime risk being equal
to 12%, while the median age of diagnosis is 66 years according to the SEER database [3].
Although the widespread use of PSA as a screening tool has markedly increased the
number of patients being diagnosed with occult disease [4], early detection has substantially
decreased both cancer-specific mortality and advanced disease on initial diagnosis by 40%
and 75%, respectively [5,6].

Commonly accepted risk factors for PCa include age, African race, several genetic
factors and a family history of PCa [7]. More specifically, PCa is considered to be one of the
malignancies with the greatest heritability component (up to 57% genetic contribution) [8],
with several studies suggesting that 8–12% of all patients presenting with advanced disease
may harbor a germline mutation in a tumor-suppressor gene [9,10]. Interestingly, it has
been shown that individuals with a family history of PCa have 2.5 times higher probability
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of being diagnosed with the same disease when compared to the general population [11].
Researchers analyzing data form the Swedish Cancer Database concluded that the three
malignancies with the highest familial cancer rate are prostate, breast and colorectal cancer
(20.2% vs. 13.6% vs. 12.8%) [12]. An integrative analysis on patients diagnosed with
advanced disease showed that somatic and germline alterations were found in up to 90%
of those suffering from metastatic castration-resistant cancer [13]. So far, the most well-
studied germline mutations relating to PCa are those of BRCA 1/2, CHEK2, NBM and
ATM [10,14,15].

The main scope of the current review is to specifically examine the impact of BRCA
mutations in the context of PCa, as well as their significance as a genetic biomarker in the
era of efforts towards personalized screening. Emphasis is given to studies discussing
prostate cancer risk stratification and early prostate cancer detection. Since our aim was to
perform a narrative review, we included only “landmark” publications.

2. Role of Family History and BRCA Genes in PCa

In 2015, a study conducted by Liss et al. showed that male patients who had a history
of PCa in their families were not only more susceptible to developing the same malignancy
but they were also at a greater risk of dying from PCa, with both results being statistically
significant. The same study highlighted the value of early PSA testing in family members of
PCa patients, as it can lead to lower cancer-specific mortality rates and a possible survival
benefit [16]. Likewise, a study performed by Brandt et al. showed that the hazard ratios for
prostate cancer diagnosis and risk of death from prostate cancer in men increased with the
number of affected relatives and decreased with increased age [17]. Also worth noting is
the fact that we should treat familial and hereditary cancer as two distinct clinical entities.
The hereditary form can be attributed to identifiable mutations (most commonly mutations
regarding BRCA genes), while the familial form covers a larger spectrum (approximately
15–20% of PCa cases), with individuals having a positive family history in common but no
identifiable genetic alteration. Nevertheless, the degree to which a positive family history
defines the probability of developing cancer is highly variable and is also affected by factors
such as age and degree of relation with the affected individuals. According to Carter et al.,
the proportion of PCa cases that could be attributed to mutated high-risk alleles was found
to be approximately equal to 40% for men younger than 55 years, which is much higher
than the 9% for individuals older than 85 years [18]. Moreover, a meta-analysis conducted
by Zeeger et al. showed that men with an affected father had more than 50% lower relative
risk of receiving a diagnosis of PCa than men with an affected brother (2.2 vs. 3.4), whereas
this risk practically disappeared among second-degree family members [19]. Bratt et al.
provided a nationwide population study, reporting the association between family history
and diagnosis of prostate cancer in different cancer risk categories (any prostate cancer, non-
low-risk prostate cancer and high-risk prostate cancer). According to them, the probabilities
of intermediate and high-risk prostate cancer are better for counselling men with a positive
family history of prostate cancer [20]. Having this in mind, it is easy to understand that
in order to achieve a better estimation of the lifetime risk of being diagnosed with PCa,
based solely on heritability factors, we should take into consideration the status of close
relatives as well as the number of affected individuals in a family pedigree and their age at
diagnosis. In this diagnostic algorithm, we should also take into account a family history
from the maternal family branch [21].

BRCA 1 and BRCA 2 genes were first discovered almost three decades ago (1994
and 1995, respectively) after carefully examining the biological and genetic background of
families with an abnormally high prevalence of breast and ovarian cancer [22,23]. These
genes are responsible for 30–70% and approximately 90% of all hereditary breast and
ovarian cancer cases, respectively. According to several studies, individuals harboring
mutations in these genes have a lifetime risk of developing breast cancer of up to 85%,
while the risk for ovarian cancer ranges from 20 to 40%. Individuals carrying BRCA1
mutations were also found to be at higher risk of developing other types of cancer, such as
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pancreatic and cervical. As far as prostate cancer is concerned, the risk was found to be
age-dependent, affecting carriers younger than 65 years old [24,25].

In terms of biology, BRCA genes belong to the family of DNA damage repair (DDR)
genes. The main role of these genes is to repair several DNA aberrations taking place during
the cell cycle, thus providing genomic stability and ensuring an uneventful distribution of
genetic material to the daughter cells following mitotic cell division [26]. In cases where
this system fails, individuals become susceptible to malignancies such as breast, ovarian,
prostate and pancreatic cancer. In particular, BRCA 1 mutations were associated with an
increased risk of ovarian and breast cancer, whereas BRCA 2 carriers were more susceptible
to pancreatic and prostate cancer [27]. According to several studies, the percentage of
patients with PCa that harbor a BRCA2 mutation ranges between 1.2% and 3.2%, and the
percentage is even smaller when it comes to BRCA1 [28,29]. Nevertheless, those genes
(especially BRCA2) are considered to be responsible for most cases of hereditary PCa, with
mutations in BRCA2 and BRCA1 increasing the risk by 3–8.6 times and up to 4 times,
respectively, when compared to the general population [24,28,30,31].

So far, several studies have shown that PCa in individuals with mutated BRCA1/2
genes is in general more aggressive and associated with lower overall survival when
compared to cases of male patients with normal alleles [32–35]. Back in 2019, Castro et al.
conducted a retrospective analysis based on data from 79 BRCA mutation carriers and
1940 non-carriers, all of whom were diagnosed with PCa [33]. According to the authors,
BRCA 1/2 mutations were found to be directly correlated with a higher risk of locally
advanced disease, a higher Gleason score, nodal infiltration and distant metastases at the
time of diagnosis. Moreover, they showed that BRCA2 mutations should be considered
an independent negative prognostic factor based on both the significantly shorter 5-year
cancer-specific survival and metastasis-free survival among mutation carriers.

Just to further examine the strength of the connection between BRCA mutations and
PCa risk, Ibrahim et al. carried out a retrospective analysis by dividing a total of 102 men
into two cohorts based on their genetic profile (mutation of either BRCA1 or BRCA2) [36].
Based on their findings, almost one-third of the under-examination individuals had at
least one type of cancer, with prostate cancer being the most common (2 patients in the
BRCA1 group and 11 patients in the BRCA2 group), followed by breast, skin and urothelial
cancer. The above findings are in accordance with previous studies, supporting the the-
ory that BRCA2 mutation carriers are far more susceptible to malignancies than BRCA1
carriers [25,30,37–39]. According to a well-designed case–control study on a special popu-
lation of males of Ashkenazi origin, BRCA2 mutation carriers were shown to be at greater
risk of developing PCa when compared to the age-matched control group [40]. Finally,
according to the PROREPAIR-B trial, which prospectively examined only patients with
metastatic castration-resistant disease, a germline BRCA2 mutation was characterized as
an independent negative prognostic factor with a statistically significant lower CSS rate
(17.4 vs. 33.2 months, p = 0.027). In this particular study, a statistically significant difference
was also noticed in terms of treating BRCA2 carriers; namely, the use of ARTA (abiraterone
or enzalutamide) was associated with better CSS and PFS in comparison with taxanes [41].

