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ABBREVIATIONS

ADC apparent diffusion coefficient
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BPH benign prostatic hyperplasia

CEUS contrast enhanced ultrasound

CDU colour Doppler ultrasonography

C-TRUS computerized transrectal ultrasound

CUDI contrast ultrasound dispersion imaging

CZ central zone

DCE dynamic contrast-enhanced imaging

DRE digital rectal examination

DTI diffusion tensor Imaging
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PCa prostate cancer

PDU power Doppler ultrasonography

PI-RADS Prostate Imaging-Reporting and Data System

PSA prostate-specific antigen

PZ peripheral zone

QSE quasi-static elastography

SBx systematic biopsy

SVS single voxel spectroscopy

SWE shearwave elastography
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TZ transition zone

TRUS transrectal ultrasound

USMI ultrasound molecular imaging

UCA ultrasound contrast agent

T1W T1-weighted imaging
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1
NORMAL PROSTATE ANATOMY

The prostate is a small gland in the urogenitary and male reproductive system. It is 
located in the pelvis of the men, with its base surrounding the neck of the bladder while 
its apex terminates at the membranous urethra of the penis. It is a composite organ 
composed of various tissue types and its main role is the secretion of sperm-activating 
fluid, one of the main components of ejaculate.1,2 Furthermore, the fibromuscular 
tissue of the prostate prevents retrograde ejaculation into the bladder.3 The prostate 
and its surrounding periprostatic fascia are also pivotal in the maintenance of urinary 
continence.4 Although there is wide variability in prostate volume on individual level, a 
normal prostate has a mean volume of 25 to 30 mL in men aged 50 to 59 while prostate 
volume increases by 1.5 to 2.2% per year increase in age.5,6

 

FIGURE 1. Overview of the prostate position and zonal anatomy; A: lateral view, B: coronal view

From superior to inferior, the prostate consists of the base, the mid gland, and the apex. 
It is composed of three glandular zones and a fourth non-glandular zone. The different 
zones are tightly fused together with a sheath of fibromuscular tissue.7 The peripheral 
zone (PZ) surrounding the distal urethra contains 70% to 80% of the glandular tissue. 
It can be subdivided in a posterior-medial, posterior-lateral and anterior section.7,8 
The central zone (CZ) is a flattened, cone-shaped glandular zone surrounding the 
ejaculatory ducts most prominent at the base of the prostate and contains about 20% of 
the glandular tissue.8 The transition zone (TZ) surrounds the proximal urethra anterior-
medially as two lobes and contains about 5% of the glandular tissue. The TZ will account 

A B
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for an increase in gland volume over time due to benign prostatic hyperplasia (BPH).9 
BPH is a non-malignant enlargement of the prostate caused by stromal and epithelial 
hyperplasia occurring in the TZ with aging.10 The anterior fibromuscular stroma (AFS) 
is the main non-glandular zone of the prostate. This wedge-shaped stromal barrier, 
occupies most of the anteromedial prostatic tissue, and shields the prostatic urethra 
and glandular zones from overlying structures.9 Figure 1 provides an overview.

EPIDEMIOLOGY AND AETIOLOGY

Prostate cancer (PCa) develops in the prostate gland due to abnormal growth and 
division of prostate epithelial cells. The malignant cells have the potential to spread 
to other parts of the body, most often the lymph nodes and bones, where they can 
cause metastatic tumours and eventually lead to death.11,12 PCa is the second most 
commonly diagnosed cancer in men and is among the leading causes of cancer-related 
death in men.13,14 In 2018, 1,276,106 new cases of PCa were registered while a total 
of 358,989 men died from PCa. As such, PCa respectively makes up 13.5% of all new 
cancers diagnosed worldwide.14 In the Netherlands, a total of 12,000 men are diagnosed 
with PCa every year while 2900 men died from the disease in 2018.15 The incidence of 
clinically diagnosed PCa varies widely between different geographical areas, being 
highest in Western countries largely due to the use of prostate-specific antigen (PSA) 
testing and the aging population.16

Established risk factors for PCa include black race, a family history of the disease and 
certain genetic polymorphisms.16,17 The prevalence of both clinically diagnosed and 
histologic PCa increases with age. Autopsy studies demonstrate that 15% to 30% of 
men older than 50 years have histologic evidence of PCa while by age 80 approximately 
60% of men have evidence of histological prostate carcinoma at autopsy.17,18 Symptom 
development and clinical diagnosis mostly occur in older men if at all: many men die 
of other causes long before any PCa related symptoms are clinically manifest. Thus, 
PCa develops at older age and is usually slowly growing with a long preclinical phase 
before possibly progressing to clinical significance. Most PCa tumours are so-called 
latent or indolent and are unlikely to progress to biologic significance in the absence 
of treatment and do not cause any harm.19,20 However, early detection and treatment of 
aggressive PCa, before it has the opportunity to develop to an unfavorable metastatic 
stage, can mean an important benefit for the patient’ survival. It is therefore important 
to diagnose only those men where PCa could develop into a life-threatening disease as 
interventions for PCa can have adverse effects on sexual, urinary, and bowel function.
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1
PATHOLOGY

The diagnosis of PCa is generally based on histology of prostate biopsy tissue. The 
diagnostic criteria include features pathognomonic of PCa, major and minor features 
favouring PCa and features against PCa.21 Prostate biopsy tissue is graded by the 
pathologist after microscopic examination of the biopsy specimens using the Gleason’s 
pattern scale.22 The Gleason pattern is based on microscopic analysis of the level 
of cellular differentiation and PCa is rated with a grade 3 to 5, where grade 3 is well 
differentiated and grade 5 is poorly differentiated. In a biopsy core, the Gleason score 
(GS) is the sum of the most extensive (primary) Gleason pattern, plus the pattern with 
the highest Gleason grade, if two patterns are present. If one pattern is present, the 
score of the Gleason pattern is doubled to yield the GS. For PCa, the GS thus ranges from 
GS 3+3=6 to GS 5+5=10.

The GS is the most important (pathologic) parameter for risk stratification and 
therapeutic decision making in PCa patients. GS 3+3=6 PCa is often classified as clinically 
insignificant PCa as pure Gleason grade 3 PCa does not metastasize.20,23 Many patients 
with GS 6 PCa are therefore eligible for active surveillance (AS) to avoid unnecessary 
treatment while active treatment has been generally performed in men with PCa with 
a GS of 7 or higher. However, GS 7 shows considerable heterogeneity in pathological 
features, molecular background and clinical outcome.24,25 The anomaly that highly 
differentiated PCa has a GS 6 (instead of 1 like the grading in other carcinomas) and 
the clinically heterogeneous subset of GS 7 PCa has led to an update of the GS into 
International Society of Urological Pathology (ISUP) grades (ranging from 1 to 5) by the 
2014 ISUP Gleason Grading Conference of Prostatic Carcinoma.26 Adoption of the ISUP 
grading system (see Table 1.) is preferred as it provides a clear split-up of GS 7 cancers 
into ISUP grade 2 (primary Gleason grade 3; GS 3+4) and ISUP grade 3 (primary Gleason 
grade 4; 4+3), because of their distinct prognostic impact.

TABLE 1. International Society of Urological Pathology grades

Gleason score ISUP grade

2-6 1

7 (3+4) 2

7 (4+3) 3

8 (4+4 or 3+5 or 5+3) 4

9-10 5



14

Chapter 1

DIAGNOSIS OF PROSTATE CANCER

Digital rectal examination and prostate-specific antigen
PCa is usually suspected on the basis of digital rectal examination (DRE) and serum 
PSA levels. The location of the prostate just anterior of the rectum allows for palpation 
with the index finger through the anus. Due to increased stiffness of PCa, lumps and 
irregularities are suggestive for the presence of a PCa tumor. Many (non-palpable) tumors 
however remain undetected and DRE suffers from high inter-operator variability.27

In patients harboring PCa, the serum PSA level is usually increased. However, PSA is not 
cancer-specific and therefore lacks specificity, meaning that it can also be elevated in 
other conditions such as BPH and prostatitis.28,29 It is a continuous parameter, with higher 
levels indicating greater likelihood of PCa, however, many men may harbor PCa despite 
having low serum PSA values.30,31 There is no true PSA cutoff point distinguishing PCa 
from non-cancer, let alone clinically significant PCa from insignificant PCa. Mainly due 
to these limitations, PSA-based population screening is one of the most controversial 
topics in the urological literature.16,30,32 Although population screening can achieve a 
significant reduction in PCa-related mortality, this reduction goes hand in hand with 
many unnecessary PSA tests, unnecessary diagnostic evaluations and even treatments 
with potential side effects, such as incontinence and impotence, which can have a 
significant impact on the quality of life.33–35 Based on the European Randomized Study 
of Screening for Prostate Cancer (ERSPC), to prevent one PCa-specific death, one should 
screen 781 men and diagnose 27 men, respectively.32,36

The European Association of Urology (EAU) guidelines on PCa advise to offer PSA 
testing to well informed men with a life expectancy of at least ten years and counsel 
them on the potential benefits and risks.16,30 A PSA threshold of 4 ng/mL has been used 
to recommend referral for further diagnostic evaluation. In case of a clinical suspicion 
of PCa, based on an elevated PSA-level and/or an abnormal DRE, further diagnostic 
evaluation is performed. Until recently, standard of care was to perform a systematic 
prostate biopsy (SBx) for the diagnosis of PCa.37 Small tissue samples are biopsied with 
a thin needle (normally 18 gauge) for histopathological examination by a pathologist.

Systematic prostate biopsy
Systematic prostate biopsy (SBx) is a procedure where biopsies are taken out of the 
prostate following a standardized template using transrectal ultrasound (TRUS) 
imaging.38 For the initial biopsy, a total of 8 to 12 biopsy cores are generally taken out 
of the prostate divided over the prostate gland in a systematic fashion with additional 
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cores from suspect areas identified by DRE or TRUS. In terms of biopsy location, as seen 
in Figure 2, these biopsy cores are taken from base to apex in the PZ, as TZ biopsies do 
not improve PCa detection rates at initial biopsy.39
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FIGURE 2. Schematic representation of a transrectal ultrasound-guided systematic biopsy approach

SBx is mostly performed transrectally. Complications after transrectal SBx such as pain, 
hematuria (blood in the urine) and hematospermia (blood in the semen) are frequent 
but often self-limiting.40,41 However, the incidence of hospitalization due to severe 
biopsy-related infections is increasing, as a result of antibiotic resistance. Consequently, 
there has been a renewed interest in prostate biopsy with a transperineal approach 
as some evidence suggests reduced infection risk with the transperineal route.42,43 A 
meta-analysis of 4,280 men randomized between transperineal versus transrectal SBx 
in thirteen studies found no significant differences in complication rates, while the 
transperineal approach required more (local) anaesthesia.44 Furthermore, PCa detection 
rates are comparable between the two approaches, despite the transperineal route 
providing for better systematic sampling of the entire prostate including the anterior 
region and TZ.44

Limitations in the systematic biopsy pathway
Performing SBx in all patients with an elevated PSA and/or abnormal DRE has well 
known limitations. First of all, many men without PCa undergo unnecessary SBx.45,46 In 
addition, clinically significant PCa can be missed. PCa has been found in up to 30% of the 
patients with a negative SBx that underwent a repeat SBx.38 Template mapping biopsies 
or saturation biopsy (with 25 to 50 cores per procedure) have shown to detect PCa in 
41% to 56% of men that had previous negative SBx and the majority of these cancers 
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were clinically significant with a GS ≥7 (ISUP grade ≥2).47,48 Third, clinically insignificant 
PCa is often detected with SBx while the majority of these lesions would normally not 
grow towards clinical significance and this overdiagnosis has led to overtreatment, 
with the potential for unnecessary side effects.35,49 Lastly, there is poor correlation with 
final (radical prostatectomy) histopathology with a universal inaccuracy of the biopsy 
Gleason grade to predict the prostatectomy Gleason grade.50 In a meta-analysis of 
14,839 patients that underwent SBx and radical prostatectomy, GS upgrading (thus a 
higher GS at radical prostatectomy than SBx) occurred in 30% of the patients.51

Numerous studies have evaluated the use of a more extended SBx scheme (18-core 
or 21-core) but these strategies did not significantly improve PCa detection rate and 
run the risk of increasing detection of insignificant PCa.39,52 Saturation biopsy improved 
PCa detection but also carried a high additional burden for both the patient and the 
healthcare system, including the need for (general) anesthesia, additional equipment, 
specimen processing, pathological evaluation and higher costs.

Widespread use of PSA testing and subsequent 10 to 12-core SBx has resulted in a 
dramatic increase in the diagnosis of PCa and approximately 80% of the men with PCa 
are identified with a clinically localized stage at diagnosis. Current treatment options for 
localized PCa are often stratified with the D’Amico classification system, originally based 
on the grouping of patients with a similar risk of biochemical recurrence after curative 
treatment.53 As demonstrated in Table 2, the variables are PSA, clinical staging based on 
DRE (see section 1.4.1) and the GS/ISUP grade of prostate biopsy specimens.

TABLE 2. D’Amico classification system for prostate cancer

Localized Locally advanced

Low-risk Intermediate-risk High-risk

PSA < 10 ng/mL PSA 10-20 ng/mL PSA > 20 ng/mL any PSA

and GS < 7
(ISUP grade 1)

or GS 7
(ISUP grade 2/3)

or GS > 7
(ISUP grade 4/5)

any GS
(any ISUP grade)

and cT1-2a or cT2b or cT2c cT3-4 or cN+

For localized PCa, treatment options include: AS, radical prostatectomy (with 
and without pelvic lymphadenectomy) or radiation therapy (external beam or 
brachytherapy) in combination with short, or long-term androgen deprivation therapy. 
AS is an attractive option for low-risk or favourable intermediate-risk tumours. AS, 
aims to avoid unnecessary treatment in men with clinically localized PCa who do not 
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require immediate treatment, but at the same time achieve correct timing for curative 
treatment in those who eventually do.16 Patients remain under close surveillance 
with standardized protocols consisting of regular PSA-testing and follow up prostate 
biopsies. AS confers a low risk of disease-specific mortality (0 to 1%) in the short to 
intermediate term with superior functional outcomes as compared to active treatment 
options.54,55 More than one-third of patients are ‘re-classified’ during follow-up, most 
of whom require curative treatment due to disease upgrading, increase in disease 
extent, disease stage, progression or patient preference.56 The goal of active treatment 
options, radical prostatectomy or radiation therapy is the eradication of cancer, while 
whenever possible, preserving continence and potency. In radical prostatectomy, the 
entire prostate with its capsule intact and seminal vesicles are removed. In external 
beam radiotherapy (EBRT), X-rays are generated outside the patient and targeted at 
the tumour site while (internal) brachytherapy, involves the placement of radioactive 
seeds, either temporarily or permanently, in the prostate to deliver the radiation dose. 
Combination with androgen deprivation therapy is recommended in high-risk PCa 
cases.16

For decades, many patients diagnosed with a localized intermediate risk PCa generally 
received active treatment. Recent data from the PROTECT trial however demonstrated 
that 95 out of every 100 men with low or intermediate risk localized PCa do not die of 
PCa within 10 years, irrespective of whether treatment is by means of AS, surgery, or 
radiotherapy.57 Recent data of the Prostate Cancer Intervention Versus Observation Trial 
(PIVOT) with a median of 18.6 year of follow-up demonstrated that surgery for clinically 
localized PCa resulted in only a small, very long-term reduction in all-cause mortality 
compared with observation (not be compared with AS which is more strict).58 These 
findings indicate the good prognosis for the majority of patients with low-risk and 
intermediate-risk localized PCa, and highlight the need to carefully risk stratify patients 
to ensure that patients are appropriately managed and treated. It could well be that 
we will see a distinction between favourable- and unfavourable-risk patient categories 
within the intermediate risk group.59,60

The diagnostic work up and risk stratification with PSA, DRE and subsequent SBx is 
not able to sub-stratify for the need of treatment within the low- and intermediate-
risk group, respectively. Identification of individuals benefitting from early intervention 
while reducing harms of ineffective treatments and/or overtreatment remains 
insufficient as inherent limitations in this diagnostic pathway lead to unnecessary 
diagnosis of low-risk tumours with subsequent necessity for AS or invasive treatment 
while clinically significant PCa are being missed or undergraded with under-treatment 
of intermediate- to high-risk PCa as a consequence.35,46,61 The challenge of obtaining 
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pretreatment diagnostic tools that can not only detect PCa but accurately distinguish 
insignificant PCa from clinically significant PCa is at present the main objective of PCa 
diagnosis. Prompted by the disadvantages of SBx, PCa research has strongly focused on 
imaging modalities and risk-stratification with prediction models.

Imaging
Imaging has the potential to address many of the diagnostic limitations in PCa diagnosis. 
Accurate imaging techniques could indicate the need for prostate biopsy and provide 
for localization of clinically significant PCa with image-guided needle placement to 
the region of interest. With less men undergoing biopsies and less biopsy cores per 
procedure, imaging could reduce overdiagnosis and morbidity of diagnostic methods. 
By offering a better differentiation between insignificant and clinically significant PCa, 
imaging could improve patient’ risk-stratification and reduce overtreatment. Research 
on imaging has primarily focused on magnetic resonance imaging (MRI) and ultrasound 
(US) imaging

Magnetic resonance imaging
MRI has been used for non-invasive assessment of the prostate gland and surrounding 
structures since the 1980s. Initially, prostate MRI was based solely on morphologic 
assessment using T1-weighted (T1W) and T2-weighted (T2W) pulse sequences.62 
Advances in technology have led to the development of multiparametric MRI (mpMRI), 
which combines anatomic T2W with functional and physiologic assessment, including 
diffusion-weighted imaging (DWI) and its derivative apparent-diffusion coefficient 
(ADC) maps along with dynamic contrast-enhanced (DCE) MRI.63 Magnetic resonance 
spectroscopy is not included in mpMRI as its added value for PCa diagnosis has not 
been confirmed. Figure 3 presents an overview of the MRI modalities in PCa imaging. 
DWI determines the random motion (or diffusion) of water molecules, referred to as 
Brownian motion.64 Most clinically significant PCa have restricted/impeded diffusion 
compared to normal tissues and thus appear bright on DWI at high b values (factor 
of strength and timing of gradients to generate DWI) while at the same time, the ADC 
is lower and PCa lesions therefore appear hypointense on ADC maps.65 DCE MRI is 
defined as the acquisition of rapid T1W gradient echo scans before, during and after the 
intravenous administration of a gadolinium-based contrast agent.63 As with many other 
malignancies, PCa often demonstrate early enhancement compared to normal tissue. 
A standardized procedure for mpMRI was introduced in 2012, the Prostate Imaging-
Reporting and Data System (PI-RADS), a scoring system in which radiologist grades a 
lesion on a 1 to 5 scale based on the likelihood that the combination of mpMRI findings 
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correlate with the presence of clinically significant PCa.63 The most recent PI-RADS 
version-2.1 has a diminished role for DCE-MRI as actual kinetics of PCa enhancement 
are quite variable and heterogeneous.66

FIGURE 3. Overview of the magnetic resonance imaging modalities in prostate cancer diagnosis; Adapted 
from: Wildeboer, R. R. (2019). Multiparametric and multidimensional: a three-dimensional and multiparametric 
approach to ultrasound imaging of prostate cancer. Eindhoven: TU Eindhoven.

Correlation with radical prostatectomy specimens shows that mpMRI has good 
sensitivity for the detection of ISUP grade ≥2 PCa.61 In a recent Cochrane meta-analysis 
which compared mpMRI to template biopsies, mpMRI showed a pooled sensitivity of 
0.91 (95% CI: 0.83-0.95) and a pooled specificity of 0.37 (95% CI: 0.29-0.46) for ISUP grade 
≥2 PCa.67 As a result, mpMRI is increasingly used to localize suspicious areas that could 
be targeted with MRI-targeted biopsies (MRI-TBx). MRI-TBx can be obtained through 
cognitive registration on TRUS, MRI-TRUS fusion software or direct in-bore guidance in 
the MRI scanner. Current literature does not show a clear superiority of one technique 
over another.68,69

Numerous studies have compared MRI-TBx and SBx in the detection of clinically 
significant PCa. Two different systematic reviews of these studies demonstrated that 
MRI-TBx outperforms SBx in the detection of clinically significant PCa in patients with a 
prior negative SBx, but not in biopsy-naïve men as the pooled detection ratios for ISUP 
grade ≥2 PCa was 1.44 (95% CI: 1.19-1.75) respectively, in patients with prior negative 
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systematic biopsies, and only 1.05 (95% CI: 0.95-1.16) in biopsy-naïve patients.70,71 Until 
recently, the EAU Guidelines on PCa therefore only recommended the performance of 
mpMRI and MRI-TBx in patients with a persisting suspicion of PCa despite a previous 
negative SBx.37

Three prospective multicenter randomized controlled trials evaluated MRI-TBx 
in biopsy-naïve patients. In the PRECISION trial, 500 biopsy-naïve patients were 
randomized to either MRI-TBx only or SBx only. The detection rate of ISUP grade ≥2 PCa 
was significantly higher in men assigned to MRI-TBx than in those assigned to SBx.72 In 
the MRI-FIRST trial, 251 biopsy-naïve patients underwent SBx and MRI-TBx in a blinded 
fashion. Detection of ISUP grade ≥2 PCa was comparable between MRI-TBx and SBx, 
however, MRI-TBx detected significantly more ISUP grade ≥3 PCa than SBx.73 The 4M 
study included 626 biopsy-naïve patients; all patients underwent SBx and subsequent 
MRI-TBx, the detection ratio for ISUP grade ≥2 PCa was comparable between both 
strategies.45 Thus, MRI-TBx significantly outperforms SBx for the detection of ISUP 
grade ≥2 in the repeat-biopsy setting while in biopsy-naïve patients, the difference 
appeared to be less marked. Furthermore, all three trials demonstrated that MRI-TBx 
significantly reduced the detection of ISUP grade 1 PCa and thus overdiagnosis of low-
risk disease, as compared to SBx. An mpMRI pathway, in which patients with a positive 
mpMRI undergo only MRI-TBx, and patients with negative mpMRI are not biopsied at 
all, is appealing since it could decrease the number of biopsy procedures, reduce the 
detection of insignificant PCa while maintaining the detection of clinically significant 
PCa, as compared to SBx.

However, results suggest that whilst it is a promising tool, it is not accurate enough to 
replace SBx for now, especially in the biopsy-naïve setting. A systematic review on the 
question whether patients with an negative MRI can safely obviate SBx demonstrated 
a median NPV for mpMRI of 82.4% (IQR, 69.0–92.4%) for overall PCa and 88.1% (IQR, 
85.7–92.3) for clinically significant PCa but median NPV decreased in biopsy-naïve 
patients to 69.9% (IQR, 64.2–78) for overall PCa and 80.4% for clinically significant 
PCa.74 In patients with a pre-biopsy positive mpMRI, a MRI-TBx strategy omitting SBx 
leads to the risk of missing up to 15% of clinically significant PCa, due to limitations 
of mpMRI reading and of precision during lesion targeting.75 Although at present, the 
EAU guidelines on PCa advise to perform a mpMRI before prostate biopsy (thus also in 
biopsy-naïve patients), SBx is also still advised, in addition to the MRI-TBx, to obtain the 
most accurate assessment of the entire prostate gland and only when clinical suspicion 
of PCa is (very) low, based on other clinical parameters, one could omit SBx on shared 
decision making.76,77
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Despite the use of the PI-RADSv2 scoring system, mpMRI inter-reader reproducibility 
remains moderate at best.78,79 Other drawbacks to the utility of mpMRI include 
significant capital and operational costs, workflow complexity, reliance on expert 
radiological resources and lack of lack of standardization of MRI-TBx and MRI access.80–82 
Therefore, there is still a crucial need to improve the mpMRI pathway, as it now may lead 
to suboptimal care outside large-volume (expert) centers.

Ultrasound
TRUS of the prostate was introduced in 1968 by Watanabe et al., while TRUS-guided 
biopsies were pioneered in the early 1980s.83,84 TRUS provides real-time, high-resolution 
imaging of the prostate gland, due to its proximity close to the rectal wall, at relatively 
low cost (in comparison with MRI). Due to high-quality images and ease of use, it is 
the most optimal technique for guiding prostate biopsies. TRUS and the associated 
modalities are listed in Figure 4 and presented in Figure 5.

B-mode imaging

On conventional B-mode or greyscale, PCa is classically described as a hypoechoic 
lesion (see Figure 1.5A). However, malignancy is only present in 17% to 57% of the hypo-
echoic lesions as BPH and prostatitis also appear as hypoechoic lesions.85 Furthermore, 
30% of the PCa tumours are isoechoic on B-mode TRUS. A biopsy study of 3912 patients 
published in 2004 revealed that PCa was detected in 25.5% with a hypo-echoic lesion, 
and in 25.4% without a hypo-echoic lesion.86 Despite technological advances in high-
frequency wideband probes, B-mode TRUS has an accuracy of only 50% to 60% and 
B-mode TRUS is therefore used for SBx guidance rather than TBx.87

Doppler sonography

Doppler sonography can be used in TRUS to visualize blood flow and perfusion in 
tissue and traditionally, colour Doppler ultrasonography (CDU) and power Doppler 
ultrasonography (PDU) are distinguished. PCa is associated with angiogenesis and as a 
result (neo)vascularization is a prime marker of PCa.88 Multiple studies have shown a clear 
correlation between higher GS and abnormalities on Doppler US such as hyperperfused 
lesions (see Figure 1.5C).89,90 The main shortcoming of CDU and PDU is the inability to 
visualize low blood flow in the microvasculature of prostate tissue and detection with 
CDU/PDU-TBx is insufficient to omit SBx.89–91
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FIGURE 4. Overview of the ultrasound imaging modalities in prostate cancer diagnosis. Adapted from: 
Wildeboer, R. R. (2019). Multiparametric and multidimensional: a three-dimensional and multiparametric 
approach to ultrasound imaging of prostate cancer. Eindhoven: TU Eindhoven
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FIGURE 5. Ultrasound imaging modalities in the diagnosis of a histopathology proven clinically significant 
prostate cancer; A: B-mode or greyscale ultrasound: A hypo-echoic lesion in the left side of the prostate (white 
arrow); B: Shearwave Elastography: A highly stiff region in red is visible in the left side of the prostate on the 
elastogram (white arrow); C: Color-Doppler ultrasound: Increased vascularity in the left side of the prostate 
(white arrow); D: Contrast-enhanced ultrasound: Early enhancement in the left prostate (white arrow). E: 
Contrast ultrasound dispersion imaging: A suspicious red-colored focus on the CUDI parametric map in the 
left prostate (white arrow).
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Elastography

Due to high cell density and collagen depositions, PCa lesions are generally stiffer than 
healthy prostate tissue.92 Elastography assesses tissue elasticity (e.g. tissue stiffness), 
the tendency of tissue to resist deformation with an applied force, or to resume its 
original shape after removal of the force.93 Quasi-static (strain) and dynamic methods 
are distinguished. In quasi-static methods, the applied force is manually delivered 
through cyclic compressions by the clinician with the TRUS probe.94 A meta-analysis of 
seven studies compared strain elastography with radical prostatectomy specimens and 
found a pooled sensitivity and specificity of 72% and 76%, respectively.95 Drawbacks 
of strain elastography are its operator dependency and the fact that it cannot provide 
quantitative elasticity data.

Dynamic methods, such as Acoustic Radiation Force Imaging and Shearwave 
elastography (SWE) employ an acoustic-radiation-force “push” pulse and do not require 
compression/release on the rectal wall.96 SWE, the most used dynamic technique 
for PCa diagnosis, is a multi-wave imaging technique. First, a shear wave is remotely 
induced by the TRUS probe in the prostate using the acoustic radiation force of a 
focused ultrasonic beam; and second, the shear wave propagation is captured by 
imaging the prostate with the probe. The shear modulus (i.e., stiffness) is derived by 
measuring the shear wave propagation speed.96 The shear wave speed (in m/s) or the 
Young’s modulus (in kPa) is color-coded for each pixel and displayed as an overlay on 
the image in B-mode (see Figure 1.5B). Because this method is quantitative, it may be 
used to define stiffness thresholds to discriminate benign and malignant prostate tissue, 
thereby allowing a more reliable and standardized detection of PCa in comparison with 
strain elastography.92 A systematic review and diagnostic meta-analysis of SWE in the 
detection of PCa demonstrated a good performance with a pooled sensitivity of 83% 
(95% CI, 0.66–0.92) and a specificity of 85% (95% CI, 0.78–0.90) for the detection of PCa. 
Furthermore, development of three-dimensional (3D) TRUS probes has enabled 3D SWE 
and first results were recently published.97 On the downside, specific recommendations 
regarding PCa-related elasticity cutoff values cannot be made yet because of study 
heterogeneity.98

Contrast-enhanced ultrasound

Contrast-enhanced US (CEUS) uses ultrasound contrast agents (UCAs) in conjunction 
with contrast specific imaging techniques. UCAs are gas microbubbles coated with a 
biocompatible shell. They stay intravascular and act as resonant scatterers producing 
echoes with characteristic harmonics that can be used for real-time dynamic evaluation 
of the (micro)vascular architecture and contrast enhancement patterns.99 UCAs have 
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good clinical safety with a very low incidence of side effects and minimal risk for 
patients.100,101 After use in thousands of patients, adverse events of UCAs appear to be 
mild, transient and resolve spontaneously within a short time without sequelae.102–104 
UCAs were initially used for enhancement of Doppler techniques.105 By lowering the 
mechanical index, UCAs can be imaged in a non-destructive fashion based on the 
separation between the non-linear response induced by the microbubble oscillations 
and (quasi)linear US signal reflected by tissues. CEUS has been specifically developed to 
isolate these nonlinear signals backscattered by microbubbles from those backscattered 
by blood and tissue.106–108

Already in 1997, attempts to improve the detection and diagnosis of PCa have been 
made with the use of UCAs.109 PCa tumors require increased blood supply provided 
by angiogenesis to progress beyond the size of 2 mm and develop into a clinically 
significant tumor.88 These small angiogenic vessels typically exhibit an irregular, tortuous 
architecture and altered, leaky, endothelial lining causing irregular blood flow.110 These 
alterations in tumor vascularity and microvascular flow patterns are targeted by CEUS. 
The most useful cues for PCa suspicious areas are a rapid inflow, increased maximal 
(peak) enhancement compared to the surrounding tissue and/or hypoenhancing/non-
enhancing of an area with clear hyperenhanced boundaries. (see Figure 1.5D).111,112 A 
2013 meta-analysis of CEUS, including 16 studies with a total of 2624 patients, found 
a pooled sensitivity and specificity of 70% and 74%, respectively, but also stressed 
the lack of standardization and subsequent inhomogeneous findings.113 Although the 
qualitative interpretation and subsequent targeting of lesions on CEUS has shown 
promising results for PCa detection, the sensitivity is not sufficiently high to replace 
SBx.70,114 Moreover, CEUS is hampered by a slow learning curve and inter-observer 
variability.115 To overcome these drawbacks, objective quantification techniques using 
time-intensity curves have been introduced for PCa detection.116–118

Contrast-ultrasound dispersion imaging

Most (semi)quantitative CEUS approaches of the prostate asses blood perfusion 
parameters (e.g. “wash-in rate”, “peak intensity” and “time to peak enhancement”). 
Instead of quantifying perfusion parameters, Mischi et al. focused on the dispersion 
kinetics (intravascular microbubble spreading by apparent dispersion) of the UCA, a 
method called contrast-ultrasound dispersion imaging (CUDI) (see Figure 1.5E).118,119 
The rationale behind this approach, based on the interpretation of bubble transport 
through the microvascular bed as a convective-dispersion process, is that the properties 
of the angiogenic microvasculature associated with malignancy are better reflected by 
dispersion than perfusion.88,120 Dispersion within malignant tissue is predictably lower 
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because of the less efficient, irregular structure of the angiogenic microvascular network. 
The dispersive behavior of the microbubble bolus has been assessed with curve fitting 
and similarity analysis.121–123 More recently, the analysis of the entropy of the velocity 
vector fields as a measure of macroscopic flow heterogeneity has been correlated 
to presence of PCa.124 Preliminary validation with radical prostatectomy histology 
demonstrated promising area under the ROC curves ranging from 0.72 up to 0.84.119,121,124 
Furthermore, like with 3D SWE, feasibility of 3D CUDI has been demonstrated.125

Multiparametric ultrasound

The above-mentioned US modalities exploit different physical characteristics of 
malignant tissue: B-mode visualize anatomical structures; CDU and PDU depict 
increased macrovascularity, CEUS and CUDI target microvascularity and dispersion 
while elastography depicts increased stiffness. Like with multiparametric MRI (mpMRI, 
see section 1.4.4.1), a combination of these modalities has the potential to detect more 
tumours while being also more specific, as more characteristics of suspicious lesions 
are evaluated. Unfortunately, there is limited data on the performance of combinations 
of US modalities. A 2015 systematic review demonstrated only 3 articles reporting 
diagnostic performance of a combination of US modalities.87 In a study by Brock et al., 
the multiparametric approach of CEUS and strain elastography decreased the false-
positive value of strain elastography alone from 35% to 10% and improved the positive 
predictive value from 65% to 90%.126 Both Nelson et al. and Xie et al. showed that TBx of 
the combination of different US modalities had superior PCa detection in comparison 
with TBx of the single US modality alone.89,127 At present, no study has tried to combine 
US modalities employing a system similar to the PI-RADS system used for mpMRI or 
more advanced classifying algorithms.

Risk-calculators
In the last 20 years, there has been an extensive development of predictive tools to 
aid clinicians in predicting (clinically significant) PCa at prostate biopsy. Likelihood of 
PCa presence and the necessity to perform a prostate biopsy can be estimated using 
more variables than just the PSA-level and DRE outcome. Risk calculators improve 
the diagnostic accuracy by adding other potential predictive risk factors (e.g. age, 
family history, prostate volume, TRUS findings) to the decisional process and provide 
individual risk estimation of having a biopsy-detectable (clinically significant) PCa.128 
Several risk-calculators have been developed to predict the outcome of SBx, and ERSPC 
risk-calculator and Prostate Cancer Prevention Trial (PCPT) risk-calculator are the most 
used.128 Both risk-calculators have been extensively externally validated and especially 
the ERSPC risk-calculators, being the best performing risk-calculators in the majority 
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of the studies, have been regularly updated.129–133 The original ERPSC risk-calculators 
combined data on the PSA level, DRE, TRUS findings, prostate volume and previous 
biopsy status of more than 6500 men to predict the risk of finding any PCa and clinically 
significant PCa in the biopsy of a specific patient (Figure 6).134

FIGURE 6. Risk calculator of the European Randomized Study of Screening for Prostate Cancer, Adapted from: 
www.prostatecancer-riskcalculator.com

Risk-based patient selection for SBx based on the ERSPC risk calculators has been shown 
to reduce the number of unnecessary biopsies by approximately 30%, resulting in a 
more favorable clinically significant-to-insignificant PCa ratio with only a marginal loss 
of clinically significant PCa in those men who receive a SBx.129,130,132,135

Recently, several groups have developed risk-calculators which combine mpMRI findings 
with clinical data as a tool to predict subsequent biopsy results. These nomograms 
require further external validation, but in due time they may outperform the original 
ERSPC risk calculators in the selection of patients who may benefit from SBx and/or 
MRI-TBx.136,137
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OBJECTIVES OF THIS THESIS

The complexity of PCa diagnosis relies in the heterogeneous nature of PCa with 
insignificant PCa being harmless while clinically significant PCa can cause metastatic 
tumors and eventually lead to dead.138,139 An optimal diagnostic strategy for PCa in 
clinical practice is thus based on the delicate balance of adequate detection of clinically 
significant PCa (sensitivity), assuredness regarding the accuracy of negative imaging 
(negative predictive value), limited detection of clinically insignificant PCa and good 
Gleason grade (ISUP grade) concordance with radical prostatectomy pathology to allow 
for accurate risk stratification and disease localization for treatment selection.39

Although the SBx pathway suffers from well-known limitations, it remains important in 
addition to mpMRI-TBx and is even considered an acceptable approach in biopsy-naïve 
men if mpMRI is unavailable.16 Therefore, there remains an ongoing need to improve the 
SBx pathway. Three-dimensional (3D) TRUS is an imaging method that not only allows 
for real-time US imaging of the prostate but also provides for a computer reconstructed 
third coronal plane as well as a 3D image. 3D TRUS offers the ability to register the location 
of the biopsy needle tract in the 3D space of the prostate and precisely record the site 
of each biopsy in the prostate, possibly leading to better distribution of biopsy cores in 
comparison with 2D TRUS.91,140,141 Biopsy processing with pre-embedding methods of 
biopsy cores in tissue cassettes results in optimal tissue presentation with preservation 
of shape and avoidance of artefacts and deformation, and has shown to improve 
histologic yield and achieve a higher frequency of PCa diagnosis.142,143 Risk calculators 
may be useful in helping to determine (on an individual basis) what the potential risk 
of clinically significant PCa may be, thereby reducing the number of unnecessary SBx.

The first part of this thesis focuses on the SBx pathway. The objective of this part of 
the thesis is to determine whether the diagnosis of PCa within the SBx pathway can be 
improved by implementation of 3D-TRUS guidance, biopsy core pre-embedding with 
tissue cassettes and pre-biopsy risk stratification. This part is divided into three chapters 
and focuses on the following research questions:

• Can we improve the clinically significant PCa detection rate of the SBx pathway? 
(Chapter 2)

• Can we improve the Gleason grade concordance between the systematic biopsy 
and radical prostatectomy, thereby allowing for a more accurate risk stratification 
and treatment selection? (Chapter 3)

• Can we select those men who need a SBx using currently available risk-calculators, 
thereby avoiding unnecessary biopsies and overdiagnosis? (Chapter 4)
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PCa imaging and subsequent imaging-based TBx is appealing since it holds potential 
to decrease the number of biopsy procedures and reduce the detection of insignificant 
PCa, while maintaining (or even improving) the detection of clinically significant PCa, 
as compared to SBx. The mpMRI pathway has rapidly become standard practice and 
is currently recommended by the EAU guidelines on PCa. Current limitations of the 
mpMRI pathway are the moderate inter-reader reproducibility of mpMRI and the lack of 
standardization of MRI-TBx, as well as the fact that MRI-TBx inter-operator reproducibility 
has not been evaluated. CUDI has shown promising results for PCa localization in 
validation studies with radical prostatectomy histology but its clinical diagnostic value 
is still unclear as it has not been introduced in the biopsy setting at present.

The second part of this thesis focuses on imaging-based TBx pathways and the role of 
these pathways in comparison with the SBx pathway. The objective of this part of the 
thesis to determine how the diagnosis of PCa can be improved with imaging-based TBx 
pathways. The second part is divided into three chapters and focuses on the following 
research questions:

• Does an imaging-based TBx pathway result in a more favorable clinically significant-
to-insignificant PCa detection ratio as compared to the SBx pathway? (Chapter 5 
and 6)

• Is there still need for SBx when performing an imaging-based TBx pathway? 
(Chapter 5 and 6)

• Can we select those men who need imaging and subsequent prostate biopsy using 
currently available risk-calculators, thereby avoiding unnecessary imaging, prostate 
biopsies and overdiagnosis? (Chapter 7)

Similar to MRI, none of the current US modalities in a stand-alone setting can replace 
SBx. Even though TRUS is practical, office-based, cost-effective and widely available for 
the urologist, at present, only small preliminary studies have evaluated the potential of 
multiparametric US in the diagnosis of PCa. Furthermore, these studies are generally 
known for their heterogeneity in acquisition, reporting and analytical methods.

The third and last part of this thesis focuses on the development and validation of 
multiparametric US for the diagnosis of PCa. The last objective of this thesis is to explore 
the role of a multiparametric US-based pathway in the diagnosis of PCa. This last part is 
divided into three chapters and focuses on the following research questions:

• Can we develop an US-based multiparametric framework for the diagnosis of PCa? 
(Chapter 8)
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• Does multiparametric US substantially improve the diagnostic capabilities of US for 
PCa compared to single US modalities? (Chapter 9 and 10)

• Can we use machine learning as an alternative to cognitive combination for the 
diagnosis of PCa with multiparametric US? (Chapter 10)

OUTLINE OF THIS THESIS

Part I: Systematic biopsy: The role of imaging, pathology and risk-
stratification
In Chapter 2, we compare the clinically significant PCa detection rates in men that 
underwent SBx with 3D TRUS-guidance and biopsy core pre-embedding with tissue 
cassettes with that in men that underwent SBx with a conventional 2D TRUS-guidance 
and biopsy processing method. Chapter 3 determines the value of 3D TRUS-guidance 
and biopsy core pre-embedding with tissue cassettes on pathological concordance 
between the GS of prostate biopsies and radical prostatectomy specimens in men 
that underwent SBx. In Chapter 4, we evaluate the ability of the existing ERSPC-risk 
calculator to predict the presence of (clinically significant) PCa and determine whether 
its usage results in a more favorable clinically significant-to-insignificant PCa ratio in 
those men who receive a SBx.

Part II: Novel imaging-based targeted biopsy pathways
In Chapter 5, we present the results of a head-to-head comparative prospective clinical 
trial on mpMRI-TBx, CUDI-TBx and SBx in biopsy-naïve men. All three different biopsy 
strategies are compared for the detection of clinically significant PCa, assuredness 
regarding the accuracy of negative imaging/sampling and detection of clinically 
insignificant PCa. Chapter 6 evaluates the additional clinical relevance of SBx for 
clinically significant PCa detection, Gleason grading and PCa localization in men with a 
positive pre-biopsy mpMRI undergoing TBx of the prostate. Risk-based patient selection 
could help to selectively identify men with clinically significant PCa and thus reduce 
unnecessary mpMRI and biopsies. In Chapter 7, we determine the rate of potentially 
avoided mpMRI and biopsies through individualized assessment of the clinically 
significant PCa risk using the ERPSC-risk calculators.

Part III: Diagnosing prostate cancer with multiparametric ultrasound
In Chapter 8, we describe the full study protocol of our prospective trial on mpUS 
performed in 50 patients with biopsy-proven PCa before planned radical prostatectomy 
using a clinical ultrasound scanner. Clinical validation of our mpUS approach is presented 
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in Chapter 9 as we evaluate the diagnostic performance of B-mode, SWE, CEUS with 
CUDI, as well as their combination, mpUS, for clinically significant PCa localization 
and index-lesion detection in a prospective clinical trial. In Chapter 10, we evaluate 
the technical feasibility and potential of machine learning for mpUS based on B-mode, 
SWE and DCE-US radiomics for the localization of PCa lesions through a random forest 
classification algorithm.

Part IV: Discussion and summary
Chapter 11 presents a general discussion and future perspectives based on this thesis. 
A summary of this thesis is provided in English and Dutch in Chapter 12.
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ABBREVIATIONS

2D Two-dimensional
3D Three-dimensional
CI Confidence interval
DRE Digital rectal examination
GS Greyscale
IQR Interquartile range
mpMRI Multiparametric magnetic resonance imaging
OR Odds ratio
PCa Prostate cancer
PSA Prostate-specific antigen
SD Standard deviation
TRUS Transrectal ultrasound
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ABSTRACT

Background
To overcome the limitations regarding two dimensional (2D) greyscale (GS) transrectal 
ultrasound (TRUS)-guided biopsy in prostate cancer (PCa) detection and tissue 
packaging in biopsy processing, there is an ongoing focus on new imaging and 
pathology techniques. A three-dimensional (3D) model of the prostate with biopsy 
needle guidance can be generate by the Navigo™ workstation (UC-care, Israel). The 
SmartBX™ system (UC-care, Israel) provides a prostate biopsy core preembedding 
method. The aim of this study was to compare cancer detection rates between the 3D 
TRUS-guidance and preembedding method with conventional 2D GS TRUS-guidance 
among patients undergoing prostate biopsies.