3. BRCA Testing in Prostate Cancer and Screening of Men with Known Mutations

Nowadays, it has become clear that PSA, which has been established as the major
screening tool for PCa detection, has contributed to a small absolute decrease regarding
the risk of death from PCa [42], while bringing with it the risk of overdiagnosis and
the unnecessary treatment of quite a few individuals who would otherwise have never
experienced clinical manifestations of the disease [43]. Under these circumstances, we can
easily understand that a universal screening plan is related to a high financial burden as
well as several unnecessary biopsies and treatment-related morbidities for individuals with
indolent disease and a high PSA value [44,45]. On the other hand, we cannot overlook
the importance of disease detection at an earlier stage, which gives us the opportunity to
use a variety of therapeutic interventions with the aim of preventing cancer progression
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and metastatic disease [46]. Having all the above in mind, it is easy to justify the efforts
made in recent years towards finding sufficient and objective data that could support the
development of individualized screening plans. In the process of planning such strategies,
we should take into consideration not only results from recent studies and population
stratification tactics but also the need for shared and informed decision making.

In general, when we suspect the presence of an inherited malignancy or syndrome
running through a family, it is of utmost importance that the patient is referred for genetic
counseling. Unfortunately, in the case of PCa, there has been no uniform consensus so far
regarding the exact criteria that should lead a patient to visit a geneticist.

In the context of PCa, without specific consideration of any particular genetic alteration,
the American College of Medical Genetics suggests that a thorough genetic evaluation
should take place if any of the following stands true [47]:

1. Two or more relatives receiving a PCa diagnosis at an age of 55 or younger (the
relatives should be first-degree).

2. At least three first-degree relatives with PCa, irrespective of age.
3. Gleason grade 8 or higher and at least two individuals in the family pedigree diag-

nosed with breast, ovarian or pancreatic cancer.

Again, without specific interest for a specific mutation, the Johns Hopkins groups
suggests another set of guidelines for familial PCa, which are as follows [48]:

1. Family pedigree with evidence of PCa in three successive generations.
2. Two relatives diagnosed with PCa at an early age (≤55 years).
3. At least three first-degree relatives with PCa.

Based on EAU recommendations, all individuals with high-risk or metastatic disease
should be offered genetic counseling at least for the possibility that they have mutations in
the BRCA1/2, ATM, FANCA or PALB2 genes. For the patients who are diagnosed with
lower-risk disease, testing is recommended if any of the following are true [49]:

1. There is a strong family history of PCa.
2. At least one member of the family is diagnosed with Lynch syndrome.
3. There are already known germline mutations in the family or at least one family

member has pancreatic or breast or ovarian cancer (possible BRCA2 mutation).

On the other hand, the National Comprehensive Cancer Network (NCCN) has pub-
lished guidelines specifically for testing BRCA1/BRCA2 status, including patients with
any of the following characteristics [50]:

1. Diagnosis of PCa (Gleason ≥ 7) and at least two relatives with prostate (Gleason ≥ 7)
or breast or pancreatic cancer.

2. Metastatic PCa (proven with biopsy or imaging test).
3. Diagnosis of PCa (Gleason ≥ 7) at any age and at least one close relative with breast

(age ≤ 50 years) or invasive ovarian cancer.

Serious efforts to reach a consensus and possibly bridge the gap between the rec-
ommendations made by different organizations have been made through studies like
IMPACT. This study is an ongoing multicenter observational trial on carriers of BRCA1/2
mutations who have already been diagnosed with PCa [51]. The main purpose of the
study is to determine the significance of an annual PSA testing protocol for BRCA1/2
carriers compared with non-carriers, with the PSA threshold for a biopsy being that of 3
ng/mL. In their interim analysis, researchers concluded that further follow-up is needed
for BRCA1 carriers, but as regards the BRCA2 carriers, early and routine screening with
PSA is important, as it was demonstrated that prostate biopsy in this specific population
is associated with twice the positive predictive value compared to general population
studies. An interim analysis of the IMPACT study showed that 77% of BRCA2 carriers
were diagnosed with intermediate and high-risk disease [52]. A Dutch multidisciplinary
expert panel reached a consensus in a meeting regarding the indications and applications
of germline and tumor genetic testing in prostate cancer. Interestingly, they agreed that
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germline and tumor genetic testing should not be performed in the case of nonmetastatic
hormone-sensitive prostate cancer when a relevant family history of cancer does not exist.
As far as the metastatic disease is concerned, neither of the above-mentioned tests received
panel approval for implementation in M1a HSPC, whereas it was agreed that the final
therapeutic decision was not affected by the results. In metastatic CRPC, there was a
lack of consensus regarding when tumor genetic testing should be performed and who
should evaluate it, thus coming to no recommendations [53]. Table 1 summarizes the
recommendations of different organizations for genetic testing in prostate cancer.

Table 1. Genetic testing recommendations for prostate cancer according to different organizations.

Organization Gene Testing Patient Characteristics

American College of
Medical Genetics. Thorough genetic evaluation.

1. Two or more first-degree relatives receiving a PCa
diagnosis at an age of 55 or younger.

2. At least three first-degree relatives with PCa, irrespective
of age.

3. Gleason grade 8 or higher and at least two individuals in
the family pedigree diagnosed with breast, ovarian or
pancreatic cancer.

Johns Hopkins groups. Thorough genetic evaluation.

1. Family pedigree with evidence of PCa in three
successive generations.

2. Two relatives diagnosed with PCa at an age of
55 or younger.

3. At least three first-degree relatives with PCa.

European Association of Urology
(EAU) Recommendations.

Genetic counseling at least for the
possibility that they have mutations in

BRCA1/2, ATM, FANCA or PALB2 genes.

All individuals with high-risk or metastatic disease. For the
patients who are diagnosed with lower-risk disease, testing is
recommended if [49]:

1. There is a strong family history of PCa.
2. At least one member of the family is diagnosed with

Lynch syndrome.
3. There are already known germline mutations in the

family or at least one family member has pancreatic or
breast or ovarian cancer (possible BRCA2 mutation).

National Comprehensive Cancer
Network (NCCN). Specific BRCA1/BRCA2 status.

1. Diagnosis of PCa (Gleason ≥ 7) and at least two relatives
with prostate (Gleason ≥ 7) or breast or pancreatic cancer.

2. Metastatic PCa (proven with biopsy or imaging test).
3. Diagnosis of PCa (Gleason ≥ 7) at any age and at least

one close relative with breast (age ≤ 50 years) or invasive
ovarian cancer.

In an effort to establish risk-adapted guidelines for PCa diagnosis, the NCCN recom-
mends that BRCA1/2 carriers should be tested annually starting at the age of 40 years [54].
The EAU follows the same directions with the exceptions of recommending intervals based
upon the baseline PSA value and not including BRCA1 carriers in their guidelines [55].
Finally, the ACS does not take into consideration the germline status and suggests that
men with a first-degree relative diagnosed younger than 65 years should start screening
at 40 years (45 years if more than one first-degree relative with PCa) [56]. A recent review
article by Giri et al. summarizes all existing guidelines for germline testing in prostate
cancer, in an effort to promote multidisciplinary patient primary care. The authors also shed
light on a very intriguing topic, namely the involvement of primary care physicians in the
genetic testing process and algorithm. Through proper education, these professionals can
offer individualized patient-centered medical advice and refer individuals with a positive
family history at high risk for further evaluation and assessment by specialists [57].

4. Conclusions

Genetic studies during recent decades have undoubtedly added a lot to our current
understanding of prostate cancer biology. Based on the current literature, it seems to be
inevitable that genetic testing is very soon going to be an integral part of clinical practice not
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only for individuals already diagnosed with the disease but also in the setting of population
screening. Hopefully, more precise knowledge on genetic predispositions for PCa is going
to help us further improve our risk assessment strategies and achieve better results for our
patients and their families.
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Abstract: Introduction: This study aimed to evaluate the added diagnostic value of systematic
biopsies (SBx) after magnetic resonance imaging (MRI)-targeted biopsies (TBx) and the presence
of prostate cancer (PCa) outside MRI targets, in a prospective, contemporary, multicentric series of
fusion biopsy patients. Methods: We collected data on 962 consecutive patients who underwent
fusion biopsy between 2022 and 2024. Prostate cancer was considered clinically significant (csPCa) in
the case of grade ≥ 2. Median test and Fisher exact chi-square tests were used. To identify predictors
of out-field positivity, univariate and multivariable logistic regression analyses were performed.
Results: Prostate cancer and csPCa were detected by TBx only in 56% and 50%, respectively, and by
SBx only in 55% and 45%, respectively (p < 0.001). Prostate cancer and csPCa were diagnosed by TBx
in 100 (10%) and 82 (8%) SBx-negative cases and by SBx in 86 (9%) and 54 (6%) TBx-negative cases
(p < 0.001). Tumors outside MRI targets were found in 213 (33%) cases in the same lobe and 208 (32%)
in the contralateral lobe, most of them being csPCa. Predictors of out-field contralateral PCa were
positive DRE (HR 1.50, p 0.03), PSA density ≥ 0.15 (HR 2.20, p < 0.001), and PI-RADS score 5 (HR
2.04, p 0.01). Conclusions: Both TBx and SBx identify a non-negligible proportion of csPCa when
the other modality is negative. SBx after TBx should always be considered given the risk of missing
other csPCa foci within the prostate, especially in patients with positive DRE, PSA density ≥ 0.15,
and PIRADS 5 lesions.

Keywords: prostate biopsy; fusion; out-field; outside; MRI; accuracy

1. Introduction

Multiparametric magnetic resonance imaging (MRI) is essential in the diagnosis of
prostate cancer (PCa) and is recommended in patients with clinical suspicion of PCa. If a
suspicious lesion is found on MRI, MRI-targeted prostate biopsy (TBx) is advised, together
with a systematic mapping [1]. The need for systematic biopsies (SBxs) is supported
by a risk of missing approximately 16% and 10% of clinically significant PCa (csPCa) in
biopsy-naïve and repeat-biopsy patients, according to a recent Cochrane meta-analysis [2].
However, the performance of supplementary mapping is increasingly being questioned,
considering that several studies demonstrated a limited added diagnostic benefit of 5% to
7% [3,4]. A recent multicentric study that evaluated the added value in csPCa detection of
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side-specific SBx relative to an MRI lesion found that biopsies taken at the opposite side of
the MRI-suspicious lesion have only a negligible impact on per-patient cancer detection [5].
Nevertheless, SBx has been suggested to detect a high number of PCa foci outside mpMRI
targets, improving the assessment of the tumor burden inside the prostate [6]. Considering
the multifocal nature of PCa, a thorough knowledge of the location of all cancer foci inside
the prostate is essential for a correct treatment decision. In the present study, we evaluated
the added diagnostic value of SBx and the presence of PCa outside MRI targets, in a
prospective, contemporary, multicentric series of fusion biopsy patients.

2. Patients and Methods

2.1. Study Population

After obtaining institutional review boards’ approvals, data from 962 consecutive
patients who underwent TBx and SBx between April 2022 and January 2024 were prospec-
tively collected at three European referral centers. All patients signed informed consent for
the use of clinical information for clinical studies (coordinator ethics committee protocol
number: 0040478). This study was performed according to the Standard for Reporting
Diagnostic Accuracy Studies [7].

2.2. MRI and Biopsy Techniques

All prebiopsy MRIs were performed using a 1.5-T or 3-T scanner with a surface coil and
consisted of multiplane T1- and T2-weighted imaging, diffusion-weighted imaging (DWI),
and dynamic contrast enhancement. Scans were reviewed and scored by experienced
radiologists using the PI-RADS v.2 or 2.1 protocols. All MRIs had at least one lesion
suspicious for PCa, defined as PI-RADS score ≥ 3. All MRI-targeted prostate biopsies were
performed with a transperineal approach under local anesthesia with the Koelis Trinity®

(Koelis, Meylan, France) (n = 746) or Esaote MyLab™ X9 (Esaote, Genova, Italy) (n = 216)
fusion imaging system. Expert operators (experience > 500 fusion biopsies) performed or
oversaw all the biopsies. A minimum of 2 targeted cores per target were taken, followed by
systematic biopsies. SBx adopted a standardized template to sample the posterior region of
the prostate, typically with 6 cores per lobe, irrespective of the location of the MRI target.

2.3. Endpoints and Statistical Analyses

The primary endpoint of this study was the added diagnostic value of each biopsy
modality, with a side-specific evaluation. For this aim, a per-patient analysis was conducted,
considering the lesion with a higher PI-RADS score in the case that multiple targets were
reported at MRI. The secondary endpoint was the rate of cancer positivity outside MRI
targets at SBx, within the same lobe or contralateral. For this purpose, a post hoc analysis
was performed on the 643 patients with a positive biopsy, analyzing the location of MRI
targets and the location of positive SBx cores. PCa was considered clinically significant
(csPCa) in the case of ISUP grade ≥ 2. Continuous data were reported as medians and
interquartile range (IQR) and categorical parameters were shown as counts and percent-
ages. The median test and Fisher exact chi-square test were used when appropriate to
compare continuous and categorical variables. To identify predictors of out-field positivity,
univariate logistic regression was performed initially to obtain unadjusted odds ratios.
Subsequently, all variables were put into a multivariable model to obtain adjusted hazard
ratios. Variables of interest for logistic regression were PSA, digital rectal examination
(DRE), PSA density (as a binary variable, adopting a cut-off of 0.15), previous negative
biopsy status, PI-RADS score, and diameter of MRI target. Statistical significance was set at
two-sided p < 0.05. Statistical analyses were performed with SPSS version 29.0 (IBM Corp,
Armonk, NY, USA).

3. Results

Baseline patient characteristics are shown in Table 1. The patients’ median age was 71
(IQR 65–77) and median PSA was 7.0 ng/mL (IQR 5.1–10.2), with a median PSA density of
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0.15 (0.09–0.23). Most patients were biopsy-naïve (82%) and had a single MRI target (78%).
Targets were scored as 3, 4, and 5 in 21%, 57%, and 22%, respectively, and were more often
situated in the posterior (89%) and equatorial (43%) regions. The median number of cores
taken was 3 (IQR 3–3) per target and 12 (IQR 12–12) during SBx.

Table 1. Descriptive characteristics.

Variable Total (n = 962)

Age at biopsy, yr, median (IQR) 71 (65–77)

PSA, ng/mL, median (IQR) 7.0 (5.1–10.2)

PSA density, median (IQR) 0.15 (0.09–0.23)

Suspicious DRE, n (%) 281 (29.2)

Biopsy status
- Naïve. 794 (82.5)
- Previous negative biopsy. 168 (17.5)

Prostate volume at mpMRI, cc, median (IQR) 48.9 (35.0–65.0)

Number of suspicious lesions, n (%)
- Single. 750 (78.0)
- Multiple. 212 (22.0)

PI-RADS score of index lesion, n (%)
- 3. 202 (20.9)
- 4. 548 (56.9)
- 5. 212 (22.2)

Maximum target diameter of index lesion, mm, median (IQR) 10.0 (8.0–15.0)

ADC value of index lesion, median (IQR) 0.7 (0.6–0.8)

Target(s) location, n (%) *
- Anterior. 176 (18.3)
- Posterior. 615 (88.9)
- Transitional. 134 (13.9)

Target(s) location, n (%) *
- Apex. 340 (35.3)
- Equator. 412 (42.8)
- Base. 229 (23.8)

N of cores taken per target at targeted biopsy, median (IQR) 3 (3–3)

N of cores taken at systematic biopsy, median (IQR) 12 (12–12)
Legend: ADC = apparent diffusion coefficient; DRE = digital rectal examination; IQR = interquartile range;
mpMRI = multiparametric magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting & Data System
* multiple locations allowed per target.