Methods
We retrospectively analyzed the records of all patients who underwent prostate biopsies 
for PCa detection at our institution from 2007 to 2016. The cohort was divided into a 2D 
GS TRUS-guidance cohort (from 2007 to 2013, n = 1149) and a 3D GS TRUS-guidance 
with preembedding cohort (from 2013 to 2016, n = 469). Effect of 3D GS TRUS-guidance 
with preembedding on detection rate of PCa and clinically significant PCa (Gleason score 
≥7 or>2 biopsy cores with a Gleason score 6) was compared to 2D GS TRUS-guidance 
using regression models.

Results
Detection rate of PCa and clinically significant PCa was 39.0 and 24.9% in the 3D GS 
TRUS cohort compared to 33.5 and 19.0% in the 2D GS TRUS cohort, respectively. On 
multivariate regression analysis the use of 3D GS TRUS-guidance with preembedding 
was associated with a significant increase in detection rate of PCa (aOR = 1.33; 95% CI: 
1.03–1.72) and clinically significant PCa (aOR = 1.47; 95% CI: 1.09–1.98).

Conclusion
Our results suggest that 3D GS TRUS-guidance with biopsy core preembedding 
improves PCa and clinically significant PCa detection compared to 2D GS TRUS-
guidance. Additional studies are needed to justify the application of these systems in 
clinical practice.

Keywords
Prostatic neoplasms, Biopsy, Three-dimensional imaging, Tissue embedding, Diagnosis
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BACKGROUND

Prostate cancer (PCa) is the most common malignancy among Western males.1 Early 
detection of PCa reduces PCa-related mortality and reduces the risk of being diagnosed 
and developing advanced or metastatic disease.2

PCa detection with systematic prostate biopsies under ultrasound guidance, in men 
identified with elevated serum prostate-specific antigen (PSA) and / or abnormal 
digital rectal examination (DRE), is considered as the preferred diagnostic method 
by guidelines from leading organizations.3,4 Although standard two dimensional (2D) 
greyscale (GS) transrectal ultrasound (TRUS)-guided biopsy is able to detect PCa, it has 
well known limitations. 2D GS TRUS has low sensitivity and specificity for detection of 
PCa and is therefore used to guide prostate biopsies rather than used as a diagnostic 
modality. Even in TRUS-guided biopsy there is still a 20–30% risk of sampling error with 
underdiagnoses of PCa that requires definitive treatment as a result.5,6 There is also poor 
correlation with final pathology.7-9 Unfortunately, imaging is not the only part with 
influence on PCa detection as inadequate tissue packaging in biopsy processing also 
tends to reduce PCa detection outcomes.10

To overcome these limitations and improve PCa detection, there is an ongoing focus on 
new imaging and pathology techniques. 3D GS TRUS is an imaging method that allows 
simultaneous imaging of the prostate in axial and sagittal plane, followed by a computer 
reconstructed third coronal plane as well as a 3D image.5 Effectiveness of 3D GS TRUS in 
detection and local staging of PCa is controversial as limited studies reported different 
outcomes.5, 11-13 However, the feasibility of 3D TRUS in assisting biopsy needle guidance 
was recognized in phantom and patient studies.14-16 More recently, Peltier et al. reported 
significant higher detection rates of clinically significant PCa using a 3D TRUS-guided 
biopsy system in clinical practice.17

Biopsy processing with preembedding methods of prostate biopsy cores result in 
optimal tissue presentation with preservation of shape and avoidance of artefacts 
and deformation, and have shown to improve histologic yield.18,19 Moreover, Rogatsch 
et al. demonstrated that the improvement of histologic yield using an optimized 
preembedding method led to a higher frequency of PCa diagnosis.20

Based on these findings, prostate biopsy sessions in our institution are performed 
since September 2013 with a phantom validated 3D GS TRUS-guided biopsy system 
(Navigo™ workstation, UC-care Medical Systems Israel) and a semi-automated prostate 
biopsy core preembedding method proven to improve histologic yield (the SmartBx™ 
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system, UC-care Medical Systems Israel).15,21 The purpose of the present study was to 
investigate the value of 3D GS TRUS-guidance and biopsy core preembedding in the 
detection of (clinically significant) PCa compared to conventional 2D GS TRUS-guidance 
in a consecutive cohort of men undergoing systematic prostate biopsies due to a clinical 
suspicion of PCa.

METHODS

In this retrospective cohort study, all consecutive men who underwent prostate 
biopsies between January 2007 and January 2016 in the Urology Department at the 
Jeroen Bosch Hospital in ‘s Hertogenbosch, the Netherlands, were included. Patient files 
were consulted for relevant information. Prostate biopsy sessions performed in patients 
with no prior history of PCa and a serum PSA level between 4.0 and 10.0 μg/L or PSA 
< 4.0 μg/L and a suspicious DRE were included in the study. We divided the eligible 
prostate biopsy sessions into two cohorts. From January 2007 up to September 2013 
consecutive biopsy sessions were performed in the 2D TRUS cohort. The 3D TRUS cohort 
consisted of the consecutive biopsy sessions with preembedding from September 2013 
up to January 2016.

2D TRUS cohort protocol
All prostate biopsy sessions were performed with prophylactic antibiotics in the lateral 
decubitus position. The prostate gland was assessed and scanned and prostate volume 
measurements were done using the ellipsoid formula, using a BK medical ultrasound 
machine (type 2202) and BK medical sidefire probe (type 8808, 6–10 MHz). A 12-core 
biopsy protocol, under periprostatic local anesthesia, was then performed consisting of 
biopsies on both sides in the peripheral zone, 2 biopsies of each base, mid and apex. The 
biopsy was performed using a spring-loaded gun with 18-gauge needles (Bard Magnum 
biopsy gun). Biopsy cores were placed in two vials, each vial containing 6 cores of one 
prostate lobe. Prostate cores were processed and examined in the hospital pathology 
laboratory. Number of cores per vial, length of biopsy cores, number of positive biopsy 
cores, ISUP 2005 Gleason score and tumour volume% of biopsy cores (since 2012) were 
reported.

3D TRUS cohort protocol
The 3D GS TRUS protocol is basically similar to the 2D TRUS protocol. The 3D GS TRUS 
system (Navigo™ workstation) was incorporated side by side in the room with 2D 
ultrasound images transferred and displayed on the 3D TRUS screen. A 3D model of 
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the prostate was built after prostate volume measurements and planimetry was done. 
The outline of the prostate border was manually traced and recorded on a slice-by-slice 
basis. In real time using an electromagnetic system (Fig. 1), the 12-core biopsy protocol 
was performed with tracking, displaying and recording of biopsy needle trajectory 
locations. Previously marked regions of interest were shown with colour indications on 
screen and sampled. Biopsy cores were fixed separately on six different cassettes (two 
cores of apex, mid and base on both sides) using the Smart-Bx™ device (Additional file 
2). SmartBx™ device is a semi-automated prostate biopsy core preembedding method, 
with a designed membrane to which the cores stay attached throughout pathology 
lab processing, and placed in two formalin-filled vials (3 cassettes in each vial with two 
cores of apex, mid and base of one prostate lobe).

FIGURE 1. Navigo™ 3D model with biopsy locations
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In both cohorts, biopsy sessions were performed by different operators. Operator was 
recorded for analysis and split into experienced (> 100 procedures/year and > 10 years of 
experience using TRUS guided biopsies) and less experienced (< 100 procedures/year). 
The following primary outcomes were compared: detection rate of PCa and detection 
rate of clinically significant (Gleason score ≥ 7 or Gleason score 6 with at least 3 positive 
biopsy cores). The following secondary outcomes were compared in patients with PCa 
at biopsy: amount of positive biopsy cores; ratio positive biopsy cores per total biopsy 
cores; tumour volume% of biopsy cores and Gleason score.

Statistical
Statistical analyses were performed using SPSS Statistics 23.0®. Descriptive statistics 
were used to summarize baseline characteristics. Continuous variables were presented 
with means and standard deviations (SD) or median and interquartile ranges (IQR) based 
on symmetrical distribution with the independent two sample t-test or Mann-Whitney 
U test used to assess differences, respectively. Percentage scores were presented for 
categorical variables with differences assessed using the Pearson Chi-Square test. To 
determine association between (clinically significant) PCa and the 3D GS TRUS-guided 
system with preembedding we calculated the crude and adjusted odds ratio with their 
95% confidence intervals (CI) for each outcome compared to the 2D GS TRUS cohort 
using univariate and multivariate logistic regression analyses. Covariables were entered 
on multivariate analysis, selected based on literature and/or performance: inclusion in 
the adjusted model when addition of the variable resulted in at least 10% change in the 
regression coefficient. A P < 0.05 was considered statistically significant in all analyses.3, 

22-24

RESULTS

Between January 2007 and January 2016 we performed 2917 prostate biopsy sessions in 
2171 different patients (Fig. 2). 2D TRUS biopsies were performed from 2007 to 2013 and 
3D TRUS biopsies were performed from 2013 to 2016. A total of 1618 prostate biopsy 
sessions in 1339 different patients met inclusion criteria. 469 (29.0%) and 1149 (71.0%) 
biopsy sessions were performed in the 3D TRUS and 2D TRUS cohort respectively. 
Patients with missing data on clinical, biopsy and pathology variables (PSA n = 4, DRE 
n = 112, prostate volume n = 13, length of cores n = 20) were excluded for multivariate 
analyses. Additionally, information on primary outcome was inadequate for 45 biopsy 
sessions and therefore these sessions were revised by one uro-pathologist.
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Prostate biopsy sessions in the JBZ 
Hospital, 's Hertogenbosch, the 

Netherlands between 2007-2016
Potentially eligible biopsy sessions

n=  2917 
in 2171 different patients

Prostate biopsy sessions 
eligible for analysis

n = 1618 
in 1339 different patients

2D TRUS cohort  
(i.e.  biopsy sessions before September 2013)

Whole group 
n= 1149 (71.0 %)

PCa: 385/1149 (33.5%)
Clin. sig. PCa: 218/1149 (19.0 %)

2D TRUS cohort
Prostate biopsy sessions 

Prior negative group
n= 286 in 241 patients (24.9 %)

PCa: 70/286 (24.5 %)
Clin. sig. PCa: 28/286 (9.8 %)

2D TRUS cohort
Prostate biopsy sessions 

Biopsy naive group 
n= 863 in 863 patients (75.1 %)

PCa: 315/863 (36.5 %)
Clin. sig. PCa: 190/863 (22.0 %)

3D TRUS cohort
(i.e. biopsy sessions since September 2013)

Whole group
n= 469 (29.0 %)

PCa: 183/469 (39.0 %) 
Clin. sig. PCa: 117/469 (24.9 %)

3D TRUS cohort
Prostate biopsy sessions

Prior negative group
n= 94 in  88 patients (20.0 %)

PCa: 32/94 (34.0 %) 
Clin. sig. PCa: 12/94 (12.8 %)

3D TRUS cohort
Prostate biopsy sessions 

Biopsy naive group
n= 375 in 375 patients (80.0 %)

PCa: 151/375 (40.3 %)
Clin. sig. PCa: 105/375 (28.0 %)

Biopsy sessions excluded from the study (n= 1299)
- Prior diagnosis of PCa  
- PSA > 10 ng/mL
- PSA <4 ng/mL without a suspicious DRE
- Biopsy sessions performed with 2D TRUS-guidance 

and preembedding 

FIGURE 2. Study population

Patient and biopsy characteristics
Several characteristics differed among the two cohorts for whole group and subgroups 
(biopsy naive and prior negative biopsy sessions only) analyses (Table 1). For whole 
group analysis, prostate biopsy sessions in the 3D TRUS cohort were more likely done 
in older patients (mean age in years; 64.6 vs. 63.0, p < 0.001), in patients with larger 
prostate volumes (median volume in cc; 46 vs. 40, p < 0.001), in a biopsy naive setting 
(80.0% vs. 75.1%, p < 0.05) and by the experienced operator (73.6% vs. 43.3%, p < 0.001) 
compared to the 2D TRUS cohort. The amount of biopsy cores taken per session was 
comparable in both cohorts (mean cores 12.3 vs. 12.3, p = 0.555), while fragmentation of 
biopsy cores occurred significantly less often in the 3D TRUS cohort (37.7% vs. 1.9%, p < 
0.001). The length of biopsy cores in millimeters was significantly larger in the 3D TRUS 
cohort (mean length in mm; 16.08 vs. 12.38, p < 0.001).
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TABLE 1. Patient and biopsy characteristics

Total 2D TRUS 3D TRUS P value

Whole group (1339 patients) 

Number of biopsy sessions N= 1618 N= 1149 (71.0 %) N= 469 (29.0 %)

Age in years, mean (SD) 63.4 (SD: 6.30) 63.0 (SD: 6.27) 64.6 (SD: 6.24) <0.001 

PSA in ng/mL, mean (SD) 6.92 (SD: 1.84) 6.95 (SD: 1.85) 6.84 (SD: 1.84) 0.248

DRE:
Benign, n (%)
Suspicious, n (%)

1028 (68.3 %)
478 (31.7 %)

739 (69.3 %)
327 (30.7 %)

289 (65.7 %)
151 (34.3 %)

0.167

Prostate volume in ml, median (IQR) 41 (30-56) 40 (30-54) 46 (33-63) <0.001 

Type of biopsy sessions:
Biopsy naive, n (%)
Prior negative, n (%)

1238 (76.5 %)
380 (23.5 %)

863 (75.1 %)
286 (24.9 %)

375 (80.0 %)
94 (20.0 %)

0.037

Type of operator:
Experienced, n (%)
Less experienced, n (%)

843 (52.1 %)
775 (47.9 %)

498 (43.3 %)
651 (56.7 %)

345 (73.6 %)
124 (26.4 %)

< 0.001

Biopsy cores per session, mean (SD) 12.3 (SD 1.04) 12.3 (SD 1.05) 12.3 (SD 1.02) 0.555

Biopsy sessions with 
fragmentation, n (%)

442 (27.3 %) 433 (37.7 %) 9 (1.9 %) <0.001

Length of biopsy cores 
in mm, mean (SD) a

13.84 (SD: 2.98) 12.38 (SD: 2.82) 16.08 (SD: 1.41) <0.001

Biopsy naïve group (1238 patients) 

Number of biopsy sessions N= 1238 N= 863 (69.7 %) N= 375 (30.3 %)

Age in years, mean (SD) 63.5 (SD: 6.46) 63.0 (SD: 6.43) 64.7 (SD: 6.35) <0.001 

PSA in ng/mL, mean (SD) 6.73 (SD: 1.87) 6.72 (SD: 1.87) 6.74 (SD: 1.86) 0.877

DRE:
Benign, n (%)
Suspicious, n (%)

777 (66.9 %)
385 (33.1 %)

556 (68.6 %)
255 (31.4 %)

221 (63.0 %)
130 (37.0 %)

0.063

Prostate volume in ml, median (IQR) 40 (30-55) 40 (29-52) 44 (32-60) < 0.001

Type of operator:
Experienced, n (%)
Less experienced, n (%)

643 (51.9 %)
595 (48.1 %)

368 (42.6 %)
495 (57.4 %)

275 (73.3 %)
100 (26.7 %)

< 0.001

Biopsy cores per session, mean (SD) 12.2 (SD 0.79) 12.2 (SD 0.80) 12.2 (SD 0.77) 0.779

Biopsy sessions with 
fragmentation, n (%)

334 (27.0 %) 325 (37.7 %) 9 (2.4 %) <0.001

Length of biopsy cores 
in mm, mean (SD) a

13.84 (SD: 2.96) 12.33 (SD: 2.78) 16.07 (SD: 1.40) <0.001
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TABLE 1. Continued

Total 2D TRUS 3D TRUS P value

Prior negative group (321 patients) 

Number of biopsy sessions N= 380 N= 286 (75.3 %) N= 94 (24.7 %)

Prior negative sessions specified:
Second session, n (%)
Third session, n (%)
Fourth session, n (%)
Fifth session, n (%)

300 (78.9%)
64 (16.8 %)
14 (3.7 %)
2 (0.5 %)

225 (78.7 %)
47 (16.4 %)
12 (4.2 %)
2 (0.7 %)

75 (79.8 %)
17 (18.1 %)

2 (2.1 %)
0

0.658

Age in years, mean (SD) 63.1 (SD: 5.79) 62.8 (SD: 5.80) 63.9 (SD: 5.73) 0.135

PSA in ng/mL, mean (SD) 7.54 (SD: 1.60) 7.65 (SD: 1.54) 7.20 (SD: 1.73) 0.023

DRE:
benign, n (%)
suspicious, n (%)

251 (73.0 %)
93 (27.0 %)

183 (71.8 %)
72 (28.2 %)

68 (76.4 %)
21 (23.6 %)

0.396

Prostate volume in ml, median (IQR) 46 (32-62) 44 (31-58) 54 (39-70) < 0.001

Type of operator:
Experienced, n (%)
Less experienced, n (%)

200 (52.6 %)
180 (47.4 %)

130 (45.5 %)
156 (54.5 %)

70 (74.5 %)
24 (25.5 %)

< 0.001

Biopsy cores per session, mean (SD) 12.6 (SD 1.56) 12.7 (SD 1.53) 12.6 (SD 1.67) 0.519

Biopsy sessions with 
fragmentation, n (%)

113 (29.7 %) 113 (39.2 %) 0 <0.001

Length of biopsy cores 
in mm, mean (SD) a

13.81 (SD: 3.05) 12.54 (SD: 2.96) 16.10 (SD: 1.48) <0.001

aBiopsy sessions with fragmentation were excluded for these analyses

Detection rate
In the 3D TRUS cohort, a total of 183 out of 469 (39.0%) and 117 out of 469 (24.9%) 
were found positive for PCa and clinically significant PCa compared to 335 out of 1149 
(33.5%) and 218 out of 1149 (19.0%) in the 2D TRUS cohort, respectively (Table 2). On 
univariate analysis the 3D TRUS cohort was significantly associated with detection of 
PCa (OR = 1.27, 95% CI 1.02–1.59) and clinically significant PCa (OR 1.42, 95% CI 1.10–
1.83). On multivariate regression analysis with age, DRE, prostate volume and type of 
operator included as covariates, the 3D TRUS cohort remained significantly associated 
with detection of PCa (aOR 1.33, 95% CI 1.03–1.72) and clinically significant PCa (aOR 
1.47, 95% CI 1.09–1.98). The association between 3D TRUS and detection of (clinically 
significant) PCa on multivariate regression analysis for the subgroups demonstrated 
significance for clinically significant PCa in the biopsy naive group (aOR 1.41, 95% CI 
1.02–1.96) and for PCa in the prior negative group (aOR 1.78, 95% CI (1.04–3.04) (Table 2).
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TABLE 2. Detection rate of all prostate cancer and clinically significant prostate cancer

Biopsy cohort n/N (%) Crude OR (95% CI) aORa (95% CI)

Whole group

Detection rate of PCa

Total 568/1618 (35.1 %)

3D TRUS 183/469 (39.0 %) 1.27 (1.02-1.59) 1.33 (1.03-1.72)

2D TRUS 385/1149 (33.5%) Reference Reference

Detection rate of clinically significant PCa

Total 335/1618 (20.7 %)

3D TRUS 117/469 (24.9 %) 1.42 (1.10-1.83) 1.47 (1.09-1.98)

2D TRUS 218/1149 (19.0 %) Reference Reference

Biopsy naive group

Detection rate of PCa

Total 466/1238 (37.6 %)

3D TRUS 151/375 (40.3 %) 1.17 (0.92-1.50) 1.20 (0.90-1.60)

2D TRUS 315/863 (36.5 %) Reference Reference

Detection rate of clinically significant PCa

Total 295/1238 (23.8 %)

3D TRUS 105/375 (28.0 %) 1.38 (1.04-1.82) 1.41 (1.02-1.96)

2D TRUS 190/863 (22.0 %) Reference Reference

Prior negative group

Detection rate of PCa

Total 102/380 (26.8 %)

3D TRUS 32/94 (34.0 %) 1.59 (0.96-2.64) 1.78 (1.04-3.04)

2D TRUS 70/286 (24.5 %) Reference Reference

Detection rate of clinically significant PCa

Total 40/380 (10.5 %)

3D TRUS 12/94 (12.8 %) 1.35 (0.66-2.77) -

2D TRUS 28/286 (9.8 %) Reference Reference
aadjusted Odds Ratio: adjusted for age, DRE, prostate volume and physician; badjusted Odds Ratio: adjusted for 
age, DRE and prostate volume and physician; cadjusted Odds Ratio: adjusted for age and Log(prostate volume); 
dthe number of events per variable are too low to be analysed in multivariable logistic regression analysis.

PCa positive biopsies: biopsy characteristics and Gleason score
Tumour biopsy characteristics between the 3D GS TRUS cohort and the 2D GS TRUS 
cohort in patients with positive PCa biopsies were not statistically different as the amount 
of positive biopsy cores, the ratio positive biopsy cores out of the total biopsy cores and 
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the percentage of tumour volume per PCa biopsy session did not differ between both 
groups (Additional file 3). The biopsy Gleason score among patients with PCa positive 
biopsies was significantly different between the 3D TRUS and 2D TRUS cohort in the 
whole group and biopsy naive subgroup analyses as more clinically significant and 
Gleason score ≥ 7 PCa was found in the 3D TRUS cohort (P < 0.05) (Additional file 4).

DISCUSSION

Limited studies with small sample sizes have been performed to assess the value of 3D 
GS TRUS in guiding prostate biopsies. Peltier et al. published the first cohort study into 
3D TRUS-guided prostate biopsy and detection rate of PCa. In 220 consecutive biopsy 
naive men, detection rate of PCa was significantly higher in the 3D TRUS group using 
the Urostation (Koelis®) compared with 2D TRUS (50.0% versus 33.6%, p < 0.05).17 In 
contrary, a previous study carried out in our institution with 325 men showed no added 
value of 3D TRUS guidance compared to 2D with all biopsy cores preembedded (aOR 
0.79, 95% CI 0.47–1.34).25

This present study, covering a period of 9 full years with 1618 prostate biopsy sessions, 
demonstrated higher detection rates of PCa and clinically significant PCa with the use 
of 3D TRUS-guidance and preembedding compared to conventional 2D GS TRUS-
guidance. These findings may be explained by different hypotheses. On one side, 
3D TRUS could have improved detection as it offers the ability to accurately register 
the location of the biopsy needle tract within the gland, possibly leading to better 
distribution of biopsy cores; instead needle placement with 2D-guidance is not always 
homogeneously distributed and tends to cluster.15, 26-28 Besides, length of biopsy cores 
was significantly larger and fragmentation occurred significantly less in the 3D GS TRUS 
cohort possibly also aiding detection of PCa as Iczkowski et al. and Rogatsch et al. 
demonstrated in their studies that length of biopsy tissue significantly correlates with 
PCa detection rate and higher frequency of PCa diagnosis was found with an improved 
preembedding method, respectively.19,20,25

Multiparametric MRI (mpMRI) of the prostate is increasingly used in the diagnostic 
pathway of PCa and three large studies, evaluating the detection rates of an MRI-
targeted biopsy approach and TRUS guided systematic biopsy approach, have recently 
been performed in biopsy-naïve men.30-32 While the PRECISION trial demonstrated that 
an MRI targeted biopsy approach detected significantly more clinically significant PCa 
in comparison with a TRUS systematic biopsy approach both the MRI First and 4 M 
Study demonstrated comparable detection rates of clinically significant PCa between 
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the standard TRUS systematic biopsy and MRI targeted biopsy approach. Obtaining an 
mpMRI before biopsy improves the detection of clinically significant PCa but at present 
does not avoid the need for systematic biopsy as shown in the systematic review from 
Moldovan et al. and the MRI FIRST study where 10 to 15% of clinically significant PCa 
were still missed in men with a negative mpMRI.31,33 Even in the Dutch 4 M study with 
high-quality MRI standards, 7% (21/317) of all men with a suspicious mpMRI scan had 
clinically significant PCa only on systematic biopsy.32 A high-quality TRUS systematic 
biopsy, possibly with the use of 3D TRUS-guidance and preembedding, could therefore 
still be important in the current diagnostic setting where mpMRI is also included.

On the other side, as a retrospective study, our analysis has important limitations that 
could have influenced the outcome. First of all, biopsy sessions after September 2013 were 
performed with 3D TRUS guidance and the preembedding method; as a consequence, 
their independent influence on the detection rate of PCa cannot be assessed. However 
as both procedures act on different aspects of PCa diagnosis, a joint positive effect was 
hypothesized over masking of independent results. Secondly, difference in study time 
period could have had an impact on PCa detection rate as different unidentified factors 
influencing PCa detection rate could have changed during these time periods. Prostate 
biopsy selection in both cohorts however was not based on important pre-biopsy tests 
such as mpMRI and/or novel biomarkers. Both cohorts differed in baseline characteristics 
with older age, lower prostate volume and a biopsy naive setting all associated with 
higher odds of PCa and significant PCa on univariate and multivariate analysis in our 
study (Additional file 1: Table S1). Beside this, we decided in our study to include the 
Large Grade Group 1 (GS 3 + 3) as clinically significant PCa. Recent EAU guidelines use 
the definition of GG ≥ 2 (GS ≥3 + 4) for clinical significant PCa. This matches with the 
newly introduced ISUP scoring system, where no separation is made between large and 
small GG 1 (GS 3 + 3) PCa.29 We decided to include large GS 3 + 3 = 6 PCa as clinically 
significant as this is currently still used as a criteria for active surveillance versus radical 
treatment in low-risk PCa patients. In addition, experience level of operators was various. 
Although a correction strategy was implemented, residual confounding could still be 
possible. Last, 32.4% (944/2917) of all our prostate biopsy sessions were excluded on 
the basis of PSA inclusion criteria. In line with the literature we excluded men with high 
PSA levels as improved detection of significant PCa cancer is most necessary in the PSA 
gray zone from 4 to 10 ng/mL, while men with higher PSA levels tend to be diagnosed 
accurately with TRUS-guided systematic biopsies.30-32 As a result, association between 
3D TRUS-guidance with preembedding and detection of PCa could be partially biased 
on the basis of confounding and selection.
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Despite these limitations in relation to the detection of PCa, there are other possible 
clinical applications for our approach. The 3D TRUS system is not only developed for 
direct imaging and navigation, but also for procedure planning with recording and 
integration of exact locations of biopsy cores and updating of pathology results. With 
the possibility to assess the exact spatial coordinates of each previous needle trajectory, 
a ‘biopsy map’ can be built based on (positive) previous core taken and adequate 
sample sites can potentially be chosen in prior negative patients or in patients in active 
surveillance. Additionally, in our study biopsy core length and Gleason score were 
significantly higher in the cohort with 3D GS TRUS-guidance and preembedding. As 
more biopsy core length from a presumably spatial better biopsied prostate gland can 
be pathologically examined, correlation with prostatectomy specimens could possibly 
be improved and thereby prevent men with unfavorable disease to be placed in active 
surveillance or less aggressive treatments. However caution should be exercised for 
interpretation of Gleason score differences between both cohorts as Gleason grading 
of PCa was updated at the end of 2014 during an ISUP Consensus Conference.29 As a 
consequence, higher Gleason scores in the 3D TRUS cohort could be partially the result 
of these new grading pattern definitions. We will therefore investigate these potential 
applications in future prospective studies and pathology concordance studies. These 
findings highlight the need for future research regarding the complementary value of 
3D TRUS guidance and preembedding in the combination with mpMRI and other new 
diagnostic applications.

CONCLUSION

The current study suggests an added value of 3D TRUS-guidance and preembedding 
compared to conventional 2D GS TRUS-guidance regarding detection rate of PCa and 
clinically significant PCa among patients undergoing prostate biopsies. At the same 
time, 3D TRUS-guidance and preembedding provided significant more biopsy core 
tissue length and higher biopsy Gleason scores. Additional prospective studies and 
studies concerning pathology correlation are needed to justify the routine application 
of 3D GS TRUS-guidance and biopsy core preembedding.
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ABBREVIATIONS

aOR Adjusted odds ratio
BCR Biochemical recurrence
bGS Biopsy Gleason score
CI Confidence interval
DRE Digital rectal examination
GS Gleason score
IQR Interquartile range
mpMRI Multiparametric magnetic resonance imaging
OR Odds ratio
PCa Prostate cancer
pGS Prostatectomy Gleason score
PSA Prostate-specific antigen
RP Radical prostatectomy
TRUS Transrectal ultrasound
3D Three dimensional
2D Two dimensional
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ABSTRACT

Purpose
To determine the value of a three-dimensional (3D) greyscale transrectal ultrasound 
(TRUS)-guided prostate biopsy system and biopsy core pre-embedding method on 
concordance between Gleason scores of needle biopsies and radical prostatectomy (RP) 
specimens.

Methods
Retrospective analysis of prostate biopsies and subsequent RP for PCa in the Jeroen 
Bosch Hospital, the Netherlands, from 2007 to 2016. Two cohorts were analysed: 
conventional 2D TRUS-guided biopsies and RP (2007–2013, n = 266) versus 3D TRUS-
guided biopsies with pre-embedding (2013–2016, n = 129). The impact of 3D TRUS-
guidance with pre-embedding on Gleason score (GS) concordance between biopsy 
and RP was evaluated using the κ-coefficient. Predictors of biopsy GS 6 upgrading were 
assessed using logistic regression models.

Results
Gleason concordance was comparable between the two cohorts with a κ = 0.44 for 
the 3D cohort, compared to κ = 0.42 for the 2D cohort. 3D TRUS-guidance with pre-
embedding, did not significantly affect the risk of biopsy GS 6 upgrading in univariate 
and multivariate analysis.

Conclusions
3D TRUS-guidance with biopsy core pre-embedding did not improve Gleason 
concordance. Improved detection techniques are needed for recognition of low-grade 
disease upgrading.

Keywords
Biopsy; Neoplasm grading; Prostatectomy; Prostatic neoplasms; Three-dimensional 
imaging; Tissue embedding
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INTRODUCTION

Biopsy Gleason score (bGS) is an important prognostic tool and one of the key factors 
used to stratify patients with prostate cancer (PCa) into risk groups and direct clinical 
decision-making.1-3 The bGS informs treatment decisions in active surveillance (AS) 
and radiation therapy, including eligibility for brachytherapy, need for pelvic node 
irradiation and use of androgen deprivation.4,5 It is also a key component of preoperative 
nomograms assessing the risk of disease recurrence and need for extended pelvic 
lymph node dissection in radical prostatectomy (RP) treatment.6,7 Accurate bGS 
matching the true underlying tumour pathology is, therefore, of utmost importance. 
Unfortunately, several studies have demonstrated poor concordance between bGS 
with conventional systematic two-dimensional (2D), greyscale transrectal ultrasound 
(TRUS)-guided biopsies and radical prostatectomy Gleason score (pGS) with Gleason 
score (GS) upgrading ranging from 30 to 40%.8-10 Current data suggest that patients 
with PCa upgrading from bGS of 6 to a pGS of 7a do not share the same detrimental 
outcome (PCa death or Biochemical Recurrence) as men without upgrading.11,12 As a 
result, bGS upgrading is concerning and improved diagnostic confidence is needed as 
significant numbers of clinically significant PCa are not accurately identified using the 
conventional 2D greyscale TRUS-guided biopsy scheme. Although incorporation of PCa 
imaging modalities like multiparametric magnetic resonance imaging (mpMRI) and 
new sonographic modalities with subsequent targeted biopsies have demonstrated 
improved prediction of final pathology, questions remain whether there are no 
accessible tools to the community in the large for improved pathology concordance.13-15

Three-dimensional (3D) TRUS-guided biopsy offers the ability to accurately register 
the biopsy needle tract location within the prostate allowing for a better biopsy core 
distribution during TRUS-guided biopsy while biopsy processing with pre-embedding 
methods lead to significantly larger and non-fragmentized biopsy cores.16-18 Two studies 
comparing detection rates of PCa with the systematic 3D TRUS-guided biopsy and 
conventional 2D TRUS-guided biopsy reported contradictory results while one study 
demonstrated higher frequencies of PCa diagnosis with a biopsy pre-embedding 
method.19-21 Their influence on accurate prediction of final pathology following 
prostatectomy, however, is still unclear. In the current study, we investigated the value 
of 3D TRUS-guidance and biopsy core pre-embedding on concordance between bGS 
and pGS compared to conventional 2D TRUS-guidance in a consecutive cohort of men 
undergoing systematic prostate biopsies and subsequent RP.
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MATERIALS AND METHODS

Study population
Between January 2007 and February 2016, 2171 men underwent prostate biopsy at our 
institution with 1072 (49%) of these men positive for PCa on biopsy. We performed a 
retrospective cohort study containing all men (n = 395) who underwent both prostate 
biopsy and subsequent RP. Systematic biopsy with 2D greyscale TRUS-guidance and 
subsequent RP was performed from January 2007 up to November 2013 (2D TRUS 
cohort) while systematic biopsy with 3D greyscale TRUS-guidance and biopsy core pre-
embedding and subsequent RP was performed from September 2013 up to February 
2016 (3D TRUS cohort). Patients eligible for analysis were divided into these two cohorts. 
Patient files were consulted and collected data included relevant preoperative and 
postoperative characteristics, biopsy procedure and pathology results with no exclusion 
of patients. All patients had a biopsy-proven clinical diagnosis of PCa preoperatively.

Biopsy protocols

2D TRUS cohort protocol
A BK medical ultrasound machine (type 2202) and BK medical sidefire probe (type 
8808, 6–10 MHz) were used. A 12-core biopsy protocol was performed consisting of 
2 biopsies of each base, mid and apex in the peripheral zone on both sides. Biopsy 
cores were placed in two formalin-filled vials, each vial containing 6 floating free cores 
of one prostate lobe. Prostate cores were submitted to the hospital pathology lab for 
processing and examination.

3D TRUS cohort protocol
Protocol-wise the same, the 3D greyscale TRUS system (Navigo™ workstation, UC-
care Medical Systems, Yokneam, Israel) was incorporated with 2D ultrasound images 
transferred and displayed on the 3D screen. After prostate volume measurements, 
planimetry was done with the outline of the prostate border manually traced and 
recorded on a slice-by-slice basis where after a 3D model of the prostate was displayed 
(as shown in the animation Online Resource 1). The 12-core biopsy protocol was 
performed with tracking, displaying and recording of biopsy needle trajectory locations 
in real time using an electromagnetic system. Thus, the 3D system was not used to 
increase the biopsy core load, i.e. perform a mapping biopsy based on the real-time 
visual coverage of the different taken biopsy cores in the prostate gland during the 
biopsy procedure. Biopsy cores were processed using the semi-automated prostate 
biopsy core pre-embedding method (SmartBx™ device, UC-care Medical Systems, 
Yokneam, Israel). Biopsy cores of each sampling site (apex, mid and base on both sides) 
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were fixed onto six different cassettes, with a designed membrane to which the cores 
stay attached throughout pathology lab processing, and placed in two formalin-filled 
vials (as shown in the animation Online Resource 2). Each vial contained the 3 cassettes 
with two cores of each different sampling site of one prostate lobe. Each cassette was 
separately processed and examined at the same hospital pathology lab.

Histopathology
Pathologic analyses of biopsies and prostatectomy specimens were all performed 
by pathologists at our institution. Haematoxylin–eosin (HE) staining and 
immunohistochemistry (IHC) with basal cell markers was performed. For biopsies, 
number of cores per vial, length of biopsy cores, number of positive biopsy cores and 
tumour volume per lobe were obtained. All RP specimens were formalin-fixed, paraffin-
embedded and cut in 3–5-mm transverse sections. For RP, prostate weight, pT stage, 
pN stage and margin status were obtained. GSs were determined according to the 
International Society of Urological Pathology (ISUP) consensus recommendations.22,23 
Primary Gleason pattern and highest grade Gleason pattern defined the GS for prostate 
needle biopsies whereas GS for RP was defined on primary and secondary Gleason 
patterns with tertiary pattern reported if present. The biopsy and RP specimens were 
originally reported by multiple pathologists at our institution. Biopsy and RP pathology 
reports with lacking or insufficient data considering Gleason pattern (n = 36) were re-
reviewed by one dedicated genito-urinary pathologist (HvdL) for the purpose of this 
study.

Statistical analysis
Statistical analyses were performed using SPSS Statistics 23.0®. Descriptive statistics 
were used to summarize patient characteristics. Continuous variables were presented 
with median and interquartile ranges (IQR) with the Mann–Whitney U test used to assess 
differences. GS (bGS and pGS) were grouped as ≤ 6, 7a (3 + 4 = 7), 7b (4 + 3 = 7) and 8–10. 
In cases with multiple, GS different, tumour foci, the highest grade tumour was used 
for this analysis. Upgrading and downgrading were defined as an increase or decrease, 
respectively, from one GS group to another. Tertiary pattern on radical prostatectomy 
did not define a Gleason upgrade or downgrade for statistical analysis. The coefficient 
of agreement (κ) was used to evaluate the concordance between GS in needle biopsies 
and RP. The κ coefficient can range from ≤ 0 (no agreement) to 1 (excellent agreement) 
and measures agreement between discrete variables considering chance agreement. 
Candidate predictors for bGS 6 upgrading were evaluated in univariate and multivariate 
logistic regression analyses. A p < 0.05 was considered statistically significant.
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RESULTS

Between January 2007 and February 2016, 395 patients underwent prostate biopsy 
and subsequent RP at our institution. 266 of these patients (67.3%) underwent prostate 
biopsy in the 2D TRUS cohort compared to 129 patients (32.7%) in the 3D TRUS cohort.

Patient and pathological characteristics
Characteristics of both biopsy cohorts are shown in Online Resource 3. Median age 
at biopsy was higher in the 3D TRUS cohort (64 vs. 62 years, p = 0.013). Prebiopsy 
PSA, clinical T-stage, TRUS prostate volume, hypoechoic lesion on TRUS and EAU risk 
classification group did not differ significantly between both groups.

The biopsy session type and number of biopsy cores taken per session were comparable 
between groups, while biopsy sessions in the 3D TRUS cohort were performed more 
often by an experienced operator (63.6 vs. 50.8%, p = 0.016). Fragmentation of cores 
occurred less often in the 3D TRUS cohort (4.7 vs. 33.8%, p < 0.001), while median length 
of biopsy cores (16.0 vs. 12.5 mm, p < 0.001) and the ratio positive cores of total cores 
taken per session (0.36 vs. 0.33, p = 0.005) in the 3D TRUS cohort was higher. Gleason 
scores from both biopsy and RP specimens were different in both cohorts with less bGS 
6 (49.6 vs. 70.7%, p < 0.001) and pGS 6 (33.3 vs. 46.2%, p < 0.005) in the 3D TRUS cohort. 
The interval from biopsy to RP, pathologic T-stage and surgical margin status did not 
differ.

Gleason score concordance
Results of Gleason score concordance in the 2D TRUS cohort and 3D TRUS cohort are 
illustrated in Fig. 1 and summarized in Table 1. For the 2D TRUS cohort, 64.3% had an 
equal GS on biopsy and RP, 30.1% had Gleason upgrading on RP and 5.6% had Gleason 
downgrading on RP. The results in the 3D TRUS cohort were 62.0, 27.1 and 10.9% for 
equal GS, Gleason upgrading on RP and Gleason downgrading on RP, respectively (p 
= 0.170). The κ for Gleason concordance were comparable between the two cohorts 
with a κ = 0.44 (95% CI 0.33–0.56) for the 3D TRUS cohort, compared to κ = 0.42 (95% CI 
0.33–0.50) for the 2D TRUS cohort indicating moderate strength of agreement.
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FIGURE 1. Gleason score assignment between both study cohorts. Gleason assignment: percentages in the 
graph present Gleason assignment per category (correct, upgraded on RP, downgraded on RP). * p value: 
comparison of overall Gleason assignment between both cohorts with a χ2 test

Biopsy Gleason score 6 upgrading
The clinical and pathological characteristics of bGS 6 patients with and without GS 
upgrading are summarized in Online Resource 4. bGS 6 patients with GS upgrading 
were significantly older (median age in years; 65 vs. 62, p = 0.002), had higher prebiopsy 
PSA (median PSA in ng/mL; 8.9 vs. 7.4, p = 0.001) and more often a palpable tumour 
on DRE (clinical T-stage; ≥ T2; 44.8% vs. 21.4%, p < 0.001). 4 of 23 patients (17.4%) that 
met PRIAS-study AS criteria had a GS upgrading (all pGS 3 + 4 = 7). bGS 6 patients with 
upgrading had more positive cores per session (4.0 vs. 3.0, p < 0.001) while biopsy 
method did not differ (2D TRUS cohort: 37.8% vs. 3D TRUS cohort: 40.6%, p = 0.685). bGS 
6 patients with GS upgrading had higher pathological T-stages (≥ pT3; 25.2 vs. 5.8%, p < 
0.001), more often positive surgical margins (34.0 vs. 21.9%, p = 0.035) and more often 
biochemical recurrence after RP (24.7 vs. 8.2%, p < 0.001).

Online Resource 5 shows the effect of potential pre-operative predictors for upgrading 
from bGS 6 to a higher pGS. On multivariate analysis higher prebiopsy serum PSA 
level, palpable clinical T-stage and a higher amount of total positive biopsy cores per 
session were associated with a higher risk of bGS 6 upgrading (PSA; aOD: 1.36 (95% 
CI 1.02–1.81), p = 0.039, clinical T-stage; aOD: 2.10 (95% CI 1.14–3.87), p = 0.018 and 
total positive biopsy cores; aOD: 1.15 (95% CI 1.02–1.29), p = 0.020). The biopsy method, 
2D TRUS or 3D TRUS with pre-embedding, did not significantly affect the risk of bGS 6 

p= 0.170*
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upgrading in univariate and multivariate analyses (aOD: 1.35 (95% CI 0.63–2.92), p = 
0.444). Further multivariate subanalyses (bGS 6 to GS 7b or higher) were not performed 
due to limited number of events.

TABLE 1. Gleason score concordance between biopsy Gleason score and pathology Gleason score

Table 1a. Overall concordance between bGS and pGS for the whole patient cohort, n (%)

bGS

pGS

6 7a 7b 8-10 Total

6 155 (61.5) 64 (25.4) 23 (9.1) 10 (4.0) 252 (100) 

7a 6 (7.7) 57 (73.1) 12 (15.4) 3 (3.8) 78 (100)

7b 3 (12.5) 7 (29.2) 11 (45.8) 3 (12.5) 24 (100)

8-10 2 (4.9) 7 (17.1) 4 (9.8) 28 (68.3) 41 (100)

Total 166 135 50 44 395
(κ = 0.44, 95% CI: 0.37-0.50) 

Table 1b. Concordance between bGS and pGS for the 3D TRUS cohort, n (%)

bGS

pGS

6 7a 7b 8-10 Total

6 38 (59.4) 20 (31.3) 4 (6.3) 2 (3.1) 64 (100)

7a 2 (5.3) 29 (76.3) 7 (18.4) 0 38 (100)

7b 1 (11.1) 3 (33.3) 3 (33.3) 2 (22.2) 9 (100)

8-10 2 (11.1) 5 (27.8) 1 (5.6) 10 (55.6) 18 (100)

Total 43 57 15 14 129
(κ = 0.44, 95% CI: 0.33-0.56)

Table 1c. Concordance between bGS and pGS for the 2D TRUS cohort, n (%)

bGS

pGS

6 7a 7b 8-10 Total

6 117 (62.2) 44 (23.4) 19 (10.1) 8 (4.3) 188 (100)

7a 4 (10.0) 28 (70.0) 5 (12.5) 3 (7.5) 40 (100)

7b 2 (13.3) 4 (26.7) 8 (53.3) 1 (6.7) 15 (100)

8-10 0 2 (8.7) 3 (13.0) 18 (78.3) 23 (100)

Total 123 78 35 30 266
(κ = 0.42, 95% CI: 0.33-0.50)

Green: GS equal between biopsy and RP, Red: GS upgrading at RP, Blue: GS downgrading at RP
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DISCUSSION

The ability to accurately register the biopsy needle tract location using 3D TRUS-
guidance with pre-embedding, allowing for a presumably better biopsy core distribution 
and significantly larger and non-fragmentized biopsy cores did not result in better GS 
concordance. The κ for Gleason concordance were comparable between the two cohorts 
and the 3D cohort was not associated with a lower risk of bGS 6 upgrading. The Gleason 
concordance results of this study, with approximately 29% GS upgrading, are in line with 
previous published literature on this topic. It demonstrates that systematic prostate 
biopsy even under optimal imaging guidance and a standardized pathology processing 
system fails to match the true underlying tumour pathology.8,9,24,25 Quintana et al. recently 
demonstrated that their saturation biopsy scheme (median of 20 cores) also did not 
result in better final pathology prediction compared to a 12-core biopsy scheme. High 
Gleason grades were often missed because of anatomic locations difficult to biopsy and/
or out of the systematic biopsy grid.26 The intrinsic limitation of 2D TRUS-guided biopsy 
due to sampling error of common biopsy grid locations, which our 3D TRUS-guidance 
tends to improve with visually better biopsy core distribution, only occurred in one-third 
of their patients with GS upgrading. Moreover, Kim et al. demonstrated that besides 
sampling error, prostate tumour biology also plays an important role in GS upgrading.27 
By including only patients that underwent subsequent RP after their prostate biopsy 
proved PCa we do not expect that cancer maturation in the presurgical period played 
a role in the upgrading of bGS. Moreover, there was no significant difference in the 
interval from biopsy to RP in days between both cohorts. Regardless of the above-
mentioned explanations, the significantly larger, non-fragmentized, biopsy core lengths 
in the 3D cohort neither resulted in higher concordance rates. Öbek et al. demonstrated 
that higher biopsy core length was associated with an increased PCa detection rate.28 
Their suggested cutoff length of greater than 11.9 mm for quality assurance, although 
aimed at PCa detection, could explain the absence of GS concordance improvement 
with our pre-embedding method. After all, the median length in the 2D cohort of 12.5 
mm indicates that the majority of the conventional biopsy sessions already met the 
necessary biopsy length quality insurance.