3.1. Added Diagnostic Value of TBx and SBx

The biopsy results are shown in Table 2. The cancer detection rate of TBx + SBx was
65% for all cancers and 55% for csPCa. Taken individually, TBx diagnosed PCa and csPCa
in 56% and 50%, respectively, whereas SBx was slightly inferior, with a detection rate of
55% and 45%, respectively (p < 0.001). Grades 2 (27%) and 3 (19%) were the most frequent
diagnoses. There was a statistically significant difference for csPCa detection in favor of
TBx over SBx (p < 0.001). TBx was able to detect PCa and csPCa in 100 (10%) and 82 (8%)
cases where SBx was negative for PCa and csPCa, respectively (p < 0.001). On the other
hand, SBx detected PCa and csPCa in 86 (9%) and 54 (6%) cases where TBx was negative
for PCa and csPCa, respectively (p < 0.001). When TBx was positive, SBx led to an upgrade
in the final ISUP score in 46 (5%) cases.
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Table 2. Cancer detection rates of targeted and systematic biopsies.

Variable (Cohort N 980) Targeted Biopsy Systematic Biopsy Targeted + Systematic Biopsy

Number of positive cores, median (IQR) 2 (0–3) 2 (0–4) -

Biopsy positive for PCa, n (%) 539 (56.0) 525 (54.6) 625 (64.9)

Biopsy positive for csPCa, n (%) 486 (50.5) 433 (45.0) 555 (57.7)

Biopsy highest ISUP grade, n (%)
- 0. 86 (8.9) 100 (10.4) -
- 1. 53 (5.5) 92 (9.5) 70 (7.3)
- 2. 232 (24.1) 220 (22.8) 261 (27.1)
- 3. 166 (17.2) 133 (13.8) 184 (19.1)
- 4. 57 (5.9) 51 (5.3) 73 (7.6)
- 5. 31 (3.2) 29 (3.0) 37 (3.8)

Biopsy positive for PCa when the other
modality is negative, n (%) 100 (10.4) 86 (8.9) -

Biopsy positive for csPCa when the other
modality is negative, n (%) 82 (8.5) 54 (5.6) -

Legend: IQR = interquartile range; mpMRI; ISUP = International Society of Urological Pathology; PCa = prostate
cancer; csPCa = clinically significant prostate cancers.

3.2. Cancer Positivity Outside MRI Targets at SBx

Among the 625 positive biopsies on TBx + SBx, out-field positivity (outside MRI
targets) was found in 213 (33%) cases in the same lobe of the MRI target, and 208 (32%)
cases in the contralateral lobe (Figure 1). Focusing only on csPCa, 195 (30%) were diagnosed
in the same lobe but outside MRI targets, and 176 (27%) in the contralateral lobe. The
results of cancer positivity outside MRI targets with grade distribution are shown in Table 3,
together with the regression analyses. Most missed cancers were ISUP 2 (14% and 13% in
the ipsilateral and contralateral lobes, respectively). Around 5% of missed cancers were
represented by ISUP 4 and 5. Based on the multivariable analysis, predictors of out-field
positivity in the same lobe of the target were positive DRE (HR 1.76, 95%CI 1.23–2.51,
p 0.002), PSA density ≥ 0.15 (HR 1.61, 95%CI 1.21–3.85, p 0.007), and PI-RADS score 5 (HR
2.16, 95%CI 1.21–3.85, p 0.009). The same variables were also predictors of contralateral
out-field positivity as follows: positive DRE (HR 1.50, 95%CI 1.03–2.17, p 0.03), PSA
density ≥ 0.15 (HR 2.20, 95%CI 1.53–3.16, p < 0.001), and PI-RADS score 5 (HR 2.04, 95%CI
1.15–3.61, p 0.01).

Table 3. Cancer positivity outside MRI targets at systematic mapping.

Variable (Cohort N 643) All PCa csPCa Only

Out-field positivity of SBx in the same lobe, n (%) 213 (33.1) 195 (30.3)
- ISUP grade 1. 39 (6.0) -
- ISUP grade 2. 93 (14.4) 93 (14.4)
- ISUP grade 3. 47 (7.3) 47 (7.3)
- ISUP grade 4. 26 (4.0) 26 (4.0)
- ISUP grade 5. 8 (1.2) 8 (1.2)

- With MRI target(s) positive, n (%). 194 (30.2) 162 (25.2)

- With MRI target(s) negative, n (%). 19 (2.9) 12 (1.8)

Out-field positivity of SBx in the contralateral lobe, n (%) 208 (32.3) 176 (27.4)
- ISUP grade 1. 32 (4.9) -
- ISUP grade 2. 82 (12.7) 82 (12.7)
- ISUP grade 3. 48 (7.4) 48 (7.4)
- ISUP grade 4. 30 (4.6) 30 (4.6)
- ISUP grade 5. 16 (2.5) 16 (2.5)
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Table 3. Cont.

Variable (Cohort N 643) All PCa csPCa Only

- With MRI target(s) positive, n (%). 179 (27.8) 158 (24.6)

- With MRI target(s) negative, n (%). 29 (4.5) 18 (2.8)

Predictors of out-field positivity in the same lobe

Univariate analysis Multivariate analysis

PSA (ng/mL) 1.00 (0.99–1.00), p 0.66 -

Positive DRE 2.03 (1.48–2.80), p < 0.001 1.76 (1.23–2.51), p 0.002

PSA density ≥ 0.15 1.76 (1.28–2.43), p < 0.001 1.61 (1.21–3.85), p 0.007

Previous negative biopsy 0.73 (0.48–1.12), p 0.15 -

PI-RADS score
- 3. Ref Ref
- 4. 1.40 (0.90–2.17), p 0.12 1.50 (0.93–2.40), p 0.09
- 5. 2.61 (1.61–4.24), p < 0.001 2.16 (1.21–3.85), p 0.009

Lesion diameter, mm 1.03 (1.00–1.05), p 0.005 1.00 (0.97–1.03), p 0.94

Predictors of out-field positivity in the contralateral lobe

Univariate analysis Multivariate analysis

PSA (ng/mL) 1.00 (1.00–1.00), p 0.33 -

Positive DRE 1.90 (1.37–2.63), p < 0.001 1.50 (1.03–2.17), p 0.03

PSA density ≥ 0.15 2.19 (1.57–3.06), p < 0.001 2.20 (1.53–3.16), p < 0.001

Previous negative biopsy 0.67 (0.43–1.04), p 0.07 -

PI-RADS score
- 3. Ref Ref
- 4. 0.99 (0.65–1.51), p 0.97 0.96 (0.60–1.55), p 0.89
- 5. 2.43 (1.53–3.86), p < 0.001 2.04 (1.15–3.61), p 0.01

Lesion diameter, mm 1.03 (1.01–1.05), p 0.003 1.00 (0.97–1.03), p 0.80
Legend: DRE = digital rectal examination; IQR = interquartile range; mpMRI; ISUP = International Society of
Urological Pathology; PCa = prostate cancer; csPCa = clinically significant prostate cancer; SBx = systematic biopsy.

 

Figure 1. (A): Out-field positivity in the same lobe of the MRI target. MRI detected a PIRADS 4 lesion
(red arrow) in the left anterior peripheral zone at the mid-portion of the prostate. This finding was
confirmed by fusion biopsy, which identified ISUP 3 adenocarcinoma in the target area. Additionally,
a focus of ISUP 3 adenocarcinoma was found in the left paramedian apical region where the MRI was
negative (green arrow). (B): Out-field positivity in the lobe contralateral to the MRI target. MRI detected a
PIRADS 5 lesion in the right peripheral zone in the posterolateral sector of the basal and middle zone
(red arrow). Fusion biopsy identified ISUP 5 adenocarcinoma in the target area. Additionally, ISUP 5
adenocarcinoma was also found in the contralateral lobe, in the left peripheral zone at the base in the
posteromedial sector, where the MRI (green arrow) showed no significant changes.
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4. Discussion

The role achieved by MRI in the diagnostic pathway of PCa is not in question and
is supported by strong evidence [1,8]. The PRECISION study demonstrated that MRI-
targeted biopsy in men with an MRI-suspicious lesion leads to more significant cancers
being identified and fewer insignificant cancers being diagnosed. The European guidelines
recommend the execution of systematic mapping after TBx, given the potential presence of
mpMRI-invisible csPCa, estimated at 10–20% [9]. However, the diagnostic benefit of SBx
has been recently reduced to 5–7% [3,4,10]. In a recent multicentric study, we showed that
SBx in addition to TBx improved the detection rate only by 4% for all PCa and by 3% for
csPCa [6]. Similar results were found by Cauli et al., who showed an increase of 3% for
all PCa and csPCa [11]. Detractors of SBx claim that the performance of SBx is typically
overestimated because of test review bias, given that the physician performing systematic
mapping is aware of the location of the MRI lesion and somehow targets the lesion even
during systematic mapping [12].

The present study is aligned with the recent literature [3,5,6,13] concerning the superi-
ority of TBx over SBx in terms of the detection rate of all PCa and csPCa. Nevertheless, our
results showed that both TBx and SBx identify a non-negligible proportion of csPCa when
the other modality is negative (10% for TBx, 9% for SBx), in line with the PAIREDCAP
study that concluded that combining targeted and systematic biopsy offers the best chances
of detecting the cancer [14].

More importantly, in our study, we focused on the rate of cancer positivity found
outside MRI targets, even when the MRI target correctly led to a cancer diagnosis. This issue
is essential for treatment decision planning, as the presence of csPCa in other regions of the
prostate beyond the MRI-visible lesion could lead to abandoning active surveillance or focal
treatment or could make it harder to propose a full nerve-sparing surgery, depending on the
burden of csPCa. In a series of 1.992 fusion biopsy patients, we previously demonstrated
an alarming rate of 57% out-field positivity, of which 58% were clinically significant, even
though that study was limited by the lack of data on the precise location of systematic
cores [6]. The present study showed that 30% of our patients with a positive biopsy
had at least one core of csPCa in the same lobe but outside the MRI target, and—even
more alarmingly—27% harbored at least one core of csPCa in the lobe contralateral to the
MRI target. Previously, Choi et al. evaluated 185 candidates for hemiablation and found
that 123 (66%) of them had bilateral cancer after radical prostatectomy and 73 (39%) had
csPCa in MRI-negative lobes [15]. More recently, Gunzel et al. found that 145 out of 736
(20%) patients with unilateral suspicious lesions on MRI were detected with contralateral
PCa-positive SBx. Overall, 238 of their patients (25%) showed positive SBx outside of the
described PI-RADS lesions [16]. Fletcher et al. evaluated a series of 346 patients with a
pre-biopsy MRI and a PI-RADS ≥ 3 lesion. When TBx was positive, detection of higher
grade csPCa on SBx compared with TBx occurred in only 5% of cases [17]. A retrospective
analysis of 2.048 fusion biopsy patients by Brisbane et al. found that 90% of csPCa cores
detected by SBx were confined in the so-called “penumbra”, within a radius of 10 mm
from the nearest lesion. Nevertheless, in 18% of patients, csPCa was diagnosed only by
sampling outside the MRI lesion, with the yield decreasing with increasing distance [18].
Bonekamp et al. confirmed these findings, with 18% of csPCa discovered outside mpMRI
regions even when a 10 mm security margin was adopted, indicating that prostate MRI
has limited ability to completely map all cancer foci within the prostate [19]. Our rates
of out-field csPCa positivity are even higher, indicating a contralateral disease in 32% of
cases. To better identify patients at risk of cancer outside MRI targets, positive DRE, PSA
density ≥ 0.15, and PI-RADS 5 score can be used as prognostic variables. PSA density was
previously found to be associated with the presence of MRI-negative PCa, together with
the black race [20]. Recently, Noujeim et al. evaluated the distance of positive SBx from the
index lesion and developed a three-tier prediction model, where the only predictive factors
for positive SBx were the PI-RADS score and PSA density [21].
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All things considered, the omittance of SBx after MRI-targeted biopsies should be
discouraged at present given the risk of missing other csPCa foci within the prostate, which
might jeopardize subsequent cancer management. Among the strengths of our study is
the prospective and multicentric design. The limitations of our study are the presence of
multiple operators, different settings and types of MRIs, different habits in performing SBx,
and the absence of central radiological and pathological revision. MRIs were performed in
both high- and low-volume centers, and their quality was not centrally reviewed, which
might have introduced bias. On the other hand, biopsies were performed in referral centers
with a high level of expertise.

5. Conclusions

Both TBx and SBx identify a non-negligible proportion of csPCa when the other
modality is negative. The performance of SBx after TBx should always be considered given
the risk of missing other csPCa foci within the prostate, especially in patients with positive
DRE, PSA density ≥ 0.15, and PIRADS 5 lesions.
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Abstract: This research aimed to assess the relationship between contrast-enhanced (CE) magnetic
resonance fingerprinting (MRF) values and dynamic contrast-enhanced (DCE) MRI parameters
including (Ktrans, Kep, Ve, and iAUC). To evaluate the correlation between the MRF-derived values (T1
and T2 values, CE T1 and T2 values, T1 and T2 change) and DCE-MRI parameters and the differences
in the parameters between prostate cancer and noncancer lesions in 68 patients, two radiologists
independently drew regions-of-interest (ROIs) at the focal prostate lesions. Prostate cancer was
identified in 75% (51/68) of patients. The CE T2 value was significantly lower in prostate cancer
than in noncancer lesions in the peripheral zone and transition zone. Ktrans, Kep, and iAUC were
significantly higher in prostate cancer than noncancer lesions in the peripheral zone (p < 0.05),
but not in the transition zone. The CE T1 value was significantly correlated with Ktrans, Ve, and
iAUC in prostate cancer, and the CE T2 value was correlated to Ve in noncancer. Some CE MRF
values are different between prostate cancer and noncancer tissues and correlate with DCE-MRI
parameters. Prostate cancer and noncancer tissues may have different characteristics regarding
contrast enhancement.

Keywords: magnetic resonance fingerprinting; dynamic contrast-enhanced magnetic resonance
imaging; quantitative analysis; prostate; prostate neoplasm

1. Introduction

The Prostate Imaging—Reporting and Data System (PI-RADS) recommends a mul-
tiparametric prostate MRI protocol that encompasses T2-weighted imaging (T2WI), T1-
weighted imaging (T1WI), diffusion-weighted imaging (DWI), and dynamic contrast-
enhanced (DCE) MR [1]. As a contrast material and additional scan time are necessary
to obtain DCE MRI, the usefulness of biparametric MRI without DEC MRI has been
proven [2–4]. However, DCE MRI helps to diagnose clinically significant prostate cancer
in the peripheral zone that shows early enhancement, especially in the case where DWI is
degraded [5]. PI-RADS recommends qualitatively reviewing DCE MRI and determining
whether early enhancement is present in the focal lesion. Although visual analysis based
on the relative signal intensity of the lesion compared to the surrounding normal tissue is
the common way to interpret DCE MRI, research on quantitative analyses has continued to
produce objective parameters [6].