In line with previous studies, higher prebiopsy serum PSA, palpable clinical T-stages 
and more biopsy cores with cancer were significantly associated with bGS 6 upgrading 
supporting the use of these variables as selection criteria for AS.5,9,24,25,26 There are 
limitations to the present study. First of all, this is a single-institution, retrospective 
study with two cohorts that differ in study time period thereby introducing the risk 
of selection bias and possible time specific factors like Gleason score reclassification 
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potentially influencing GS concordance rates. Second, biopsy and RP GSs were given by 
multiple pathologists. Interobserver variability and pathologist experience in Gleason 
grading have been documented and could have influenced GS concordance results.29,30 

Nonetheless, all Gleason scoring was performed in one institution according to the ISUP 
recommendations and pathology reports with insufficient data considering Gleason 
pattern were re-reviewed by one dedicated genito-urinary pathologist.22,23 As such, 
our pathologic data reflect the clinical practice of most practicing urologist. Third, both 
cohorts differed significantly in biopsy and pathology Gleason scores with the 3D cohort 
containing substantially less GS 6 disease. Although this paucity of low-risk patients in 
the 3D cohort undergoing prostatectomy reflects the nationwide shift towards AS, it 
does limit comparison of both cohorts for Gleason concordance and generalizability 
of the results. Fourth, biopsies were performed by operators with different levels of 
experience potentially influencing PCa detection results. However, for this study we did 
not find any association between biopsy operator experience and GS upgrading on RP. 
Last, tertiary pattern was not used to measure GS concordance. The tertiary pattern of 
the RP was reported with increasing frequency in recent years (2.6% in the 2D cohort vs. 
14.7% in the 3D cohort) introducing heterogeneity when incorporating this pattern into 
statistical analysis. Moreover, there are no specific criteria or definitions for reporting 
tertiary pattern, although the presence of a higher tertiary pattern is significantly linked 
to unfavourable tumour features, with recent ISUP consensus paper on Gleason Grading 
postponing suggestions on the integration of the tertiary pattern.23,31,32

Although our study did not demonstrate a differences in Gleason score concordance 
using 3D TRUS guidance and pre-embedding there are possible other applications for 
these techniques. 3D stored biopsy models of previous biopsy sessions in combination 
with integrated pathology biopsy core results could, for example, be used to define 
adequate sample sites of interest in prior negative patients and patients in active 
surveillance.

Our results strengthen the previously published literature on the poor concordance of 
systematic biopsy GS and RP GS. In view of the fact that patients with bGS 6 upgrading 
tend to have unfavourable disease outcome, physicians and patients need to be 
cognizant of these limitations so that well-informed decision-making can be made. 
Recognition of pre-operative variables associated with Gleason upgrading whether 
or not incorporated in a nomogram is a first important step.25 PCa imaging modalities, 
accurately guiding biopsies to tumour-suspicious lesions, for now combined with 
systematic biopsy for the best concordance, however, offers greater potential and 
should be further adopted and refined.13-15
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CONCLUSION

3D greyscale TRUS-guidance with biopsy core pre-embedding did not allow for 
prediction of final prostate pathology with greater accuracy than that of conventional 
2D TRUS-guidance and biopsy processing. Patients with upgrading of bGS 6 disease 
are at greater risk of adverse pathologic features and BCR emphasizing the need for 
recognition of low-grade disease upgrading and supporting the need for improved 
detection techniques.
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SUPPLEMENTARY MATERIALS

The supplementary material is available online and presented with a QR-code

Online resource 1. NavigoTM 3D model with registration of all systematic biopsy 
locations

https://static-content.springer.com/esm/art%3A10.1007%2Fs00345-018-2209-7/MediaObjects/345_2018_2209_
MOESM1_ESM.pdf

Online resource 2. SmartBxTM device prostate biopsy core preembedding: 2 biopsy 
cores of which one is inked blacked

https://static-content.springer.com/esm/art%3A10.1007%2Fs00345-018-2209-7/MediaObjects/345_2018_2209_
MOESM2_ESM.pdf

Online resource 3. Clinical and pathological characteristics of patients for the two 
biopsy cohorts

https://static-content.springer.com/esm/art%3A10.1007%2Fs00345-018-2209-7/MediaObjects/345_2018_2209_
MOESM3_ESM.pdf
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Online resource 4. Clinical and pathological characteristics of bGS 6 patients with and 
without GS upgrading

https://static-content.springer.com/esm/art%3A10.1007%2Fs00345-018-2209-7/MediaObjects/345_2018_2209_
MOESM4_ESM.pdf

Online resource 5. Logistic regression analysis of preoperative variables predicting 
upgrading of bGS 6 to pGS > 6

https://static-content.springer.com/esm/art%3A10.1007%2Fs00345-018-2209-7/MediaObjects/345_2018_2209_
MOESM5_ESM.pdf
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ABBREVIATIONS

ANN Artificial neural network
AUC Area under the curve
CI Confidence interval
DCA Decision curve analysis
DRE Digital rectal examination
ERSPC European Randomized Stud of Screening for Prostate Cancer
IQR Interquartile range
mpMRI Multiparametric magnetic resonance imaging
PBx Prostate biopsy
PCa Prostate cancer
PSA Prostate-specific antigen
PV Prostate volume
RC Risk calculator
TRUS Transrectal ultrasound
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ABSTRACT

Background
The validity of prediction models needs external validation to assess their value beyond 
the original development setting.

Objective
To report the diagnostic accuracy of the European Randomized Study of Screening for 
Prostate Cancer (ERSPC) risk calculator (RC)3 and RC4 in a contemporary Dutch clinical 
cohort.

Design, setting, and participants
We retrospectively identified all men who underwent prostate biopsy (PBx) in the Jeroen 
Bosch Hospital, The Netherlands, between 2007 and 2016. Patients were included 
if they met ERSPC RC requirements of age (50–80 yr), prostate-specific antigen (PSA) 
(0.4–50 ng/ml), and prostate volume (10–150 ml). The probability of a positive biopsy 
for prostate cancer (PCa) and significant PCa (Gleason score ≥7 and/or higher than T2b) 
were calculated and compared with PBx pathology results.

Outcome measurements and statistical analysis
Evaluation was performed by calibration, discrimination, and clinical usefulness using 
calibration plots, area under the receiver operating characteristic curves (AUCs), and 
decision curve analyses (DCAs), respectively.

Results and limitations
A total of 2270 PBx sessions were eligible for final analysis. Discriminative ability of 
RC3 (AUC) was 0.78 and 0.90 for any PCa and significant PCa, respectively. For RC4 the 
calculated AUCs were 0.62 (any PCa) and 0.76 (significant PCa). The calibration plots of 
RC3 showed good results for both any PCa risk and significant PCa risk. In the repeat 
PBx group, RC4 tended to underestimate outcomes for PCa and showed moderate 
calibration for significant PCa. DCA showed an overall net benefit compared with PSA 
and digital rectal examination (DRE) alone. Limitations of this study are its retrospective 
single-institution design, retrospectively assessed DRE outcomes, no time restrictions 
between the first and repeat biopsy sessions, and no anterior sampling in the repeat 
PBx protocol.
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Conclusions
The ERSPC RCs performed well in a contemporary clinical setting. Most pronounced 
in the biopsy-naive group, both RCs should be favoured over a PSA plus DRE–based 
stratification in the decision whether or not to perform PBx.

Patient summary
We looked at the ability of the existing European Randomized Study of Screening for 
Prostate Cancer risk calculator (RC), using different clinical data to predict the presence 
of prostate cancer in Dutch men. The RC performed well and should be favoured in 
the decision of whether or not to perform prostate biopsies over the conventional 
diagnostic pathway.

Keywords
Nomogram, Decision aids, Risk stratification, Validation, Prostate cancer, Biopsy 
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INTRODUCTION

An estimated 1.1 million men worldwide were diagnosed with prostate cancer (PCa) 
in 2012, accounting for 15% of cancers in men, with 70% of them in more developed 
countries. PCa accounts for 6.6% of the total male cancer mortality. Incidence rates 
diverge, mainly because of serum prostate-specific antigen (PSA) testing.1 First described 
in 1979, PSA made large-scale screening for PCa feasible. However, determination of 
serum PSA for diagnostic purposes lacks accuracy, with 15–25% false negatives and 60% 
false positives.2,3 The likelihood of the presence of PCa is therefore preferably estimated 
by using additional clinical factors, such as digital rectal examination (DRE) and prostate 
volume (PV).

Although it has been shown that PCa-specific mortality can be reduced by 20% with 
PSA-based screening, population-based screening programs are not yet acceptable 
because of the high number needed to screen and the high number needed to treat to 
avoid one PCa death. More importantly, PSA-based screening results in a considerable 
number of unnecessary prostate biopsies (PBx) with potentially serious adverse events 
and leads to considerable overdiagnosis.4,5 To achieve higher diagnostic accuracy, 
several nomograms and artificial neural networks (ANNs) have been developed to 
predict the outcome of PBx. These models have been shown to improve diagnostic 
accuracy compared with PSA alone.6,7 However, it is necessary to assess the validity of 
these models outside the original development setting. Unfortunately, many of the 
published nomograms and ANNs lack external validation.

In 2006, different risk calculators (RCs) based on the Dutch section of the European 
Randomized Study of Screening for Prostate Cancer (ERSPC) were developed using data 
of men with a purely PSA-driven biopsy indication and a random transrectal ultrasound 
(TRUS)-guided sextant biopsy scheme.8 ERSPC RC1 and RC2 are for patient use; RC3 (plus 
DRE), RC4 (plus DRE), RC5, and RC6 are for use by health care professionals at different 
stages of the testing process. Several external validation studies have been performed 
for these RCs. In both European and non-European cohorts, the accuracy of prediction 
of positive PBx in biopsy-naive or previously biopsied men using the ERSPC RC3 or RC4 
was assessed, showing area under the curve (AUC) values in the range of 0.71–0.88.9-12 
Until now, ERSPC RC3 plus DRE and RC4 plus DRE were externally validated using an 
extended biopsy scheme instead of a sextant biopsy scheme in both a Swiss and Irish 
cohort, with AUC for PCa and significant PCa of 0.66–0.77 and 0.85, respectively, and 
showing sufficient to good calibration.13,14
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The aim of this study was to assess the accuracy of the ERSPC RC3 and RC4 in a 
contemporary Dutch clinical cohort for which biopsy indications and number of 
biopsies differed from the development cohort.

MATERIALS AND METHODS

Study population
We retrospectively identified all men who underwent PBx due to a clinical suspicion of 
PCa between January 2007 and December 2015 at the Jeroen Bosch Hospital. In our 
institution PBx was generally performed in patients with a serum PSA level ≥3.0–4.0 
μg/l and/or an abnormal DRE. A standardised 12-core biopsy protocol consisting of two 
biopsies of each base, mid-gland, and apex in the peripheral zone of the prostate was 
performed, with additional cores taken when needed (eg, in case of hypoechogenic 
lesions). We examined patient files and obtained relevant clinical and pathologic 
data of each patient. Patients were included in our study if PCa risk prediction was 
considered relevant and possible, thus patients aged 50–80 yr with a PSA level between 
0.4 and 50 μg/l, PV between 10 and 150 ml, and no previous positive PBx (ie, under 
active surveillance). Patients with a history of PCa were excluded. For our analyses, we 
retrospectively converted the descriptively documented DRE findings in our cohort to 
clinical T stages.

The patient database was blinded by PCa diagnosis and sent to one of the ERSPC 
RC designers (M.J.R.) for risk outcome calculations. Probabilities of detection of PCa 
and significant prostate PCa (Gleason score ≥7 and/or T stage higher than T2b) were 
calculated for each patient individually using two ERSPC RCs (www.prostatecancer-
riskcalculator.com). RC3 was used to calculate probabilities in biopsy-naive patients; 
RC4 was used for patients with previous negative biopsy sessions undergoing a repeat 
PBx (Supplementary Table 1). The calculated probabilities were subsequently compared 
with the actual biopsy results for the entire cohort.

Statistics
Differences between clinical and pathologic variables in the studied cohort were 
assessed using the chi-square test for categorical variables and the Mann-Whitney U 
test for continuous variables. The performance of both RCs in the clinical setting was 
assessed by discrimination, calibration, and clinical usefulness.

Discrimination, that is, predictive accuracy, was quantified using the receiver operating 
characteristics derived AUC. Calibration refers to the agreement between observed 



89

External validation of the ERSPC risk calculators

4

and predicted outcomes with the extent of risk of over- or underestimation of the 
RCs evaluated graphically using calibration plots.15 Clinical usefulness of the RCs was 
evaluated by decision curve analyses (DCAs) as described previously by Vickers and 
Elkin and by Steyerberg et al.16,17 DCAs determine the value (net benefit) of a prediction 
model by examining the theoretical relationship between the threshold probability of 
an event (eg, PCa at biopsy) and the relative value of false-positive and false-negative 
results. We compared the RC model with a PSA plus DRE–based model, also developed 
on original ERSPC data. We also assessed the theoretical number of (significant) cases of 
PCa missed, numbers of biopsies saved, and number of Gleason score 6 PCa diagnoses 
saved at different RC thresholds.

Statistical analyses were performed using SPSS v23.0 (IBM Corp, Armonk, NY, USA) 
and R v3.2.5 (R Foundation for Statistical Computing, Vienna, Austria). A p < 0.05 was 
considered to indicate statistical significance in all analyses.

RESULTS

We identified 2862 prostate biopsy sessions in 2124 men. Overall, 426 biopsy sessions 
were omitted due to the predefined inclusion criteria. In 166 biopsy sessions (<6%), 
data were incomplete (PSA, n = 2; DRE findings, n = 123; TRUS PV, n = 27; TRUS findings, 
n = 40) and excluded from further analyses. As a result, 2270 prostate biopsy sessions 
(79.3%) in 1812 different men were eligible for final analysis: 73.0% biopsy-naive men 
and 27.0% men with a prior negative PBx.

PCa and significant PCa were detected in 44.1% and 20.3% of the biopsy-naive men (n 
= 1658). Men with PCa and significant PCa were significantly older compared with men 
with no cancer detected, had higher PSA levels, lower PVs, and were more likely to have 
an abnormal DRE and TRUS (Table 1).

In the previously biopsied men (n = 612), 25.8% and 7.0% of men were diagnosed 
with PCa or significant PCa, respectively. Men with PCa and significant PCa detected 
were significantly older and had lower PVs compared with men in whom no PCa was 
detected. Their PSA level did not differ from men with no PCa detected. Only men with 
significant PCa disease were more likely to have an abnormal DRE or TRUS (Table 2).
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TABLE 1. Clinical and pathologic characteristics of the biopsy-naive patient cohort

Variable Total cohort

Positive biopsy

Negative 
biopsyAll PCa, p value

Significant 
PCa, p value

No. of patients, n 
(% total cohort)

1658 (100) 732 (44.1) 337 (20.3) 926 (59.1)

Age, yr, median (IQR) 64 (60–69) 66 (62–71), 
<0.001

68 (63–73), 
<0.001

64 (59–68)

Age, yr, n (%)
· 50 to <60
· 60 to <70
· ≥70

369 (22.3)
904 (54.5)
385 (23.2)

128 (17.5)
377 (51.5)
227 (31.0)

47 (13.9)
148 (44.0)
142 (42.1)

241 (26.0)
527 (56.9)
158 (17.1)

PSA level, μg/l, median (IQR) 7.6 (5.9–11.0) 8.6 (6.2–14.0), 
<0.001

11.0 (7.6–20.0), 
<0.001

7.1 (5.6–9.4)

PSA ranges, μg/l, n (%)
· <1
· 1 to <4.0
· 4.0–10.0
· ≥10.0

6 (0.4)
91 (5.5)

1082 (65.2)
479 (28.9)

1 (0.1)
33 (4.5)

416 (56.9)
282 (38.5)

0 (0.0)
9 (2.7)

135 (40.0)
193 (57.3)

5 (0.5)
58 (7.3)

666 (70.9)
197 (21.3)

DRE findings, n (%)
· Normal
· Abnormal

1198 (72.3)
460 (27.7)

386 (52.7)
346 (47.3), 

<0.001

73 (21.7)
264 (78.3), 

<0.001

812 (87.7)
114 (12.3)

TRUS prostate volume, 
ml, median (IQR)

40.0 (30.0–55.0) 35.0 (28.0-
46.0), <0.001

33.0 (27.0-
44.0), <0.001

46.0 (35.0–60.0)

TRUS findings, n (%)
· Normal
· Abnormal

1267 (76.4)
391 (23.6)

461 (63.0)
271 (37.0), 

<0.001

147 (43.6)
190 (56.4), 

<0.001

806 (87.0)
120 (13.0)

Total cores taken 
at biopsy, n (%)
· <12
· 12
· >12

24 (1.4)
1379 (83.2)
255 (15.4)

13 (1.8)
609 (83.2)

110 (15.0), 0.504

7 (2.1)
269 (79.8)

61 (18.1), 0.653

11 (1.2)
770 (83.2)
145 (15.7)

The p values in bold indicate a statistically significant difference between two groups (positive biopsy; all PCa vs 
negative biopsy and positive biopsy; significant PCa vs negative biopsy).
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TABLE 2. Clinical and pathologic characteristics of the repeat prostate biopsy patient cohort

Variable Total cohort

Positive biopsy

Negative 
biopsyAll PCa, p value

Significant 
PCa, p value

No. of patients, n (%) 612 (100) 158 (25.8) 43 (7.0) 454 (74.2)

Age, yr, median (IQR) 65 (61–69) 66 (62–71),
0.002

69 (64–74), 
<0.001

64 (60–69)

Age, yr, n (%)
· 50 to <60
· 60 to <70
· ≥70

122 (19.9)
347 (56.7)
143 (23.4)

24 (15.2)
83 (52.5)
51 (32.3)

3 (7.0)
19 (44.2)
21 (48.8)

98 (21.6)
264 (58.1)
92 (20.3)

Repeat biopsy session, n (%)
· First
· Second
· Third
· Fourth or more

440 (71.9)
121 (19.8)

34 (5.6)
17 (2.9)

122 (77.2)
26 (16.5)

7 (4.4)
3 (1.9)

32 (74.4)
10 (23.3)

1 (2.3)
0

318 (70.0)
95 (20.9)
27 (5.9)
14 (3.1)

Time interval, months, 
median (IQR)*

16 (7–39) 16 (7–40) 10 (32–51) 16 (7–39)

Time interval, yr, n (%)*
· ≤1 yr
· >1 to ≤2 yr
· >2 to ≤3 yr
· >3 yr

257 (42.3)
116 (19.1)
72 (11.9)

162 (26.7)

65 (41.1)
31 (19.6)
20 (12.7)
42 (26.6)

12 (27.9)
6 (14.0)
8 (18.6)

17 (39.5)

192 (42.8)
85 (18.9)
52 (11.6)

120 (26.7)

PSA level, μg/l, median (IQR) 9.6 (7.4–14.0) 8.9 (7.2–14.1), 
0.369

10.0 (7.3–18.0), 
0.323

9.6 
(7.5–14.0)

PSA ranges, μg/l, n (%)
· <1
· 1 to <4.0
· 4.0–10.0
· ≥10.0

1 (0.2)
7 (1.1)

327 (53.4)
277 (45.3)

0 (0.0)
1 (0.6)

91 (57.6)
66 (41.8)

0 (0.0)
1 (2.3)

20 (46.5)
22 (51.2)

1 (0.2)
6 (1.3)

236 (52.0)
211 (46.5)

DRE findings, n (%)
· Normal
· Abnormal

431 (70.4)
181 (29.6)

107 (67.7)
51 (32.3), 0.388

16 (37.2)
27 (62.8), <0.001

324 (71.4)
130 (28.6)

TRUS prostate volume, 
ml, median (IQR)

48.0 (35.3–66.0) 43.0 (30.0–58.3), 
<0.001

43.0 (30.0–52.0), 
0.006

50.0 
(38.0–68.0)

TRUS findings, n (%)
· Normal
· Abnormal

479 (78.3)
133 (21.7)

124 (78.5)
34 (21.5), 0.940

28 (65.1)
15 (34.9), 0.051

355 (78.2)
99 (21.8)

Total cores at biopsy, n (%)
· <12
· 12
· >12

12 (2.0)
391 (63.9)
209 (34.1)

3 (1.9)
93 (58.9)

62 (39.2), 0.125

1 (2.3)
26 (60.5)

16 (37.2), 0.414

9 (2.0)
298 (65.5)
147 (32.5)

The p values in bold indicate a statistically significant difference between two groups (positive biopsy; all PCa vs 
negative biopsy and positive biopsy; significant PCa vs negative biopsy). * Time interval in months/years: Time in 
months/years between previous biopsy session and the repeat biopsy session used for the analysis.
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Any cancer

 

Significant cancer

 

FIGURE 1. Calibration plots for the European Randomised Study of Screening for Prostate Cancer risk 
calculator (RC) 3 (left) and RC4 (right) demonstrating the agreement between observed and predicted 
probabilities for prostate cancer (PCa) at biopsy (upper figures) or significant PCa at biopsy (lower figures). 
The ideal plot is showed with a dashed line through the origin. The solid line reflects the relation between 
observed and predicted probability with quintiles of grouped patients shown by triangles. The numbers of 
patients with and without the condition are shown as spikes along the x-axis.
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FIGURE 2. Decision curve analysis demonstrating the net benefit of the risk calculator (blue line) and prostate-
specific antigen plus digital rectal examination (red line) for prostate cancer (PCa) at biopsy (upper curves) or 
significant PCa at biopsy (lower curves).

AUC for the discrimination of (significant) PCa in the biopsy-naive group (RC3) was 
0.78 (95% confidence interval [CI], 0.76–9.80) for PCa and 0.91 (95% CI, 0.89–0.92) for 
significant PCa. The discriminative ability of the RC4 in the repeat PBx group was lower 
with an AUC of 0.62 (95% CI, 0.56–0.67) for any PCa and 0.74 (95% CI, 0.66–0.81) for 
significant PCa.
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In the biopsy-naive group, mean predicted outcomes were close to the observed 
outcomes of PCa and significant PCa (Fig. 1). The calibration plots showed good results 
for both outcomes over the whole prediction range, reflected in the calibration-in-the-
large of 0.18 (95% CI, 0.08–0.31) and a calibration slope of 0.92 (95% CI, 0.81–1.02) for 
PCa and calibration-in-the-large of −0.15 (95% CI, −0.30 to 0.01) and a calibration slope 
of 1.25 (95% CI, 1.12–1.38) for significant PCa (Fig. 1).

In the repeat PBx group, the RC tended to underestimate outcomes for PCa and showed 
moderate calibration for significant PCa in the low-risk range between 0 and 0.15. 
Calibration-in-the-large was 0.49 (95% CI, 0.31–0.67) and 0.31 (95% CI, 0.01–0.62) with 
a calibration slope of 0.64 (95% CI, 0.37–0.90) and 0.80 (95% CI, 0.55–1.06) for PCa and 
significant PCa, respectively (Fig. 1).

The net benefit in the biopsy-naive group, assessed with DCA, was highest for the RC 
over the whole probability range, as compared with a PSA plus DRE–based strategy for 
PCa and for significant PCa (Fig. 2). A threshold algorithm (≥20.0% for PCa at biopsy or 
12.5–20.0% for PCa at biopsy with >4% for significant PCa at biopsy) presented by the 
ERSPC RC developers (www.prostatecancer-riskcalculator.com) would result in 20% (n 
= 337) fewer biopsies in our cohort. As a consequence we would miss 7% (n = 52) of the 
PCa of which 12% (n = 6) is significant PCa. The diagnosis of Gleason score 6 PCa would 
be spared in 46 men (Supplementary Table 2).

In the repeat PBx group, DCA provided a net benefit for the RC in the threshold 
probability range from 20% to 35% but also a net harm compared with the “biopsy all” 
line at the lower risk thresholds for PCa. For significant PCa, the RC provided a small 
net benefit in the lowest threshold probability range compared with a PSA plus DRE–
based strategy (Fig. 2). The threshold algorithm (≥20.0% for PCa at biopsy or 12.5–20.0% 
for PCa at biopsy with >3% for significant PCa at biopsy) presented by the ERSPC RC 
developers would result in 47% (n = 285) fewer biopsies with 35% (n = 55) of the PCa 
missed of which 18% (n = 10) is significant PCa. The diagnosis of Gleason score 6 PCa 
would be spared in 45 men (Supplementary Table 3).

DISCUSSION

The ERSPC RCs quantify the chance of finding PCa on sextant biopsy by translating the 
presence or absence of abnormal findings into a probability. PBx is recommended by 
the ERSPC RC developers at a probability threshold ≥20% for PCa and can be considered 
in the 12.5–20.0% threshold range for PCa, especially if significant PCa probabilities 
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reach >4% or >3% for the RC3 and RC4, respectively. Both threshold groups were 
assessed using DCA and showed good to moderate clinical benefit in biopsy-naive and 
previously biopsied men, respectively. The proposed threshold algorithm for biopsy-
naive men (≥20.0% for PCa or ≥12.5% for PCa and >4% for significant PCa) seems to be 
acceptable. Only 6 significant cases of PCa (2%) are being missed as a result of saving 
337 biopsy sessions (20%). However, the threshold algorithm for previously biopsied 
men (≥20.0% for PCa or ≥12.5% for PCa and >3% for significant PCa) is not optimal for 
our cohort. With 285 fewer biopsies (47%), 10 significant cases of PCa (23%) are being 
missed. A threshold algorithm ≥10% for PCa or >2% for significant PCa seems optimal as 
only 1 significant PCa (2%) is being missed and 131 biopsy sessions (21%) are still saved 
(Supplementary Table 3).

AUCs of the original sextant biopsy scheme ERSPC data are 0.79 and 0.86 for RC3 and 
0.68 and 0.80 for RC4 for all PCa and significant PCa, respectively.18 In the present 
study, diagnostic accuracy reaches that of the original ERSPC report, especially for RC3. 
This is in contrast to previous external validation reports of these RCs that reported 
various, mostly lower diagnostic accuracy results.9-12 This may be partially the result of 
ethnic similarities and (significant) PCa prevalence resemblance between the original 
development and validation cohort.18 Previous validation studies assessed a combined 
AUC for both RC3 and RC4, whereas our study demonstrates that accuracy of both 
RCs differed substantially. Consequently, a suboptimally performing RC can mask the 
potentially high accuracy of another RC.

In comparison with the new RC3 plus DRE and RC4 plus DRE, our present study also 
demonstrates higher diagnostic accuracy.13,14 One major reason for this may be the use of 
TRUS-based PV measurements. Predictions of PCa using TRUS-based PV data have been 
shown to outperform predictions using DRE-based data because PV was demonstrated 
to be an important predictor in the detection of PCa.18,19 Redistribution of TRUS-based 
volume in DRE-stated categories could therefore have negatively influenced predictive 
accuracy in the external ERSPC validation by Poyet et al.13 Trottier et al also demonstrated 
in their external validation that, on multivariate analysis, TRUS-measured PV and TRUS 
lesion were the most important risk model predictors for a positive (significant) PCa 
diagnosis at biopsy.12

In this study, calibration plots showed good outcomes for biopsy-naive men. In the 
repeat PBx group, mean predicted and mean observed outcome disagreed and 
tended to underestimate the PBx results. However, there was moderate calibration for 
significant PCa in the clinically relevant low-risk range between 0 and 0.15. One of the 
contributing components for this moderate calibration (and the underestimation of 
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PBx results) could be the fact that men with a previous negative PBx were a higher risk 
cohort compared with the cohort within the ERSPC, in which every man with PSA ≥3.0 
ng/ml at repeat screening was biopsied again. In addition, RC4 is developed using a 
cohort with at least 4 yr between initial and repeat PBx. In our analysis, there was no 
minimal maintained time range between first and repeat PBx with a median time of 16.5 
mo (range: 7.0–39.0 mo) between both biopsy sessions.

PSA testing and screening remain a subject of debate. On the one hand, evidence 
indicates that it reduces PCa mortality, but on the other hand, there is a risk of 
overdiagnosis and overtreatment. Offering PSA in an organised way and combining it 
with other relevant risk factors regarding PCa will most likely result in a more beneficial 
harm–benefit ratio.20-22 Our study confirms that individual risk assessment using a 
multivariable prediction model should be used in the consideration whether or not to 
perform PBx.

Limitations of this study are its retrospective single-institution design. Because of the 
lack of documentation of T-stage DRE, DRE was retrospectively converted to T stage, 
which could have created biases in either direction (understaging or overstaging). Also, 
as mentioned earlier, there was no minimal maintained time range between the first 
and repeat biopsy sessions. However, most early cases of PCa (T1–T2) have an indolent 
course for 10–15 yr.23 The difference in time range between the first and repeat biopsy 
sessions is unlikely to have influenced our results. Lastly, in repeat PBx sessions, the 
initial sampling protocol and not an extended sampling protocol including anterior PBx 
was used.

With new biomarkers and imaging techniques available, the field of diagnosis of PCa 
is changing. In the last 2 yr, several groups combined new biomarkers and clinical 
features into prediction models and compared accuracy of these models with ERSPC 
or Prostate Cancer Prevention Trial RCs, and they concluded that diagnostic accuracy 
increased compared with the conventional RCs.24-27 ERSPC RC4 was also used to predict 
the outcome of multiparametric magnetic resonance imaging (mpMRI) by Alberts et 
al.28 Patient selection using a RC can avoid half of the mpMRIs after a prior negative 
biopsy. Hence, for future perspectives, it would be of interest to develop and validate 
RCs that include new diagnostic means, such as biomarkers, or develop RCs that predict 
outcomes of mpMRI, for example. Such an individualized approach for PCa detection 
could reduce the adverse effects of our diagnostic approaches and/or treatments.
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CONCLUSION

In our external validation of the screening-based ERSPC RCs for both biopsy-naive and 
previously biopsied men, both RCs showed net benefit in our clinical setting compared 
with a PSA plus DRE–based strategy that was most pronounced in the biopsy-naive 
group. Multivariate risk stratification should be favoured in the decision whether or not 
to perform PBx.
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SUPPLEMENTARY MATERIALS

The supplementary material is available online and presented with a QR-code

Appendix A. Supplementary Data

Supplementary Table 1 – European Randomised Study of Screening for Prostate 
Cancer

Supplementary Table 2 – Diagnosis rate and hypothetical rate of avoided biopsy and 
missed prostate cancer for reference calculator thresholds in the biopsy-naive group

Supplementary Table 3 – Diagnosis rate and hypothetical rate of avoided biopsy and 
missed prostate cancer for reference calculator thresholds in the repeat prostate biopsy 
group
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ABBREVIATIONS

3D Three dimensional
4M Met prostaat MRI Meer Mans
CE(US) Contrast-enhanced ultrasound/ultrasonography
(cs)PCa (Clinically significant) prostate cancer
CR/IDC Cribriform growth pattern and/or intraductal carcinoma
CUDI Contrast ultrasound dispersion imaging
DCE Dynamic contrast-enhanced imaging
ISUP International Society of Urological Pathology
GG Grade group
mpMRI Multiparametric magnetic resonance imaging
PI-RADS Prostate Imaging Reporting and Data System
PRECISION Prostate Evaluation for Clinically Important Disease: Sampling 

Using Image-guidance Or Not?
PZ Peripheral zone
SBx Systematic biopsy
TBx Targeted biopsy
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ABSTRACT

Objectives
To compare and evaluate a multiparametric magnetic resonance imaging (mpMRI)-
targeted biopsy (TBx) strategy, contrast-ultrasound dispersion imaging (CUDI)-TBx 
strategy and systematic biopsy (SBx)-strategy for the detection of clinically significant 
prostate cancer (csPCa) in biopsy-naïve men.

Methods
A prospective, single-centre paired diagnostic study included 150 biopsy-naïve men, 
from November 2015 to November 2018. All men underwent pre-biopsy mpMRI and 
CUDI followed by a 12-core SBx taken by an operator blinded from the imaging results. 
Men with suspicious lesions on mpMRI and/or CUDI also underwent MRI- TRUS fusion-
TBx and/or cognitive CUDI-TBx after SBx by a second operator. A non-inferiority analysis 
of the mpMRI- and CUDI-TBx strategies in comparison with SBx for International Society 
of Urological Pathology Grade Group [GG] ≥2 PCa in any core with a non-inferiority 
margin of 1 percentage point was performed. Additional analyses for GG ≥2 PCa with 
cribriform growth pattern and/or intraductal carcinoma (CR/IDC), and GG ≥3 PCa 
were performed. Differences in detection rates were tested using McNemar’s test with 
adjusted Wald confidence intervals.

Results
After enrolment of 150 men, an interim analysis was performed. Both the mpMRI- and 
CUDI-TBx strategies were inferior to SBx for GG ≥2 PCa detection and the study was 
stopped. SBx found significantly more GG ≥2 PCa: 39% (56/ 142), as compared with 29% 
(41/142) and 28% (40/142) for mpMRI-TBx and CUDI-TBx, respectively (P < 0.05). SBx 
found significantly more GG = 1 PCa: 14% (20/142) compared to 1% (two of 142) and 
3% (four of 142) with mpMRI-TBx and CUDI-TBx, respectively (P < 0.05). Detection of GG 
≥2 PCa with CR/IDC and GG ≥3 PCa did not differ significantly between the strategies. 
The mpMRI- and CUDI-TBx strategies were comparable in detection but the mpMRI-TBx 
strategy had less false-positive findings (18% vs 53%).

Conclusions
In our study in biopsy-naïve men, the mpMRI- and CUDI- TBx strategies had comparable 
PCa detection rates, but the mpMRI-TBX strategy had the least false-positive findings. 
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Both strategies were inferior to SBx for the detection of GG ≥2 PCa, despite reduced 
detection of insignificant GG = 1 PCa. Both strategies did not significantly differ from 
SBx for the detection of GG ≥2 PCa with CR/IDC and GG ≥3 PCa.

Keywords
prostatic neoplasms; imaging; MRI; ultrasound; diagnosis; detection 
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INTRODUCTION

Multiparametric MRI (mpMRI) is increasingly being used for the detection of clinically 
significant prostate cancer (csPCa) and is currently recommended as the first-line 
investigation by the European Association of Urology (EAU) guidelines on PCa based on 
the results from three prospective multicentre trials [PRostate Evaluation for Clinically 
Important Disease: Sampling Using Image-guidance Or Not? (PRECISION), Assessment 
of Prostate MRI Before Prostate Biopsies (MRI- FIRST), Met Prostaat MRI Meer Mans 
(4M)] in biopsy-naïve men.1-3 mpMRI-targeted biopsy (TBx) decreased the number of 
biopsy procedures, reduced the detection of insignificant PCa (International Society 
of Urological Pathology [ISUP] Grade group [GG] = 1), while maintaining the detection 
of csPCa (GG ≥2), as compared to TRUS- guided systematic biopsy (SBx).1-3 However, 
moderate inter-reader reproducibility and non-negligible percentages of missed 
csPCa compromise the mpMRI-TBx strategy outside large-volume expert centres.4-6 
Furthermore, resources, such as radiological and urological expertise, and MRI gantry 
time, represent a logistic and financial challenge.7

Ultrasound (US), although widely available, cheaper to implement and familiar to 
the urologist, is currently recommended for prostate biopsy guidance only.8 New 
US modalities including contrast-enhanced US (CEUS), micro-US and (shear wave) 
elastography have been introduced to improve US-based diagnosis of PCa.9-11 In CEUS, 
a suspension of gas-filled microbubbles is used for visualisation of the perfusion of 
the prostate.12 Algorithms for quantitative interpretation have been developed, as 
qualitative CEUS interpretation had limited value compared to SBx.9,13,14 Particularly, 
contrast-US-dispersion imaging (CUDI), focussed on the detection of angiogenetic 
changes in the microvascular architecture, provides several parametric maps that can 
be used for PCa localization.13,15,16 Despite its promise, there is no direct comparison on 
the performance of CUDI- and mpMRI-TBx in the identification of csPCa. Therefore, we 
conducted a prospective, paired diagnostic study comparing the detection rate of ISUP 
GG ≥2 PCa for the mpMRI-TBx, CUDI-TBx, and SBx strategies in biopsy-naïve men.

MATERIALS AND METHODS

Trial design and study population
This trial included consecutive biopsy-naïve men with an elevated serum PSA level (≥ 
3.0 ng/mL) and/or suspicious DRE in the Amsterdam UMC, Amsterdam, the Netherlands 
between December 2015 and November 2018. Men were excluded if they had a PSA 
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level >20 ng/mL, a DRE suggestive for extracapsular disease or contra-indications for 
mpMRI and/or CEUS. The trial design was consistent with the Standards of Reporting 
for MRI-Targeted Biopsy Studies (START) recommendations.17 After obtaining written 
informed consent, all men underwent mpMRI and CUDI and a prostate biopsy procedure 
(SBx in all men and TBx if the mpMRI and/or CUDI were suspicious). The study protocol 
was registered on Clinicaltrials.gov (NCT02831920) and published previously.18 An 
independent data and safety monitoring board (DSMB) monitored the study.

Imaging protocol
The conduct of the mpMRI and CUDI procedures are written in detail in the study protocol 
(Table S1).18 mpMRI, consisting of T2-weighted, diffusion-weighted, and dynamic 
contrast-enhanced (DCE) sequences, was performed with the use of 1.5-T (n=39; 27%) 
or 3.0-T (n= 103; 73%) according to the Prostate Imaging-Reporting and Data System, 
version 2 (PI-RADSv2).19 CUDI was based on four transrectal two-dimensional prostate 
plane CEUS recordings using a 2.4 mL bolus injection of SonoVue® (Bracco, Geneva, 
Switzerland) per plane. The CEUS recordings were subjected to CUDI quantification 
analyses based on the pharmacokinetic modelling of the contrast bolus transport 
through the microvasculature of the prostate as a convective-dispersion process.13 
Four different CUDI parametric maps were generated, representing spatiotemporal 
correlation, Péclet number, flow velocity and a combination of these parameters. We 
refer to earlier publications for an elaborate explanation of these individual parametric 
maps.13,15,16

Imaging evaluation
The mpMRI and CUDI were evaluated separately. A radiologist (M.E. with 12 years of 
prostate MRI experience) evaluated the mpMRIs according to PI-RADSv2. The CUDI 
was evaluated by a TRUS operator (C.K.M.: 87% and A.W.P.: 13%; both with 2 years of 
experience in TRUS]) using a Likert scale from 1 to 5 with higher numbers indicating a 
greater likelihood of csPCa. Likert score assessment categories are shown in Fig. S1.

Prostate biopsy and histopathology
All operators received education on TRUS and mpMRI and followed a biopsy training 
programme. The prostate biopsy procedures were performed in sequence in one session 
under local anaesthesia using a transrectal approach with a Phillips IU22 ultrasound 
scanner and C10-3V endocavity probe (Philips Healthcare, Bothell, WA, USA). First, an 
operator (with at least 6 months of TRUS experience) blinded from the mpMRI and CUDI, 
took a 12-core SBx in all men. The systematic sampling of the relevant prostate zones 
was done freehand and when a lesion was visible at TRUS, it was targeted using the 
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core for the relevant prostate zone (no additional TRUS-targeted cores were performed; 
Fig. S2). Thereafter, men with a suspicious CUDI (Likert score ≥3) underwent a cognitive 
CUDI-TBx, with a maximum of four cores, by a second operator (with at least 3 months 
of TBx experience). This operator also performed mpMRI-TBx in men with a suspicious 
mpMRI (PI-RADSv2 score ≥3) using an mpMRI-TRUS fusion system (Artemis®, Eigen, 
Grass Valley, CA, USA), with a maximum of four cores. A case example is shown in Fig. 1.

A uro-pathologist (C.D.S.H. with 15 years of experience), evaluated all biopsy cores 
separately for presence of PCa, GG, Gleason score, percentage tumour core involvement 
and morphological patterns of Gleason 4 including cribriform growth pattern and 
intraductal carcinoma (CR/IDC) in accordance with the ISUP criteria.20

FIGURE 1. mpMRI and CUDI of the prostate in a 72-year old man with a PSA-value of 6.4 ng/mL. (a-j).
(a) Hypo-intense areas on both sides of the peripheral zone (PZ) of the prostate on T2-weighted MRI (arrows). 
(b) The corresponding areas show restricted diffusion on the apparent diffusion coefficient image (arrows). (c) 
The corresponding areas show suspicious early contrast-enhancement on DCE MRI (arrows). A PI-RADS score 
of 5 (left side) and 4 (right side) were given. (d) A hypoechoic area in the right dorsolateral PZ of the prostate 
(arrow). (e) An early asymmetrical enhancement in the left and right PZ of the prostate in the first seconds of 
contrast-enhanced US (arrows) (f) The right PZ shows clear peak intensity at peak enhancement. (g): Both areas 
in the right and left PZ of the prostate are suspicious red-colored on the CUDI parametric map: Combination 
(arrows). A Likert score of 5 was given for both areas. (h): Transversal image of the MRI-TRUS fusion biopsy 
showing the two biopsied areas (red) and the biopsy cores (blue). (i): Real time TRUS image during MRI-TRUS 
fusion biopsy showing the lesions on both sides. (j) Both MRI-TBx and CUDI-TBx demonstrated a GG=3 PCa at 
biopsy; SBx demonstrated a GG=2 PCa at biopsy. Radical prostatectomy histopathology demonstrated a GG=3 
PCa lesion in the right peripheral zone and a GG=2 PCa lesion in the left peripheral zone as demonstrated 
(prostate carcinoma delineated).
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Outcomes
The primary outcome was the detection of GG ≥ 2 PCa in any core for each biopsy 
strategy and was designed to demonstrate the non-inferiority of the mpMRI-strategy 
or CUDI-strategy in comparison with SBx for the detection of GG ≥2 PCa with a pre-
defined non-inferiority margin of 1 percentage point. Secondary outcomes included 
the detection of insignificant PCa (GG = 1), GG distribution, the number of men in whom 
biopsy could have been avoided after unsuspicious imaging and the number of GG ≥2 
PCa missed for each strategy. Additional analyses for two other definitions of csPCa, GG 
≥2 PCa with CR/IDC and GG ≥3 PCa were performed.

Statistical analysis
Detailed justification of sample size is provided in the protocol paper.18 An interim 
analysis after 50% of the inclusion was performed by the DSMB to evaluate non-
inferiority assumptions, with adjusted Wald CIs for differences of proportions with 
matched pairs. To compare proportions of csPCa and insignificant PCa in the biopsy 
strategies, the McNemar’s test was used. All imaging cases of men with an unsuspicious 
MRI scan, but GG ≥ 2 PCa at biopsy were independently re-evaluated by two radiologists 
(with additional imaging cases to prevent biased reading). Statistical analyses were 
performed using the Statistical Package for the Social Sciences (SPSS®) for Windows 
(version 25.0, SPSS Inc., IBM Corp., Armonk, NY, USA).

RESULTS

Baseline characteristics
In November 2018, after inclusion of 150 men, an interim analysis was performed. As 
seen in the flow chart, 142 (95%) men were available for final analysis (Fig. S3). The DSMB 
concluded that presumed non-inferiority of the mpMRI- and CUDI-TBx strategies to SBx 
for GG ≥2 PCa detection would not be met based on conditional power computations 
and advised cessation of the study. Baseline characteristics are summarised in Table 1. 
The mpMRI (PI-RADS ≥3) and CUDI (Likert ≥3) were scored as suspicious in 50 men (35%) 
and 85 men (60%), respectively.
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Table 1. Baseline characteristics (part 1 out of 2)

Variables Value

Number of patients 142

Age, years, median (IQR) 65 (60 – 71)

Ethnicity, n (%)
· Caucasian
· Non-Caucasian

100 (70)
42 (30)

Family history of PCa, n (%)
· Yes
· No

21 (15)
121 (85)

PSA level, ng/mL, median (IQR) 6.2 (4.7 – 8.0)

DRE findings, n (%)
· Normal
· Abnormal

90 (63)
52 (37)

TRUS prostate volume, mL, median (IQR) 50 (35 – 68) 

TRUS findings, n (%)
· Normal
· Abnormal

87 (61)
55 (39)

PSA density, ng/mL/mL, median (IQR) 0.12 (0.08 – 0.18)

mpMRI PI-RADS score assessment, n (%)
· PI-RADS 1
· PI-RADS 2
· PI-RADS 3
· PI-RADS 4
· PI-RADS 5

2 (1)
90 (63)

8 (6)
22 (15)
20 (14)

CUDI Likert score assessment, n (%)
· Likert 1
· Likert 2
· Likert 3
· Likert 4
· Likert 5

3 (2)
54 (38)
31 (22)
40 (28)
14 (10)

Biopsy strategy, n (%)
· SBx
· mpMRI-TBx
· CUDI-TBx

142 (100)
50 (35)
85 (60)

Biopsy cores:
· Combined strategies, median (IQR) 15 (12-17)
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Table 1. Continued

Variables Value

Biopsy cores per strategy:
· SBx, median (IQR)
· mpMRI-TBx, median (IQR)

· overall
· per lesion

· CUDI-TBx, median (IQR)
· overall
· per lesion

12 (12-12)

3 (2-4)
2 (2-3)

3 (2-4)
2 (2-3)

Biopsy complications, n (%)
· Complicated UTI/urosepsis
· Urinary retention
· Gross rectal bleeding

6 (3)
1 (1)
1 (1)

PCa detection
The overall PCa detection (all strategies) was 56% (80/142) with 43% (62/142) GG ≥2 PCa 
and 13% (18/142) GG = 1 PCa (Table 2). Both the mpMRI- and CUDI-TBx strategies were 
inferior to SBx for the detection of GG ≥2 PCa (absolute difference: 11%-points) (Fig. 2). 
SBx detected significantly more GG ≥2 PCa: 39% (56/142), compared to 29% (41/142) 
and 28% (40/142) for the mpMRI- and CUDI-TBx strategies, respectively (P < 0.05) (Table 
3). SBx detected significantly more GG = 1 PCa: 14% (20/142), compared to 1% (two 
of 142) and 3% (four of 142) for the mpMRI- and CUDI-TBx strategies, respectively (P < 
0.05). Cross-tabulations of the mpMRI- and CUDI-TBx strategies with the SBx outcome 
for each GG are presented in Table 4.

Detection rates of GG ≥2 PCa with CR/IDC were 25% (36/ 142) for SBx, compared to 22% 
(31/142) and 20% (28/142) for the mpMRI- and CUDI-TBx strategies, respectively (Table 
2). Detection rates for GG ≥3 PCa were 14% (20/142) for SBx, compared to 16% (22/142) 
and 12% (17/142) for the mpMRI- and CUDI-TBx strategies, respectively. Detection rates 
for the combination of biopsy strategies are provided in Table 5.
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TABLE 2. Detection rate and biopsy core analysis of biopsy strategies

Biopsy strategy, n (%)

All TRUS-SBx mpMRI-TBx CUDI-TBx

Biopsy performance

Negative imaging; no biopsy - - 92 (65) 57 (40)

Biopsy performed 142 (100) 142 (100) 50 (35) 85 (60)

Biopsy outcome: clinically significant PCa if ≥ GG 2 / 3+4*

No PCa 62 (44) 66 (46) 7 (5) 41 (29)

Insignificant PCa 18 (13) 20 (14) 2 (1) 4 (3)

csPCa 62 (44) 56 (39) 41 (29) 40 (28)

Biopsy outcome: clinically significant PCa if ≥ GG 2 / 3+4 with CR/IDC†

No PCa 62 (44) 66 (46) 7 (5) 41 (29)

Insignificant PCa 39 (27) 40 (28) 12 (8) 16 (11)

csPCa 41 (29) 36 (25) 31 (22) 28 (20)

Biopsy outcome: clinically significant PCa if ≥ GG 3 / 4+3‡

No PCa 62 (44) 66 (46) 7 (5) 41 (29)

Insignificant PCa 53 (37) 56 (39) 21 (15) 27 (19)

csPCa 27 (19) 20 (14) 22 (16) 17 (12)

Grade group/Gleason score

GG 1 / 3+3 18 (13) 20 (14) 2 (1) 4 (3)

GG 2 / 3+4 35 (25) 36 (25) 19 (13) 23 (16)

GG 3 / 4+3 17 (12) 13 (9) 14 (10) 8 (6)

GG 4 / 8 5 (4) 2 (1) 5 (4) 6 (4)

GG 5 / 9-10 5 (4) 5 (4) 3 (2) 3 (2)

Biopsy cores

Total n. of cores 2118 1726 151 241

Total n. of positive cores 517 307 103 107

Ratio positive/total cores 0.24 0.18 0.68 0.44

Maximum tumor core involvement

<10%
10-50%
>50%

12 (15)
24 (30)
44 (55)

15 (20)
22 (29)
39 (51)

2 (5)
6 (14)

35 (81)

2 (5)
11 (25)
31 (71)

* SBx/mpMRI-TBx/CUDI-TBx: csPCa: GG ≥2 (Gleason score ≥3+4) in any core. † SBx/mpMRI-TBx/CUDI-TBx: csPCa: 
GG ≥2 (Gleason score ≥3+4) with CR/IDC in any core. ‡ SBx/mpMRI-TBx/CUDI-TBx: csPCa: GG ≥3 (Gleason score 
≥4+3) in any core.
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Difference in rate of outcome (95% CI)

percentage points

FIGURE 2. Non-inferiority analysis of the CUDI- and mpMRI-TBx strategies in comparison with SBx for 
detection of csPCa (GG ≥2). Non-inferiority analyses for primary outcome. Shown are the absolute differences 
between the TBx (CUDI and mpMRI) strategies and the SBx strategy in the rates of detection of csPCa (GG ≥2). 
The upper boundary of both two-sided 95% CIs for the difference (TBx strategy – SBx strategy) was lower than 
-1 percentage points, the non-inferiority margin (Δ) (dashed line), thus the CUDI- and mpMRI-TBx strategies 
were inferior to the SBx strategy for both PCa and csPCa.

Targeted biopsy outcome
Detection rates for the TBx outcome (overall score and individual lesions) are presented 
in Table S3. Detection rates of mpMRI-TBx for GG ≥2 PCa were 75% (six of eight), 73% 
(16/22) and 95% (19/20) for men with a PI-RADS score 3, 4 and 5, respectively. Detection 
rates of CUDI-TBx for GG ≥2 PCa were 19% (six of 31), 53% (21/40) and 93% (13/14) for 
men with a Likert score 3, 4 and 5, respectively.

Clinical performance of the mpMRI-strategy
Clinical performance of the mpMRI-TBx strategy is presented in Fig. 3. Performing SBx 
in the 92 men with PI-RADS 1–2 resulted in the diagnosis of 15 men (16%) with GG = 
1 PCa and 18 men (20%) with a GG ≥2 PCa. Of these 18 men, five men were diagnosed 
with a GG = 2 PCa with CR/IDC and two men with a GG = 3 PCa. Of the 50 men with a PI-
RADS ≥3, 82% (41/50) had GG ≥2 PCa on mpMRI-TBx. Two men (6%) with a PI-RADS ≥3 
were diagnosed with GG ≥2 PCa only on SBx. The GG ≥2 PCa missed by the mpMRI-TBx 
strategy are reviewed in Table S4.
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TABLE 5. Detection rate and biopsy core analysis of combined biopsy strategies

Biopsy strategy, n (%)

All
SBx + 

mpMRI-TBx
SBx + 

CUDI-TBx
mpMRI-TBx 
+ CUDI-TBx

Biopsy performance

Negative imaging; no biopsy - - - 50 (35)

Biopsy performed 142 (100) 142 (100) 142 (100) 92 (65)

Biopsy outcome: clinically significant PCa if ≥ GG 2 / 3+4*

No PCa 62 (44) 63 (44) 65 (46) 39 (28)

Insignificant PCa 18 (13) 18 (13) 17 (12) 5 (4)

csPCa 62 (44) 61 (43) 60 (42) 48 (34)

Biopsy outcome: clinically significant PCa if if ≥ GG 2 / 3+4 with CR/IDC†

No PCa 62 (44) 63 (44) 65 (46) 39 (28)

Insignificant PCa 39 (27) 38 (27) 38 (27) 20 (14)

csPCa 41 (29) 41 (29) 39 (27) 33 (23)

Biopsy outcome: clinically significant PCa if ≥ GG 3 / 4+3‡

No PCa 62 (44) 63 (44) 65 (46) 39 (28)

Insignificant PCa 53 (37) 52 (37) 54 (38) 31 (22)

csPCa 27 (19) 27 (19) 23 (16) 22 (15)

Grade group/Gleason score

GG 1 / 3+3 18 (13) 18 (13) 17 (12) 5 (4)

GG 2 / 3+4 35 (25) 34 (24) 37 (26) 26 (18)

GG 3 / 4+3 17 (12) 18 (13) 13 (9) 13 (9)

GG 4 / 8 5 (4) 4 (3) 5 (4) 6 (4)

GG 5 / 9-10 5 (4) 5 (4) 5 (4) 3 (2)

Biopsy cores

Total n. of cores 2118 1877 1967 392 

Total n. of positive cores 517 410 414 210 

Ratio positive/total cores 0.24 0.22 0.21 0.54

Maximum tumor core involvement

<10%
10-50%
>50%

12 (15)
24 (30)
44 (55)

14 (18)
21 (27)
44 (56)

12 (16)
24 (31)
41 (53)

3 (6)
11 (21)
39 (74)

* SBx/mpMRI-TBx/CUDI-TBx: csPCa: GG ≥2 (Gleason score ≥3+4) in any core. † SBx/mpMRI-TBx/CUDI-TBx: csPCa: 
GG ≥2 (Gleason score ≥3+4) with CR/IDC in any core. ‡ SBx/mpMRI-TBx/CUDI-TBx: csPCa: GG ≥3 (Gleason score 
≥4+3) in any core.
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mpMRI
N= 142

PI-RADS 1-2
N= 92 

SBx only
N= 92

No PCa:
N= 59 (64%)

GG = 1 PCa
N= 15 (16%)

GG = 2 PCa and CR-/IDC-

N= 11 (12%)

GG = 2 PCa and CR+/IDC+

N= 5 (5%)

GG ≥ 3 PCa
N= 2 (2%)

PI-RADS 3-5
N= 50

MRI-TBx only
N= 50

No PCa:
N= 7 (14%)

GG = 1 PCa
N= 2 (4%)

GG = 2 PCa and CR-/IDC-

N= 10 (20%)

GG = 2 PCa and CR+/IDC+

N= 9 (18%)

GG ≥ 3 PCa
N= 22 (44%)

MRI-TBx and SBx
N= 50

No PCa:
N= 4 (8%)

GG = 1 PCa
N= 3 (6%)

GG = 2 PCa and CR-/IDC-

N= 9 (18%)

GG = 2 PCa and CR+/IDC+

N= 9 (18%)

GG ≥ 3 PCa
N= 25 (50%)

FIGURE 3. Clinical performance of the mpMRI-strategy. Detection of the mpMRI-strategy (B) for GG = 1 PCa, 
GG = 2 PCa (with and without CR/IDC) and GG = 3 PCa.

Clinical performance of the CUDI-strategy
Clinical performance of the CUDI-strategy is presented in Fig. 4. Performing SBx in the 
57 men with a Likert 1-2 resulted in the diagnosis of seven men (12%) with a GG = 1 PCa 
and eight men (14%) with a GG = 2 PCa. Of these eight men, two men were diagnosed 
with a GG = 2 PCa with CR/IDC. A total of 40 of the 85 men (47%) with a Likert ≥3 had GG 
≥2 PCa on CUDI-TBx. SBx in men with a Likert ≥3 detected an additional 12 men (14%) 
with GG ≥2 PCa. The GG ≥2 PCa missed by the CUDI-TBx strategy are reviewed in Table 
S5.
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CUDI
N= 142

Likert 1-2
N= 57 

SBx only
N= 57

No PCa:
N= 42 (74%)

GG = 1 PCa
N= 7 (12%)

GG = 2 PCa and CR-/IDC-

N= 6 (11%)

GG = 2 PCa and CR+/IDC+

N= 2 (4%)

GG ≥ 3 PCa
N= 0

Likert 3-5
N= 85

CUDI-TBx only
N= 85

No PCa:
N= 41 (48%)

GG = 1 PCa
N= 4 (5%)

GG = 2 PCa and CR-/IDC-

N= 12 (14%)

GG = 2 PCa and CR+/IDC+

N= 11 (13%)

GG ≥ 3 PCa
N=17 (20%)

CUDI-TBx and SBx
N= 85

No PCa:
N= 25 (29%)

GG = 1 PCa
N= 8 (9%)

GG = 2 PCa and CR-/IDC-

N= 15 (18%)

GG = 2 PCa and CR+/IDC+

N= 14 (16%)

GG ≥ 3 PCa
N= 23 (27%)

FIGURE 4. Clinical performance of the CUDI-strategy. Detection of the CUDI-strategy (B) for GG = 1 PCa, GG = 
2 PCa (with and without CR/IDC) and GG = 3 PCa.

Follow-up and MRI re-reading
Follow-up data are presented in Table S6. None of the 62 men with a benign biopsy 
session had a GG ≥2 PCa at follow-up [median (interquartile range): 16 (11–23) months].

Two radiologists performed a blinded re-reading of the mpMRIs of the 18 men with PI-
RADS 1–2 and missed GG ≥2 PCa. Correct mpMRI re-reading of the GG ≥2 PCa biopsy 
location occurred in seven (M.E.: 39%) and six (33%: C.H.) of the cases, respectively.
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DISCUSSION

This prospective, paired diagnostic study is the first to compare both an mpMRI-TBx and 
CUDI-TBx strategy with SBx in biopsy-naïve men in a blinded fashion. At interim analysis, 
SBx detected 39% of GG ≥2 PCa, compared to 29% for the mpMRI-TBx strategy and 
28% for the CUDI-TBx strategy, respectively. The study was halted at interim analysis, 
as conditional power computation by the DSMB demonstrated that presumed non-
inferiority of the mpMRI- and CUDI-TBx strategies to SBx would not be met for the 
detection of GG ≥2 PCa. Despite early cessation of accrual, the present study makes 
multiple contributions to existing literature regarding the optimal prostate biopsy 
regimen in biopsy-naïve men. Consistent with the PRECISION, 4M and MRI-FIRST trials on 
mpMRI-TBx, detection of GG = 1 PCa was significantly lower with mpMRI-TBx compared 
to SBx, demonstrating its potential to selectively detect GG ≥2 PCa.1-3 Likewise, addition 
of SBx to mpMRI-TBx led to higher detection rates of GG ≥2 PCa, but also significantly 
increased detection of insignificant GG = 1 PCa.1-3,21

However, in these trials the mpMRI-TBx strategy maintained its detection for GG ≥2 
PCa, while in our present study the mpMRI-TBx strategy had inferior detection rates in 
comparison with SBx.1-3 The reason for this controversial result may be twofold. Firstly, 
our present SBx achieved a high detection rate of 39% for GG ≥2 PCa and only 10% (six 
of 62) of all GG ≥2 PCa were missed on SBx, while these numbers were 23% (44/190) 
and 20% (19/94) for the 4M and MRI-FIRST trial, respectively. Consequently, SBx in our 
present study detected 9–16% more GG ≥2 PCa than the SBx in the other three trials, 
while baseline characteristics of the study populations where fairly similar (Table S7). 
Albeit, the high proportion of men with an abnormal DRE (37%) or TRUS (39%) could 
have contributed to a high detection rate of SBx in comparison with mpMRI-TBx within 
our present study. After all, csPCa lesions found with SBx, but missed with mpMRI often 
involve the palpable dorsolateral segments of the prostate.22,23 Another, important 
explanation may be the fact that biopsy operators received an extensive education and 
training programme. A systematic 12-core sampling of all the relevant prostate zones 
was performed including needle targeting of TRUS abnormalities if deemed necessary. 
In all, 27 of the 55 men (49%) with a TRUS abnormality had a GG ≥2 PCa in the SBx core(s) 
of the suspicious hypoechoic region, while the remaining 51% (29/ 56) of GG ≥2 PCa in 
the SBx strategy was found in unsuspicious prostate zones.

Secondly, our present mpMRI-TBx strategy, performed by a dedicated MRI radiologist, 
had a lower sensitivity for GG ≥2 PCa compared with the current literature and, as a 
consequence, led to a lower detection rate (i.e., true-positive rate) of GG ≥2 PCa in 
comparison with SBx. Of all men with a GG ≥2 PCa, 34% (21/62) were not found using 
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the mpMRI-TBx strategy, while this was 16% (31/190) and 14% (13/94) for the 4M and 
MRI-FIRST trial, respectively.3,4 The number of missed cases in our present study was 
not directly related to the use of 1.5-T MRI, as the percentages of PI-RADS 1–2 cases 
with GG ≥2 PCa found at SBx were comparable for 1.5-T MRI (13%) and 3-T MRI (13%). 
Meanwhile, contrary to what is presented in the current literature, our present mpMRI-
TBx strategy was very specific for GG ≥2 PCa.4,6 Of the men with a positive mpMRI, 82% 
had GG ≥2 PCa on mpMRI-TBx, with a median of two TBx cores per PI-RADS lesion. In 
comparison, only 39%, 50% and 55% of the men with a positive mpMRI had GG ≥2 
PCa on mpMRI-TBx in the MRI-FIRST, 4M and PRECISION trial, respectively.1,3 As shown in 
Table S7, receiver operating characteristic curve analysis of the mpMRI-TBx strategy for 
GG ≥2 PCa at biopsy had an area under the curve (AUC) of 0.82 for our present study, 
while the 4M- study and MRI-First study had an AUC of 0.82 and 0.60, respectively. 
Although we acknowledge that higher sensitivity for GG ≥2 PCa is essential to the use 
of mpMRI as a triage test, a too low specificity significantly reduces the value of mpMRI-
TBx as most patients will be positive, regardless of having GG ≥2 PCa or not.

Our present study reinforces the evidence that high-quality clinical expertise and 
standardisation ofmpMRI and the biopsy regimen are essential in PCa diagnostics. The 
variability in diagnostic performance ofmpMRI readings and TBx techniques clearly 
emphasise the necessity to standardise mpMRI acquisition, inter-reader and inter-
operator reproducibility of the mpMRI-TBx strategy to prevent suboptimal care outside 
large-volume expert centres.4 Despite the use of the PIRADSv2 scoring system, mpMRI 
inter- reader reproducibility remains moderate at best.24,25 In our present study, about 
one-third of the missed cases on mpMRI were retrospectively recognised by the two 
radiologists. In the 4M study, GG ≥2 PCa was only missed in 4% of the cases, but prostate 
mpMRI readings were centrally reviewed by two experienced radiologists before biopsy, 
with 12% of the first mpMRI readings being discordant.2 Systematic double reading 
could potentially reduce the number of missed csPCa and increase the detection of 
the mpMRI-TBx strategy.26 Hopefully, significant improvements in the mpMRI-TBx 
pathway in our own institution will be observed over time by implementation of the 
recently published PI-RADSv2.1, systematic mpMRI double reading before biopsy, and 
multidisciplinary meetings using pathological correlation and feedback.27 However, it 
remains to be seen whether such an intensive programme can be organised in every 
healthcare system. Advances in artificial intelligence, particularly deep- learning 
techniques, as well as registration and segmentation, might alleviate problems in inter- 
and intra-observer variability, as well as the long learning curves associated with PI-
RADS.28 However, full implementation of computer- aided diagnostic systems, either as 
a supportive tool or as part of the pathway, is still awaited.29
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One other particular question relates to the sampling efficiency and the number of cores 
needed for accurate targeting of the MRI region-of-interest. The optimal number of TBx 
cores remains controversial, which may be partly a result of various MRI-TBx techniques 
(cognitive guidance, MRI-TRUS fusion software or direct in-bore guidance) and the 
indication for the biopsy. Additional focal perilesional saturation with four cores has 
been suggested to reduce the risk of missing or undersampling the lesion.2 Consistent 
with two recently published studies by Porpiglia et al. and Kenigsberg et al., our present 
study showed that a high diagnostic yield can be achieved for all different PI- RADS 
lesions with a median of two TBx cores per lesion.30,31 Rather than adhering to a fixed 
number of biopsy cores, we believe that individual biopsy operators should critically 
evaluate their own TBx outcomes with imaging and pathological feedback to determine 
how to optimise MRI-TRUS-fusion biopsy in their own hands.

CUDI is a less expensive, accessible and convenient US-based alternative to mpMRI 
for the diagnosis of PCa. The strategy showed promising results in this first clinical 
evaluation with similar detection rates for GG ≥2 PCa and GG = 1 PCa as the mpMRI-
TBx strategy. At the same time, the CUDI-TBx strategy had more false positives than the 
mpMRI-TBx strategy (53% vs 18%) and the AUC of the CUDI-TBx strategy for GG ≥2 PCa 
was 0.71. These false-positive findings were mainly caused by the fact that CUDI, like 
DCE MRI, demonstrated difficulties in distinguishing prostatitis and BPH from csPCa.32 
Future research on CUDI is therefore foreseen. Three-dimensional (3D) CEUS, shortening 
the procedure time with full 3D modelling of the kinetic behaviour of microbubbles 
can potentially reduce the risk of missing a lesion outside the pre-defined imaging 
plane(s).33 Furthermore, the exploration of different US modalities in a multiparametric 
fashion, like mpMRI, seems important to accurately distinguish malignant from benign 
conditions, such as prostatitis and BPH on CUDI.34 Although CUDI has the potential to 
solve many of the problems associated with MRI such as cost, availability, convenience 
and MRI- TRUS registration error; large-scale, multicentre evaluation of the CUDI-TBx 
strategy, either alone or combined in so-called multiparametric US, will be required 
before proceeding to clinical implementation of this technique.

An optimal imaging strategy for PCa diagnosis is based on the balance of adequate 
detection of csPCa, assuredness regarding the accuracy of negative imaging, and 
limited detection of insignificant PCa.35 The highest detection rate for GG ≥2 PCa was 
achieved by a combination of lesion targeting (mpMRI or CUDI) and zonal biopsy (SBx). 
The combination of mpMRI-TBx with SBx performed slightly better than CUDI-TBx with 
SBx for GG ≥2 PCa detection and had less false-positive findings. There was no additional 
value in performing all three biopsy strategies. As expected, a combination of SBx and 
TBx also significantly increased the detection of insignificant GG = 1 PCa. As stand-alone, 
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both the mpMRI- and CUDI-TBx strategies showed reduced detection of insignificant 
(GG = 1) PCa, but detection and accuracy of negative imaging for GG ≥2 PCa was also 
insufficient. Although at present it is common to define GG ≥2 PCa on biopsy as ‘csPCa’, 
this definition is probably too stringent.36 Particularly, GG = 2 PCa shows considerable 
heterogeneity in clinical outcome, as recent studies suggest that survival rates for GG 
= 2 PCa in the absence of CR/IDC is similar to those for GG = 1 PCa.37,38 Therefore, these 
men carry a risk of being overdiagnosed and overtreated.39 Of the men with GG ≥2 PCa 
missed by mpMRI and CUDI, 61% (11/18) and 75% (six of eight) were men with a GG 
= 2 PCa without these adverse pathological features, respectively. Defining ‘csPCa’ is a 
dynamic process but now more important than ever, as with the increased acceptance 
of active surveillance the number of men deferring therapy and living with the disease 
is increasing. Incorporation of these additional morphological subtypes of Gleason 
pattern 4 seems to better reflect clinically significant disease burden than solely the 
presence of a GG ≥2 PCa. Incorporation of these criteria in the future will probably also 
aid in reaching a more definitive answer to the question of whether SBx can be safely 
omitted in men with negative imaging.

Altogether, these results and those of the previous trials strongly suggest that the 
mpMRI-TBx strategy has added value in biopsy-naive men, especially considering its 
detection of more aggressive PCa. We therefore recommend performing a pre-biopsy 
mpMRI of the prostate in biopsy- naive men. For now, results of our present study suggest 
the incorporation of the mpMRI-TBx strategy in a combined pathway, in which patients 
with a positive mpMRI undergo combined SBx and TBx, and patients with a negative 
mpMRI undergo SBx alone. Although, the added value of SBx depends on the definition 
of csPCa, and the combined pathway comes with an increase in GG = 1 PCa detection, 
10 additional men (24%) with GG ≥2 PCa with CR/IDC were detected with combined 
mpMRI-TBx and SBx in comparison with mpMRI-TBx only. Conditions therefore remain 
to be defined under which SBx can be safely avoided in men with negative imaging. If 
only performed in men with a negative mpMRI and PSA density ≥0.15 ng/mL/mL (n = 
23), SBx would have detected eight out of the 18 missed GG ≥2 PCa cases (five out of 
10 cases with GG ≥2 PCa with CR/IDC) at the cost of two more men with GG = 1 PCa. 
If the prostate biopsy is omitted based on shared decision-making, it thus requires a 
robust follow-up regimen to potentially diagnose ‘initially missed’ csPCa in a curable 
timeframe. Risk-calculators combining imaging findings with clinical data can hopefully 
select those men who may still benefit from biopsy if the imaging is negative even more 
accurately.40 In the future, the decision to perform a prostate biopsy should not be based 
solely on imaging, but on the combination of all relevant PCa diagnostics including the 
patient’s demographics and clinical findings.
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Besides the early cessation of accrual, some other limitations should be mentioned. First 
of all, the present study was performed in one centre and local preferences could limit 
the generalisability of our results. However, it also reflects daily practice in a tertiary care 
centre, while results from randomised controlled trials in (large-volume) expert centres 
seem difficult to reproduce in the real-life setting.41 Second, PCa might have been 
missed by all strategies in some patients. We did not use template prostate mapping 
biopsy, as we were interested in the comparison of the mpMRI- and CUDI-TBx strategies 
with the current standard of care. In addition, none of the men with a benign biopsy had 
a GG ≥2 PCa at the most recent follow-up. Third, all biopsy strategies were performed in 
sequence on the same day; to prevent visibility of TBx needle tracks, SBx was performed 
first. Biopsy haemorrhage and gland swelling may have negatively affected the TBx 
procedure. However, these artefacts are mild at such a short interval and the mpMRI-TBx 
(last in sequence) had high targeting accuracy (Table S3). Last, cost- effectiveness and 
patient-reported outcomes of obtaining pre- biopsy mpMRI, CUDI and prostate biopsy 
were beyond the scope of the present study.

CONCLUSIONS

In our study with biopsy-naïve men, the mpMRI- and CUDI- TBX strategies had similar 
PCa detection rates, but the mpMRI-TBx strategy had less false-positive findings. Both 
strategies had inferior detection rates for GG ≥2 PCa than SBx. Both strategies did not 
significantly differ to SBx in the detection of GG ≥2 PCa with CR/IDC and GG ≥3 PCa. 
Despite the fact that both imaging strategies reduced the detection of insignificant GG 
= 1 PCa, SBx cannot be omitted in biopsy-naïve men for GG ≥2 PCa based on negative 
imaging alone.
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ABBREVIATIONS

CaP Prostate Cancer
CI Confidence interval
DRE Digital rectal examination
DWI Diffusion-weighted imaging
DCE Dynamic contrast-enhanced imaging
IQR Interquartile range
GS Gleason score
(mp)MRI (Multiparametric) magnetic resonance imaging
MTCI Maximum tumor core involvement
NPV Negative predictive value
PI-RADS Prostate Imaging Reporting and Data System
PSA Prostate Specific Antigen
RCT Randomized controlled trial
SBx Systematic biopsy
T Tesla
T2W T2-weighted imaging
TRUS Transrectal ultrasound
TBx Targeted fusion biopsy
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ABSTRACT

Purpose
Incorporation of multiparametric magnetic resonance imaging (mpMRI) and targeted 
biopsy (TBx) in the diagnostic pathway for prostate cancer (CaP) is rapidly becoming 
common practice. In men with a prebiopsy positive mpMRI a TBx only approach, 
thereby omitting transrectal ultrasound-guided systematic biopsy (SBx), has been 
postulated. In this study we evaluated the additional clinical relevance of SBx in men 
with a positive prebiopsy mpMRI (Prostate Imaging Reporting and Data System [PI-
RADS] ≥ 3) undergoing TBx for CaP detection, Gleason grading and CaP localization.

Material and methods
Prospective data of 255 consecutive men with a prebiopsy positive mpMRI (PI-RADS 
≥ 3) undergoing 12-core SBx and subsequent MRI-transrectal ultrasound fusion TBx in 
2 institutions between 2015 and 2018 was obtained. The detection rate for significant 
CaP (Gleason score [GS] ≥ 3 + 4) for TBx and SBx were compared. The rate of potentially 
missed significant CaP by a TBx only approach was determined and GS concordance 
and CaP localization by TBx and SBx was evaluated.

Results
TBx yielded significant CaP in 113 men (44%) while SBx yielded significant CaP in 110 
men (43%) (P = 0.856). Insignificant CaP was found in 21 men (8%) by TBx, while SBx 
detected 34 men (13%) with insignificant CaP (P = 0.035). A TBx only approach, omitting 
SBx, would have missed significant CaP in 13 of the 126 men (10%) with significant CaP 
on biopsy. Ten of the 118 men (8%), both positive on TBx and SBx, were upgraded in 
GS by SBx while 11 men (9%) had higher maximum tumor core involvement on SBx. 
Nineteen of the 97 men (20%) with significant CaP in both TBx and SBx were diagnosed 
with unilateral significant CaP on mpMRI and TBx while SBx demonstrated bilateral 
significant CaP.

Conclusions
In men with a prebiopsy positive mpMRI, TBx detects high-GS CaP while reducing 
insignificant CaP detection as compared to SBx. SBx and TBx as stand-alone missed 
significant CaP in 13% and 10% of the men with significant CaP on biopsy, respectively. 
A combination of SBx and TBx remains necessary for the most accurate assessment of 
detection, grading, tumor core involvement, and localization of CaP.
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Highlights
• TBx detects high Gleason score CaP while reducing insignificant CaP detection as 

compared to SBx.
• In men with a prebiopsy positive mpMRI, a SBx only approach or a TBx only approach 

will miss non-negligible significant CaP found by a combination of both.
• A combination of TBx and SBx provides the most accurate assessment of tumor 

detection, tumor core involvement and Gleason grading of CaP.
• mpMRI and TBx miss significant CaP lesions on the contralateral side of the prostate 

found by SBx.

Keywords
Prostate cancer; Magnetic resonance imaging; Biopsy; Early diagnosis; Grading
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INTRODUCTION

Targeted biopsy (TBx) of suspicious lesions on multiparametric magnetic resonance 
imaging (mpMRI) has demonstrated favorable detection rates of significant prostate 
cancer (CaP) compared with transrectal ultrasound (TRUS)-guided systematic biopsy 
(SBx), especially in the repeat-biopsy setting.1,2 Moreover, TBx of suspicious mpMRI 
lesions provides for a better Gleason score (GS) prediction of final histopathology 
compared to SBx. Consequently mpMRI in combination with TBx is increasingly being 
used.3-5 Nevertheless, whether SBx can be safely omitted by performing only mpMRI 
and if necessary TBx is uncertain for now.6-9 Although this uncertainty primarily focuses 
on men with a negative mpMRI thereby preventing biopsy at all, information on 
the necessity of SBx in men with a positive prebiopsy mpMRI undergoing TBx is still 
undetermined.10

A TBx only strategy would substantially decrease the number of biopsies, with its 
associated discomfort, and could reduce detection of insignificant CaP, often associated 
with overtreatment, as TBx predominantly detects GS ≥ 7 CaP.8,11,12 Performing SBx, 
in addition to TBx, however seems to detect some significant CaP missed on mpMRI-
TBx.9,13,14 Current guidelines on CaP, therefore, still recommend to include systematic 
biopsies in men with a suspicious mpMRI undergoing TBx.8,15 Proponents of a TBx only 
pathway, however, emphasize that missed significant tumors on mpMRI are low- to 
(limited volume) intermediate-risk tumors and are mainly caused by shortcomings 
in mpMRI and TBx quality. As most of the current studies have poor adherence to the 
Standards of Reporting for MRI-targeted Biopsy Studies (START) recommendations 
with widely diverging mpMRI performance, lesion targeting and biopsy procedures, it 
remains unclear whether SBx could potentially be omitted in men with a positive mpMRI 
undergoing TBx.10,16 Moreover, the role of SBx for other meaningful factors that influence 
treatment decisions besides CaP detection and GS such as tumor focality and cancer 
core involvement is also unknown. In this study we evaluated the clinical usefulness of 
SBx, in addition to TBx, in men with a positive prebiopsy mpMRI (PI-RADS ≥ 3; Prostate 
Imaging Reporting and Data System v2.0) for CaP detection, Gleason grading and CaP 
localization.
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MATERIALS AND METHODS

Study population
From November 2015 to June 2018, a total of 294 biopsy-naïve and 168 prior negative 
men (n = 462) with an elevated prostate-specific antigen (PSA) of ≥ 3.0 ng/ml and/
or abnormal digital rectal examination (DRE), underwent mpMRI of the prostate in 2 
institutions, the Amsterdam University Medical Centers, location AMC and Jeroen Bosch 
Hospital, the Netherlands. MpMRI was generally omitted for men with a PSA level of >25 
ng/ml. Two hundred and sixty four out of 462 (57%) mpMRIs were classified as suspicious 
based on a PI-RADS score ≥3 or more. Out of these 264 men, 255 (97%) underwent both 
SBx and TBx and were included in the prospective database approved by the respective 
institutional review boards and reported according to the START criteria.16

mpMRI protocol
Of the 255 men, 229 men (90%) underwent prebiopsy mpMRI at 3.0 T and 26 men (10%) 
at 1.5 T. One hundred and fourteen mpMRIs (45%) were performed with T2-weighted 
imaging, diffusion-weighted imaging and dynamic contrast-enhanced imaging (DCE) 
in 1 center, whereas 141 mpMRIs (55%) in the other center were biparametric without 
DCE imaging. Institutional mpMRI protocols are presented in Appendix 1. At least 1 
uroradiologist (M.E., G.J.) with >8 years of experience in mpMRI of the prostate analyzed 
the images. Individual lesions were scored using PI-RADS v2.17

Biopsy protocols
Median time between mpMRI and biopsy was 20 days (interquartile range 13–33). SBx 
and TBx procedures were performed in 1 session and SBx was performed before TBx. 
In 156 out of 255 men (61%) the SBx operator was unaware of the mpMRI results and 
TBx procedure planning. Both centers performed a standard 12-core TRUS-guided SBx 
of the peripheral zone with additional cores of the transition zone included in prior-
biopsy negative men, if deemed necessary. TBx was performed using MRI-TRUS fusion 
techniques: the Artemis system (Eigen, Grass Valley, CA) and the Navigo workstation 
(UC-Care Medical Systems, Yokneam, Israel).18,19 Suspicious lesions on mpMRI (PI-RADS 
≥ 3) were generally targeted with 2 to 4 cores depending on lesion size. The biopsy 
procedures were all performed by experienced operators (>200 biopsy cases per year).
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Histopathology
Biopsy cores were examined by an uropathologist in each center with ≥12 years of 
experience. The total number of (positive) cores, the tumor percentage of each biopsy 
core and GS were reported according to the 2014 International Society of Urological 
Pathology recommendations.20

Statistical analysis
Descriptive statistics were used to describe patient characteristics and differences in 
variables were assessed with the χ2 test for categorical variables and Mann-Whitney U 
test for continuous variables. Clinically significant CaP was defined as GS ≥ 3 + 4 = 7 in 
a biopsy core. Detection rates were presented using cross-tabulations and compared 
using the McNemar test. We determined the number of missed and GS undergraded 
clinically significant CaP on TBx and evaluated the role of mpMRI reading and biopsy 
lesion targeting in men with missed significant CaP on TBx using mpMRI information 
and positive SBx locations. Last, we compared positive (significant) SBx and TBx core 
locations within each prostate lobe to assess the role of TBx and SBx in multifocality of 
CaP disease.

RESULTS

Patient and procedure characteristics
Median age in the cohort of 255 men was 65 years (interquartile range 61–69) as seen 
in Table 1. Out of the 255 men, 160 (63%) had a CaP positive biopsy. Men with a positive 
biopsy were significantly older (66 vs. 64 years; P = 0.04), biopsy-naïve (78% vs. 38%) 
and had more often an abnormal DRE (53% vs. 7%; P < 0.001) compared with men with 
a negative biopsy. Men with a positive biopsy had a higher overall PI-RADS score (P < 
0.001) while the amount of cores taken per procedure were comparable between both 
groups with a median of 3 TBx cores per procedure.
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TABLE 1. Clinical characteristics

Variable
Total

(N=255)

Positive 
biopsy

(N=160)

Negative 
biopsy
(N=95) P value

Patient

Age at biopsy; years, median (IQR)  65 (61-69) 66 (62-71) 64 (59-68) 0.044

Ethnicity, n (%)
· Caucasian
· Non Caucasian

233 (91)
22 (9) 

141 (88)
19 (12)

92 (97)
3 (3)

0.017

Prebiopsy PSA; ng/mL, median (IQR) 8.1 (5.9-12.0) 8.1 (5.9 -12.0) 8.3 (5.9-12.0) 0.781

PSA density; ng/mL/cc, median (IQR) 0.18 (0.12-0.28) 0.21 (0.13-0.30) 0.24 (0.20-0.23) <0.001

DRE, n (%)
· Normal
· Abnormal

163 (64)
92 (36)

75 (47)
85 (53)

88 (93)
7 (7)

<0.001

TRUS prostate volume; cc, median (IQR) 45 (34-63) 40 (30-53) 54 (42-72) <0.001

Biopsy type, n (%)
· Biopsy-naïve
· Prior negative

161 (63)
94 (37)

125 (78)
35 (22)

36 (38)
59 (62)

<0.001

Biopsy session, n (%)
· 1
· 2
· ≥3

161 (63)
56 (22)
38 (15)

125 (78)
27 (17)

8 (5)

36 (38)
29 (31)
30 (31)

<0.001

mpMRI

PI-RADS score per patient, n (%)a

· 3
· 4
· 5

81 (32)
94 (37)
80 (31)

28 (18)
63 (39)
69 (43)

53 (56)
31 (33)
11 (12)

<0.01

MRI lesions per patient, n (%)
· 1
· 2
· ≥ 3

186 (73)
62 (24)

7 (3)

114 (71)
41 (26)

5 (3)

72 (76)
21 (22)

2 (2)

0.742

Biopsy 

SBx cores in biopsy-naive patients, n (%)
· < 12
· 12
· > 12

8 (5)
147 (91)

6 (4)

7 (6)
114 (91)

4 (3)

1 (3)
33 (92)

2 (6)

0.649

SBx cores in prior-negative 
patients, n (%)
· < 12
· 12-16
· 16

9 (9)
56 (60)
29 (31)

3 (9)
17 (54)
13 (37)

6 (10)
37 (63)
16 (27)

0.596

MRI-TBx cores patient, median (range) 3 (2-4) 3 (2-4) 3 (2-4) 0.131
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TABLE 1. Continued

Variable
Total

(N=255)

Positive 
biopsy

(N=160)

Negative 
biopsy
(N=95) P value

MRI-TBx cores per lesion, n (%)
· 1
· 2
· 3
· 4
· ≥ 5

22 (7)
220 (67)
61 (18)
21 (6)
7 (2)

13 (6)
136 (65)
45 (21)
12 (6)
5 (2)

9 (7)
84 (70)
16 (13)

9 (7)
2 (2)

0.279

Biopsy complication, n (%)
Yes:
· Prostatitis
· Urinary retention
· Gross rectal bleeding
· Gross hematuria
No

10 (4)
1 (0.4)
1 (0.4)
1 (0.4)

242 (95)

6 (4)
1 (0.5)

-
1 (0.5)

152 (95)

4 (4)
-

1 (1)
-

90 (95)

0.574

a The highest PI-RADS score is given if more than one lesion was present in a patient. Statistically significant 
p-values (p < 0.05) are indicated in bold.

Detection of CaP
Of the 160 men with a positive biopsy, 126 (79%) were diagnosed with significant CaP 
(GS ≥ 3 + 4) and 34 (21%) with insignificant CaP (GS 3 + 3) as seen in Table 2. TBx revealed 
significant CaP in 113 men (44%) while SBx revealed significant CaP in 110 men (43%; P 
= 0.856). Insignificant CaP was found in 21 men (8%) by TBx and in 34 men by SBx (13%; 
P = 0.035). GS ≥4 + 3 CaP was found via TBx in 69 men (27%) compared to 56 men (22%) 
via SBx (P = 0.019). In men with PI-RADS 3, TBx detected 14 out of the 20 men (70%) 
with significant CaP on biopsy. For PI-RADS 4 and 5, 48 men and 58 men had significant 
CaP on biopsy with TBx, detecting significant CaP in 43 men (90%) and 56 men (97%), 
respectively. Detection results for TBx and SBx is presented separately for biopsy-naïve 
men and prior-negative men in Appendix 2.
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TABLE 2. Prostate cancer detection outcomes stratified according to the PI-RADS score.