DCE MRI, which repeatedly obtains many images on the same section with a very
short time interval, provides a change in signal intensity in the pixel over time. PI-RADS
version 1 suggested interpreting DCE MRI by classifying time-intensity curves among
three types [7]. Some studies have shown a high proportion of type 3 curves (rapid
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enhancement and washout) in prostate cancer [8,9]. However, curve type analysis showed
poor performance in differentiating prostate cancer from healthy tissue [10]. Moreover,
quantitative DCE parameters (Ktrans, Kep, Ve, and iAUC) from the Tofts model have been
suggested to explain the pharmacokinetic characteristics of contrast material in prostate
cancer [11]. Ktrans, Kep, and iAUC are higher in prostate cancer than in benign or normal
tissue and are higher in more aggressive cancer than in less aggressive cancer, especially in
the peripheral zone [9,12–15].

In terms of quantitative analysis, magnetic resonance fingerprinting (MRF) has emerged
as a method to measure multiple tissue properties with relatively shorter scan times than
conventional mapping methods [16]. MRF-derived T1 or T2 values were significantly lower
in prostate cancer than in noncancer or benign tissue [17–19]. In some research, MRF was
acquired before and after contrast enhancement, and the T1 value significantly decreased
on contrast-enhanced (CE) MRF compared with nonenhanced (NE) MRF [20]. The contrast-
enhanced T1 and T2 values exhibited significant differences when comparing prostate cancer
to normal tissue [21]. However, the CE MRF-derived T1 and T2 values of prostate cancer
were not explored in the peripheral zone and transition zone separately. Additionally, CE
MRF values and DCE parameters, the quantitative parameters related to CE MRI, may be
correlated. The purpose of this study was to evaluate the correlation between CE MRF
values and DCE-MRI parameters (Ktrans, Kep, Ve, and iAUC) as well as to validate the
difference in the parameters between prostate cancer and noncancer lesions.

2. Materials and Methods

The institutional review board of the hospital approved this study, and the requirement
for informed consent was waived owing to its retrospective design.

2.1. Patients

We searched all prostate MRI examinations performed in our institution between
January 2020 and March 2021. Among 560 examinations, MRI examinations were excluded
according to the following criteria: (1) patients with known prostate cancer including
post-treatment or postbiopsy status (n = 203); (2) patients who did not undergo prostate
biopsy (n = 198); (3) MRI examinations without MRF (n = 77); (4) patients without suspected
prostate cancer (PI-RADS ≥ 3) (n = 9); and (5) DCE MRI was not obtained (n = 5). A total of
68 patients who underwent prostate prebiopsy MRI and prostate biopsy for prostate focal
lesions were included in this study (Figure 1).

Figure 1. Flowchart of the patient inclusion process.

Patient clinical information, including age and prostate-specific antigen (PSA) level
before prostate MRI, was collected. Location and PI-RADS v.2.1 classification were recorded
from the MRI reports that were already generated during the clinical process by one of
two abdominal/genitourinary radiologists with more than 10 years of experience. If the
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prostate focal lesion involved both the peripheral zone and the transition zone, the location
of the lesion was determined by the center of the lesion. One of the two radiologists
performed transrectal ultrasound-guided prostate biopsy using an ultrasound-MRI fusion
system (Logiq E10, GE healthcare, Chicago, IL, USA). The radiologist performed targeted
and systematic biopsy and reported the location of the targeted biopsy. Pathology results
were reported by one of four board-certified pathologists and included the Gleason grade
group of prostate cancer, which was defined by the International Society of Urological
Pathology, and the number and location of positive cores.

2.2. MRI Protocol

The study involved all patients undergoing multiparametric MRI without an endorectal
coil on a 3-T system (Magnetom Vida, Siemens Healthineers, Erlangen, Germany), utilizing
a 30-channel body coil along with either a 32-channel or 72-channel spine coil. The specific
MRI parameters are detailed in Table 1. Dynamic contrast-enhanced (DCE) MRI was
conducted using the Golden-angle RAdial Sparse Parallel (GRASP) technique, with a
temporal resolution of 4.3 s for the first 17 s, followed by 7 s for the subsequent 180 s. To
calculate the DCE MRI parameters, T1 maps were generated through the variable flip angle
technique, employing angles of 2◦ and 15◦. MRF was conducted twice, first before the
injection of contrast material and then immediately following the completion of DCE MRI.

MRF has been integrated into the prebiopsy prostate MRI protocol for patients for
patients with the clinical suspicion of prostate cancer. MRF data were obtained using a
hybrid radial/echo-planar imaging (EPI) trajectory [19]. This involved a golden-angle
rotating radial acquisition in the kxy domain, combined with simultaneous EPI acquisition
in the slice encoding direction (kz), employing a sinusoidal flip angle to achieve high-
resolution MRF data. The scan time of each MRF was 3 min 48 s. For both NE and CE
MRF, the same parameters were used: sinusoidal 320 flip angles, TR = 16 ms, TE = 4 ms,
resolution = 0.6 × 0.6 × 3 mm3, FOV = 160 × 160 × 72 mm3 and scan time = 3 min 48 s.
The dictionary was generated based on the Bloch equation in MATLAB (The MathWorks,
Natick, MA). The T1 range of the dictionary was 50 msec to 3000 msec with a 10-msec
step size and was 3050 msec to 4000 msec with a 50-msec step size. The T2 range of the
dictionary was 5 msec to 250 msec with a 1-msec step size, 252 msec to 350 msec with a
2-msec step size, and 355 msec to 400 msec with a 5-msec step size. Dictionary matching
using the inner-product method was performed to acquire quantitative T1 and T2 maps
from NE and CE MRF.

2.3. Image Analysis

Two radiologists with 10 and 23 years of experience (each having read over 1000 cases)
independently analyzed the DCE MRI and MRF images without access to each others’
results. We used commercial software (Syngo.via VB70B, Siemens Healthineers) to analyze
DCE MRI and open-source software (ITK-SNAP version 3.8.0 [www.itksnap.org [accessed
on 30 November 2023]]) to analyze the MRF maps. Four parameters were calculated from
the DCE MRI: Ktrans (volume transfer constant that represents the leakage of contrast
from the vascular to the extravascular component); Ve (fractional volume of extravascular
extracellular space [EES] per unit tissue volume); Kep (reflux rate constant that describes
contrast reflux from the EES back into the vascular component); and the initial area under
the time-to-signal intensity curve (iAUC) measured during the first 60 s [22]. T1 and T2
values were acquired from the NE MRF maps, and CE T1 and CE T2 values were acquired
from the CE MRF maps. We calculated T1 change (%) and T2 change (%) as [(NE value −
CE value)/NE value] × 100.
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Rough information about the location of the most severe prostate focal lesion (right or
left, peripheral zone or transition zone) that was reported in the clinical MRI report was
provided to the radiologists. However, they were unaware of the biopsy results. They
independently drew a region-of-interest (ROI) covering the abnormal focal lesion on the
axial image that contained the largest diameter of the lesion. The average values of the
parameters were extracted from the ROIs. The images of a representative case are presented
in Figure 2.

 

Figure 2. A 66-year-old patient with elevated prostate-specific antigen (15.5 ng/mL).

A 2.5 cm hypointense bulging lesion was detected in the right peripheral zone on the
T2-weighted image (T2WI) with a high signal intensity on the B = 1500 mm2/s diffusion-
weighted image (DWI), a low value on the apparent diffusion coefficient (ADC) map, and
early enhancement on the dynamic contrast-enhanced (DCE) MRI (T2WI, DWI, ADC map
and DCE MRI in order from left, top row). The DCE parametric maps (Ktrans, Kep, Ve,
and iAUC in order, middle row) and MRF maps (nonenhanced [NE] T1, NE T2, contrast-
enhanced [CE] T1, and CE T2 maps in order, bottom row) are presented.

2.4. Statistical Analysis

The characteristics of the patients were summarized by presenting the mean and standard
deviation for continuous variables, and the frequency and percentage for categorical variables.

Inter-reader agreement for all image parameters was assessed with an intraclass
correlation coefficient (ICC). The ICC was interpreted as <0.5, poor; 0.5–0.75, moderate;
0.75–0.9, good; and >0.9, excellent agreement.