Detection

Men with 
PI-RADS 
3 (n=81)

Men with 
PI-RADS 
4 (n=94)

Men with 
PI-RADS 
5 (n=80)

Total
(n=255)

All biopsy (TBx and SBx)

No PCa, n (%) 53 (65) 31 (33) 11 (14) 95 (37)

Insignificant PCa, n (%)
· GS 3+3 8 (10) 15 (16) 11 (14) 34 (13)

Significant PCa, n (%)
· All

 - GS 3+4
 - GS 4+3
 - GS >= 4+4

20 (25)
12 (15)

7 (9)
1 (1)

48 (51)
15 (16)
24 (25)
9 (10)

58 (72)
23 (29)
12 (15)
23 (29)

126 (49)
50 (20)
43 (17)
33 (13)

Total 81 (100) 94 (100) 80 (100) 255

TBx only

No PCa, n (%)
· significant PCa on SBx

61 (75)
4 (5)

44 (47)
4 (4)

16 (20)
1 (1)

121 (47)
9 (4)

Insignificant PCa, n (%)
· GS 3+3

 - significant PCa on SBx
6 (7)
2 (2)

7 (7)
1 (1)

8 (10)
1 (1)

21 (8)
4 (2)

Significant PCa, n (%)
· All:

 - GS 3+4
 - GS 4+3
 - GS >= 4+4

14 (17)
7 (9)
7 (9)

0 

43 (46)
15 (16)
20 (21)

8 (9)

56 (70)
22 (28)
13 (16)
21 (26)

113 (44)
44 (17)
40 (16)
29 (11)

Total, n (%) 81 (100) 94 (100) 80 (100) 255 (100)

SBx only

No PCa, n (%)
· significant PCa on TBx

56 (69)
1 (1)

35 (37)
2 (2)

20 (25)
7 (9)

111 (44)
10 (4)

Insignificant PCa, n (%)
· GS 3+3

 - significant PCa on TBx
7 (9)
1 (1)

17 (18)
4 (4)

10 (13)
1 (1)

34 (13)
6 (2)

Significant PCa, n (%)
· All

 - GS 3+4
 - GS 4+3
 - GS >= 4+4

18 (22)
12 (15)

5 (6)
1 (1)

42 (45)
20 (21)
16 (17)

6 (6)

50 (63)
22 (28)
10 (13)
18 (23)

110 (44)
54 (21)
31 (12)
25 (10)

Total, n (%) 81 (100) 94 (100) 80 (100) 255 (100)
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Missed and GS undergraded significant CaP
TBx detected 16 out of 126 men (13%) with significant CaP (5 GS 3 + 4 = 7, 5 GS 4 + 3 = 7 
and 6 GS ≥ 4 + 4 = 8) that were missed (n = 10) or GS undergraded insignificant (n = 6) 
on SBx as seen in Table 3. TBx would have omitted detection of insignificant CaP in 13 
of the 34 men (38%). SBx detected 13 out of 126 men (10%) with significant CaP (9 
GS 3 + 4 = 7, 3 GS 4 + 3 = 7 and 1 GS ≥ 4 + 4 = 8) that were missed (7%, n = 9) or GS 
undergraded insignificant (3%, n = 4) on TBx. Significant CaP on TBx was missed in 4 
men with PI-RADS 3, 4 men with PI-RADS 4 and 1 man with PI-RADS 5, respectively. 
Data of these men is descriptively summarized in Appendix 3. Two men with PI-RADS 
3 and 1 man for both PI-RADS 4 and 5 were diagnosed as GS 3 + 3 = 6 on TBx while 
SBx demonstrated significant CaP. Data of these men is descriptively summarized in 
Appendix 4.

GS concordance and maximum tumor core involvement
Of the 118 men both positive on SBx and TBx, 91 men (77%) had concordant GS, while 17 
(14%) and 10 men (8%) were GS upgraded on TBx and SBx, respectively (Table 4). Of the 
10 men upgraded on SBx, 4 men (3%) were upgraded from insignificant to significant 
CaP. One hundred and seven men (91%) had equal (n = 91) or higher (n = 16) maximum 
tumor core involvement in TBx compared to SBx. Eleven men (9%) had higher maximum 
tumor core involvement on SBx.

Focality of disease
As shown in Table 5, 75 out of the 118 men (64%) both positive on SBx and TBx, had CaP 
detected with concordant unilateral or bilateral disease on SBx and TBx. For significant 
CaP only, 72 out of the 97 men (74%) had significant CaP detected with concordant 
unilateral or bilateral disease as defined on SBx and TBx while 21 of the 97 men (22%) 
were diagnosed with unilateral significant CaP on TBx with SBx demonstrating significant 
CaP on the contralateral side (n = 2) or bilateral in the prostate (n = 19).
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DISCUSSION

SBx in men with an elevated PSA level and/or abnormal DRE has been the cornerstone 
of CaP diagnosis for decades. Due to its ability to detect significant CaP while reducing 
overdetection of indolent disease, mpMRI and TBx are rapidly becoming common 
practice in the diagnostic pathway and questions arise whether SBx can be fully 
replaced by this novel strategy.2,5,21,22 Results of our study in 255 men with a prebiopsy 
positive mpMRI undergoing both SBx and TBx demonstrated that a TBx only approach 
would have missed significant CaP in 9 men (7%) and misclassified CaP as insignificant 
in 4 more men (3%). Using mpMRI information and positive SBx core locations, both 
inadequate CaP visualization on mpMRI (n = 8) and erroneous biopsy lesion targeting 
(n = 5) contributed to missed significant CaP in a mpMRI-TBx pathway. In addition, 
additional SBx for detection of significant CaP seems more useful in men with an 
intermediate suspicion on mpMRI as TBx detected 97% (56/58) of the significant CaP in 
men with a PI-RADS score 5 compared to 70% (14/20) in men with a PI-RADS score 3. For 
detection of significant CaP, one might consider to omit SBx in men with PI-RADS score 
5 as additional benefit of SBx is very low compared to the high amount of biopsies that 
need to be taken.

Our results are in line with a recent literature review that demonstrated that combination 
of both TBx and SBx improved significant CaP detection rates with 5% to 15% as 
compared with TBx alone.10 Our study adds to this review other new important findings. 
First of all, maximum tumor core involvement is underestimated by TBx in 9% (11/118) 
of the men both positive on SBx and TBx while 5 more men (4%) had a higher significant 
GS in the SBx compared to the TBx. Although one could argue that TBx precision was 
insufficient in these cases, TBx fusion cores are also known for their 2 to 3 mm error 
margin while a recent systematic review did not demonstrate any additional value 
of in-bore MRI TBx compared to MRI-TRUS fusion TBx.23-25 Moreover, 21 of the 97 men 
(22%) both positive for significant CaP on TBx and SBx were diagnosed with unilateral 
disease on mpMRI-TBx while SBx demonstrated bilateral significant disease. In line with 
the literature, TBx has a high sensitivity for index lesion characterization, but secondary 
lesions are often missed by imaging while disease progression is not always driven by 
the index lesion only.22,26-29 Notwithstanding the fact that CaP detection and accurate GS 
determination are the cornerstone for decision making in CaP, secondary pathological 
features such as maximum tumor core involvement and multifocality are relevant for 
adequate risk stratification, prognosis, and treatment evaluation of CaP. Especially, for 
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novel focal therapy techniques, aiming at selectively ablating CaP tumors while sparing 
functional and anatomical structures, mpMRI and TBx should be combined with SBx for 
adequate patient selection.30

Despite the drawbacks of performing only TBx, the TBx approach was more efficient 
on a per-core basis in the detection of significant CaP with higher rates of positive 
cores and 4 times fewer biopsy cores (median cores per session: 12 vs. 3) per diagnosis. 
Moreover, a SBx only approach would have also missed a non-negligible amount (13%) 
of significant CaP while performing additional SBx on top of TBx, as expected, will come 
with an increased detection of insignificant CaP as a downside. This is demonstrated by 
the 38% additional insignificant CaP found by SBx alone in our cohort.

While reduced detection of insignificant CaP by TBx is demonstrated in almost all recent 
literature, results on increased detection of significant CaP by TBx are mixed.1,31 In our 
study, high GS CaP (GS ≥ 4 + 3) was more often found by TBx compared to SBx (27% vs. 
22%; P = 0.035), but both techniques detected an equal amount of GS ≥ 3 + 4 CaP (44% 
vs. 43%; P = 0.856). Two recently published prospective, multicenter, paired, diagnostic 
studies in biopsy-naïve men (MRI-FIRST and 4M study) demonstrated comparable 
detection of significant CaP for SBx and TBx while the multicenter PRECISION randomized 
controlled trial demonstrated that mpMRI with TBx detected more significant CaP 
compared to SBx.2,32,33 Despite the differences in study design, comparison of results 
with these studies with fairly similar baseline characteristics illustrated some important 
findings (Appendix 5). Detection rates of significant CaP by TBx were higher in the 
PRECISION trial than in the biopsy-naïve men of the other studies: 38% vs. 32% (current 
study), 32% (MRI-FIRST) and 25% (4M study), respectively. However, significant CaP on 
SBx was detected in 35% and 30% of all biopsy-naïve men in our study and the MRI-
FIRST study, while the PRECISION randomized controlled trial and 4M study detected 
only 26% and 23% of the men with significant CaP on SBx, respectively. Despite the 
clear difference in level of evidence, comparisons like these demonstrate that there is 
still room for improvement in attaining consistency in not only mpMRI with TBx but 
also in SBx since much higher detection rates of significant CaP were achieved with SBx 
in our study. Especially given the fact that biopsy sessions in biopsy-naïve men were 
performed by 2 operators in a complete blinded fashion in 86% (252/294) of the cases, 
mpMRI reading could have positively influenced the SBx performance only in a minority 
of the cases. Moreover, sensitivity analysis excluding these cases showed no impact on 
the detection rate of SBx indicating that these results most likely reflect the true clinical 
performance of SBx when performed by experienced TRUS operators.
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Besides this limitation our study has other limitations. One being the fact that our study 
does not address the full diagnostic pathway of mpMRI and TBx, but only the clinical 
relevance of SBx in men with a positive prebiopsy mpMRI undergoing TBx. Second, SBx 
harbors both random and systematic errors as shown in studies as the PROMIS trial 
with transperineal template mapping biopsy as reference standard and studies in the 
repeat biopsy setting showing non-negligible rates of significant CaP after a negative 
SBx.6,34,35 Consequently, the use of SBx as reference standard comes with limitations. 
Comparison with radical prostatectomy pathology, however, was also not possible, 
as only a selected group underwent surgery and partial embedding was performed 
in the majority of these patients. Furthermore, our study addressed the more clinical 
question as to whether TBx is adequate as a stand-alone approach for CaP detection 
and localization in mpMRI positive men as in practice men with a positive mpMRI result 
could then avoid the need for SBx. Third, SBx was performed before TBx to evaluate the 
unbiased performance of SBx. This may have resulted in nonuniform prostate swelling 
making image registration and TBx less accurate. The diagnostic yield of TBx in men 
with a positive prebiopsy mpMRI, however, was on average comparable with current 
literature as shown in Appendix 5. Fourth, 1 center did not perform DCE MRI while 10% 
of all mpMRI scans were performed on 1.5 T. Both could have negatively affected TBx 
outcome. Recent studies, however, demonstrated comparable diagnostic accuracy of 
PI-RADS v2 using a biparametric protocol while mpMRI on 1.5 T is capable of yielding 
adequate diagnostic scans.17,36,37 Lastly, our chosen definition of clinically significant 
CaP is debatable. Although it is common to define GS ≥ 3 + 4 disease on biopsy as 
significant CaP, GS 3 + 4 = 7 disease shows considerable heterogeneity in pathological 
features and clinical outcome.38 In the future, addition of histopathological parameters 
such as cribriform growth pattern and percentage Gleason grade 4 could improve risk 
stratification of GS 3 + 4 disease and possibly aid in reaching a more definitive answer 
to the question whether TBx could safely replace SBx as the majority (69%) of missed 
tumors with a TBx only pathway were tumors with a GS 3 + 4 = 7.

Findings of this study highlight that for now, both TBx and SBx are important in the 
detection, grading and localization of CaP. Due to the major implications for broader 
use of mpMRI such as additional equipment, trained personnel, and total costs, findings 
like these should be extended. There is a well-known variation in biopsy targeting and a 
substantial portion of false positives is reported in literature.10 Comparison of detection 
rates between our 2 centers also demonstrated significantly different detection rates 
for CaP on TBx (76% vs. 41%, P < 0.05). Although this is partly explained by difference in 
prevalence of CaP disease due to a difference in biopsy population (relatively more prior 
negative men in the center with lower CaP detection), our results also demonstrate 
that there is still a need to achieve higher consistency in the reporting of mpMRI and 
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targeting of suspicious lesions. Given the fact that both centers had a comparable 
amount of missed significant CaP on TBx (4% vs. 6%), SBx should not be considered as 
redundant for the time being and should be performed, just as MRI reading and TBx, by 
dedicated operators with experience in TRUS. A combination of both SBx as TBx seems 
necessary in the detection of significant CaP as both techniques detect non-negligible 
significant CaP missed in a stand-alone approach.

CONCLUSIONS

In men with a prebiopsy positive mpMRI, TBx detects high-GS CaP while reducing 
insignificant CaP detection as compared to SBx. SBx and TBx as stand-alone missed 
significant CaP in 13% and 10% of the men with significant CaP on biopsy, respectively. 
A combination of SBx and TBx remains necessary for the most accurate assessment of 
detection, grading and localization of CaP.

Acknowledgements
None

Ethical considerations
The medical ethics review committee of each participating center granted a waiver for 
the collection and analysis of the clinical data in a prospective database. The trial was 
conducted in accordance to the Good Clinical Practice.

Author disclosure statement
All authors declare no conflicts of interests.



151

The added value of SBx in men undergoing mpMRI-TBx

6

REFERENCES
1.  Schoots IG, Roobol MJ, Nieboer D, Bangma CH, Steyerberg EW, Hunink MGM. Magnetic 

Resonance Imaging-targeted Biopsy May Enhance the Diagnostic Accuracy of Significant 
Prostate Cancer Detection Compared to Standard Transrectal Ultrasound-guided Biopsy: A 
Systematic Review and Meta-analysis. Eur Urol. 2015;68(3):438-450.

2.  Kasivisvanathan V, Rannikko AS, Borghi M, et al. MRI-Targeted or Standard Biopsy for 
Prostate-Cancer Diagnosis. N Engl J Med. 2018 May 10;378(19):1767-1777.

3.  Borkowetz A, Platzek I, Toma M, et al. Direct comparison of multiparametric magnetic 
resonance imaging (MRI) results with final histopathology in patients with proven prostate 
cancer in MRI/ultrasonography-fusion biopsy. BJU Int. 2016;118(2):213-220.

4.  Le JD, Stephenson S, Brugger M, et al. Magnetic resonance imaging-ultrasound fusion biopsy 
for prediction of final prostate pathology. J Urol. 2014;192(5):1367-1373.

5.  Lanz C, Cornud F, Beuvon F, et al. Gleason Score Determination with Transrectal Ultrasound-
Magnetic Resonance Imaging Fusion Guided Prostate Biopsies - Are We Gaining in Accuracy? 
J Urol. 2016;195(1):88-93.

6.  Ahmed HU, El-Shater Bosaily A, Brown LC, et al. Diagnostic accuracy of multi-parametric MRI 
and TRUS biopsy in prostate cancer (PROMIS): a paired validating confirmatory study. Lancet. 
2017;389(10071):815-822.

7.  Simmons L, Kanthabalan A, Arya M, et al. The PICTURE study: diagnostic accuracy of 
multiparametric MRI in men requiring a repeat prostate biopsy. Br J Cancer. 2017;116(9):1159-
1165.

8.  Mottet N, Bellmunt J, Bolla M, et al. EAU-ESTRO-SIOG Guidelines on Prostate Cancer. Part 1: 
Screening, Diagnosis, and Local Treatment with Curative Intent. Eur Urol. 2017;71(4):618-629.

9.  Siddiqui MM, Rais-Bahrami S, Turkbey B, et al. Comparison of MR/ultrasound fusion-
guided biopsy with ultrasound-guided biopsy for the diagnosis of prostate cancer. JAMA. 
2015;313(4):390-397.

10.  Moldovan PC, Van den Broeck T, Sylvester R, et al. What Is the Negative Predictive Value of 
Multiparametric Magnetic Resonance Imaging in Excluding Prostate Cancer at Biopsy? A 
Systematic Review and Meta-analysis from the European Association of Urology Prostate 
Cancer Guidelines Panel. Eur Urol. 2017;72(2):250-266.

11.  Moore CM, Robertson NL, Arsanious N, et al. Image-Guided Prostate Biopsy Using Magnetic 
Resonance Imaging – Derived Targets : A Systematic Review. Eur Urol. 2013;63:125-140.

12.  Fütterer JJ, Briganti A, De Visschere P, et al. Can Clinically Significant Prostate Cancer Be 
Detected with Multiparametric Magnetic Resonance Imaging? A Systematic Review of the 
Literature. Eur Urol. 2015;68(6):1045-1053.

13.  Schouten MG, van der Leest M, Pokorny M, et al. Why and Where do We Miss Significant 
Prostate Cancer with Multi-parametric Magnetic Resonance Imaging followed by Magnetic 
Resonance-guided and Transrectal Ultrasound-guided Biopsy in Biopsy-naïve Men? Eur Urol. 
2017 Jun;71(6):896-903.



152

Chapter 6

14.  Filson CP, Natarajan S, Margolis DJA, et al. Prostate cancer detection with magnetic 
resonance-ultrasound fusion biopsy: The role of systematic and targeted biopsies. Cancer. 
2016;122(6):884-892.

15.  Fulgham PF, Rukstalis DB, Turkbey IB, et al. AUA Policy Statement on the Use of Multiparametric 
Magnetic Resonance Imaging in the Diagnosis, Staging and Management of Prostate Cancer. 
J Urol. 2017;198(4):832-838.

16.  Moore CM, Kasivisvanathan V, Eggener S, et al. Standards of reporting for MRI-targeted 
biopsy studies (START) of the prostate: Recommendations from an international working 
group. Eur Urol. 2013;64(4):544-552.

17.  Weinreb JC, Barentsz JO, Choyke PL, et al. PI-RADS Prostate Imaging – Reporting and Data 
System: 2015, Version 2. Eur Urol. 2016 Jan;69(1):16-40.

18.  Natarajan S, Marks LS, Margolis DJA, et al. Clinical application of a 3D ultrasound-guided 
prostate biopsy system. Urol Oncol. 2011;29(3):334-342.

19.  Gayet M, van der Aa A, Schmitz P, et al. 3D NavigoTM versus TRUS-guided prostate biopsy in 
prostate cancer detection. World J Urol. 2016;34(9):1255-1260.

20.  Epstein JI, Egevad LL, Amin MB, et al. The 2014 International Society of Urological Pathology 
(ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma: Definition of 
Grading Patterns and Proposal for a New Grading System. Am J Surg Pathol. 2016;40(2):244-
252.

21.  Panebianco V, Barchetti F, Sciarra A, et al. Multiparametric magnetic resonance imaging vs. 
standard care in men being evaluated for prostate cancer: A randomized study. Urol Oncol. 
2015;33(1):17.e1-17.e7.

22.  Radtke JP, Schwab C, Wolf MB, et al. Multiparametric Magnetic Resonance Imaging (MRI) 
and MRI–Transrectal Ultrasound Fusion Biopsy for Index Tumor Detection: Correlation with 
Radical Prostatectomy Specimen. Eur Urol. 2016;70(5):846-853.

23.  Wegelin O, Henken K, Somford D, et al. An Ex Vivo Phantom Validation Study of an MRI- 
Transrectal Ultrasound Fusion Device for Targeted Prostate Biopsy. J Endourol. 2016;30(6):685-
691.

24.  Westhoff N, Siegel FP, Hausmann D, et al. Precision of MRI/ultrasound-fusion biopsy in 
prostate cancer diagnosis: an ex vivo comparison of alternative biopsy techniques on 
prostate phantoms. World J Urol. 2017;35(7):1015-1022.

25.  Wegelin O, van Melick HHE, Hooft L, et al. Comparing Three Different Techniques for Magnetic 
Resonance Imaging-targeted Prostate Biopsies: A Systematic Review of In-bore versus 
Magnetic Resonance Imaging-transrectal Ultrasound fusion versus Cognitive Registration. 
Is There a Preferred Technique? Eur Urol. 2017;71(4):517-531.

26.  Russo F, Regge D, Armando E, et al. Detection of prostate cancer index lesions with 
multiparametric magnetic resonance imaging (mp-MRI) using whole-mount histological 
sections as the reference standard. BJU Int. 2016;118(1):84-94.

27.  Porpiglia F, De Luca S, Checcucci E, et al. Comparing Image-guided targeted Biopsies to 
Radical Prostatectomy Specimens for Accurate Characterization of the Index Tumor in 
Prostate Cancer. Anticancer Res. 2018;38(5):3043-3047.



153

The added value of SBx in men undergoing mpMRI-TBx

6

28.  Cooper CS, Eeles R, Wedge DC, et al. Analysis of the genetic phylogeny of multifocal prostate 
cancer identifies multiple independent clonal expansions in neoplastic and morphologically 
normal prostate tissue. Nat Genet. 2015;47(4):367-372.

29.  Le JD, Tan N, Shkolyar E, et al. Multifocality and prostate cancer detection by multiparametric 
magnetic resonance imaging: Correlation with whole-mount histopathology. Eur Urol. 
2015;67(3):569-576.

30.  Scheltema MJ, Tay KJ, Postema AW, et al. Utilization of multiparametric prostate magnetic 
resonance imaging in clinical practice and focal therapy: report from a Delphi consensus 
project. World J Urol. 2017;35(5):695-701.

31.  van Hove A, Savoie PH, Maurin C, et al. Comparison of image-guided targeted biopsies 
versus systematic randomized biopsies in the detection of prostate cancer: A systematic 
literature review of well-designed studies. World J Urol. 2014;32(4):847-858.

32.  Rouvière O, Puech P, Renard-Penna R, et al. Use of prostate systematic and targeted biopsy 
on the basis of multiparametric MRI in biopsy-naive patients (MRI-FIRST): a prospective, 
multicentre, paired diagnostic study. Lancet Oncol. 2018;2045(18):1-10.

33.  van der Leest M, Cornel E, Israël B, et al. Head-to-head Comparison of Transrectal 
Ultrasound-guided Prostate Biopsy Versus Multiparametric Prostate Resonance Imaging 
with Subsequent Magnetic Resonance-guided Biopsy in Biopsy-naïve Men with Elevated 
Prostate-specific Antigen: A Large Prospective Multicenter Clinical Study. Eur Urol. 2018.

34.  Abraham NE, Mendhiratta N, Taneja SS. Patterns of repeat prostate biopsy in contemporary 
clinical practice. J Urol. 2015;193(4):1178-1184.

35.  Sing H, Canto EI, Shariat SF, et al. Predictors of Prostate Cancer After Initial Negative 
Systematic 12 Core Biopsy. J Urol. 2004;171(5):1850-1854.

36.  Di Campli E, Delli Pizzi A, Seccia B, et al. Diagnostic accuracy of biparametric vs multiparametric 
MRI in clinically significant prostate cancer: Comparison between readers with different 
experience. Eur J Radiol. 2018;101(January):17-23.

37.  De Visschere P, Lumen N, Ost P, Decaestecker K, Pattyn E, Villeirs G. Dynamic contrast-
enhanced imaging has limited added value over T2-weighted imaging and diffusion-
weighted imaging when using PI-RADSv2 for diagnosis of clinically significant prostate 
cancer in patients with elevated PSA. Clin Radiol. 2017;72(1):23-32.

38.  Kweldam CF, Kümmerlin IP, Nieboer D, et al. Prostate cancer outcomes of men with biopsy 
Gleason score 6 and 7 without cribriform or intraductal carcinoma. Eur J Cancer. 2016;66:26-
33.



154

Chapter 6

SUPPLEMENTARY MATERIAL

The supplementary material is available online and presented with a QR-code

Appendix 1. MRI Conduct.

https://ars.els-cdn.com/content/image/1-s2.0-S1078143919300055-mmc1.docx

Appendix 2. Cross tabulations of the Gleason score for men that underwent both MRI-
TBx and SBx stratified for biopsy-naïve men and prior-negative men.

https://ars.els-cdn.com/content/image/1-s2.0-S1078143919300055-mmc2.docx

Appendix 3. Descriptive summary of the men with significant PCa missed on TBx (n=9)
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Appendix 4. Descriptive summary of the men with GS undergrading of PCa on TBx 
(n=10)
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Appendix 5. Comparison of the presented study cohort with recently published MRI-
prostate cancer trails
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ABBREVIATIONS

Bx Biopsy
DCE Dynamic contrast-enhanced
DRE Digital rectal examination
DWI Diffusion-weighted imaging
GS Gleason score
HG High grade
IQR Interquartile range
LG Low grade
mpMRI Multiparametric magnetic resonance imaging
NPV Negative predictive value
PCa Prostate cancer
PI-RADSv2 Prostate Imaging-Reporting and Data System version 2
PSA Prostate specific antigen
ROC Receiver operating characteristic
RPCRC Rotterdam Prostate Cancer Risk Calculator
SBx Systematic biopsy
TBx Targeted biopsy
TCI Tumour core involvement
TRUS Transrectal ultrasound
T2W T2-weighted imaging
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ABSTRACT

Background
The value of multiparametric magnetic resonance imaging (mpMRI) and targeted 
biopsy (TBx) remains controversial for biopsy-naïve men when compared to transrectal 
ultrasound (TRUS)-guided systematic biopsy (SBx). Risk-based patient selection could 
help to selectively identify men with significant prostate cancer (PCa) and thus reduce 
unnecessary mpMRI and biopsies.

Objectives
To compare PCa detection rates for mpMRI TBx with SBx and to determine the rate 
of potentially avoided mpMRI and biopsies through risk-based selection using the 
Rotterdam Prostate Cancer Risk Calculator (RPCRC).

Design, setting, and participants
Two-hundred consecutive biopsy-naïve men in two centres underwent mpMRI 
scanning, 12-core SBx, and subsequent MRI-TRUS TBx in the case of suspicious lesion(s) 
(Prostate Imaging-Reporting and Data System v.2 score ≥3).

Outcome measurements and statistical analysis
We measured the detection rate for high-grade (Gleason score ≥ 3 + 4) PCa for TBx and 
SBx. We carried out a retrospective stratification according to RPCRC biopsy advice to 
determine the rate of mpMRI and biopsies that could potentially be avoided by RPCRC-
based patient selection in relation to the rate of high-grade PCa missed.

Results and limitations
TBx yielded high-grade PCa in 51 men (26%) and low-grade PCa in 14 men (7%), while 
SBx yielded high-grade PCa in 63 men (32%) and low-grade PCa in 41 men (21%). Four 
out of 73 men (5%) with negative RPCRC advice and 63 out of 127 men (50%) with 
positive advice had high-grade PCa. Upfront RPCRC-based patient selection for mpMRI 
and TBx would have avoided 73 out of 200 (37%) mpMRI scans, missing two out of 51 
(4%) high-grade PCas. Limitations include the RPCRC definition of high- and low-grade 
PCa and different mpMRI techniques.
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Conclusions
mpMRI with TBx detected PCa with high Gleason score and avoided biopsy in low-grade 
PCa, but failed to detect all high-grade PCa when compared to SBx among biopsy-naïve 
men. Risk-based patient selection using the RPCRC can avoid one-third of mpMRI scans 
and SBx in biopsy-naïve men.

Patient summary
Men with a suspicion of prostate cancer are increasingly undergoing a magnetic 
resonance imaging (MRI) scan. Although promising, MRI-targeted biopsy is not accurate 
enough to safely replace systematic prostate biopsy for now. Individualised assessment 
of prostate cancer risk using the Rotterdam Prostate Cancer Risk Calculator could avoid 
one-third of MRI scans and systematic prostate biopsies.

Keywords
Biopsy; Early diagnosis; Magnetic resonance imaging; Nomogram; Prostatic neoplasms; 
Risk stratification 
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INTRODUCTION

Multiparametric magnetic resonance imaging (mpMRI) of the prostate and targeted 
biopsy (TBx) of suspicious mpMRI lesions has improved the detection of clinically 
significant prostate cancer (PCa) while reducing the number of biopsies and detection 
of insignificant PCa, especially in the repeat biopsy setting.1-3 Recent studies suggest 
that systematic transrectal ultrasound (TRUS)-guided biopsy (SBx) in men with negative 
mpMRI can possibly be omitted, thereby indicating mpMRI as a triage

test.4-6 However, especially for the biopsy-naïve population, substitution of standard 
SBx for an MRI-TBx-only strategy remains controversial. Recent trials demonstrated 
contradictory results regarding PCa detection rates in such patients, while mpMRI-
TBx seems to miss PCa in specific locations within the prostate.7-9 Moreover, a recent 
systematic review and meta-analyses demonstrated that the negative predictive value 
(NPV) of mpMRI varied greatly, with a lower median NPV of 80% in the biopsy-naïve 
group compared to 88% in the repeat biopsy group.10

To further rationalise the use of mpMRI, which is relatively expensive, in the biopsy-
naïve setting, pre-mpMRI stratification of the risk of clinically significant PCa has been 
suggested. Numerous tools are currently available for prebiopsy risk stratification, but 
unfortunately these tools are not routinely applied.11,12 It has been shown that the 
Rotterdam Prostate Cancer Risk Calculator (RPCRC), incorporating prostate specific 
antigen (PSA) level, prostate volume, digital rectal examination (DRE), and TRUS 
findings, can predict clinically significant PCa and reduce the rate of unnecessary SBx 
by approximately 30% in various cohorts worldwide.13-16 Moreover, a recent study of 
patients with a prior negative biopsy demonstrated that pre-mpMRI stratification using 
the RPCRC could avoid unnecessary mpMRI.17 Therefore, we compared PCa detection 
rates in a biopsy-naïve cohort of contemporary clinical patients who underwent both 
mpMRI TBx and SBx, and determined the rate of potentially avoidable mpMRI scans and 
biopsies by comparing risk-based patient selection using the RPCRC with PSA/DRE–
driven patient selection.

PATIENTS AND METHODS

Study population
From November 2015 until June 2017, a total of 200 consecutive biopsy-naïve men with 
a clinical suspicion of PCa on the basis of PSA of ≥3.0 ng/ml and/or abnormal DRE, in 
accordance with the European Association of Urology guidelines, underwent mpMRI 
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before combined SBx and TBx in two institutions, the AMC University Hospital and 
Jeroen Bosch Hospital.18 mpMRI was generally omitted for men with a high PSA level 
of >20 ng/ml. mpMRI and biopsy findings were included in the prospective database 
approved by the respective institutional review boards and reported according to the 
START criteria.19

mpMRI protocol
All patients underwent prebiopsy mpMRI at 1.5 or 3 T using a pelvic phased-array coil. 
The institutional mpMRI protocols are presented in Supplementary Table 1. mpMRI 
consisted of T2-weighted imaging (T2W), diffusion-weighted imaging (DWI), and 
dynamic contrast-enhanced (DCE) imaging according to the European Society of 
Urogenital Radiology guidelines in AMC University Hospital, whereas the Jeroen Bosch 
Hospital did not perform DCE imaging.20 At least one uroradiologist with >10 yr of 
experience in mpMRI analysed the images. Individual lesions were scored on Prostate 
Imaging Reporting and Data System (PI-RADS) v.2 using the 5-point likelihood scale for 
significant PCa.21 Individual lesions with a PI-RADS score ≥3 were classified as suspicious.

Biopsy protocols
The SBx and TBx procedures were performed by two operators in a blinded fashion, 
with the SBx operator unaware of the mpMRI result and TBx procedure planning. SBx 
consisted of a systematic 12-core TRUS-guided biopsy protocol. A second operator 
performed TBx after SBx using MRI-TRUS fusion techniques. In AMC University Hospital 
this was done using an Artemis system (Eigen, Grass Valley, CA, USA) consisting of a 
semirobotic mechanical guidance system with a two-step fusion technique using rigid 
and elastic T2W registration.22 The Jeroen Bosch Hospital used a Navigo workstation 
(UC-Care Medical Systems, Yokneam, Israel) with electrospatial monitoring and elastic 
T2W registration to fuse MRI and three-dimensional TRUS models.23 Suspicious MRI 
lesions (PI-RADS ≥3) were generally targeted with two to four cores, depending on the 
lesion size. SBx and TBx cores were sent separately for pathology.

Histopathology
All biopsy cores were examined by one uropathologist in each centre with ≥12 yr 
of experience. For all biopsy sessions, the total number of (positive) cores, length of 
biopsy cores, tumour percentage, and Gleason scores (GSs) were obtained according 
to the 2014 International Society of Urological Pathology recommendations.24 Biopsy 
specimens were not centrally reviewed.
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RPCRC biopsy advice
The RPCRC is a prediction model based on data from the European Randomized Study of 
Screening for Prostate Cancer Rotterdam consisting of 3624 men initially screened and 
2896 men with repeat screening.13 The RPCRC is available online (www.prostatecancer-
riskcalculator.com) and as an app for iOS/Android. For biopsy-naïve patients, the RPCRC 
uses PSA, DRE (abnormal findings), TRUS (hypoechoic lesions), and TRUS-measured 
prostate volume as prebiopsy variables and calculates the risk of finding PCa and the 
risk of finding high-grade (GS ≥ 3 + 4) and/or locally advanced (stage ≥T2c) PCa on SBx. 
The established PCa cutoff values for advising SBx are a risk of any PCa of ≥20% and/
or a risk of high-grade and/or locally advanced PCa of >4%.13 RPCRC-based PCa risks 
and biopsy advice were calculated retrospectively to determine the rate of potentially 
avoidable mpMRI scans and biopsies after risk stratification.

Statistical analysis
Differences in clinical and pathological variables in the study cohort were assessed 
using the χ2 test for categorical variables and the Mann-Whitney U test for continuous 
variables. Low-grade PCa was defined as GS 3 + 3, while GS ≥ 3 + 4 was classified as 
high-grade PCa. The diagnostic accuracy of the RPCRC for (high-grade) PCa in TBx 
and SBx was quantified using receiver operating characteristic (ROC) curve analysis. A 
subanalysis of the mpMRI scanning technique (with and without DCE) for PCa detection 
was performed. Statistical tests were two-sided and p < 0.05 was considered statistically 
significant. Statistical analyses were performed using SPSS for Windows (v.23.0, IBM 
Corp., Armonk, NY, USA) and R v.3.4.1 (R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS

Patient and procedure characteristics
A total of 200 biopsy-naïve men underwent prebiopsy mpMRI and prostate biopsy. The 
median PSA was 6.4 ng/ml (interquartile range [IQR] 5.1-9.1; Table 1). Abnormal DRE was 
found in 68 men (34%), and 64 (32%) had a hypoechoic lesion on TRUS. Of the mpMRI 
scans, 165 (83%) were performed at 3 T and 82 (41%) without DCE. Of the 200 men, 
104 (52%) had one or more suspicious lesions (PI-RADS ≥3). All these men underwent 
SBx and subsequent TBx, with a median of two cores (IQR 2–5), while the remaining 
96 men (48.0%) men with no suspicious mpMRI findings underwent SBx. After RPCRC 
stratification, men with positive biopsy advice significantly more often had a suspicious 
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TABLE 1. Clinical characteristics stratified according to RPCRC biopsy advice

Variables
Total

(N=200)

Positive RPCRC 
advice

(N= 127)

Negative 
RPCRC advice

(N= 73) P value

Patient

Median age at biopsy, yr (IQR)  64 (59 – 68) 64 (60 – 69) 62 (57 – 67) 0.004

Ethnicity, n (%)
· Caucasian
· Non-Caucasian

168 (84.0)
32 (16.0)

106 (83.5)
21 (16.5)

62 (84.9)
11 (15.1)

0.441

Median prebiopsy PSA, ng/mL (IQR) 6.4 (5.1 – 9.1) 7.4 (5.5 – 10.7) 5.6 (4.7 – 6.6) <0.001

Median PSA density, 
ng/mL/mL (IQR)

0.13 (0.10 – 0.22) 0.18 (0.13 – 0.25) 0.09 (0.06 – 0.11) <0.001

DRE findings, n (%)
· Normal
· Abnormal

132 (66.0)
68 (34.0)

63 (49.6)
64 (50.4)

69 (94.5)
4 (5.5)

<0.001

Median TRUS prostate 
volume, mL (IQR)

46 (35 – 62) 40 (30 – 51) 61 (50 – 87) <0.001

TRUS findings, n (%)
· Normal
· Abnormal

136 (68.0)
64 (32.0)

65 (51.2)
62 (48.8)

71 (97.3)
2 (2.7)

<0.001

mpMRI

Field of strength, n (%)
· 1.5 Tesla
· 3 Tesla

35 (17.5)
165 (82.5)

23 (18.1)
104 (81.9)

12 (16.4)
61 (83.6)

0.765

Imaging sequences, n (%)
· T2W + DWI + DCE
· T2W + DWI

118 (59.0)
82 (41.0)

72 (56.7)
55 (43.4)

46 (63.0)
27 (37.0)

0.382

MRI findings per patient, n (%)
· Suspicious
· Not suspicious

104 (52.0)
96 (48.0)

81 (63.8)
46 (36.2)

23 (31.5)
50 (68.5)

<0.001

PI-RADS score per patient, n (%)a

· 1-2
· 3
· 4
· 5

96 (48.0)
39 (19.5)
29 (14.5)
36 (18.0)

46 (36.2)
22 (17.3)
24 (18.9)
35 (27.6)

50 (68.5)
17 (23.3)

5 (6.8)
1 (1.4)

<0.001

MRI lesions per patient, n (%)
· 1
· 2
· ≥ 3

N= 104
66 (63.4)
35 (33.7)

3 (2.9)

N= 81
50 (61.7)
28 (34.6)

3 (3.7)

N= 23
16 (69.6)
7 (30.4)

0

<0.001

Biopsy 

Biopsy session, n (%)
· SBx with TBx
· SBx only

104 (52.0)
96 (48.0)

81 (63.8)
46 (36.2)

23 (31.5)
50 (68.5)

<0.001
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mpMRI (64% vs. 32%) and a higher overall PI-RADS score (PI-RADS 4, 19% vs 7%; PI-RADS 
5, 28% vs 1%; all p < 0.001). Ten men (5%) men had a biopsy-related complication; eight 
of these were infectious complications.

Overall biopsy outcomes: PCa detection rate, GS, and cancer core invasion
PCa on biopsy was found in 110 men (55%), of whom 67 (61%) were diagnosed with 
high-grade PCa and 43 (39%) with low-grade PCa (Table 2). TBx revealed high-grade PCa 
in 51 men (26%) and low-grade PCa in 14 (7%), while SBx revealed high-grade PCa in 63 
men (32%) and low-grade PCa in 41 (21%). GS ≥ 4 + 3 PCa was found via TBx in 27 men 
(14%) compared to 25 men (13%) via SBx.

TABLE 1. Continued

Variables
Total

(N=200)

Positive RPCRC 
advice

(N= 127)

Negative 
RPCRC advice

(N= 73) P value

SBx cores per patient, n (%)
· < 12
· 12
· > 12

1 (0.5)
196 (98.0)

3 (1.5)

1 (0.8)
123 (96.9)

3 (2.4)

0
73 (100.0)

0

0.504

Median TBx cores per 
patient (range)

2 (2 – 5) 2 (2 – 5) 2 (2 – 4) 0.559

TBx cores per lesion, n (%)b

· 1
· 2
· 3
· 4

9 (6.3)
116 (79.2)
16 (11.2)

4 (2.8)

9 (7.8)
90 (78.3)
13 (11.3)

3 (2.6)

0
26 (86.7)
3 (10.0)
1 (3.3)

0.417

Biopsy complication, n (%)
 Yes:
· Prostatitis
· Urinary retention
· Gross rectal bleeding
 No

10 (5.0)
8 (4.0)
1 (0.5)
1 (0.5)

190 (95.0)

4 (3.1)
4 (3.1)

0
0

123 (96.9)

6 (8.2)
4 (5.5)
1 (1.4)
1 (1.4)

67 (91.8)

0.108

a The highest PI-RADS score is given if more than one lesion was detected in a patient.
b One TBx core per lesion was only sampled in secondary PI-RADS lesions or greater.
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Table 2. Overall Bx outcomes: PCa detection rate, GS, and Bx core involvement 

Variables

Biopsy Protocol 

Combined approach 
n=200

MRI-TBx
n=200

SBx
n=200

PCa detection rate, n (%)

All PCa
Low-grade PCa
High-grade PCa

110 (55.0)
43 (21.5)
67 (33.5)

65 (32.5)
14 (7.0)

51 (25.5)

104 (52.0)
41 (20.5)
63 (31.5)

GS, n (%) 

GS 3+3
GS 3+4
GS 4+3
GS ≥ 8

43 (21.5)
36 (18.0)
15 (7.5)
16 (8)

14 (7.0)
24 (12.0)
13 (6.5)
14 (7.0)

41 (20.5)
38 (19.0)
12 (6.0)
13 (6.5)

Bx cores, n (%)

Total cores
Positive PCa cores
· LG PCa
· HG PCa
Ratio positive cores/total cores
· LG PCa
· HG PCa

2704
599

126 (21.0)
473 (79.0)

0.22
0.05
0.17

305
137

26 (19.0)
111 (81.0)

0.45
0.09
0.36

2399
462

100 (21.6)
362 (78.4)

0.19
0.04 
0.15 

Max. TCI in PCa positive patients, n (%) n=110 n=65 n=104

< 10%
10-50%
> 50%

36 (32.7)
29 (26.4)
45 (40.9)

11 (16.9)
19 (29.2)
35 (53.8)

35 (33.7)
31 (29.8)
38 (36.5)

GS concordance in patients with MRI-TBx and SBx both PCa positive (n=59), n (%)

Concordant
Upgrading on TBx
· SBx GS 3+3  TBx GS 3+4
· SBx GS 3+3  TBx GS ≥ 8 
· SBx GS 3+4  TBx GS 4+3
· SBx GS 4+3  TBx GS ≥ 8
Undergrading on TBx
· TBx GS 3+3  SBx GS 3+4
· TBx GS 3+4  SBx GS 4+3
· TBx GS 3+4  SBx GS 4+3
· TBx GS 4+3  SBx GS ≥ 8

45 (76.3)
6 (10.2) 

1
1
3
1

8 (13.6)
2
1
3
2



167

Risk stratification in men undergoing mpMRI before biopsy 

7

Table 2. Continued

Variables

Biopsy Protocol 

Combined approach 
n=200

MRI-TBx
n=200

SBx
n=200

Max. TCI equality in patients with MRI-TBx and SBx both PCa positive (n=59), n (%)

Equal percentage
Higher percentage on MRI-TBx
· SBx < 10%  TBx 10-50%
· SBx 10-50%  TBx >50%
Lower percentage on MRI-TBx
· TBx < 10%  SBx 10-50%
· TBx <10%  SBx >50%
· TBx 10-50%  SBx >50%

44 (74.6)
8 (13.5)

2
6

7 (11.9)
2
2
3

Number of cores per HG PCa diagnosis, mean [median] (IQR)

· SBx (n=63)
· MRI-TBx (n=51)

12.0, [12] (12 – 12)
2.88, [3] (2 – 4)

Of the 96 men with a nonsuspicious mpMRI, 85 (89%) did not have high-grade PCa on 
SBx, leaving 11 men (11%) with high-grade PCa (11 GS 3 + 4) unidentified (Table 3). For 
16 of the 69 men (23%) with high-grade PCa their disease was only detected with SBx (15 
GS 3 + 4 and 1 GS 4 + 3), while for four men (6%) their high-grade PCa was only detected 
with TBx (1 GS 3 + 4, 1 GS 4 + 3, and 2 GS 4 + 4). TBx would have omitted detection of 
low-grade PCa in 25 of the 41 men (61%) with low-grade PCa on SBx. Supplementary 
Table 2 shows the overall PI-RADS scores for the 104 suspicious mpMRI lesions and the 
PI-RADS score for the 145 individual lesions with the corresponding TBx GS.

Biopsy outcomes after RPCRC-based stratification
After RPCRC-based stratification, four of the 73 men (5%) with negative advice were 
diagnosed with high-grade PCa (all GS 3 + 4), while ten men (14%) had low-grade PCa 
(Fig. 1, Fig. 2C). Of the 127 men with positive advice, 63 (50%) had high-grade PCa and 
33 (26%) had low-grade PCa. Upfront RPCRC-based patient selection for mpMRI and TBx 
would have avoided 73 out of 200 (37%) mpMRI scans, 20 out of 39 (51%) false-positive 
mpMRIs, and one out of 14 (7%) low-grade PCa diagnoses. However, this would have 
missed two out of 51 (4%) high-grade PCa diagnoses (Fig. 2A) with a TBx only strategy. In 
addition, 16 (24%) high-grade PCas would be missed in a TBx-only strategy compared to 
the combined strategy. Of the 46 men with positive biopsy advice and negative mpMRI, 
ten (22%) had high-grade PCa and 18 (39%) had low-grade PCa on SBx. Results for 
upfront RPCRC-based patient selection for SBx outcomes are shown in Figure 2B.
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FIGURE 2. (a–c) Multiparametric magnetic resonance imaging, targeted biopsy, and systematic biopsy 
outcomes according to the Rotterdam Prostate Cancer Risk Calculator (RPCRC) biopsy advice.

Diagnostic accuracy of the RPCRC for high-grade PCa in SBx and TBx
With the established RPCRC cutoff values for positive biopsy advice, the sensitivity and 
specificity of the RPCRC for high-grade PCa were 96% and 48% for TBx, and 95% and 
51% for SBx, respectively. The area under the curve (AUC) of continuous RPCRC scores 
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for the TBx outcome was 0.86 (95% confidence interval [CI] 0.79–0.93) for any-grade PCa 
and 0.81 (95% CI 0.72–0.89) for high-grade PCa. For the SBx outcome, the AUC was 0.81 
(95% CI 0.75–0.87) for any-grade PCa and 0.85 (95% CI 0.80–0.91) for high-grade PCa.

DISCUSSION

mpMRI has evolved as an increasingly appealing tool in the PCa diagnostic setting and 
is recommended for patients with a prior negative biopsy.18 However, the exact role of 
mpMRI in biopsy-naïve patients remains unclear, as the better relative sensitivity for 
significant PCa compared to SBx in these patients is demonstrated to a lesser extent, and 
substitution of an SBx strategy for a TBx-only strategy seems to miss significant PCa.1,10,25,26 
To further rationalise the use of mpMRI in biopsy-naïve men, pre-mpMRI stratification 
of the risk of clinically significant PCa has been suggested.10 Pre-mpMRI stratification 
would lead to a more standardised PCa prevalence population and could contribute 
to more realistic implementation of mpMRI in terms of capacity and availability of 
radiology expertise, as patients identified as having low risk would be spared mpMRI 
and biopsy. Recent studies have shown that PSA density can be of additional value 
in combination with mpMRI data, and have demonstrated that combining mpMRI 
and clinical parameters in noninvasive risk assessment tools significantly improves 
the discrimination of men with a suspicion of significant PCa.27-30 A disadvantage of 
these studies is that unnecessary mpMRI scans are not avoided. However, Alberts et 
al., recently demonstrated that upfront RPCRC biopsy advice, incorporating both PSA 
level and prostate volume, and thus PSA density, showed good performance in a prior-
negative mpMRI TBx cohort, potentially avoiding 50% of mpMRI scans while retaining 
90% sensitivity for high-grade PCa.17

Our biopsy-naïve cohort with TBx and SBx outcomes per patient allowed us to determine 
the rate of avoidable mpMRI scans in relation to the rate of missed high-grade PCa by 
risk stratification and the value of mpMRI after risk stratification via comparison of TBx 
and SBx detection rates. The results show that upfront patient selection according to 
RPCRC biopsy advice would have avoided approximately 37% of mpMRI scans and 
biopsies in our cohort, with an acceptable number of risk-stratified men with missed 
high-grade PCa (4 out of 200; 2%).

However, the value of mpMRI and TBx in biopsy-naïve patients after risk stratification 
remains controversial. Implementation of mpMRI as a second-line tool after RPCRC 
positive biopsy advice in biopsy-naïve patients appears the most appealing strategy, as 
it would not only lead to a reduction of 50 negative (25%) and 20 (10%) false-positive 
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mpMRI scans but would also provide accurate high-grade PCa prediction in 49 out of 
81 men (60%) with positive mpMRI findings with a median of three cores per diagnosis 
of high-grade PCa. However, a TBx-only strategy after RPCRC would miss high-grade 
PCa in 18 of the 67 men (27%) with high-grade PCa in our cohort. Performing SBx in 
men with a positive biopsy advice but negative mpMRI for maximum security reduces 
the risk of missing high-grade PCa, but comes with an increased detection rate for low 
grade PCa as a downside. Moreover, in our study this strategy compared to a SBx-only 
strategy would have led to the same total number of high-grade (59 vs 60) and low-
grade (31 vs 30) PCa diagnoses.

In our study, all GS ≥ 3 + 4 PCas were classified as high-grade, while all GS 3 + 3 PCas 
were considered low-grade, since solitary GS 3 + 3 PCa has low lethal potential and 
the presence of Gleason pattern 4 or 5 is still the main determining factor for clinical 
decision-making.31 Although the RPCRC calculates the risk of finding high-grade (GS ≥ 3 
+ 4) and/or locally advanced (stage ≥T2c) PCa, the latter definition was not included in 
the analysis to allow comparison with previously published studies. Moreover, only two 
patients (both GS 3 + 3 and stage T2c) would have been considered to have high-grade 
PCa solely based on this definition, resulting in a minor impact on study outcomes.

However, our chosen definition is debatable, as there is still no standardised histological 
definition of “clinically significant” PCa to date, thus influencing the distribution of PCa 
detection rates and precluding a definitive conclusion on the ability of mpMRI as a 
second-line tool.10,19 As a second-line tool after RPCRC, mpMRI with TBx identified a 
similar proportion of men with GS ≥ 4 + 3 PCa (21% vs 20%), demonstrating a positive 
trend for increasing PI-RADS score and high-GS PCa. Of the 14 men with high-grade 
PCa missed with TBx, 13 (81%) had GS 3 + 4 PCa, of whom six (46%) had PSA ≤10 ng/
ml, PSA density ≤0.15 ng/ml/g, stage T1c, and two or fewer positive cores. Although 
strictly selected men with limited GS 3 + 4 disease might be considered suitable for 
active surveillance, a negative mpMRI scan in our cohort did not guarantee the absence 
of GS 3 + 4 disease.32 Whether the extra costs and efforts associated with mpMRI and 
TBx would be justified in biopsy-naïve patients should therefore be further investigated, 
with consideration of standardised histological definitions and the possible subsequent 
cost savings due to fewer biopsies and reduction in the detection of insignificant PCa. 
Looking ahead, implementation of tumour-specific information for GS 3 + 4 disease on 
biopsy, such as invasive cribriform growth pattern and intraductal carcinoma, could be 
a first step. The addition of these histopathological parameters seems to better reflect 
the disease burden in GS 3 + 4 PCa at biopsy and improves upfront RPCRC selection of 
men who need biopsy.33,34 With survival rates for GS 3 + 4 disease in the absence of a 
cribriform growth pattern and intraductal carcinoma similar to those for GS 3 + 3 PCa, 
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incorporation of these parameters could also possibly aid in reaching a more definitive 
answer to the question of whether mpMRI in combination with TBx could safely replace 
SBx.35

The strength of this study lies in the fact that it adhered to the START checklist and 
allowed for critical analysis of TBx and SBx outcomes in a blinded fashion with biopsy 
operators, pathologists, and radiologists of sufficient experience (>200 mpMRI and 
biopsy cases per year). It therefore represents the true performance of mpMRI and 
prostate biopsy in daily practice outside mpMRI centres of excellence.

Besides the modest sample size and the definitions chosen for low-grade and high-
grade PCa, our findings should be interpreted in the context of some other limitations. 
First, SBx was used as the reference standard, and it is known that SBx is inaccurate.4,18 
However, this study addressed the more clinical question as to whether RPCRC risk 
stratification could rationalise the use of mpMRI in biopsy-naïve patients in comparison 
to standard SBx. Second, one centre did not perform DCE MRI while the other centre 
performed imaging at 1.5 T without an endorectal coil in 18% of cases. Both influence 
mpMRI quality and reporting, with possible effects on TBx outcomes. Although DCE 
should be included in all prostate mpMRI scans, its role in PI-RADS v.2 is only marginal 
(for PI-RADS 3 lesions) owing to its limited value over and above T2W and DWI. Although 
merely suggestive, subanalysis of the mpMRI scanning technique (with and without DCE) 
did not show a statistically significant difference in the detection rate for PCa (p = 0.471) 
or high-grade PCa (p = 0.197) in favour of mpMRI scanning with DCE MRI. Moreover, 
mpMRI at 1.5 T is capable of yielding adequate and reliable diagnostic scans when 
acquisition parameters are optimised with appropriate contemporary technology.21 
Third, the RPCRC prediction model is only based on SBx outcomes. Adjustments to 
the model using mpMRI and TBx data could further improve its performance for TBx 
outcome. Besides these adjustments to the RPCRC, the results should be confirmed 
with larger validation studies.

CONCLUSIONS

mpMRI in combination with TBx alone, resulting in detection of high-GS PCa and 
avoidance of biopsy in men with low-grade PCa, will miss a significant number of high-
grade PCas when compared to SBx. Multivariable risk-based patient selection using 
the RPCRC can safely avoid one-third of mpMRI scans and SBx in biopsy-naïve men 
performed only on the basis of elevated PSA and/or abnormal DRE.
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SUPPLEMENTARY MATERIAL

The supplementary material is available online and presented with a QR-code

Supplementary Table 1: MRI Conduct.

https://ars.els-cdn.com/content/image/1-s2.0-S2588931118300233-mmc1.docx

Supplementary Table 2: Targeted biopsy outcomes for the MRI-strategy stratified 
according to the overall (whole prostate) PI-RADS score (a), individual mpMRI PI-RADS 
lesions score (b)

https://ars.els-cdn.com/content/image/1-s2.0-S2588931118300233-mmc2.docx
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EDITORIAL COMMENT

Rely on Your Eyes or on Your Mind? How Magnetic Resonance Imaging Before First 
Biopsy Could Become Feasible

J. Walz1

1: Department of Urology, Institut Paoli-Calmettes Cancer Centre, Marseille, France

Published in European Urology Oncology 2018 Jun 1(2):118-119

Text
Discussions on the role of multiparametric magnetic resonance imaging (mpMRI) 
before the first biopsy are becoming increasingly intense. The very recent publication 
of results from the PRECISION trial is another element enhancing the discussion.1 
One of the main reasons why mpMRI is not yet applied in all patients before the first 
biopsy is the non-negligible resources and costs for such MRI protocols. The relevant 
resources are: availability of MRI scanners and gantry time; availability of expertise; 
time for radiological interpretation and reporting; time for urological interpretation of 
information; and costs for reimbursement either by patients or health systems. For at 
least for some health systems, if not all, systematic use of mpMRI before any biopsy 
would represent a major financial challenge.2

To allow more extensive use of mpMRI before first biopsies and to avoid wasted 
resources and money, it seems necessary to carefully select patients who should enter 
an MRI diagnostic pathway. In this issue of European Urology Oncology, Mannaerts et 
al. address this approach using the well-known and validated Rotterdam risk calculator 
to select patients for the MRI pathway.3 The risk calculator uses prostate-specific 
antigen (PSA) level, prostate volume, digital rectal examination (DRE), and transrectal 
ultrasound findings to predict the risk of finding high-grade prostate cancer. By using 
the multivariable risk calculator (probability cutoff >20% for any cancer and 4% for 
high-grade cancer) before an MRI-targeted approach, the authors were able to avoid 
the use of MRI in 37% of patients while missing only 4% of high-grade prostate cancer 
cases. Undeniably, systematic use of multivariable predictor models to indicate the 
need for mpMRI before biopsy represents a worthwhile approach for the future. Careful 
evaluation of patients for the need for a diagnostic work-up for prostate cancer could 
overcome many shortcomings:
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• mpMRI would not become a reflex test after each PSA test, possibly even on a yearly 
basis, but would be performed only when objective and reproducible needs are 
identified.

• The number of prostate MRI scans would be limited and could be performed under 
these circumstances in centres of excellence and expertise, truly improving the 
management of patients and assuring the best value for money invested in the MRI 
pathway.

• The uncontrolled growth in MRI prescription by non-urologists would be restricted, 
as more detailed knowledge for decision-making would be necessary.

• A substantial increase in costs and resource use would be avoided, as mpMRI would 
be performed in selected patients only.

Another important information point coming from the study by Mannaerts et al. 
is the confirmation that MRI can miss high-grade prostate cancer. The very recent 
PRECISION trial suggested that systematic biopsies could be safely be omitted as MRI-
targeted biopsies detect more significant cancers relative to systematic biopsies and 
leave nonsignificant cancers undetected.1 The current data from Mannaerts et al. show 
that systematic biopsies are still essential if the highest reliability in diagnosis is to be 
achieved. In their study systematic biopsies detected 23% of the high-grade cancers 
that were not detected by the MRI-targeted approach.3 Moreover, in patients with 
normal MRI findings, 11% had high-grade prostate cancer found by systematic biopsies 
only. These data suggest that omitting systematic biopsies will leave a non-negligible 
number of significant cancers undetected. It seems that the use of multivariable 
prediction models is of special interest for patients for whom there is a suspicion of 
prostate cancer but with MRI findings interpreted as normal. Use of the Rotterdam risk 
calculator and the associated cutoffs in this specific subgroup allowed identification 
of high-grade prostate cancer in 22% of these patients, which would have been left 
undetected if MRI had been used as the sole decision tool for or against systematic 
biopsy. The current data support yet again the strategy whereby MRI should be used to 
identify a prostate cancer lesion instead of ruling out a prostate cancer lesion.

Currently, it seems too ambitious to rely on MRI interpretation alone to decide whether 
a biopsy is necessary or not. The MRI data should be systematically combined with the 
usual clinical information (PSA, PSA density, DRE, prostate volume, family history, etc.) to 
decide in favour or against the need for a biopsy.4 The study highlights that we still need 
to apply our clinical judgement when deciding on whether a patient should undergo 
biopsy or not.
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ABBREVIATIONS

AUC Area under the curve
CEUS Contrast - enhanced ultrasound
CUDI Contrast ultrasound dispersion imaging
DRE Digital rectal examination
EAU European Association of Urology
GS Gleason score
IRB Institutional Review Board
mpMRI Multiparametric magnetic resonance imaging
mpUS Multiparametric ultrasound
NPV Negative predictive value
PI-RADSv2 Prostate imaging reporting and data system version 2
PCa Prostate cancer
PPV Positive predictive value
PSA Prostate specific antigen
SWE Shear wave elastography
TIC Time-intensity-curve
TRUS Transrectal ultrasound
UCA Ultrasound contrast agent
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ABSTRACT

Background
The diagnostic pathway for prostate cancer (PCa) is advancing towards an imaging-
driven approach. Multiparametric magnetic resonance imaging, although increasingly 
used, has not shown sufficient accuracy to replace biopsy for now. The introduction of 
new ultrasound (US) modalities, such as quantitative contrast-enhanced US (CEUS) and 
shear wave elastography (SWE), shows promise but is not evidenced by sufficient high 
quality studies, especially for the combination of different US modalities. The primary 
objective of this study is to determine the individual and complementary diagnostic 
performance of greyscale US (GS), SWE, CEUS and their combination, multiparametric 
ultrasound (mpUS), for the detection and localization of PCa by comparison with 
corresponding histopathology.

Methods/design
In this prospective clinical trial, US imaging consisting of GS, SWE and CEUS with 
quantitative mapping on 3 prostate imaging planes (base, mid and apex) will be 
performed in 50 patients with biopsy-proven PCa before planned radical prostatectomy 
using a clinical ultrasound scanner. All US imaging will be evaluated by US readers, 
scoring the four quadrants of each imaging plane for the likelihood of significant PCa 
based on a 1 to 5 Likert Scale. Following resection, PCa tumour foci will be identified, 
graded and attributed to the imaging-derived quadrants in each prostate plane for all 
prostatectomy specimens. Primary outcome measure will be the sensitivity, specificity, 
negative predictive value and positive predictive value of each US modality and mpUS 
to detect and localize significant PCa evaluated for different Likert Scale thresholds 
using receiver operating characteristics curve analyses.

Discussion
In the evaluation of new PCa imaging modalities, a structured comparison with gold 
standard radical prostatectomy specimens is essential as first step. This trial is the first 
to combine the most promising ultrasound modalities into mpUS. It complies with the 
IDEAL stage 2b recommendations and will be an important step towards the evaluation 
of mpUS as a possible option for accurate detection and localization of PCa.
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Trial registration
The study protocol for multiparametric ultrasound was prospectively registered on 
Clinicaltrials.gov on 14 March 2017 with the registry name ‘Multiparametric Ultrasound-
Study for the Detection of Prostate Cancer’ and trial registration number NCT03091231.

Keywords
Accuracy; Detection; Imaging; Multiparametric; Prostate cancer; Radical prostatectomy; 
Ultrasound
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BACKGROUND

To date, patients with a clinical suspicion of prostate cancer (PCa) based on elevated 
serum prostate specific antigen (PSA) and/or a suspicious digital rectal examination 
(DRE) should undergo a transrectal ultrasound (TRUS)-guided systematic biopsy as next 
step in assessing presence of PCa.1 This combination of tests results in a considerable rate 
of benign biopsy results, overdiagnosis of clinically insignificant PCa and underdiagnosis 
and undergrading of clinically significant PCa.2,3 Moreover, systematic transrectal biopsy 
carries significant morbidity.4 As a consequence, the diagnostic pathway for PCa has 
begun to lean towards an imaging-driven targeted biopsy approach. Multiparametric 
magnetic resonance imaging (mpMRI) of the prostate and targeted biopsies of 
suspicious mpMRI lesions has evolved into an increasingly appealing tool in the PCa 
diagnostic arsenal and is currently recommended in men with a sustained suspicion 
of PCa after a negative initial biopsy.1 The exact role for mpMRI in PCa diagnosis 
remains unclear, however; improved clinically significant PCa detection compared with 
systematic biopsy is controversial in biopsy-naïve patients and mpMRI as a triage test 
before biopsy seems to miss significant PCa.5,6 Moreover, universal implementation of 
an mpMRI pathway seems unlikely for now, given the relatively high cost, low specificity 
with high rates of false positives, moderate inter-reader reproducibility and radiology 
training burden, limiting its broad use outside expert centres.7-9

Ultrasound modalities as well as their combination in a multiparametric approach are 
gaining increasing interest.10,11 Although conventional greyscale (GS) TRUS as imaging 
modality has a limited role in PCa diagnosis with sensitivity and positive predictive value 
(PPV) generally reported to be around 11–35% and 27–57%, respectively, ultrasound-
based imaging offers many advantages.12,13 Ultrasound imaging is widely available, 
portable, less expensive in machine purchase and usage than MRI with the additional 
possibility of real-time imaging and biopsy needle monitoring. These advantages have 
motivated towards the development of various new ultrasound modalities striving to 
increase PCa detection including contrast-enhanced ultrasound (CEUS), computerized 
TRUS and (shear wave) elastography. Particularly, CEUS with quantitative parametric 
imaging and shear wave elastography (SWE) have produced encouraging results in 
recent studies.14,15

In CEUS, a suspension of gas-filled microbubbles, i.e. ultrasound contrast agents (UCAs) 
is used for visualization of microvascular flow patterns. Contrast-specific imaging is 
achieved by differentiating the non-linear scattering produced by the microbubbles 
from the linear tissue reflections. In PCa, abnormal blood flow patterns can be observed 
with CEUS and adding CEUS-targeted cores to the systematic biopsy procedure resulted 
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in improved per-patient PCa detection rates.16,17 However, angiogenic microvascular 
cancer patterns can be ambiguous as higher blood flow by shunt formation and a 
higher microvascular density are counteracted by an increase in interstitial pressure 
and tortuosity.18 To overcome this ambiguous effect of angiogenesis on blood flow 
limiting visual interpretation and perfusion-based quantification of CEUS, dispersion 
quantification techniques have been developed for a more detailed assessment of 
the UCA kinetics in the prostate. Several promising dispersion parameters have been 
extracted from recorded time-intensity-curves (TICs) and converted into parametric 
maps of the prostate with encouraging results in clinical prediction of PCa presence.14,19

SWE estimates tissue elasticity and can discriminate PCa, as malignancy typically shows 
increased stiffness, because of higher cellular density and collagen depositions.20 In an 
SWE examination, an acoustic radiation force push pulse, induces a shear wave whose 
propagation is captured with an ultrafast ultrasonic imaging protocol. The speed of 
the shear wave is linked to the stiffness properties of the medium through which it 
propagates. SWE provides a dynamic quantitative map of soft-tissue elastic properties 
in near real time and is parametrically presented as a colour-coded overlay on the 
greyscale images.12,21 In two prostate biopsy studies, suspicious findings on SWE were at 
high risk of harboring clinically significant PCa while SWE targeted biopsy demonstrated 
equal per-core detection rates compared to systematic biopsy.22,23 Moreover, one study 
demonstrated that SWE allowed the identification of resection pathology proven PCa 
foci based on SWE density thresholds, potentially allowing for reader independent 
localization of prostate cancer foci.15

Combining CEUS and SWE in a multiparametric ultrasound (mpUS) approach, in a similar 
fashion as mpMRI, could potentially reduce the risk of missing tumours that are not visible 
to one of the modalities and discriminate benign prostatic diseases like prostatitis that 
sometimes mimic malignant characteristics. Brock. et al. demonstrated in their mpUS 
study of 86 patients, with radical prostatectomy specimens as reference standard, that 
the addition of CEUS for lesions detected on strain elastography significantly decreased 
false-positive results (34.9% to 10.3%) and improved PPV from 65.1 to 89.7%.10 With the 
known learning curve to perform strain elastography, the use of quantification software, 
inherent in SWE and as adjunct to CEUS, can not only improve diagnostic accuracy but 
also decrease user-dependency and training time while improving clinical applicability.

In this study protocol paper we will describe our present study evaluating the diagnostic 
accuracy of GS, SWE and CEUS with parametric mapping and its combination mpUS for 
the detection and localization of (clinically significant) PCa with radical prostatectomy 
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specimens as reference standard. Additionally, this study will contribute to the 
development of a classifier algorithm, fully exploiting and integrating the complementary 
information of the different ultrasound modalities into a single parametric map.

METHODS/DESIGN

Study objectives

Primary objectives
To determine the diagnostic performance i.e. sensitivity, specificity, PPV and negative 
predictive value (NPV) of GS, SWE, CEUS with quantitative mapping and their 
combination, mpUS, for the localization of clinically significant PCa foci.

Clinically significant PCa for the purpose of the primary objectives will be defined as 
the presence of a histopathologically confirmed Gleason ≥3 + 4 = 7 tumour focus with 
a tumour volume > 0.5 cm3.

Secondary objective(s)
To determine the diagnostic performance i.e. sensitivity, specificity, PPV and NPV of GS, 
SWE, CEUS with quantitative mapping and their combination mpUS for the detection 
and localization of PCa foci:

• for different thresholds of clinical significance; namely presence of a Gleason ≥4 + 3 
= 7 tumour focus and presence of a Gleason ≥3 + 4 = 7 tumour focus, independent 
of volume, respectively

• in relation to the specific region of the prostate (peripheral zone versus transition 
zone)

To assess the technical feasibility, image quality and procedure related adverse events

To assess the interobserver agreement between US readers with difference levels of 
experience

To develop a classifier algorithm combining complementary information in the different 
ultrasound modalities into one single multiparametric map.

Expected outcomes
It is expected that mpUS has the potential to improve PCa diagnosis and clinical decision 
making compared to currently applied diagnostic tests, as combining modalities has 
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the potential to detect more tumours while being more specific as more different 
characteristics of suspicious lesions are evaluated. There is however limited data on the 
performance of combinations of ultrasound modalities.12 Nelson et al. compared GS, 
Colour Doppler ultrasound and (strain) elastography targeted biopsies with sextant 
systematic biopsies as reference standard in 137 patients.24 GS, Colour Doppler and 
elastography were positive in 16%, 29% and 25% of the 106 biopsy sites, respectively 
while the combination was positive in 46%, showing that the three modalities detect 
different tumours. Previously mentioned, Brock et al. demonstrated in their study that 
the addition of CEUS for lesions detected on real-time elastography decreased false-
positive results and improved PPV.10 None of these studies have included the quantitative 
techniques of our current study. Recently, Wildeboer et al. demonstrated in their study 
with 45 CEUS recordings, in 19 patients referred for radical prostatectomy, that the 
combination of CEUS parameters extracted from TICs performed better in detecting PCa 
than a single CEUS parameter with an accuracy of 81% for the combination compared 
to 73% for the best performing single parameter. Moreover the NPV increased to 83% 
from 70%.19 Based on the available data, we expect that our mpUS will demonstrate 
higher diagnostic performance than the ultrasound techniques as stand alone.

Study design
This study is a prospective, single center, single group, in-vivo study in humans in which 
we will perform ultrasound imaging in patients with biopsy-proven PCa scheduled 
for radical prostatectomy. These patients will undergo ultrasound imaging using a 
clinical ultrasound scanner (Aixplorer®, Supersonic Imagine, Aix-en-Provence, France) 
with an endfire endorectal probe (SuperEndocavity™ SE12–3, Supersonic Imagine, 
Aix-en-Provence, France). The ultrasound scanner and probe are illustrated in Fig. 1. 
CEUS imaging requires the administration of a UCA bolus. SonoVue® (Bracco, Geneva, 
Switzerland), a well-tolerated and commonly used UCA, will be used through an 
intravenous cannula for the purpose of this study. After written informed consent, 
patients will undergo mpUS imaging the day prior to surgery. The prostate is examined 
in 3 planes (base, mid and apex of the prostate) using the 3 principal scanning modalities 
(GS, SWE and CEUS) sequentially. Usage of Colour Doppler and Power Doppler are left 
to the discretion of the ultrasound performer to avoid excessive scanning times. All 
scans will be recorded and exported as DICOM files with quantitative analysis of the 
CEUS recordings carried out remotely after the scan. At a later stage, recorded images 
will be evaluated independently by blinded readers, scoring the four quadrants of each 
imaging plane for the likelihood of clinically significant PCa based on a 1 to 5 Likert-
scale for the different ultrasound modalities alone and for mpUS. Following resection, 
histopathologic analysis is performed according to institution standards with PCa 
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tumour foci identified, graded and attributed to the imaging-derived quadrants in each 
prostate plane for all the prostatectomy specimens. Accurate registration of imaging 
and histopathology is reached using a standardized histopathology correlation protocol 
consisting of three-dimensional (3D) histopathological and imaging modelling, a 
registration procedure and a correlation step.25,26 This explorative study is in agreement 
with the IDEAL stage 2b recommendations.27

 

FIGURE 1. The ultrasound system and endorectal probe. Legend: Ultrasound scanner (Aixplorer®, Supersonic 
Imagine, Aix-en-Provence, France) and endorectal probe (SuperEndocavityǧ SE12-3 with number of elements: 
192 and bandwith: 3-12 MHz, Supersonic Imagine, Aix-en-Provence, France) used for the purpose of this study

Population

Study population
The study population consists of the men with biopsy-proven prostate cancer that 
are scheduled for a radical prostatectomy. All patients will be recruited in the Martini 
Clinic, Prostate Cancer Center (Hamburg, Germany) and all study procedures will be 
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performed in this institution. Patients will be informed about the study in oral and 
written form. Patient inclusion is confirmed by signing written informed consent. A total 
of 50 consecutive patients will be included in the study.

Inclusion and exclusion criteria
All inclusion and exclusion criteria are presented in Table 1. Exclusion criteria are based 
on contra-indications for ultrasound contrast agent usage and selected to allow a 
complete and reliable histopathological specimen analysis (no previous PCa therapy 
or hormonal therapy) and to maintain SWE image quality (upper prostate volume 
threshold of 80 mL). To better reflect the clinical practice where mpUS will be applied in 
the future if proven valuable, high risk patients with highly elevated PSA levels above 
20 ng/mL and/or a clinical T3 digital rectal examination, will be excluded, as diagnostic 
imaging is less relevant in these patients.

TABLE 1. Inclusion and exclusion criteria

Inclusion Criteria

1. Patients ≥18 years old

2. Biopsy proven prostate cancer

3. Treatment by radical prostatectomy (open or robot-assisted)

4. Signed informed consent

Exclusion Criteria

1. PSA > 20 ng/mL and or clinical T3 rectal examination

2. Prostate volume above 80 mL measured on TRUS

3. Radiation therapy, focal therapy and/or chemotherapy for prostate cancer

4. Inability to undergo TRUS

5. Any form of hormonal therapy or androgen deprivation therapy within 6 months prior to procedure

6. Any contraindication for the ultrasound contrast agent including cardiac right to left 
shunt, pulmonary hypertension, uncontrolled hypertension, instable coronary disease

7. Has any medical condition or circumstance which would significantly decrease the chances 
of obtaining reliable data, achieving study objectives, or completing the study

Study procedures

Multiparametric ultrasound
After placement of an intravenous access, transrectal ultrasound imaging will be 
performed in the left-lateral decubitus position by one ultrasound performer. A total 
scanning time of 30 min is anticipated.
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Greyscale
After standard prostate volumetry and evaluation of the prostate capsule and seminal 
vesicles, transversal and sagittal sweeps of the entire prostate are slowly captured using 
GS ultrasound. Abnormal echogenicity patterns (calcifications, cysts and hypo-echoic 
lesions) are documented while the operator visually determines and stores pictures of 
the base, mid and apical transverse plane of interest taking into account the anatomical 
shape of the prostate. If areas of the prostate are considered more suspicious outside 
the anatomically chosen imaging planes, these are also brought into view and stored.

Shear wave elastography
Before SWE imaging, SWE specific settings (maximized penetration and appropriate 
elasticity scale) are checked and if necessary optimized while SWE examinations will 
be performed with minimal preload (pre-compressions). Each pre-defined transverse 
plane will be scanned with the SWE box in unilateral (left/right only) and bilateral (entire 
plane; maximum prostate plane coverage) fashion. For each scan, the transducer is 
maintained in a steady position for 5 s to make sure the signal is stable. Pictures and 
cine loops are stored for determination of elasticity values at a later stage. If areas of the 
prostate are considered more suspicious on SWE outside the predetermined imaging 
planes, these are also brought into view. An example of SWE is provided in Fig. 2.

Contrast-enhanced ultrasound and quantification
CEUS settings (dynamic range, focus zone and mechanical index) are checked and 
optimized per patient. A total of 3 CEUS recordings will be made: One for each of the pre-
defined planes. Each of the 2-min recordings will be started following the administration 
of a 2.4-mL bolus of UCA. After each recording a pause of 3 min is observed to allow the 
inflow of the next UCA bolus after sufficient UCA breakdown. A 4th bolus can be used 
if imaging quality due to e.g. patient movement is determined to be insufficient for 
quantitative analysis or for an area outside the imaging planes that is considered more 
suspicious on greyscale and/or SWE.

CEUS recordings will be stored and transferred for quantitative analysis. In this study, we 
will use the Contrast Ultrasound Dispersion Imaging (CUDI) analysis of the Eindhoven 
University of Technology with computer-aided quantification and parametric 
mapping.28,29 In short, this method quantifies the dispersive effects in the contrast 
concentration kinetics on a pixel basis by spatiotemporal analysis of the UCA in- and 
outflow during the CEUS recording. Several dispersion parameters have been derived 
that show promising results in prediction of PCa presence using radical prostatectomy 
specimens as the reference standard with a receiver-operating-characteristic (ROC) 
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area under the curve (AUC) ranging from 0.84–0.89.28,30-32 The resulting colour-coded 
parametric maps can be used to assess PCa presence. An example of CEUS and CUDI is 
provided in Fig. 3.

 

FIGURE 2. Shearwave elastography imaging of the prostate. Legend: An area with decreased tissue elasticity 
is visible in the left side of the prostate in the mid plane on SWE (white arrow) (a). This area is also visible as 
hypo-echogenious lesion on the corresponding greyscale image (white arrow) (b). A normal SWE pattern is 
visible in the base plane with the peripheral zone homogeneous coded in blue and the transition zone slightly 
heterogeneous in yellow (c). There is still some hypoechogenicity visible on the corresponding greyscale 
image (white arrow) (d). Radical prostatectomy revealed a Gleason 3 + 4 = 7 PCa with its primary focus in the 
left mid and apex of the prostate while the left base of the prostate was free of PCa tumour
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FIGURE 3. Contrast-enhanced ultrasound and contrast dispersion ultrasound imaging of the prostate. Legend: 
An area of early contrast enhancement is visible in the left peripheral zone of the prostate in the apical plane 
(white arrow) (a). Quantitative analysis with the Péclet CUDI parameter demonstrates a suspicious red lesion 
on the parametric image (white arrow) (b). The suspicious area is also visible as hypo-echogenious lesion on 
the corresponding greyscale image (white arrow) (c). Radical prostatectomy revealed a pT3a, Gleason 3 + 4 = 
7 with tertiary pattern 5 PCa on the left apical side of the prostate

Radical prostatectomy and histopathology
The radical prostatectomy (open or robot-assisted laparoscopic) will be performed in 
accordance to institution standards. In the majority of patients (> 90%) an intraoperative 
neurovascular structure-adjacent frozen section examination technique will therefore 
be performed. In this procedure, frozen sections are taken from one or both lateral 
side(s) of the prostate to enable the sparing of nerves while decreasing positive surgical 
margins.33 These frozen sections are processed separately from the resected specimen in 
the pathology lab. Following the radical prostatectomy, the whole specimen and frozen 
sections will be macroscopically photographed. The resection specimen is fixated and 
dissected in 4-mm thick transversal slices and quadrant sections with the location and 
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orientation of all coupes recorded. Pathologic analysis will be performed by dedicated 
genitourinary pathologists, unaware of imaging results, who will evaluate the entire 
specimen for presence of tumour (marking each lesion’s Gleason score), extracapsular 
invasion and seminal vesicle invasion. Individual foci of tumour will be outlined.

Histopathologic correlation of imaging
All US imaging, each sequence separate and combined, will be evaluated by US readers 
in blinded fashion. The four quadrants (left and right peripheral zone and left and 
right transition zone, respectively) of each imaging plane (base, mid and apex) will be 
evaluated for the likelihood of clinically significant PCa based on a five-point Likert Scale 
(1: highly unlikely; 2: unlikely; 3: equivocal; 4: likely; and 5: highly likely), resulting in a 
total of 12 regions of interest (ROIs) per prostate. Examiners are blinded for clinical and 
pathological data but aware that patients are scheduled for radical prostatectomy.

Matching of US imaging with histopathology is a challenge; not only do the deformations 
of the prostate after resection have to be taken into account, but also the mismatch 
in orientation between imaging planes and pathology slices and deformation due to 
transrectal probe usage. To provide for an accurate histopathologic correlation a three-
step process combing reconstruction, registration and correlation is used in line with 
our previous published work.25,26,34

 

FIGURE 4. Schematic overview of a full registration framework for the correlation of the ultrasound image 
with histopathology. Legend: A 3D reconstruction of the ex-vivo radical prostatectomy specimen and in-
vivo gland (Step 1A and 1B); registration between the in-vivo and ex-vivo model (Step 2); Correlation of the 
pathology data and ultrasound image (Step 3); Pixel-wise superposition of the histopathological data onto 
the ultrasound image
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First, a 3D histopathological reconstruction with adequate interpolation of tumour 
delineations into tumour volumes is performed based on the pathology slices. Hereafter, 
a 3D US model of the in-vivo prostate is reconstructed from the 2D greyscale sweeps.25,26 

Thirdly, a 3D, surface-based elastic registration method is used to fuse the in-vivo 3D US 
model with the 3D histopathological model. This method avoids the need of landmarks 
or a high level of detail, often lacking in greyscale US, while no manual intervention is 
required during the registration.26 Lastly, the registered 3D models are correlated to the 
actual images with superposition of histopathology onto the ultrasound imaging with 
its 12 ROIs per prostate. Figure 4 provides a schematic overview of a full registration 
procedure.

Statistical analysis and sample size
Demographic and disease specific characteristics of the study population will be 
descriptively reported. For localization of PCa, a logistic generalized estimating equation 
(GEE) model, accounting for the fact that 12 ROIs will be analysed in the same patient, 
will be used to estimate the sensitivity, specificity, PPV and NPV for the three different 
US modalities and any combination of those, both for different Likert scale thresholds 
(Likert ≥3 and Likert ≥4) as for the predefined criteria of clinically significant PCa. In 
principle, the model will contain US modality, reader and their interaction. Sensitivity 
is defined as the probability of correctly identifying a tumour focus in a given ROI. 
Specificity is defined as the probability of correctly identifying ROIs negative for tumour. 
The effect of histopathological variables (Gleason score, lesion size and pT-stage) will be 
tested for the sensitivity of each US modality. For detection, readers with Likert scores 
≥4 for any clinically significant PCa-containing ROI are considered to have detected 
PCa in that particular patient. The interobserver agreement will be evaluated using the 
intraclass correlation coefficient. No formal sample size calculation was performed. In 
line with the IDEAL recommendations for explorative studies and published (mpMRI) 
studies with a similar design a total of 50 patients will be included in the study.35-37

Quality and patient safety
Quality of data and patient safety will be continuously monitored by the investigators. 
Periodical reporting of study progression and patient safety will be performed to the 
reviewing Institutional Review Board (IRB). The investigator will inform the subjects and 
the reviewing IRB if anything occurs of which the disadvantages of participation may 
be significantly greater than was foreseen in the research proposal. The investigators 
will notify the IRB without undue delay of a temporary halt including reason for such an 
action. The investigators will take care that all subjects are kept informed.
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Risks and benefits
TRUS imaging of the prostate is safe and well tolerated. There is a small anticipated risk 
in this study because of the UCA usage. After its use in thousands of patients, adverse 
events related to UCAs appear to be mild, rare and transient.38-40 Sensations of warmth, 
facial or general flushes and itching (at injection site) are the most frequently reported 
minor side effects. Serious adverse reactions, which consists of hypersensitivity allergic 
reactions are rare (< 0.01%), but comprehensive rescue measures are prepared and 
available for all the patients in the study. There is no direct benefit for patients included 
in this study. Results of this study, however, can be important for future patients in the 
diagnostic work-up for PCa. Patients will be informed of the risks and absence of benefit, 
and both will be described in the study information.

DISCUSSION

New ultrasound modalities with quantitative techniques, such as SWE and CEUS 
with parametric mapping, are gaining interest. The exploration of these techniques 
in a multiparametric fashion is essential for the development of an ultrasound-based 
imaging approach with the potential of real-time PCa imaging and targeted biopsy. 
This study, including a ground truth reference standard, will give insight into different 
US features of PCa and into its combined diagnostic value. Furthermore this study will 
provide information on the question whether mpUS could potentially be used as a triage 
test to exclude significant PCa or should be used to target specific regions suspicious 
for significant PCa or both. With accurate registration and fusion gaining attention for 
reliable image-targeted biopsies and (focal) treatment, we believe that our study also 
contributes to the introduction of suitable registration/fusion options.

Its design with radical prostatectomy specimens as reference standard, however also 
comes with some disadvantages. First, the population is different from the primary 
diagnostic setting since men must have PCa and choose to have surgery (spectrum bias). 
Second, the reader examining the images is aware that there must be PCa, potentially 
biasing readers towards higher sensitivity readings (observer bias). However, studies 
using a more appropriate population with prostate biopsy specimens as reference 
standard, fail to detect all clinically significant lesions found after radical prostatectomy, 
even in a template-guided transperineal saturation setting.1,41 Despite this important 
limitation of prostate biopsy as reference standard, a biopsy study can be foreseen as 
next step in the clinical assessment of mpUS imaging for PCa diagnosis. After all, the 
clinical utility of a targeted biopsy approach for mpUS suspicious lesions cannot be 
accurately assessed in this study as a targeted biopsy procedure is not only dependent 
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on the scoring of lesions on mpUS but also dependent on other factors such as targeting 
accuracy, biopsy operator experience and patient movement. Another limitation of this 
study is that the prostate is evaluated in 2D US imaging planes. There is a risk of missing 
tumours outside the predefined imaging planes while the UCA transport kinetics have 
to be modelled with strong assumptions in its directionality.31 Although a 3D approach 
can overcome these limitations and reduce the number of UCA bolus injections, no 
clinical US device is currently available with both 3D SWE and 3D CEUS imaging.

We have chosen for a stringent 12 region based template per prostate for our analysis. 
Although, in comparison with the prostate imaging reporting and data system version 
2 (PI-RADSv2), this is a limited number of regions, we assume that this approach is the 
best approximation for US and pathology matching as more ROIs per template would 
increase the risk of registration errors. Besides the well-known errors in the registration 
procedure of ultrasound imaging and pathology caused by gland deformation, fixation-
related shrinkage and a mismatch in US imaging and pathology orientation, the 
intraoperative frozen section examination have to be taken into account in our study.42,43 
To assess the influence of the registration between imaging and histopathology on 
the final results, separate analyses including and excluding ROIs with small tumors 
(with respect to the ROIs) and inconsistencies across multiple ROIs are foreseen. 
Besides, studies with PI-RADSv2 or more ROIs per template often also simplify their 
template for analysis or use more tolerant approaches for misalignment with inclusion 
of neighboring regions.44-46 Lastly, further research regarding improvements to the 
standardization and reproducibility of these ultrasound modalities as stand-alone tools 
and in a multiparametric fashion is still required. Various ultrasound manufacturers have 
introduced SWE into their ultrasound scanners and computer-aided quantification and 
parametric mapping of CEUS recording with CUDI is not limited to a specific ultrasound 
scanner. Therefore, there is an increasing need to define quality criteria for these new 
techniques, provided that results of our study are positive, in order to improve clinical 
application and generalizability of these techniques in other centres with their own 
local expertise and resources.47,48

Despite these limitations, we expect that the results of this study will contribute to the 
assessment of the role of mpUS imaging for the diagnosis of PCa in clinical practice. In 
light of current limitations of prostate biopsy and mpMRI, mpUS holds the potential for 
an accessible imaging-based PCa approach.
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ABBREVIATIONS

3D Three-dimensional
CEUS Contrast enhanced ultrasound
csPCa Clinically significant prostate cancer
CUDI Contrast ultrasound dispersion imaging
DRE Digital rectal examination
GS Gleason score
mpMRI Multiparametric magnetic resonance imaging
mpUS Multiparametric ultrasound
NPV Negative predictive value
PI-RADS v2 Prostate Imaging Reporting and Data System version 2
PSA Prostate Specific Antigen
PZ Peripheral zone
ROI Region of interest
RP Radical prostatectomy
SWE Shear wave elastography
TZ Transition zone
UCA Ultrasound contrast agent
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ABSTRACT

Purpose
Similar to multiparametric magnetic resonance imaging, multiparametric ultrasound 
represents a promising approach to prostate cancer imaging. We determined the 
diagnostic performance of B-mode, shear wave elastography and contrast enhanced 
ultrasound with quantification software as well as the combination, multiparametric 
ultrasound, for clinically significant prostate cancer localization using radical 
prostatectomy histopathology as the reference standard.

Materials and Methods
From May 2017 to July 2017, 50 men with biopsy proven prostate cancer underwent 
multiparametric ultrasound before radical prostatectomy at 1 center. Three readers 
independently evaluated 12 anatomical regions of interest for the likelihood of 
clinically significant prostate cancer on a 5-point Likert scale for all separate ultrasound 
modalities and multiparametric ultrasound. A logistic linear mixed model was used to 
estimate diagnostic performance for the localization of clinically significant prostate 
cancer (any tumor with Gleason score 3 + 4 = 7 or greater, tumor volume 0.5 ml or 
greater, extraprostatic extension or stage pN1) using a Likert score of 3 or greater and 
4 or greater as the threshold. To detect the index lesion the readers selected the 2 most 
suspicious regions of interest.

Results
A total of 48 men were included in the final analysis. The region of interest specific 
sensitivity of multiparametric ultrasound (Likert 3 or greater) for clinically significant 
prostate cancer was 74% (95% CI 67–80) compared to 55% (95% CI 47–63), 55% (95% 
CI 47–63) and 59% (95% CI 51–67) for B-mode, shear wave elastography and contrast 
enhanced ultrasound, respectively. Multiparametric ultrasound sensitivity was 
significantly higher for Likert thresholds and all different clinically significant prostate 
cancer definitions (all p <0.05). Multiparametric ultrasound improved the detection of 
index lesion prostate cancer.