Prostate focal lesions were classified into prostate cancer and noncancer according to
the biopsy results. We compared the clinical characteristics and quantitative parameters
between prostate cancer and noncancer by lesions using Student’s t tests. The analysis
of the correlations between the DCE MRI parameters and MRF values was conducted
through Pearson’s correlation tests. For statistical analysis, SPSS software version 24.0
(IBM, Armonk, NY, USA) and GraphPad Prism version 8.0 (GraphPad Software, Inc., La
Jolla, CA, USA) were used. A p value below 0.05 was regarded as statistically significant.
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3. Results

Table 2 shows the characteristics of the patients. The mean PSA of the patients
was 37.7 ± 112.2 ng/mL. The prostate focal lesion was located in the peripheral zone in
46 patients (67.6%). More than half of the lesions (51.5%) were classified as PI-RADS 5.
Prostate cancer was diagnosed in 51 patients (75.0%), and prostate cancer with Gleason
grade group 1 was diagnosed in 4 patients.

Table 2. Baseline characteristics of patients.

Characteristics Value

Number of patients 68
Age (years) 70.0 ± 10.0
PSA (ng/mL) 37.7 ± 112.2
PI-RADS classification (n [%])

3 1 (1.5)
4 32 (47.1)
5 35 (51.5)

Location of the focal lesion (n, [%])
Peripheral zone 46 (67.6)
Transition zone 22 (32.4)

Prostate cancer (n, [%]) 51 (75.0)
Peripheral zone 35 (68.6)
Transition zone 16 (31.4)

Gleason grade group (n, [%])
1 4 (5.9)
2 14 (20.6)
3 18 (26.5)
4 10 (14.7)
5 5 (7.4)

PSA, prostate-specific antigen; PI-RADS, Prostate Imaging—Reporting and Data System.

Inter-reader agreement for the CE T1 values and the iAUC was excellent; that for the
T2 change was moderate; and that for the rest of the variables was good (Table 3).

Table 3. Inter-reader agreement in MRF and DCE parameters.

Parameters ICC p Value

MRF
T1 value (,) 0.825 <0.001
T2 value (ms) 0.898 <0.001
CE T1 value (ms) 0.968 <0.001
CE T2 value (ms) 0.859 <0.001
T1 change (%) 0.892 <0.001
T2 change (%) 0.708 <0.001

DCE MRI
Ktrans 0.870 <0.001
Kep 0.854 <0.001
Ve 0.854 <0.001
iAUC 0.904 <0.001

ICC, intraclass correlation coefficient; ADC, apparent diffusion coefficient; MRF, magnetic resonance fingerprint-
ing; CE, contrast-enhanced; DCE MRI, dynamic contrast-enhanced magnetic resonance imaging; iAUC, initial
area under the curve.

Patients with prostate cancer were significantly older than patients without prostate
cancer (71.8 ± 9.2 versus 64.6 ± 10.8, p = 0.009), but the PSA level was not different between
the two groups. The PI-RADS classification was higher in prostate cancer (4.63 ± 0.49) than
noncancer lesions (4.12 ± 0.49) (p = 0.001).

Table 4 shows the differences in the image parameters between noncancer and prostate
cancer in the peripheral zone for reader 1 and reader 2. For both readers, the CE T2 values
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were significantly lower in prostate cancer than in noncancer. The T1 and T2 values were
lower in prostate cancer than in noncancer without statistical significance. Among the
DCE parameters, Ktrans, Kep, and iAUC were significantly higher in prostate cancer than in
noncancer. In the transition zone, only the CE T2 value was significantly lower in prostate
cancer than in noncancer for both readers, although the CE T1 value was significantly
higher in prostate cancer than in noncancer by reader 2 (Table 5). No DCE parameter was
significantly different between cancer and noncancer.

Table 4. Differences in parameters between cancer and noncancer in peripheral zone.

Parameters

Reader 1 Reader 2
Noncancer

(n = 11)
Prostate Cancer

(n = 35)
p Value

Noncancer
(n = 11)

Prostate Cancer
(n = 35)

p Value

MRF
T1 value (ms) 1626.1 ± 171.1 1488.2 ± 137.0 0.009 1622.4 ± 169.5 1489.7 ± 210.9 0.064
T2 value (ms) 99.6 ± 27.7 83.1 ± 12.6 0.081 95.17 ± 22.84 79.62 ± 11.70 0.051
CE T1 value (ms) 624.9 ± 77.7 593.3 ± 96.7 0.330 640.1 ± 125.6 608.4 ± 101.2 0.397
CE T2 value (ms) 95.04 ± 26.58 74.9 ± 11.2 0.032 96.41 ± 26.55 71.93 ± 10.51 0.019
T1 change (%) 61.41 ± 4.29 60.0 ± 6.34 0.491 60.76 ± 4.85 58.83 ± 6.79 0.386
T2 change (%) 3.999 ± 8.771 9.424 ± 7.349 0.047 −1.935 ± 16.863 6.904 ± 5.786 0.116

DCE MRI
Ktrans 0.209 ± 0.100 0.332 ± 0.101 0.001 0.241 ± 0.104 0.328 ± 0.107 0.021
Kep 0.857 ± 0.382 1.181 ± 0.358 0.013 0.857 ± 0.260 1.146 ± 0.402 0.031
Ve 0.242 ± 0.056 0.298 ± 0.107 0.105 0.279 ± 0.089 0.307 ± 0.122 0.489
iAUC 0.196 ± 0.059 0.301 ± 0.078 0.001 0.227 ± 0.091 0.299 ± 0.084 0.018

ADC, apparent diffusion coefficient; MRF, magnetic resonance fingerprinting; CE, contrast-enhanced; DCE MRI,
dynamic contrast-enhanced magnetic resonance imaging; iAUC, initial area under the curve.

Table 5. Differences in parameters between cancer and noncancer in transition zone.

Parameters

Reader 1 Reader 2
Noncancer

(n = 6)
Prostate Cancer

(n = 16)
p Value

Noncancer
(n = 6)

Prostate Cancer
(n = 16)

p Value

MRF
T1 value (ms) 1596.0 ± 115.1 1575.8 ± 143.7 0.762 1608.9 ± 141.8 1547.9 ± 188.7 0.483
T2 value (ms) 81.77 ± 15.22 76.61 ± 7.93 0.306 76.32 ± 11.44 74.19 ± 9.52 0.662
CE T1 value (ms) 519.87 ± 72.06 591.62 ± 94.44 0.109 490.1 ± 48.8 607.5 ± 103.8 0.016
CE T2 value (ms) 80.32 ± 9.94 70.02 ± 8.13 0.021 72.02 ± 5.56 65.00 ± 7.37 0.048
T1 change (%) 67.15 ± 6.05 62.48 ± 4.67 0.068 69.32 ± 4.29 60.79 ± 4.26 <0.001
T2 change (%) 0.003 ± 14.261 8.629 ± 4.679 0.202 4.107 ± 14.595 12.138 ± 4.957 0.061

DCE MRI
Ktrans 0.372 ± 0.165 0.376 ± 0.139 0.954 0.322 ± 0.173 0.384 ± 0.118 0.342
Kep 1.042 ± 0.464 1.247 ± 0.372 0.292 0.998 ± 0.527 1.313 ± 0.420 0.159
Ve 0.356 ± 0.063 0.306 ± 0.079 0.178 0.318 ± 0.055 0.302 ± 0.076 0.650
iAUC 0.320 ± 0.137 0.340 ± 0.116 0.730 0.286 ± 0.154 0.343 ± 0.100 0.317

ADC, apparent diffusion coefficient; MRF, magnetic resonance fingerprinting; CE, contrast-enhanced; DCE MRI,
dynamic contrast-enhanced magnetic resonance imaging; iAUC, initial area under the curve.