Conclusions
Multiparametric ultrasound of the prostate, consisting of B-mode, shear wave 
elastography and contrast enhanced ultrasound with parametric maps, improved 
localization and index lesion detection of clinically significant prostate cancer compared 
to single ultrasound modalities, yielding good sensitivity.
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INTRODUCTION

The diagnosis of PCa is evolving toward an imaging driven approach. Increasingly 
mpMRI is used as a tool for targeted biopsy. Recently 3 prospective multicenter trials in 
biopsy naïve men demonstrated that, compared to systematic biopsy, mpMRI targeted 
biopsy decreased the number of biopsy procedures and reduced the detection of 
insignificant PCa while maintaining csPCa detection.1-3 However, complete substitution 
of systematic biopsy by mpMRI targeted biopsy is currently not recommended as the 
mpMRI pathway still misses some men with csPCa.4,5 Resources such as radiologic and 
urological expertise, MRI gantry time and reimbursement costs also represent logistic 
and financial challenges.6

US is widely available and portable, purchasing the machine is less expensive and US 
is more familiar to the urologist. However, US is mainly used for biopsy guidance. US is 
gaining increasing interest since new US modalities such as CEUS with quantification 
analyses, elastography and micro-US have shown encouraging results for PCa and csPCa 
localization.7-10 During CEUS an intravenously administered suspension of gas filled 
microbubbles (ie UCAs) is used to visualize microvascular flow patterns. Quantification 
by CUDI has been developed to assess UCA bolus kinetics and, therefore, the alterations 
caused by PCa angiogenesis in the prostate microvasculature.11 In addition, PCa typically 
shows increased stiffness because of higher cellular density and collagen depositions.12 

In contrast to real-time elastography, SWE allows for the quantitative estimation of 
tissue elasticity without the need for manually exerted transducer pressure.10

Similar to mpMRI, the exploration of different US modalities in multiparametric fashion 
to combine relevant information from complementary PCa phenomena could be 
essential to improve US based imaging of csPCa. However, to date mpUS has hardly 
been investigated.13 In this clinical study we evaluated the diagnostic performance of 
B-mode, SWE and CEUS using parametric maps and combination mpUS to detect and 
localize csPCa. RP histopathology served as the reference standard.

MATERIALS AND METHODS

Trial design
This prospective, single center, institutional review board approved study included 50 
men with biopsy proven PCa scheduled for RP at the Prostate Cancer Center, Martini-
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Klinik Hamburg, Hamburg, Germany. The study protocol is prospectively registered 
on ClinicalTrials.gov (NCT03091231) and it was published previously.14 The study also 
received Institutional Review Board approval (IRB No. PV5439).

Study population
Participants were eligible for study if they had biopsy proven PCa with serum PSA 
20 ng/ml or less and a DRE that did not suggest extracapsular disease. Men with 
contraindications to CEUS or who underwent previous PCa therapy were excluded from 
study. To maintain SWE image quality an upper prostate volume threshold of 80 ml was 
adopted. All men provided written informed consent.

Ultrasound imaging

Protocol
From May 2017 to July 2017, 50 men underwent US on an Aixplorer® clinical US scanner 
with a Super Endocavity™ SE12-3 end fire endorectal coil. Supplementary figure 1 ( 
https://www.jurology.com) shows the flow chart. The prostate was examined in 3 planes 
(base, mid and apex) using 3 scanning modalities (B-mode, SWE and CEUS) sequentially 
( figs. 1 and 2). For CEUS a 2.4 ml bolus of SonoVue® per plane was used. CEUS recordings 
were quantified by CUDI directly after acquisition.15,16 Study procedures were written in 
detail in the study protocol.14

Evaluation
Images from individual modalities or a combination (ie mpUS) were evaluated by 3 
readers in random order (supplementary fig. 2, https://www.jurology.com). Readers 
received 2 days of training and were blinded to clinical and pathological data. SWE 
and CEUS were evaluated in conjunction with B-mode as the 2 modalities should be 
interpreted while considering B-mode findings.17,18

To study csPCa localization the readers used a 5-point Likert scale to score left and right 
quadrants in the PZ and the TZ in each plane for a total of 12 anatomical ROIs per patient. 
The presence of csPCa was scored as 1—highly unlikely, 2—unlikely, 3—equivocal, 4—
likely or 5—highly likely in that specific ROI (supplementary fig. 3, https://www.jurology.
com). The Likert score of mpUS was left to reader discretion. In addition, readers were 
asked to select the most suspicious ROI (ROI 1) and the second most suspicious ROI (ROI 
2) to examine the use of mpUS to potentially target index lesion PCa. Supplementary 
table 1 ( https://www.jurology.com) shows the US experience.
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FIGURE 1. Base prostate plane mpUS in 67-year-old man with PSA 18.4 ng/ml. A, B-mode reveals suspicious 
hypoechoic lesion (arrow) in prostate left side. B, SWE shows highly suspicious stiffness (arrow) in left 
prostate. C, suspicious early enhancement (arrow) in left prostate on contrast enhanced US. D, suspicious red 
focus (arrow) on CUDI parametric map in left prostate. E, histopathology demonstrates clinically significant 
Gleason score 5 + 4 = 9 PCa in prostate left base. Reduced from ×2. F, histopathological correlation of US with 
histopathology shows 3 positive ROIs at prostate base plane, including left and right PZ, and left TZ.

FIGURE 2. Mid prostate plane mpUS in 69-year-old man with PSA 8.2 ng/ml. A, heterogeneous signal 
intensity on B-mode. B, SWE shows asymmetrical diffuse increased stiffness (arrows) in right TZ. C, suspicious 
early enhancement (arrow) in prostate left PZ on CEUS. Note round, well circumscribed, symmetrical early 
enhancement in each TZ, which is benign morphology. D, suspicious red focus (arrow) on CUDI parametric 
map. E, histopathology reveals unilateral Gleason score 3 + 4 = 7 csPCa in left PZ. Reduced from ×2. F, 
histopathological correlation of US with histopathology demonstrates 1 positive ROI in prostate left PZ mid 
plane.
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Radical Prostatectomy and Histopathology
RP was performed with an intraoperative neurovascular frozen section examination. 
These frozen sections were processed separately from the resected specimen. 
Histopathological analysis was performed according to institutional standards 
with complete embedding of the prostate in 4 mm thick axial step-section slices. A 
uropathologist determined the location, stage and percent of Gleason Grade 3, 4 and 5 
patterns in the RP and the frozen section(s) in accordance with the ISUP (International 
Society of Urological Pathology) recommendations.19 The index lesion was defined as 
the lesion with the highest GS or, in case of multiple lesions with the same GS, the lesion 
with the largest volume.

Histopathological Correlation of Imaging
As written in detail in our protocol, we used an automated histopathological correlation 
method in line with our previous published work to match RP histopathology to US.14,20 

To this end a 3D histopathological model of the excised prostate was reconstructed by 
interpolating the tumor delineations on the pathology slices in 3 dimensions. Apical, 
mid and basal cross-sections of this 3D histopathological model were projected on the 
actual US image.

Statistics
Baseline characteristics are reported descriptively. We used a logistic linear mixed model 
including US modality as the fixed effect and cross random effects for patients and ROI 
levels to estimate the diagnostic performance (sensitivity, specificity, NPV and positive 
predictive value) of each US modality for csPCa localization at the Likert 3 or greater 
and 4 or greater thresholds. 21 The primary definition of csPCa was any GS 3 + 4 = 7 or 
greater PCa, a tumor volume of 0.5 ml or greater, extraprostatic extension or positive 
lymph node status. 22 We also analyzed more stringent definitions of csPCa, including 
GS 3 + 4 = 7 or greater with a tumor volume of 0.5 ml or greater and GS 4 + 3 = 7 or 
greater. The index lesion was determined at the patient level as a positive result if the 
selected ROI contained the index lesion PCa.

Interobserver agreement was evaluated by the Krippendorff α for nominal outcomes 
with the bootstrapped 95% CI ranging from 0—no agreement to 1—excellent 
agreement. Two-sided statistical tests were performed with p <0.05 considered 
statistically significant. We used SPSS® for Windows®, version 25.0 and R, version 3.5.1 ( 
https://www.r-project.org/foundation/).
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RESULTS

Baseline characteristics
Two men did not undergo RP. Thus, 48 men (96%) with a total of 576 ROIs were available 
for final analysis. Median age was 65 years (IQR 58–70) and median PSA was 7.7 ng/ml 
(IQR 5.4–10.2) (see Table). Of the men 36 (75%) had overall GS 3 + 4 = 7 (Grade Group 
2) PCa at RP and 11 (23%) had GS 4 + 3 = 7 or greater (Grade Group 3 or greater) PCa. 
Supplementary table 2 (https://www.jurology.com) shows ROI specific pathology 
findings. Median US scan time was 27 minutes (IQR 25–28). There were no adverse 
events or procedure failures during or after US imaging.

Prostate cancer localization

Overall
Supplementary table 3 ( https://www.jurology.com) shows the ROI specific diagnostic 
performance of B-mode, SWE, CEUS and mpUS. Using a Likert 3 or greater threshold 
to define primary csPCa, mpUS achieved 74% sensitivity (95% CI 67–80) and 59% 
specificity (95% CI 53–65). The ROI specific sensitivity of mpUS was significantly higher 
for all csPCa definitions at the Likert 3 or greater and the Likert 4 or greater threshold 
in comparison to B-mode, SWE and CEUS (all p <0.05). For the primary definition ROI 
specificity for mpUS did not significantly differ among B-mode, SWE and CEUS while it 
was significantly lower for some stringent csPCa definitions (p <0.05). The NPV of mpUS 
for csPCa varied from 70% using the primary definition to 93% using the most stringent 
definition.

Peripheral and transition zones
Supplementary tables 4 and 5 ( https://www.jurology.com) list ROI specific sensitivity 
and specificity of B-mode, SWE, CEUS and mpUS for csPCa localization in the PZ and the 
TZ. ROI specific sensitivity of mpUS was higher for the PZ than the TZ at 80% vs 67% for 
a primary definition of Likert 3 or greater.

Index Lesion Detection
Supplementary figure 4 ( https://www.jurology.com) shows that index lesion detection 
by B-mode, SWE, CEUS and mpUS increased with a higher index lesion GS. If ROI 1 
and ROI 2 were accurately targeted, this would have resulted in an 88% index lesion 
detection rate for mpUS compared to 70%, 72% and 73% for SWE, B-mode and CEUS, 
respectively (p <0.05).
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TABLE. Clinical characteristics

No. pts 48

Median age (IQR) 65 (58 – 70)

No. PCa family history (%):
· Yes
· No

8 (17)
40 (83)

Median ng/mL preop PSA (IQR) 7.7 (5.4 – 10.2)

No. DRE finding (%):
· Normal
· Abnormal

32 (67)
16 (33)

No. prostate clinical T-stage (%):
· T1c
· T2a-b
· T2c

32 (67)
15 (31)

1 (2)

Median ml prostate vol (IQR) 40 (34 – 49) 

No. B-mode finding (%):
· Normal
· Abnormal

26 (55)
21 (45)

Median ng/mL/mL PSA density (IQR) 0.18 (0.14 – 0.24)

No. biopsy Grade Group / Gleason score (%):
· 1 / 3+3=6
· 2 / 3+4=7
· 3 / 4+3=7
· 4 / 8
· 5 / 9-10

8 (17)
22 (46)
8 (17)
7 (15)
3 (6)

No. pathologic T-stage (%):
· T2a-b
· T2c
· T3a
· T3b

2 (4)
31 (65)
12 (25)

3 (6)

No. RP overall Grade group / Gleason score (%):
· 1 / 3+3=6
· 2 / 3+4=7
· 3 / 4+3=7
· 5 / 5+4=9

1 (2)
36 (75)
10 (21)

1 (2)

No. RP index lesion Grade group / Gleason score (%):
· 1 / 3+3=6
· 2 / 3+4=7
· 3 / 4+3=7
· 4 / 8
· 5 / 9-10

1 (2)
30 (63)
6 (13)
6 (13)
5 (10) 
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TABLE. Continued

No. extended pelvic lymph node dissection (%):
· Nx
· N0
· N1

1 (2)
42 (88)
5 (10)

Interobserver Agreement
Among the readers the Krippendorff α coefficient of the reliability of a Likert score 
of 3 or greater was 0.23 (95% CI 0.18–0.28) for B-mode, 0.36 (0.31–0.42) for SWE, 0.32 
(0.26–0.37) for CEUS and 0.33 (0.28–0.38) for mpUS. For a Likert score of 4 or greater 
the reliability of findings was 0.20 (0.14–0.26) for B-mode, 0.36 (0.27–0.44) for SWE, 0.48 
(0.41–0.54) for CEUS and 0.46 (0.39–0.52) for mpUS.

DISCUSSION

Recent years have shown that a standardized multiparametric approach to MRI 
improved the diagnostic performance compared with T2-weighted imaging only.23-

26 Although it has scarcely been investigated, this rationale could also apply to US.13 
Preliminary studies of mpUS showed promising results but were limited by study 
design, evaluation of only mpUS of target lesions and the use of real-time elastography, 
which is notorious for operator dependence.27,28 To our knowledge we report the first 
study to prospectively evaluate the diagnostic performance of B-mode, SWE and CEUS 
alone and in combination (ie mpUS) to localize csPCa and detect its index lesion.

As demonstrated, mpUS on a clinical scanner is safe and feasible, and can be performed 
in less than 30 minutes with good imaging quality. All single US modalities demonstrated 
limited overall sensitivity and specificity for csPCa localization. In contrast, mpUS had 
significantly improved sensitivity for all csPCa definitions at the 2 Likert thresholds with 
appreciable 74% to 85% sensitivity when considering a Likert score of 3 or greater to be 
suspicious. This resulted in a NPV of mpUS for csPCa of 70% to 93% depending on the 
csPCa definition. In addition, mpUS significantly improved the detection of GS 3 + 4 = 7 
or greater index lesion PCa compared to the single US modalities.

Interestingly it seemed difficult to identify PZ tumors on SWE while TZ tumors were 
frequently missed on CEUS/CUDI and B-mode. In the recent literature large overlapping 
SWE stiffness values of insignificant PCa and csPCa were noted in the PZ.12 In addition, 
the TZ is often composed of intermixed amounts of glandular and stromal tissue, 
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demonstrating heterogeneous signal intensity on B-mode, while benign prostatic 
hyperplasia nodules in the TZ limit PCa visualization on CEUS. In light of this, combining 
these US modalities into mpUS using quantification software, which is inherent to SWE 
and added to CEUS with CUDI, seems essential to accurately image PCa on US.

Despite these positive findings, the specificity of mpUS at a Likert score of 3 or greater 
significantly decreased in the more stringent models while improved specificity at 
a Likert score of 4 or greater was achieved at the expense of sensitivity. A possible 
explanation of the low mpUS specificity could be that 2 readers had limited clinical 
experience, especially with SWE. As a result there may have been a possible tendency 
to consider dubious regions as equivocal (Likert score 3) so that csPCa would not be 
missed. Specificity must be further improved and promising results have been reported 
with machine learning based analysis of radiomics. Future work will focus on the 
development of a machine learning framework for mpUS classification, allowing for the 
integration of a range of US (radiomic) features to aid the clinician in the characterization 
of csPCa on US.29

The diagnostic performance of mpUS in our study has many similarities with that in 
previously published studies of mpMRI. When using RP as the reference standard, 
mpMRI studies have demonstrated 59% to 80% sensitivity for csPCa.23-25 Like mpUS, 
mpMRI also showed increasing sensitivity for larger and more aggressive tumors while 
a recent Cochrane meta-analysis revealed a low pooled specificity for mpMRI of only 
0.37 (95% CI 0.29–0.46) for Gleason score 3 + 4 = 7 or greater PCa.5,30 Like the PI-RADS for 
prostate MRI, continuous refinements in imaging interpretation and score assignment 
also seem necessary to further improve the diagnostic performance of mpUS and the 
moderate interobserver agreement in our current study. However, mpUS currently 
lacks the standardization and consistency which PI-RADS provides for mpMRI. Because 
US studies of PCa are known for excessive variation in acquisition, interpretation and 
reporting, the usefulness of US remains a subject of debate despite some promising 
results. Our study using a consistent and standardized mpUS approach could be seen as 
an important first step for multicenter standardization, evaluation and implementation 
of mpUS in the clinical setting.

Besides the small sample size, there were some other limitations to our study. 1) Studies 
of RP histopathology provide an accurate ground truth reference but spectrum bias is 
to be expected since subjects must have PCa and elect surgery. Therefore, we excluded 
men with PSA greater than 20 ng/ml and/or DRE suggestive of extracapsular disease to 
make our results more generalizable to the population referred for imaging targeted 
biopsy. 2) Awareness that study participants had biopsy proven PCa may have biased 
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image interpretation by the readers. 3) The prostate was evaluated in 2-dimensional US 
with the risk of missing tumors outside the predefined imaging planes. Although a 3D 
US approach can overcome these limitations and reduce the number of UCA injections, 
to our knowledge no clinical scanner currently has the ability to perform 3D mpUS.

We chose a 12 ROI based template per prostate for our localization analyses. Although 
errors in the registration procedure of US and RP histopathology caused by gland 
deformation, fixation related shrinkage, and a mismatch in US imaging and pathology 
plane orientation were largely mitigated by the dedicated 3D registration framework, 
the separate histopathological examination of intraoperative frozen sections posed an 
additional challenge.20 The current PI-RADS v2 sector map includes 36 prostate ROIs 
but it seems unlikely that the sensitivity of mpUS vs mpMRI would be overestimated. 
After all, the majority of mpMRI studies also used 12 ROIs or the PI-RADS v2 sector map, 
applying additional analytical methods to minimize potential errors in the radiologic-
pathological correlation in which PCa was often classified as correctly identified in 
the chosen ROI or any region in the immediate vicinity.23-26 Recognizing the important 
evolving role of mpMRI in PCa diagnosis, we retrospectively evaluated all available 
mpMRIs to enable a comparison of mpUS with mpMRI in this study. Unfortunately most 
of the 29 available MRIs were performed elsewhere and did not meet PI-RADS v2 quality 
requirements.

Our study with a standardized US imaging approach shows promise. However, further 
investigations in the biopsy setting are needed as the clinical usefulness of mpUS 
depends not only on lesion scoring but also on targeting accuracy. Only then will we 
be able to definitively determine whether mpUS may complement the mpMRI targeted 
biopsy procedure or even rival mpMRI as a diagnostic imaging tool.

CONCLUSIONS

Prostate mpUS, consisting of B-mode, SWE and CEUS/CUDI, significantly improved 
the sensitivity of csPCa localization and demonstrated high ability to detect the index 
lesion compared with individual US modalities. Similar to mpMRI, the combination of 
complementary US modalities into mpUS could bring accurate US imaging of csPCa 
within reach.
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SUPPLEMENTARY MATERIAL

The supplementary material is available online and presented with a QR-code

Supplementary Figure 1.

https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_figure1.pdf

Supplementary Figure 2.

https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_figure2.pdf

Supplementary Figure 3.

https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_figure3.pdf
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Supplementary Figure 4.
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Supplementary Table 1.
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Supplementary Table 2.
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https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_table3.pdf
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Supplementary Table 4.

https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_table4.pdf

Supplementary Table 5.

https://www.auajournals.org/doi/suppl/10.1097/JU.0000000000000415/suppl_file/Supplementary_table5.pdf
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EDITORIAL COMMENT

V. Scattoni1

1: Department of Urology, Division of Experimental Oncology, Urological Research 
Institute, IRCCS Ospedale San Raffaele, Milan, Italy

Published in the Journal of Urology. 2019 Dec;202(6):1172-1172.

Text
The authors evaluated the diagnostic performance of B-mode, SWE and CEUS with 
quantification software and the combination mpUS to detect csPCa. They concluded 
that prostate mpUS improved localization and index lesion detection of csPCa compared 
with the single US modalities.

This study is interesting because these results are close to the diagnostic performance 
of prostate mpMRI. In the mpMRI era transrectal US and related technologies seem to 
have limited value and they have been neglected for PCa diagnosis. On the contrary, 
this study provides insight into the diagnosis of PCa. This report may motivate people to 
study US methods of diagnosing cancer. Moreover, as already discussed by the authors 
(reference 14 in article), this study provides information on the question of whether 
mpUS could potentially serve as a triage test to exclude significant PCa. It may also 
invite us to consider mpUS before performing mpMRI in some patients.

However, I have some concern about how these good results could be translated to 
clinical practice. The authors report their experience with CEUS but this modality cannot 
be used routinely. I would rather consider only the association of B-mode and SWE (a 
sort of biparametric US), which might provide good results. Since mpMRI has already 
become the first line examination in all settings, the lack of any comparison of these 
findings with mpMRI significantly limits the power of this study.
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C.K. Mannaerts1, R.R. Wildeboer2, S. Remmers3, R.A.A. van Kollenburg1, A. Kajtazovic4, 
J. Hagemann5, A.W. Postema1, RJ.G. van Sloun2, M.J. Roobol3, D. Tilki5, M. Mischi2,  
H. Wijkstra1,2, and G. Salomon5

1: Department of Urology, Amsterdam University Medical Centers, University of Amsterdam, Amsterdam, The Netherlands
2: Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands.
3: Department of Urology, Erasmus University Medical Center, Rotterdam, The Netherlands
4: Department of Urology, Jeroen Bosch Hospital, ‘s-Hertogenbosch, The Netherlands
5: Prostate Cancer Center, Martini-Klinik Hamburg, University Hospital Hamburg-Eppendorf, Hamburg, Germany

Published in the Journal of Urology. 2019 Dec;202(6):1172-1173.

Text
We appreciate this opportunity to address the concerns in the comment on our article 
evaluating the diagnostic performance of mpUS for histopathologically confirmed 
csPCa.

This study incorporated a consistent and standardized mpUS approach with clearly 
defined interpretation criteria for each ultrasound modality, including B-mode, SWE 
and CEUS. With a median scan time of 28 minutes on a clinical US scanner we believe 
that our mpUS approach is routinely feasible. Currently biparametric US seems too 
ambitious as reported inferior results of SWE have already included B-mode. Although 
we recognize that high quality US is experience dependent and CEUS currently requires 
multiple acquisitions, 3D (contrast enhanced) US and automated analysis of US images 
might ease the use of mpUS in the future.1

Indeed, mpMRI has achieved worldwide acceptance in academic and community 
settings. As a result US is unadvisedly neglected while it remains inextricably linked 
to prostate biopsy due to its simplicity, practicality and cost-effectiveness. Especially 
now the recent literature has undeniably shown comparable csPCa detection rates 
for cognitive, MRI-transrectal US fusion and direct in-bore MRI biopsy, respectively.2 
Furthermore, there is still an unmet need to identify men who will benefit from mpMRI 
and biopsy while reducing the number of unnecessary MRIs, biopsies and diagnoses 
of low risk PCa. In this light up-front state-of-the-art mpUS can be envisaged. Future 
studies should be encouraged to investigate whether mpUS may complement the 
mpMRI pathway or even rival mpMRI as a diagnostic imaging tool.
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ABBREVIATIONS

CUDI Contrast ultrasound dispersion imaging
DCE-US Dynamic contrast-enhanced ultrasound
MRI Magnetic resonance imaging
PCa Prostate cancer
PI-RADS Prostate Imaging Reporting and Data System
PSA Prostate Specific Antigen
PZ Peripheral zone
ROC-AUC Area under the receiver operating characteristics curve
ROI Region of interest
RP Radical prostatectomy
SWE Shear-wave elastography
TZ Transition zone
US Ultrasound
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ABSTRACT

Purpose
The aim of this study was to assess the potential of machine learning based on B-mode, 
shear-wave elastography (SWE), and dynamic contrast-enhanced ultrasound (DCE-
US) radiomics for the localization of prostate cancer (PCa) lesions using transrectal 
ultrasound.

Methods
This study was approved by the institutional review board and comprised 50 men with 
biopsy-confirmed PCa that were referred for radical prostatectomy. Prior to surgery, 
patients received transrectal ultrasound (TRUS), SWE, and DCE-US for three imaging 
planes. The images were automatically segmented and registered. First, model-based 
features related to contrast perfusion and dispersion were extracted from the DCE-US 
videos. Subsequently, radiomics were retrieved from all modalities. Machine learning 
was applied through a random forest classification algorithm, using the co-registered 
histopathology from the radical prostatectomy specimens as a reference to draw 
benign and malignant regions of interest. To avoid overfitting, the performance of the 
multiparametric classifier was assessed through leave-one-patient-out cross-validation.

Results
The multiparametric classifier reached a region-wise area under the receiver operating 
characteristics curve (ROC-AUC) of 0.75 and 0.90 for PCa and Gleason > 3 + 4 significant 
PCa, respectively, thereby outperforming the best-performing single parameter (i.e., 
contrast velocity) yielding ROC-AUCs of 0.69 and 0.76, respectively. Machine learning 
revealed that combinations between perfusion-, dispersion-, and elasticity-related 
features were favoured.

Conclusions
In this paper, technical feasibility of multiparametric machine learning to improve 
upon single US modalities for the localization of PCa has been demonstrated. 
Extended datasets for training and testing may establish the clinical value of automatic 
multiparametric US classification in the early diagnosis of PCa.

Keywords
Prostate cancer; Machine learning; Ultrasonography; Elasticity imaging techniques; 
Contrast media
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Key Points

• Combination of B-mode ultrasound, shear-wave elastography, and contrast 
ultrasound radiomics through machine learning is technically feasible.

• Multiparametric ultrasound demonstrated a higher prostate cancer localization 
ability than single ultrasound modalities.

• Computer-aided multiparametric ultrasound could help clinicians in biopsy 
targeting.
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INTRODUCTION

With more than an estimated 164,000 new diagnoses in the USA and almost 450,000 
in Europe, prostate cancer (PCa) remains the most frequently occurring non-skin 
malignancy in Western men in 2018.1,2 Unfortunately, after prostatespecific antigen 
(PSA) serum level testing and/or digital rectal examination, the standard diagnostic 
approach strongly relies on a 10- to 12-core systematic biopsy.3 Aside from complications 
associated with this procedure, high levels of underdiagnoses and overtreatment have 
been reported.4,5 Given the strong clinical demand for reliable imaging that enables 
targeted biopsy, recent years have shown promising advances in multiparametric 
magnetic resonance imaging (mpMRI). Whereas individual modalities of MRI are not 
considered sufficiently accurate in PCa diagnosis, mpMRI leverages the combination 
of these modalities through scoring according to the Prostate Imaging Reporting and 
Data System (PI-RADS).6 The 2019 guidelines of the European Association of Urology 
recommend the use of a pre-biopsy mpMRI in the diagnostic pathway. However, 
aside from some inherent limitations of MRI (e.g., its high cost, limited availability, 
and impracticality for bedside use), such scoring systems are known to exhibit a slow 
learning curve and are at risk of high operator disagreement.7

Another potential candidate for PCa imaging is ultrasound (US), which is cost-
effective, widely available, and practical. Even though US modalities such as shear-
wave elastography (SWE) and dynamic contrast-enhanced ultrasound (DCE-US) have 
shown promising results, targeted biopsy with US techniques still is not superior over 
systematic biopsy.8 However, to date, a multiparametric US approach has been scarcely 
investigated.9 The rationale for a multiparametric approach (i.e., combining information 
from complementary biomarkers such as tissue texture, elasticity or perfusion to image 
a notoriously multifocal and heterogeneous disease like PCa applies to both MRI and 
US.10 On top of that, the use of quantitative features known as radiomics is gaining 
attention.11 Radiomics quantifies the spatial representation of tissue in an image 
such as heterogeneity or asymmetric enhancement by locally extracting textural and 
statistical features from the (parametric) images. In this work, we strived to combine 
the information from different modalities as well as their radiomics for image-based 
diagnosis of PCa. To examine the potential of such an approach, we employed machine 
learning technology by means of a random forest to optimally combine the underlying 
parameters. A random forest forms the core of a computer-aided diagnosis algorithm 
that combines all information into a single multiparametric image for the clinician to 
review.12
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In the classifier, inputs from B-mode US, SWE, and DCEUS are considered.13Although 
B-mode US by itself is not a suitable option for PCa imaging, biopsy guidelines highly 
recommend targeting of suspicious hypoechoic lesions.5 As for SWE, tissue stiffness is 
regarded as a strong indicator of malignancy.14 Recent studies have demonstrated its 
usefulness for the detection of PCa.15-17 DCE-US, in which contrast agents are employed 
to visualize the vascularity, allows the assessment of tissue perfusion and contrast 
dispersion.18 In fact, it was shown that quantification of the contrast agent kinetics by 
contrast ultrasound dispersion imaging (CUDI) allows the estimation of parameters 
reflecting the characteristics of angiogenic (micro)vasculature.19=21 Whereas DCE-US 
images primarily represent vascular tissue characteristics, SWE images are related to the 
cell density and collagen deposition in the tissue.22,23 Therefore, being complementary 
in nature, it can be hypothesized that their combination leads to an increased diagnostic 
potential. In a recently published study, perfusion- and dispersion-related DCE-US 
parameters were already successfully combined in a machine learning approach.24

This work validates a proposed random forest–based classifier in a leave-one-patient-
out fashion, both pixel-wise and region-wise. Furthermore, the correlations among 
different features were investigated and their individual and combined importance for 
the localization of (clinically significant) PCa was evaluated.

MATERIALS AND METHODS

Data acquisition
At the Martini Clinic Prostate Cancer Centre (University Hospital Hamburg Eppendorf, 
Germany), 50 men with biopsy-confirmed PCa referred for radical prostatectomy (RP) 
underwent a multiparametric US procedure. Only patients with a PSA level below 20 
ng/mL, a prostate volume of < 80 mL, and no indication of extracapsular invasion were 
included in the study; patients with contra-indication for DCE-US or previous PCa therapy 
were excluded. Institutional review board approval was acquired and all participants 
signed an informed consent. Of them, 48 men underwent RP and were included in the 
study. The patient characteristics are listed in Table 1. Each patient received a B-mode, 
SWE, and 2-min DCE-US recording of the apex, mid, and base section of the gland. 
The examinations were performed manually, with an Aixplorer® ultrasound scanner 
(SuperSonic Imagine) equipped with a SE12-3 endocavity probe. For the DCE-US 
recordings, a 2.4-mL bolus of SonoVue® (Bracco) was intravenously administered. DCE-
US was performed in “Gen” contrast-specific, low-mechanical-index mode; SWE images 
were obtained with minimal pre-compression and after a few-second stabilization 
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period. This work is related to a clinical trial on multiparametric ultrasound (i.e., under 
registration number NCT03091231) and more information on the clinical workflow can 
be found in a previously published protocol paper.25

TABLE 1. Characteristics of the patient group

Parameter Value

Number of patients, n 48

Age, median (IQR) 65 (58 – 70) yrs

TRUS volume, median (IQR) 40 (34 – 49) mL

PSA, median (IQR) 7.7 (5.3 – 10.4) ng/mL

Radical-Prostatectomy Index Lesion Gleason Score, n
· 3+3=6
· 3+4=7
· 4+3=7
· >4+3=7

1 (2.1%)
30 (62.5%)
6 (12.5%)

11 (22.9%)

Histopathological examination
After resection, the RP specimens were histopathologically examined. The annotated 
PCa regions were used to reconstruct a 3D model of the prostate and its lesions.26 This 
model was subsequently digitally cross-sectioned at the apex, mid gland, and base to 
be matched to the imaging planes, allowing for direct US histopathology comparison.27 
Taking into account registration inaccuracy, a maximum of one unambiguously 
malignant and one unambiguously benign region of interest (ROI) were delineated in 
the B-mode image to serve as labeled ground truth for training and validation. The ROIs 
were drawn such that the number of malignant and the number of benign pixels, as 
well as those originating in the peripheral zone (PZ) and transition zone (TZ), were in 
balance.

Algorithm structure
An overview of the proposed method is shown in Fig. 1 and comprises (A) prostate 
segmentation, (B) data registration, (C) feature extraction, and (D) multiparametric 
classification. Testing and validation of the model is discussed in the last section of this 
“Materials and methods” section.
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FIGURE 1. Schematic overview of the classifier framework, with elastographic information shown in creamy 
beige and those derived from the contrast-enhanced ultrasound recording in red. 
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Prostate segmentation
Firstly, the prostate is located and delineated in each modality. To this end, we employed 
an automated deep learning–based TRUS segmentation algorithm on the side-view 
fundamental B-mode images of both the SWE and DCE-US acquisition.28,29 For DCE-US, 
the prostate position during wash-in (i.e., at 30 s) was used as a reference. Automatically, 
the prostate images were also zonally segmented, labeling pixels belonging to either 
the PZ or TZ for further use in the classification algorithm. The deep learning–based 
segmentations were checked by both an engineer and a urologist with 4 years of 
experience in TRUS imaging. Aside from prostate segmentation, a detection algorithm 
was designed to outline calcifications in the B-mode images. Calcifications were 
identified by high-valued regions in the fundamental-mode image after convolution 
with 2D Gaussian kernels having an empirically chosen standard deviation of ~ 0.6 
mm and ~ 1.8 mm, thus detecting hyperechoic spots with diameters of approximately 
1.2 and 3.6 mm. The purpose of calcification detection was to prevent false-positive 
readings due to elevated stiffness of calcified regions.

Data registration
As the proposed method aims at pixel-specific classification, a pixel-to-pixel match 
between the different US modalities is required. Again, the 30-s fundamental view 
image of the DCE-US recording was chosen as a reference. The SWE data were elastically 
registered to this image based on the segmented contours. Moreover, motion 
compensation was applied to the DCE-US video by rigid registration of every 5th frame 
to the reference position; the registration of the intermediate frames was performed by 
interpolating the translation-rotation matrix.

Imaging feature extraction
The proposed classifier includes a two-step feature extraction. First, model-based blood 
flow features are retrieved from the DCE-US imaging. The model-based feature extraction 
serves two purposes: on the one hand, physically meaningful parameters with known 
correlation to PCa are estimated and, on the other hand, the dimensionality of the DCE-
US is reduced to 2D, matching the SWE and grayscale image prior to texture analysis. 
Secondly, radiomic features are extracted from the resulting model-based feature 
maps as well as the SWE and grayscale image. The model-based feature extraction was 
based on CUDI, a family of quantification methods that estimate underlying physical 
quantities of a DCE-US recording related to perfusion and dispersion.19-21,30,31 A total of 
12 DCE-US features were extracted for every pixel, which are listed in Table 2. In CUDI, 
the spreading of contrast through the prostate is regarded as a convective-dispersive 
process, which can be quantified by assessing the evolution of contrast over time. The 
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contrast velocity (v), dispersion (D), and Péclet (Pe) number were estimated through 
local system identification.21 Alternatively, the local degree of dispersion can also be 
quantified by the similarity in contrast behavior among pixels. This was quantified either 
by spatiotemporal correlation (r) or spectral coherence (ρ).20,30,31 In addition, we fitted 
the contrast curves in a single pixel by a modified local density random walk model, 
enabling us to estimate the mean transit time (μ), the dispersion-related parameter (κ), 
and the area under the contrast curve (α).19 Finally, also heuristic parameters such as 
the wash-in time (WIT), appearance time (AT), peak intensity (PI), and peak time (PT) 
were extracted. The rationale for the use of radiomic features is that not only pixel 
values but also local spiculation, heterogeneity, and granularity are widely considered 
as important biomarkers of cancer. Moreover, asymmetric patterns in perfusion or 
elasticity regardless of the pixel values are also seen as indicative of malignancy. To take 
into account intra-prostate asymmetry, as well as relatively high parameter values, we 
introduced the parameter value relative to the median parameter value per image as 
a feature. Likewise, to quantify parameter heterogeneity, we extracted the entropy of 
the parameter distribution in a circular kernel around the pixel of interest. A multiscale 
approach was adopted, using heuristic kernel radii of ~ 1 mm, ~ 2 mm, and ~ 3 mm. In 
addition, the parameter variance was calculated in a ~ 2-mm kernel.

TABLE 2: Diagnostic performance of parameters

Modality Parameter

Pixel-wise Lesion-wise

≥3+3 ≥4+3 ≥3+3 ≥4+3

DCE-US Pe, Péclet number (-) 0.63 0.63 0.67 0.69

v, velocity (mm/s) 0.66 0.70 0.69 0.76

D, dispersion (mm2/s) 0.52 0.52 0.56 0.57

r, spatiotemporal correlation (-) 0.66 0.70 0.69 0.76

ρ, spectral coherence (-) 0.64 0.65 0.66 0.68

κ, dispersion parameter (s-1) 0.59 0.62 0.62 0.67

μ, mean transit time (s) 0.61 0.69 0.64 0.71

α, area under TIC (a.u.) 0.56 0.58 0.50 0.53

WIT, wash-in time (s) 0.61 0.69 0.64 0.72

PT, peak time (s) 0.64 0.71 0.63 0.68

AT, arrival time (s) 0.57 0.60 0.57 0.56

PI, peak intensity (a.u.) 0.61 0.65 0.57 0.65

Elastography E, Young’s modulus 0.62 0.67 0.62 0.73

B-mode G, gray level 0.54 0.58 0.53 0.58

Classifier Multiparametric score 0.70 0.78 0.75 0.90



243

Automated multiparametric localization of PCa

10

Automated multiparametric combination
Multiparametric combination of the features was achieved through machine learning 
based on a random forest algorithm. A random forest is an ensemble of independently 
trained decision trees, which vote together on the final classification score.32 Having a 
branch-like structure of decision nodes, single-classification trees classify a sample by 
a series of decisions based on the input variables. Node by node, the tree structure is 
grown by evaluating for which feature (a subset of ) the labeled training instances can 
be most effectively separated in terms of their class. Subsequently, the robustness of a 
random forest is established by growing each tree using another random subset of the 
training samples.33

In this work, we enforced the first split to be based on the zonal location (either PZ 
or TZ), as it is established that tissue stiffness and the influx of contrast agents differ 
substantially between zones.34,35 Then, a random forest was grown consisting of 1000 
trees using 1/1000th of the training set with replacement. To promote generalizability, 
six random training patients were completely discarded prior to growing each tree. 
The cross-entropy of labels within the nodes was adopted as the splitting criterion 
and the tree depth was at most 50 nodes. Pixels containing calcifications were omitted 
in the training phase as they might obscure the underlying tissue type. The final 
multiparametric score, ranging from − 1 to 1, was defined by the ratio between the 
number of malignant and benign classifications among the trees in the random forest. 
After classification, outliers were removed from the multiparametric images by assigning 
the median multiparametric score in a 15- pixel region (~ 2.5 mm), corresponding to 
approximately half the radius of clinically significant PCa.36

Validation and statistical analysis
The classifier was validated in a leave-one-patient-out crossvalidation procedure, 
in which each patient is tested using 1 classifier that is trained on the data of the 
remaining patients. The performance was assessed by computing the area under the 
receiver operating characteristics curve (ROC-AUC) of the parameter values or the 
multiparametric score, both in a pixel-wise and a region-wise fashion. In the latter 
approach, a ROI was characterized by its mean parameter value or multiparametric 
score. Differences between distributions were statistically assessed with a Wilcoxon rank 
sum test.37 Throughout this work, p values of < 0.05 and < 0.005 are defined to describe 
significant and highly significant differences among groups, respectively.
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RESULTS

Correlation among radiomics
Figure 2 depicts the correlations between radiomics in a correlation matrix. Strong 
positive and negative correlations are color-coded in red and blue, respectively. Features 
from the same analysis typically exhibit high correlation. In addition, especially μ and 
WIT as well as α and PI seem related. The low correlation between Young’s modulus (E), 
gray levels (G), and DCE-US features is an indication that B-mode, SWE, and DCE-US are 
indeed complementary.
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Classification performance
Figure 3 illustrates the power of the proposed multiparametric analysis, showing a 
number of single-parametric maps alongside the multiparametric image obtained 
in a patient with a left-apical 4 + 5 = 9 tumor. The segmentation, zonal boundary, 
detected calcifications, and annotated ROI locations are indicated as well. The 
single- and multiparametric results across the entire dataset are presented in Table 
2. Multiparametric radiomic-based classification yields a region-wise ROCAUC of 
0.75 and 0.90 for PCa and significant PCa versus benign regions, respectively. In our 
dataset, binary ROI classification (i.e., with a positive multiparametric score referring to 
malignancy and a negative to benign tissue) would lead to 32 (27%) benign regions 
erroneously classified as sPCa and 1 (3.3%) sPCa lesion as benign.

In comparison, applying the classifier on only the radiomic features for the best-
performing DCE-US parameter (i.e., contrast velocity, v) resulted in a region-wise ROC-
AUC of 0.71 and 0.84 for PCa and sPCa, respectively. The classification performance 
can thus be partly attributed to the use of radiomics and partly to multiparametric 
combination. With the use of non-contrast features, only region-wise ROCAUCs of 0.58 
for PCa and 0.65 for sPCa were achieved.
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FIGURE 3: Example image plane, showing the (a) B-mode, (b) elastography, (c) Péclet number, (d) 
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to image median, (g) 2-mm entropy of velocity, and (h) resulting multiparametric maps. In each map, the 
prostate and zonal segmentations are depicted in white, the calcifications are encircled in blue, and 
histopathologically-confirmed malignant and benign ROIs are indicated in red and green, respectively.
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Feature relevance
The relative relevance of different parameters is assessed by examining which parameters 
are selected for the first, second, etc. decision nodes in the trees of the random forest. 
Figure 4 presents the most prominent parameters. Based on this data, it seems that in 
particular the combination between v, r, and E is favoured. In the TZ, also ρ and PT are 
relevant parameters. In terms of radiomics, mostly the parametric value itself and the 
large-kernel entropy are selected.

FIGURE 4: Overview of the frequency at which radiomics are selected for the highest-order branches among 
all trees in the forest. Radiomics are grouped according to the model-based parameters.

Relation to cancer grade
To assess the degree to which parameters and the multiparametric score correspond 
to cancer aggressiveness, Fig. 5 shows how the mean values per ROI are distributed for 
different Gleason groups and prostate zones (i.e., PZ and TZ). Both SWE-derived Young’s 
modulus and the best-performing DCE-US parameter (i.e., v) are depicted alongside the 
final multiparametric score. Significant and highly significant differences are indicated 
with a single asterisk and double asterisks, respectively. It should be emphasized that 
healthy TZ tissue is generally stiffer than PZ tissue, as evidenced in Fig. 5, hampering the 
analysis of TZ and PZ regions as a single group.34
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FIGURE 5: Overview of the parameter values and classifier score for (a) the velocity, (b) the Young’s Modulus 
(E), and (c) the multiparametric classifier score. Individual lesions are represented by ‘•’.The violin plot represent 
the group distribution in the PZ (left, blue), and TZ (right, red). Significant and highly significant differences 
according to a Wilcoxon rank sum test are indicated with * and **.

DISCUSSION

In this work, we report on the development of a random forest– based classifier for 
multiparametric classification of PCa based on co-registered B-mode, shear-wave 
elastography, and contrast-enhanced ultrasound. Aside from model-based parameters, 
radiomics are introduced in the classifier framework to extract additional information from 
the parametric maps. The ROC-AUC, validated in a leave-one-patient-out crossvalidation 
fashion, shows a region-wise improvement from 0.76 of the best-performing individual 
parameter, v, to a multiparametric 0.90 for significant Gleason > 3 + 4 PCa. A similar 
improvement is achieved using a pixel-wise approach. The improvement is partly the 
result of the radiomic extraction and partly of the multiparametric combination.