Correlation coefficients between the MRF parameters and DCE MRI parameters are
presented in Figure 3. In prostate cancer, the CE T1 value was negatively correlated, and
the T1 change was positively correlated with three DCE parameters (Ktrans, Ve, and iAUC).
The T1 value was not correlated with any DCE parameters. In noncancer, a significant
correlation was commonly noted only between the CE T2 value and Ve for both readers.
The correlation between the CE T1 value and DCE parameters in the peripheral zone lesions
is presented in Figure 4. The CE T1 value was significantly correlated with Ktrans, Ve, and
iAUC in prostate cancer. In contrast, no DCE parameter showed a significant correlation
with the CE T1 value in noncancer.
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(a) (b) 

Figure 3. Correlation matrix between MR fingerprinting and DCE MRI parameters. Correlation
matrices between MR fingerprinting parameters (T1 value, T2 value, CE T1 value, CE T2 value, T1
change, and T2 change) and DCE MRI parameters (Ktrans, Kep, Ve, and iAUC) are presented for reader
1’s result (left) and reader 2’s results (right) in cancer (a) and noncancer (b). * p < 0.05, ** p < 0.01.

  
(a) (b) 

  
(c) (d) 

Figure 4. Correlation between CE T1 map and DCE parameters in peripheral zone lesions. Scatter
plots show the correlation between the CE T1 value and DCE parameters in prostate cancer and
noncancer for reader 1 (a,c) and reader 2 (b,d). * p < 0.05, ** p < 0.01.
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4. Discussion

In this study, we acquired NE MRF and CE MRF as well as DCE MRI as a part of
prebiopsy prostate MRI in patients who underwent prostate biopsy. We evaluated the
parameters from MRF to DCE MRI in prostate focal lesions with PI-RADS classification ≥ 3,
and the lesions were divided into prostate cancer and noncancer according to the biopsy
results. Therefore, we could evaluate the differences in the MRI parameters between
prostate cancer and noncancer lesions in the peripheral zone and the transition zone.
Additionally, we investigated the correlations amongst the T1 and T2 values from NE MRF
and CE MRF with the DCE MRI parameters in prostate cancer and noncancer lesions.

Among DCE parameters, Ve was not different between prostate cancer and noncancer
lesions. Ktrans, Kep, and iAUC were significantly higher in prostate cancer than in noncancer
lesions in the peripheral zone but not in the transition zone. Our study agreed with many
studies that showed similar results. A previous study showed that Ktrans, Kep, and AUC
for 90 s after injection were significantly higher in prostate cancer than in the normal
peripheral zone or in prostate cancer than in benign lesions [14,23]. Other studies showed
that Ktrans and iAUC were significantly higher in low-grade cancer than in high-grade
cancer in the peripheral zone, but not in the transition zone [7,13]. No DCE parameter was
significantly different between tumor and benign nodules in the transition zone [24]. Ve
was not different between prostate cancer and benign tissue or between clinically significant
cancer and clinically insignificant cancer in the studies [14,25,26].

We evaluated T1 and T2 values from NE and CE MRF values and the changes in T1
and T2 values. The differences in MRF-derived CE T1 and CE T2 values between prostate
focal lesions (including cancer) and the normal peripheral zone or transition zone have
been reported previously [20,21]. The differences in CE MRF values between noncancer
and prostate cancer have not been evaluated. For both readers, only the CE T2 value was
significantly lower in prostate cancer than in noncancer lesions in the peripheral zone and
transition zone. As no study has evaluated CE T1 or T2 values between prostate cancer and
noncancer, a further evaluation is necessary to validate the results. We interpret this result
based on the same context as a previous study; the CE T2 value was significantly lower in
prostate cancer than the normal peripheral zone or transition zone [21]. However, the CE T1
value was not significantly different between cancer and noncancer lesions. These results
were not expected because we usually use T1WI to evaluate CE MRI. Obtaining CE MRF
more than 3 min after contrast injection may be the reason why the CE T1 value was not
different between prostate cancer and noncancer. The absolute T1 value of the focal lesion
in the delayed phase may not be related to the enhancement pattern in the early phase
when prostate cancer commonly shows early enhancement and rapid washout [10,27].
The amount of contrast that is retained in prostate cancer may not be enough to make a
significant difference compared to noncancer in the delayed phase.

Regarding NE MRF, both readers’ results commonly showed that T1 and T2 values
were not different between prostate cancer and noncancer lesions in the peripheral zone
and transition zone. Some previous studies showed significantly lower T1 and T2 values
in prostate cancer than in noncancer lesions in both the peripheral zone and transition
zone [17,18]. In another study that analyzed prostate focal lesions regardless of location,
the T2 value was significantly lower in prostate cancer with Gleason grade group ≥ 2
than in noncancer. In the current study, the T2 value of peripheral zone cancer was lower
than that of noncancer, but it did not reach statistical significance. Additionally, there was
no significant difference in the T1 and T2 values between prostate cancer and noncancer
lesions in the transition zone. The differences in the results between the current study
and previous studies may be due to the small number of patients in each zone and the
noncancer group in this study.

Correlations between CE MRF values and DCE parameters have not been evaluated.
The CE T1 value was negatively correlated with Ktrans, Ve, and iAUC in prostate cancer
but not in noncancer lesions. The same results were observed in the peripheral zone. As
Ktrans represents the permeability of the vasculature, a higher Ktrans means a larger amount
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of contrast leakage into the EES that causes a greater decrease in the T1 value. Among
DCE MRI parameters, Ve showed the strongest correlation with the CE T1 value in prostate
cancer. Tissue with a larger Ve, which is the fractional volume of the EES per unit tissue
volume, may retain more contrast material, leading to a greater reduction in the T1 value
on CE MRF. We noted that Kep, which describes contrast reflux from the EES back into the
vascular component, was not correlated with any MRF parameters in prostate cancer and
noncancer. CE MRF was acquired after DCE MRI and may represent the characteristics
of the tissue in the delayed phase. Therefore, Kep may not affect the CE T1 value in the
delayed phase. Thus, this study proved that CE MRF values have different meanings
from the DCE parameters; this is understandable because CE MRF values are absolute
values measured at a certain time point and DCE parameters are used to measure the
pharmacokinetic effects of the contrast material.

There are several limitations in this study. First, this study is a retrospective study.
Although all patients underwent MRI-ultrasound fusion biopsy, it was difficult to assure
that the focal lesion on prebiopsy MRI was successfully targeted. However, we believe that
MRI-ultrasound fusion biopsy is the best clinically available method. Second, the number
of patients, especially the number of patients with transition zone lesions, was relatively
small. This study evaluated patients who underwent prebiopsy CE MRI, including NE
and CE MRF and biopsy. The inclusion criteria for this study were stringent, resulting in a
limited number of participants. Despite this constraint on sample size, the findings offer
valuable insights. Future research with larger patient cohorts will be pivotal in confirming
and enhancing the understanding gained from this study. Third, image analysis was
performed on a single axial image that may not reflect the characteristics of the entire lesion.
The high inter-reader agreement between the two readers in this study may compensate
for the limitation of the single-section image analysis. However, it is noteworthy that
despite the high inter-reader agreement between the two readers, the significance of the
statistical analyses showed slight variations between them. This could be attributed to
the relatively small size of prostate lesions, as including a slightly different number of
pixels could lead to minor yet significant alterations in the measurements. Fourth, while
statistically significant correlations were identified between MRF-derived values and DCE
parameters, these findings did not hold sufficient clinical relevance to routinely substitute
DCE-MRI with CE MRF from a quantitative standpoint. Nonetheless, considering that
correlations between DCE parameters and MRF values have not been explored previously,
presenting these results appears to be meaningful.

5. Conclusions

Some CE MRF values are different between prostate cancer and noncancer tissues and
correlated with DCE-MRI parameters. Prostate cancer and noncancer tissues may have
different characteristics regarding contrast enhancement.
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