The random forest classifier is a powerful tool for classification that allows for 
the integration of a large range of (radiomic) features and generates an intuitive 
multiparametric score. The frequency at which parameters are being selected for 
classification (see Fig. 4) substantiates the multiparametric hypothesis, favoring 
a combination of a perfusion-related (i.e., v, PT), dispersion-related (i.e., r, ρ), and 
elastographic (i.e., E) parameters. This is in line with earlier work that only included DCE-
US parameters, reporting that model-based parameters that are related to different 
underlying biomarkers combine most effectively.24 In addition, the selected parameters 
differ substantially between the PZ and TZ. This might be due to the anatomic or 
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physiological differences between zones; however, it could also be a result of less robust 
parameter estimation farther away from the probe (i.e., in the TZ), due to the increasing 
impact of attenuation and shadowing. This stresses the need for adequate zonal 
segmentation in the proposed framework, here obtained through deep learning.28,29

The multiparametric score is shown to scale with tumor Gleason grade, with significant 
differences between benign, insignificant, and significant disease. Several definitions of 
clinically significant prostate cancer are used in the literature; due to the limited amount 
of 3 + 3 disease in this RP-validated study and the distinction between Gleason 3 + 
4 = 7 and 4 + 3 = 7 being strongly associated with PCa prognosis, we report on both 
the identification of ≥ 3 + 3 and > 3 + 4 PCa.38 Our results (Fig. 5) show no significant 
difference between 3 + 4 PCa and the small group of 3 + 3 PCa. This might be partly 
explained due to a bias in the 3 + 3 group, with tumors being disproportionately large 
for clinicians to decide upon RP as a treatment instead of active surveillance and, thus, 
for inclusion in the presented study.

Furthermore, only a few radiomic features were introduced in this research. Many more 
have been proposed in the literature, including morphological, intensity-based, texture-
based, and statistics-based features.39-43. Alternatively, novel model-based features 
could be considered. For example, velocity vector field entropy and viscoelasticity have 
shown promise as markers for PCa in DCE-US and SWE.23,44,45 Even though the quality 
of the input images remains dependent on the operator recording the SWE and CEUS 
acquisitions the use of automatically generated single multiparametric images might 
reduce interobserver variability compared with cognitive reading of a large ensemble 
of parametric maps.46,47

Compared with other research, a meta-analysis of SWE and DCE-US has reported ROC-
AUCs of 0.90 to 0.91 and 0.83, respectively.15,16,48 It should be emphasized that these 
results are based on systematic biopsy, known for its systematic and random errors, as 
a reference standard.49 Furthermore, these scores were obtained by cognitive reading 
of images and videos rather than an automatic pixel value– based approach like in 
this study, which might hamper comparison. The value of multiparametric images 
for cognitive reading, either as stand-alone tool or combined with the source images, 
remains to be investigated.

Despite the performance gains obtained using the proposed method, some malignant 
ROIs were still missed and some benign ROIs were wrongly classified as malignant by 
the algorithm. In the future, immunohistochemical techniques might elucidate more on 
the nature of the false readings.50,51 There are indications that (co-occurring) prostatitis 
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or BPH might be responsible for false positives, as these diseases are known to also 
promote angiogenesis.52,53 Qualitative inspection of the false negatives revealed that 
these were indeed invisible to the naked eye on all US modalities. Future analysis of 
tumors that are missed on all US imaging modalities might potentially direct us towards 
new parameters or radiomic features contributing to the multiparametric classification.

Furthermore, this study was conducted in a single center, where a dataset of 50 
patients presenting biopsy-proven PCa was collected in order to have RP specimens 
as histopathological ground truth for PCa localization. As a result, ROC-AUCs were 
calculated for the separation of benign and malignant ROIs. Prospective, multicenter, 
targeted biopsy-based studies might eventually confirm the diagnostic value of the 
machine learning classification presented in this work in a more varied patient group.54 
Another limitation is the 2D nature of this approach, requiring the acquisition of three 
planes per patient for every modality. In a clinical setting, the use of more planes per 
patient would reduce the risk of missing out-of-plane tumors at the cost of an increased 
procedure time. However, as 3D SWE and DCE-US have recently been introduced, 
expansion to three dimensions can be envisaged.55,56

CONCLUSIONS

In conclusion, we demonstrated the feasibility of a multiparametric classifier to improve 
upon single US modalities for the localization of PCa. This is in line with recently 
published work on multiparametric US for the identification of malignant and benign 
breast lesions [57]. We aim to further extend the dataset, so that the classification 
approach can be expanded to more radiomics and features. Once the performance 
is consolidated, we believe that a three-dimensional approach might bring clinical 
adoption closer within reach.
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ABBREVIATIONS

AS active surveillance
BPH benign prostatic hyperplasia
CEUS contrast-enhanced ultrasound
csPCa clinically significant prostate cancer
CUDI contrast-ultrasound dispersion imaging
DCE dynamic contrast-enhanced imaging
DRE digital rectal examination
DWI diffusion-weighted imaging
EAU European Association of Urology
ERSPC European Randomized Study of Screening for Prostate Cancer
GS Gleason score
ISUP International Society of Urological Pathology
mp multiparametric
MRI magnetic resonance imaging
PCa prostate cancer
PI-RADS Prostate Imaging-Reporting and Data System
PROMs patient reported outcomes measures
PSA prostate-specific antigen
PZ peripheral zone
RC risk calculator
RP radical prostatectomy
SBx systematic biopsy
SWE shearwave elastography
T2W T2-weighted imaging
TBx targeted biopsy
TZ transition zone
TRUS transrectal ultrasound
UCA ultrasound contrast agent
US ultrasound
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GENERAL

The objectives of this thesis were presented in the introduction section (Chapter 1). 
Several research questions regarding these objectives were formulated and will be 
discussed with future perspectives in this chapter after a general reflection on the 
definition of clinically significant prostate cancer (PCa).

Defining clinically significant prostate cancer
The notion of clinically significant and insignificant PCa has progressively emerged in 
the last decades due to widespread use of prostate-specific antigen (PSA) testing and 
early detection with extended core SBx.1 The distinction between clinically significant 
versus insignificant PCa is highly important given the serious concerns of overdiagnosis 
and overtreatment added to the yearly increase in PCa diagnoses. But what exactly is 
clinically significant and insignificant PCa?

The definition of a (potentially) clinically significant at diagnosis provides a starting 
point in identifying patients eligible for PCa treatment.2 However, patients’ clinical 
characteristics, age, desires, comorbidity and life expectancy irrespective of PCa must 
also be taken into account. With the various definitions used in this thesis, it is clear that 
the development of the paradigm of clinically significant PCa is a dynamic process that 
started three decades ago and at present is still underway.

Studies analyzing radical prostatectomy (RP) specimens have been critical for 
understanding and predicting the risk of patients with a diagnosis of PCa on prostate 
biopsy, and for establishing criteria for clinically (in)significant disease. In 1994, Epstein 
et al., published the first RP-based criteria for defining clinically insignificant PCa.3 
Pretreatment criteria predictive of insignificant PCa at systematic biopsy (SBx) were: no 
Gleason pattern 4 or 5, less than 3 positive biopsy cores, and no positive biopsy cores 
with a tumor volume of >50%.3 The first study of this thesis (Chapter 2) followed these 
criteria as these were also virtually in line with the active surveillance (AS) criteria of the 
Prostate cancer Research International: Active Surveillance program in which the study 
center participated.4

There have been many changes to Gleason’s recommendations, first in 2005 and more 
recently in the 2014 International Society of Urological Pathology (ISUP) consensus 
conference on Gleason Grading of Prostatic Carcinoma.5,6 Poorly formed glands and 
some (large) cribriform glands were considered as Gleason pattern 3 in the original 
Gleason system, yet upgraded to Gleason pattern 4 in the modified Gleason system. 
Ross et al. demonstrated that, with the adoption of this modified ISUP grading system, 
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PCa with a Gleason score (GS) 3+3=6 on RP does not have the potential to metastasize 
to the lymph nodes.7 Therefore, in the newly introduced ISUP grading system, there 
is no separation made between large and small ISUP grade 1 (GS 6) as both have an 
excellent prognosis without the necessity of any treatment.6 However, follow-up in AS 
protocols is still warranted as cases could suffer from biopsy sampling inaccuracy. In 
line with the European Association of Urology (EAU) guidelines on PCa, the subsequent 
studies in this thesis generally defined clinically significant PCa as an ISUP grade ≥2 PCa 
(GS ≥ 7 PCa) and insignificant PCa as an ISUP grade 1 PCa, irrespective of tumor volume, 
despite certain differences in emphasis.8–10

Although at present it is common to define clinically significant PCa as ISUP grade 
≥2 PCa on biopsy, ISUP grade 2 PCa shows considerable heterogeneity in pathologic 
features, molecular background, and clinical outcome. A more precise definition could 
provide a better framework for the management of this clinically heterogeneous subset 
of intermediate-risk tumours. The latest recommendation of the ISUP is to include 
the percentage of Gleason pattern 4 involvement in men with ISUP grade 2 PCa.6 In 
addition, some recent studies have demonstrated that different subtypes of Gleason 
pattern 4 have different prognostic implications.11 The presence of invasive cribriform 
growth pattern and intraductal carcinoma are associated with adverse pathologic 
features at RP, biochemical recurrence and disease-specific death while survival rates for 
ISUP grade 2 PCa in the absence of these features were similar to those for ISUP grade 
1 PCa.12–14 Additional analyses for more stringent definitions of clinically significant PCa 
were therefore added in Chapter 5 and Chapter 8.

While ISUP grade ≥2 PCa on biopsy is currently seen as the standard definition for 
clinically significant PCa, future research will be focused on the percentage of Gleason 
pattern 4 as a proportion of the overall cancer, morphological subtypes of Gleason 
pattern 4 and the molecular biology of the tumor.15 As defining clinically significant 
PCa is currently still ongoing, there is a large variability in the definition of clinically 
significant PCa, especially in biopsy studies.16 This variability has a significant impact 
on the generalizability of the results and clinical implications of a diagnostic pathway. 
Future diagnostic studies in PCa should therefore provide sufficient data regarding 
ISUP grade groups, the associated (Gleason pattern 4) tumor percentages and different 
subtypes. This will substantially aid in the meaningful comparisons between studies 
and aid in reaching a more definitive answer to the question on which diagnostic tools 
are mandatory at present time and which may possibly be omitted in the future.
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PART I: SYSTEMATIC BIOPSY: THE ROLE OF 
IMAGING, PATHOLOGY AND RISK-STRATIFICATION

Systematic biopsy as a first-line diagnostic tool
Since its introduction in 1989 by Hodge et al. SBx of the prostate has been the cornerstone 
in the diagnosis of PCa.17 Today’s SBx protocols, in biopsy-naïve men, typically involve 
extracting 10 to 12 cores per biopsy procedure.18 Although the 10 to 12-core SBx has 
known limitations, SBx protocols with more biopsy cores per procedure or sampling 
of additional areas have shown to especially increase the detection of insignificant 
PCa, resulting in additional overtreatment and costs.19 This thesis hypothesized that a 
three-dimensional (3D) transrectal ultrasound (TRUS)-guided biopsy system and semi-
automated biopsy core pre-embedding system with tissue cassettes would improve the 
diagnosis of PCa with SBx.

The detection of clinically significant PCa was 25% in the cohort of men who were 
biopsied with this novel SBx pathway in comparison with 19% in the cohort of men 
who were biopsied within the conventional SBx pathway. The usage of both techniques 
was associated with a statistically significant difference in the detection rate of clinically 
significant PCa on multivariate analysis. This could be the result of a better distribution 
of biopsy cores and better biopsy core quality in the novel SBx pathway.

Conventional freehand 2D TRUS-guided SBx relies on the operator’s ability to target 
the gland according to the biopsy scheme. Han et al. demonstrated with a biopsy 
simulation system that SBx with freehand 2D TRUS-guidance results in suboptimal 
sampling and cancer detection.20 Mozer et al. demonstrated that pre-defined targets 
with 2D TRUS-guidance were reached in only 60% of the cases and that feedback from 
a biopsy tracking system enabled the operator to significantly improve his dexterity 
and biopsy core length over time.21,22 Cohen et al. evaluated the NavigoTM biopsy system 
(UC-care medical systems, Yokneam, Israel) used in this thesis and demonstrated that 
3D navigation of the biopsy needle towards a fiducial within a prostate phantom was 
measured within 2-3 mm of the fiducial in all insertions.23 Lastly, two retrospective 
studies assessed the clinical value of 3D-TRUS guidance. In a study by Peltier et al., the 
detection rate of PCa was significantly higher in the 3D TRUS group compared with the 
2D TRUS group (50.0% versus 33.6%).24 However, Gayet et al. showed no added value of 
their 3D TRUS-guided SBx in comparison with a conventional 2D TRUS-guided SBx (p = 
0.210).25



262

Chapter 11

Biopsy core quality has been determined by parameters as length of core, amount 
of actual prostatic glandular tissue opposed to extraprostatic connective tissue, and 
degree of fragmentation.26 In addition, length of biopsy tissue significantly correlates 
with PCa detection.27,28 The length of the biopsy cores was significantly larger with 
the pre-embedding method with tissue cassettes then with the conventional biopsy 
processing method (Chapter 2). In addition, there was a clear reduction in the 
fragmentation of biopsy cores in the novel SBx pathway. As there is no need to transfer 
the biopsy cores from containers into cassettes, it can easily be conceived that this 
results into less manipulation and less damage to the biopsy core.29 Rogatsch et al. 
compared the influence of a conventional and an pre-embedding method of prostate 
biopsy specimens on the frequency of PCa detected.30 The diagnosis of PCa was made in 
24% of the cases after conventional submission and in 31% of the cases after optimized 
pre-embedding. The pre-embedded material showed higher mean total core length, a 
higher mean total tumor length, and more cores involved by cancer compared with the 
conventionally worked-up biopsy specimens.

The retrospective nature of the study with two cohorts that differ in study time period 
makes it challenging to objectively evaluate whether these aspired improvements in 
quality of biopsy sampling and biopsy processing have indeed significantly improved the 
detection of (clinically significant) PCa. The independent influence of both techniques 
cannot be assessed with the current study design while Mozer et al. demonstrated 
that improvements in biopsy core sampling can also improve biopsy core quality.22 In 
addition, the hypothesis that the 3D TRUS biopsy system provides a better distribution 
of biopsy cores has not been proven with this study. Lastly, GS reclassification, based on 
ISUP recommendations, could have influenced the difference in detection of clinically 
significant PCa between both cohorts as they differed in study time period.5,6

The novel SBx pathway did not result in an improved GS concordance between the 
biopsy core pathology and RP pathology while an accurate biopsy GS, matching the 
underlying tumour pathology, is one of the key factors used to stratify patients with 
PCa into risk groups and direct clinical decision-making.18,31 The cohort with the novel 
SBx pathway was also not associated with a lower risk of biopsy GS 6 upgrading. In line 
with previous published literature, there was approximately 30% GS upgrading with the 
SBx pathway.32–34 Quintana et al. demonstrated that sampling error of predefined biopsy 
scheme locations, which our novel SBx pathway tends to improve with visually better 
biopsy core distribution, only occurred in one-third of their patients with GS upgrading.35 
High Gleason grades were frequently missed because of anatomic locations typically 
not sampled with SBx.
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There are two additional important findings. The detection of insignificant PCa did 
not differ between the cohort with the novel SBx pathway (14%) in comparison with 
the cohort with the conventional SBx pathway (15%). The novel SBx pathway, as a 
consequence, did not result in a reduction of insignificant PCa. Furthermore, the total 
number of men diagnosed with an insignificant PCa with this pathway is still worrying. 
In the cohort with the novel SBx pathway, 68% of the men diagnosed with PCa had 
a GS 6, leaving only 32% of the men diagnosed with PCa with a GS ≥7 or higher. The 
majority of the diagnosis made with the novel SBx pathway would currently be seen as 
overdiagnosis. On top of that, 61% of the men in the cohort of the novel SBx pathway 
had no PCa at all on biopsy.

The controversial results of the retrospective studies evaluating 3D TRUS-guided SBx, 
along with the limited number of studies evaluating the diagnostic effect of a pre-
embedding method with tissue cassettes, demonstrate the current lack of evidence 
to justify the routine clinical application of these novel techniques in the SBx pathway 
at present. The added value in the diagnosis of PCa is relatively limited, questioning 
whether these techniques are worthy of their additional costs just for this purpose. 
Implementation of these techniques will therefore likely depend on other clinical 
applications in the diagnosis, follow-up and treatment of PCa. The 3D TRUS biopsy system 
and pre-embedding method could be used for procedure planning with recording and 
integration of previous locations of biopsy cores and updating of pathology results. 
With the possibility to assess the spatial coordinates of each previous needle trajectory, 
a ‘biopsy map’ can be built based on (positive) previous core taken and adequate sample 
sites can potentially be chosen in prior negative patients or patients in AS. Future studies 
should demonstrate whether this could be advantageous in the prior-negative setting, 
active surveillance or even focal therapy treatment for clinically localized PCa.36

Multivariable risk-based patient selection for systematic biopsy
To reduce the number of unnecessary biopsies and achieve a more favorable 
significant-to-insignificant ratio of the PCa detected with SBx, one could improve the 
pre-biopsy patient selection for SBx. By adding other potential predictive risk factors 
(e.g. age, family history, prostate volume, TRUS findings) to the decisional process, risk 
calculators (RCs) provide an individual risk estimation of having a biopsy-detectable 
(clinically significant) PCa.37 RCs have been proven useful in helping to determine what 
the potential risk of clinically significant PCa at biopsy may be, but the validity of these 
RCs needs external validation to assess their value beyond the original development 
setting.38–42 Chapter 4 described the external validation of the European Randomized 
Study of Screening for Prostate Cancer (ERSPC) RC 3 and 4. The proposed threshold 
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algorithm for SBx with ERSPC-RC 3 would have saved 337 biopsy sessions (20%) in the 
biopsy-naïve group. This would have reduced the detection of insignificant PCa by 12% 
and reduced the detection of clinically significant PCa by only 2%. In the prior-negative 
group, 285 biopsy sessions (47%) would have been saved if we applied the ERSPC-RC 
4 threshold algorithm. This would have reduced the detection of insignificant PCa by 
39%, but also reduced the detection of clinically significant PCa by 23%. One of the 
contributing factors for this significant reduction in the detection of clinically significant 
PCa in the prior-negative group could be the fact that men with a previous negative 
SBx in our cohort were at higher risk for clinically significant PCa as men in the original 
ERSPC development cohort.38,43

Ideally, we should only biopsy those men who will actually benefit from the diagnosis 
and refrain those who will not, thereby preventing the harms of unnecessary biopsy 
and overdiagnosis. Unfortunately, upfront multivariable risk-based selection has 
certain deficiencies. As with all prediction models, reduction in harms (i.e. reduction in 
unnecessary biopsies and reduction in the detection of insignificant PCa) often comes 
with a decrease in benefit (i.e. reduction in the detection of clinically significant PCa). 
The benefit-to-harm ratio is dependent on the weight (or importance) that is adjudged 
to the benefit and harms of the diagnosis of PCa with the “exchange rate” being the 
number of unnecessary biopsies that are worth one clinically significant PCa.44,45 With 
decision curve analysis, we evaluated whether these RCs would do more good than 
harm (“net benefit”) if used in clinical practice in comparison with a PSA plus DRE-
based strategy.46 Decision curve analysis demonstrated a clinical net benefit for RC 3 
in the biopsy-naïve group over the whole probability range (i.e. patient’s predicted 
probability of clinically significant PCa), as compared with a PSA plus DRE–based 
strategy, for clinically significant PCa. For the prior-negative group, RC 4 provided a net 
benefit in the lowest threshold probability range (0.01 – 0.25) compared with a PSA 
plus DRE–based strategy for clinically significant PCa. Both the high and low ends of the 
reasonable range of threshold probabilities used in the clinic to advise a prostate biopsy 
in prior-negative men are likely to be covered in this threshold probability range.47 Most 
pronounced in the biopsy-naive group, both RCs should be favored over a PSA plus 
DRE-based stratification in the decision whether or not to perform SBx, as it results in 
a better benefit-to-harm ratio in the diagnosis of PCa with a significant reduction of 
unnecessary biopsies and a more favorable significant-to-insignificant PCa ratio in the 
men that receive biopsy. At present several RCs are currently available, the Prostate 
Cancer Prevention Trial-RCs and the ERPSC-RCs being well externally validated, regularly 
updated and most frequently used in daily practice.37,41
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We should be aware that the real world of actual clinical practice has proven to be 
somewhat less structured as doctors and patients may vary in their propensity to 
intervene, some being worried about the disease, others being worried about the 
biopsy, irrespective of the patient’s predicted probability of clinically significant PCa.48 
Therefore, virtually all international guidelines recommend to engage this pre-biopsy 
multivariable risk-based patient selection in the process of shared-decision making 
when dealing with the individual.18,49,50
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FIGURE 1. Schematic overview of the first part of the thesis. Despite improvements (indicated in green) in 
the SBx pathway with 3D-TRUS guidance and biopsy core pre-embedding (increased detection of csPCa) and 
pre-biopsy risk stratification with the ERSPC-RCs (reduced detection of insignificant PCa and a reduction in 
unnecessary biopsies), the SBx pathway remains with major limitations (indicated in red) and minor limitations 
(indicated in orange) for the diagnosis of PCa.
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Conclusion
A schematic overview of the first part of this thesis is presented in Figure 1. The SBx 
pathway as first-line diagnostic tool in patients who present themselves with an elevated 
serum PSA or suspicious digital rectal examination (DRE) has significant limitations. 
Insignificant PCa is often detected, the biopsy GS of the SBx does not accurately predict 
the underling whole gland tumor GS and many men without PCa undergo unnecessary 
biopsies while hospitalization due to biopsy-related infections is increasing, as a result 
of antibiotic resistance.51,52 Even with the implementation of novel techniques to 
improve upon the biopsy core sampling and processing, it can be concluded that the 
SBx pathway is not suitable as a first-line diagnostic tool for PCa.

Multivariable risk-stratification should be performed to select men for SBx in order 
to reduce unnecessary biopsy procedures and overdiagnosis of insignificant PCa. 
However, pre-biopsy risk stratification does not solve all the intrinsic limitations of the 
SBx pathway. The majority of PCa diagnosed after risk-stratification is still insignificant 
PCa. In addition, one out of 10 patients had a clinically significant PCa detected at repeat 
SBx indicating that SBx in biopsy-naïve men misses some clinically significant PCa. We 
are therefore obliged to further improve the diagnostic work-up for PCa.

PART II: NOVEL IMAGING-BASED TARGETED BIOPSY 
PATHWAYS

The multiparametric MRI pathway
Multiparametric MRI (mpMRI) has shown good sensitivity for the detection and 
localization of ISUP grade ≥ 2 PCa in comparison with RP histopathology and template 
prostate mapping biopsies.53–56 A recent Cochrane meta-analysis demonstrated a pooled 
sensitivity of 0.91 (95% CI: 0.83-0.95) and 0.95 (95% CI: 0.87-0.99) for ISUP grade ≥2 and 
≥3 PCa, respectively.57 Bratan et al., demonstrated that mpMRI identified less than 30% 
of ISUP grade 1 PCa on RP specimens while mpMRI had a pooled sensitivity of 0.70 
(95% CI: 0.59-0.80) for identifying ISUP grade 1 PCa in the Cochrane meta-analysis.57,58 
As a consequence, mpMRI performs particularly well in the identification of high-grade 
PCa and MRI-TBx can be performed when suspected lesions are detected on mpMRI.59 
Due to the selective performance of the TBx, the mpMRI pathway, in which patients 
with a positive mpMRI undergo MRI-TBx, and patients with a negative mpMRI are not 
biopsied, is supposed to detect clinically significant PCa while purposefully detecting 
less insignificant PCa as compared to the SBx pathway.60
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Pooled data of 25 studies on head-to-head comparisons between SBx and MRI-TBx 
showed that the mpMRI pathway significantly improved the detection of clinically 
significant PCa in the prior-negative setting, but not in biopsy-naïve setting with a 
pooled detection ratio (i.e. the ratio of the detection rates obtained by MRI-TBx alone vs. 
SBx alone) for ISUP grade ≥ 2 PCa of 1.05 (95% CI: 0.95-1.16).61 The potential of the mpMRI 
pathway in biopsy-naïve patients was explored in this thesis (Chapter 5). At interim-
analysis, the detection ratio (i.e. the ratio of the detection rates obtained by MRI-TBx 
alone vs. SBx alone) was 0.73 for ISUP grade ≥2 PCa and detection of clinically significant 
PCa was significantly in favour of the SBx pathway. Recently, three multicenter studies 
also evaluated the mpMRI pathway in biopsy-naïve patients (PRostate Evaluation for 
Clinically Important Disease: Sampling Using Image-guidance Or Not? [PRECISION, 
Assessment of Prostate MRI Before Prostate Biopsies [MRI-FIRST] and Met Prostaat MRI 
Meer Mans [4M] studies). In the PRECISION study, the detection rate of ISUP grade ≥2 
PCa was conversely significantly higher in patients assigned to MRI-TBx than in those 
assigned to SBx (detection ratio 1.46).8 In the MRI-FIRST trial and 4M study, detection 
rates for ISUP grade ≥2 PCa did not significantly differ between the mpMRI pathway 
and SBx pathway with a detection ratio of 1.08 and 1.09, respectively.9,10 Altogether, the 
mpMRI pathway does not outperform SBx for the detection of ISUP grade ≥2 PCa in the 
biopsy-naïve setting.

However, on a positive note, results of all above mentioned studies showed a significantly 
reduced detection of insignificant PCa by the mpMRI pathway as compared to SBx.8–

10,57 Consequently, MRI-TBx significantly reduces overdiagnosis as compared to SBx. In 
addition, a recent systematic review and meta-analysis demonstrated that pathologic 
concordance of the biopsy specimen with RP specimen was better with MRI-TBx then 
SBx. Pathology from SBx was significantly more likely to be upgraded relative to MRI-TBx 
(odds ratio 2.47, 95% CI 1.48–4.14) while no significant difference in downgrading was 
found. This improved final pathology prediction could improve clinical decision making.

In conclusion, an mpMRI pathway is appealing since it could solve many of the limitations 
associated with the SBx pathway. However, this pathway must be interpreted in the 
light of some concerns. Clinically significant PCa can be missed by the mpMRI pathway 
because of mpMRI imaging failure (invisible cancer or reader’s misinterpretation) or 
because of MRI-TBx failure (target missed or undersampled by TBx) and there is moderate 
inter-reader reproducibility and lack of standardization of the MRI-TBx at present.

The only study so far that provides a reliable negative predictive value (NPV) using 
template prostate mapping biopsies as a reference, the PROMIS trial, showed a NPV 
of 76% for ISUP ≥2 PCa.56 A systematic review and meta-analysis by Moldovan et al. 
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demonstrated a NPV of 80% for ISUP ≥2 PCa in the biopsy-naïve setting with SBx as a 
reference while RP studies have demonstrated that clinically significant lesions can be 
missed with mpMRI and that their size is generally underestimated.16,54,62 Furthermore, 
mpMRI has shown reduced visibility of the cribriform pattern while this Gleason 4 
architecture is associated with a less favorable prognosis.63 We have to remain cautious 
about the true clinical value of a negative mpMRI in ruling out the need for further 
diagnostic workup.64

In addition, there is considerable variability in the Prostate Imaging – Reporting and 
Data System (PI-RADS) score assignment and clinically significant PCa yield across 
radiologists.65 Significant differences were found in the sensitivity (71% vs 95% and 
95%) and specificity values (93% vs 25% and 69%) of mpMRI as imaging tool for the 
detection of ISUP grade ≥2 PCa in our study compared with the MRI-first and 4M study, 
respectively. PCa detection rates vary in literature from 12% to 33% for PI-RADS 3 
lesions, from 22% to 71% for PI-RADS 4 lesions, and from 67% to 91% for PI-RADS 5 
lesions, while two studies demonstrated only a moderate inter-reader reproducibility 
of mpMRI, at best, with PI-RADSv2.66–68 As a result, there is a significant variability in 
the diagnostic performance of mpMRI and results from studies in expert centers seem 
difficult to reproduce in community setting.62,69,70

Besides inter-reader reproducibility, variability in the diagnostic performance of mpMRI 
may also reflect TBx errors leading to missing or undersampling of the tumour. The 
sampling efficiency and the number of cores needed for accurate targeting of the 
MRI lesion(s) remains controversial. Increasing the number of cores taken per target 
may (partially) compensate for guiding imprecision and additional focal perilesional 
saturation has already been suggested.9 On the contrary, our study and two recently 
published studies by Porpiglia et al. and Kenigsberg et al. demonstrated that a high 
diagnostic yield can be achieved for all different PI-RADS lesions with a median of two 
MRI-TBx cores per lesion.71,72 The diagnostic rate of the TBx is likely to be influenced by the 
lesion size and location of the lesion, the prostate volume and the operator’s experience, 
but may be partly a result of various MRI-TBx techniques (cognitive guidance, MRI-TRUS 
fusion software or direct in-bore guidance) and the indication for the biopsy.73 Lack of 
standardisation of MRI-TBx and lack of (large-scale) evaluation of MRI-TBx inter-operator 
reproducibility may once again lead to suboptimal care outside expert centres.

Systematic biopsy as an additional tool to the multiparametric MRI 
pathway
With the introduction of mpMRI and MRI-TBx, one might ask the question: Is there still 
a need for SBx?
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Instead of solely relying on the mpMRI pathway, patients with a negative mpMRI could 
still undergo SBx while patients with a positive mpMRI could undergo combined MRI-
TBx and SBx.18

To assess the additional value of such a pathway, we can analyze the absolute added 
value of each pathway (i.e. the percentage of patients diagnosed by only one pathway) if 
a combined pathway has been performed in the same patients. Data from the Cochrane 
meta-analysis demonstrated that the absolute added value of MRI-TBx (10%) is higher 
than that of SBx (2%) for detecting ISUP grade ≥2 PCa in the repeat-biopsy setting.57 
Absolute added values of SBx (4-5%) and MRI-TBx (6-8%) are almost comparable in the 
biopsy-naïve setting, but slightly in favour of MRI-TBx, when analyzing the data from 
the Cochrane meta-analysis, MRI-FIRST and 4M study.9,10,57 On the contrast, the absolute 
added value of SBx (14%) was higher than that of MRI-TBx (4%) in our thesis (Chapter 5) 
and 10 additional men (24%) with an ISUP grade ≥2 PCa with cribriform growth pattern 
were detected with the combined pathway in comparison with MRI-TBx only.

The additional value of SBx in patients with a negative mpMRI is dependent on the 
NPV of mpMRI. The NPV of mpMRI is lower in the biopsy-naïve setting than the prior-
negative setting as disease prevalence is higher in biopsy-naïve patients.16 In line with a 
meta-analysis and systematic review by Moldovan et al., the NPV of our mpMRI pathway 
in biopsy-naïve patients for ISUP grade ≥2 PCa was 80% with a disease prevalence of 
44% (Chapter 5).16 NPV of the mpMRI-pathway in the MRI-first and 4M study were 89% 
and 97% with a disease prevalence of 37% and 30%, respectively. These large variability 
in results does not only suggest a difference in quality of mpMRI reading but also a 
substantial heterogeneity in the way patients are selected for biopsy. If the population 
referred to prostate biopsy is not standardized, this could preclude the use of mpMRI as 
a triage test.

The additional value of SBx in patients with a positive mpMRI undergoing MRI-TBx is 
not only dependent on the reading of mpMRI but also on the precision during lesion 
targeting. In Chapter 6, we demonstrated that in men with a positive mpMRI, MRI-
TBx detected 16 out of 126 men (13%) with clinically significant PCa that were missed 
or undergraded on SBx, while SBx detected 13 out of 126 men (10%) with clinically 
significant PCa that were missed or undergraded on MRI-TBx. Both inadequate PCa 
visualization on mpMRI and erroneous biopsy lesion targeting contributed to missed 
significant PCa in the mpMRI pathway. These results are in line with a recent literature 
review and recently published study that demonstrated that a combined pathway in 
men with a positive mpMRI improved clinically significant PCa detection rates by 5% to 
15% as compared with MRI-TBx alone.74,75
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Schouten et al. demonstrated that both SBx and MRI-TBx miss clinically significant 
PCa in specific locations within the prostate. MRI-TBx missed a non-negligible number 
of clinically significant PCas (7% at patient-level and 35% at segment-level analysis) 
that were mainly located at the apex and in the dorsolateral regions while SBx most 
often missed cancer in the anterior part of the prostate.76 In addition, Ahdoot et al. 
demonstrated that the rates of any upgrading or clinically significant upgrading on 
RP histopathology were substantially higher for the mpMRI pathway (30.9% and 8.7%, 
respectively) than for the combined pathway (14.4% and 3.5%), respectively.75 Ploussard 
et al. demonstrated that adding SBx to MRI-TBx modified the d’Amico risk classification 
towards more intermediate and high risk in 8% of cases.77 An important additional 
finding of our study was that 21 of the 97 men (22%) both positive for clinically significant 
PCa on MRI-TBx and SBx were diagnosed with unilateral disease on MRI-TBx while SBx 
demonstrated bilateral disease (Chapter 6). PCa localization is important in the planning 
for nerve-sparing surgery while the consequences for novel emerging focal therapy 
techniques are obvious: a single confined lesion on mpMRI is far from a guarantee that 
parts of prostate that are not treated are free of clinically significant disease.78

These results warn us against blindly relying on the mpMRI-pathway for the diagnosis 
of PCa. Incorporation of SBx in a combined pathway with MRI-TBx has clear benefits 
but unfortunately also comes with an important disadvantage. The combined pathway 
significantly increased the detection of insignificant PCa as compared to the mpMRI 
pathway.9,10,57 The combined pathway detected an additional 12% of insignificant PCa 
in comparison with the mpMRI pathway (Chapter 5). In men with a positive mpMRI, 
50% of all insignificant PCa was found by SBx alone in comparison with 18% for MRI-
TBx (Chapter 6). An alternative perspective may therefore argue for the use of mpMRI 
pathway alone, since, in literature, this pathway seems responsible for the detection of 
the majority of clinically significant PCa, requires fewer biopsy sessions and biopsy cores, 
and leads to a significant reduction in the detection of insignificant PCa.79 As mpMRI 
has come to the forefront of PCa diagnosis over the last decade, future studies should 
critically evaluate whether the benefits and harms of a “detection-focused” combined 
pathway outweigh the “triage-focused” mpMRI-pathway.

Multivariable risk-based patient selection for multiparametric MRI
An mpMRI protocol requires non-negligible resources such as availability of MRI scanners 
and gantry time; availability of MRI-technologists; expertise and time for radiological 
and urological interpretation and reporting; and costs for reimbursement either by 
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patients or health systems. An mpMRI pathway has implementation challenges for 
health systems where MRI accessibility is limited and may restrict routine use of mpMRI 
in the diagnosis of PCa.

Before performing an mpMRI, one could risk-stratify the patient as an initial step to 
confirm that the clinical suspicion of clinically significant PCa is grounded.16 This would 
lead to a more standardized PCa prevalence in the referred population and could 
contribute to a more realistic implementation of mpMRI in terms of accessibility, as 
patients identified as having a (very) low risk of clinically significant PCa would be spared 
mpMRI and prostate biopsy. Alberts et al. demonstrated in a prior-negative cohort of 
122 patients that upfront risk stratification with the ERSPC-RC 4 would have avoided the 
performance of 51% of the mpMRIs and reduced the detection of insignificant PCa by 
25%, missing 10% of the clinically significant PCa.80

In Chapter 7, we evaluated the rate of potentially avoidable mpMRI scans and SBx using 
upfront risk stratification with the ERPSC-RC 3 for a combined- and mpMRI pathway, 
respectively. Upfront ERSPC-based patient selection for the combined pathway would 
have avoided 37% mpMRI scans and SBx. This would have reduced the detection of 
insignificant PCa by 23% and the detection of clinically significant PCa by only 6%. 
Upfront ERSPC-based patient selection for the mpMRI pathway would have avoided 
37% mpMRI scans. This would have reduced the detection of insignificant PCa by 7% 
and the detection of clinically significant PCa by only 4%.

These results demonstrate that upfront selection with the ERSPC-RC can significantly 
improve mpMRI accessibility, with an acceptable number of risk-stratified men with 
missed clinically significant PCa, and represents a worthwhile approach for the future. 
Careful evaluation of patients with a need for a diagnostic work-up with mpMRI would 
not only avoid costs and resources but could also improve the mpMRI pathway itself. 
The number of mpMRI scans would be limited and could be performed under these 
circumstances in centres of excellence and expertise. In addition, the performance of 
these RCs is likely to be further improved as these original SBx-outcome based RCs have 
been recently recalibrated to the current clinical setting with extended SBx and MRI-TBx 
outcomes.81

However, the value of the mpMRI pathway in biopsy-naïve patients after upfront risk 
stratification remains controversial. Implementation of an mpMRI pathway as second-
line tool after upfront ERSPC risk-stratification detected less insignificant PCa then the 
SBx pathway (13 vs. 30) but also less clinically significant PCa then the SBx pathway (49 
vs. 60). As expected, performance of SBx in men with a positive ERSPC biopsy advice 
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but negative mpMRI improves the detection of clinically significant PCa, but also comes 
with an increased detection rate for insignificant PCa as a downside. The prospective 
multicenter MR PROPER (MRI of the Prostate with Prior Risk-assessment) study will 
hopefully provide us with more evidence in this discussion. The study is currently being 
conducted in the Netherlands and compares the clinically significant PCa detection 
rates after ERSPC-RC based stratification of the SBx pathway with the mpMRI pathway, 
as well as the cost-effectiveness and the quality of life of these pathways (ClinicalTrials.
gov Identifier: NCT03225222).

Apart from upfront risk-stratification before mpMRI performance to improve mpMRI 
accessibility, multivariable risk-stratification could also be used to avoid unnecessary 
biopsy procedures after the performance of an mpMRI. Novel multivariable risk 
prediction tools include the PI-RADS score as an extra input parameter to predict the 
presence of clinically significant PCa. These RCs have shown potential to avoid a notable 
number of biopsies and detection of clinically insignificant PCa at a low price of missing 
some csPCa.81–83 These RCs seem to outperform original non-MRI based RCs, but require 
external validation and in-depth analysis of mpMRI predictive qualities in a multicenter 
setting with large prospective datasets to assess their wider applicability.84

Obviously, the added benefit of risk-stratification after the performance of an mpMRI 
depends on the degree of risk-stratification that has been performed pre-MRI. In 
a study by Alberts et al., decision curve analysis showed clear net benefit of their 
mpMRI-updated ERSPC-RCs to avoid unnecessary biopsies even after risk-stratification 
pre-mpMRI with the original (recalibrated) ERSPC-RCs.81 mpMRI should therefore not 
become a reflex test after each PSA test, possibly even longitudinally on a yearly basis, 
thereby markedly driving up the costs and resources instead of reducing them. Further 
improvement in selecting only those men who will benefit from mpMRI will be essential 
in the near future and more complex pathways can also be envisioned, including 
additional biomarkers.85–87

Conclusion
A schematic overview of the second part of this thesis is presented in Figure 2. The mpMRI 
pathway addresses some important limitations of the SBx pathway while providing 
comparable detection rates of clinically significant PCa in biopsy-naïve men and higher 
detection rates of clinically significant PCa in prior-negative men. Upfront risk-based 
patient selection with the ERSPC-RCs can significantly improve mpMRI accessibility, 
with an acceptable number of risk-stratified men with missed clinically significant PCa. 
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The preferred diagnostic strategy as proposed in this discussion at present includes 
upfront multivariable risk-stratification, to guarantee mpMRI accessibility, followed by 
an mpMRI.

But how do we proceed after the performance of a pre-biopsy MRI? As demonstrated 
in Figure 2, tradeoffs of decreased diagnosis of clinically insignificant PCa and missed 
clinically significant PCa are inherent when we compare a (risk-stratified) MRI pathway 
with a (risk-stratified) combined pathway and it is unclear how we need to weigh the 
gains of biopsies avoided and insignificant PCa undiagnosed with the losses of missed 
and undergraded clinically significant PCa.

In general, when mpMRI is negative (i.e., PI-RADS ≤2), one should carefully evaluate the 
individual risk of clinically significant PCa in the specific patient before omitting SBx 
for now. Follow-up, with a robust follow-up regimen to potentially diagnose “initially 
missed” csPCa at curable time, might be considered clinically appropriate in patients 
with a negative mpMRI at low risk of clinically significant PCa as this strategy prevents 
diagnosis of insignificant PCa.16,88–90 SBx should still be obtained in men at a higher risk 
for clinically significant PCa with a negative MRI due to a higher prevalence of clinically 
significant PCa. In general, when mpMRI is positive (i.e., PI-RADS ≥3), one should give 
preference to the combined pathway of MRI-TBx and SBx for now. Although it results 
in an net increase in the detection of insignificant PCa, this combined pathway has 
also shown additional detection of clinically significant PCa and high predictive 
value for a patient’s true pathological grade group, thereby reducing the likelihood 
of misdiagnosis.74,75 This should translate into increased diagnostic certainty and a 
reduction of both overtreatment and undertreatment. In addition, the burden of an 
additional SBx is likely to be lower in men with a positive mpMRI, already undergoing 
mpMRI-TBx, then in men with a negative mpMRI, undergoing no biopsy, as there is no 
clear correlation between the biopsy core number and the morbidity after prostate 
biopsy at present.51
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FIGURE 2. Schematic overview of the second part of the thesis. The mpMRI pathway demonstrates reduced 
detection of insignificant PCa, better GS concordance with RP and less unnecessary biopsies as compared to 
the SBx pathway while pre-biopsy risk stratification with the ERSPC-RCs reduces the number of unnecessary 
MRIs and biopsies. Tradeoffs (indicated in orange) are inherent when we compare the MRI pathway with the 
combined pathway.
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PART III: DIAGNOSING PROSTATE CANCER WITH 
(MULTIPARAMETRIC) ULTRASOUND

Back to the future: Contrast-enhanced ultrasound in the diagnosis of 
prostate cancer
US is widely available, portable, considerably cheaper than MRI, with the possibility of 
real-time imaging and biopsy needle monitoring. TRUS-based imaging of PCa could 
therefore overcome some of the limitations of the mpMRI pathway and present itself 
as an alternative imaging pathway in the diagnosis of PCa. While B-mode US is not 
sensitive nor specific enough for TBx, contrast-enhanced US (CEUS) with quantitative 
parametric imaging such as contrast-US dispersion imaging (CUDI) and (shear wave) 
elastography (SWE) have produced encouraging results, but lack of standardization and 
lack of large-scale evaluation (with mpMRI) limit their role in current clinical practice.91–95

The study in Chapter 5 assessed the potential of CEUS recordings with CUDI parametric 
maps (hereinafter referred to as CUDI pathway). At interim-analysis, the CUDI pathway 
showed similar detection rates for ISUP grade ≥2 PCa and ISUP grade 1 PCa as the 
mpMRI pathway and additional SBx in the CUDI pathway would result in almost the 
same benefits and harms detection-wise as additional SBx in the mpMRI pathway. 
Although these results are promising, this pathway must also be interpreted in the light 
of some concerns.

The CUDI pathway demonstrated a lower specificity, with a higher number of false 
positives and unnecessary biopsies, as compared to the mpMRI pathway (53% vs 18%). 
Many of the false positive biopsies taken with CUDI showed histopathological presence 
of prostatitis or benign prostatic hyperplasia (BPH). Studies have demonstrated that 
angiogenic ability is also established in the absence of PCa as elements regulating 
angiogenesis seem to be present in prostatitis and BPH.96,97 Although microvascular 
density and the expression of vascular endothelial growth factor, both markers for 
angiogenic activity, are more prominent in PCa than in BPH, we are not yet able to 
properly detect these differences in angiogenesis on CUDI.98–100 Therefore, more detailed 
and wider studies are essential to understand the pathological roles of angiogenesis. 
Although the CUDI parameters are theoretically related to perfusion and dispersion, the 
exact link between angiogenesis and contrast-agent kinetics is still poorly understood. 
The relation between CUDI parameters, vascular network architecture and angiogenesis 
should therefore be further investigated to develop better means to distinguish PCa-
induced angiogenesis from BPH- and prostatitis-induced angiogenesis with CUDI. 
Immunohistochemical staining might elucidate on the physiological relation between 
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CUDI parameters and the microvascular network while acoustic angiographic, fluid-
dynamic principles or super-resolution techniques could be considered to reveal the 
(micro)vascular architecture.101–104

CUDI has been developed to improve the diagnostic potential of CEUS and reduce the 
substantial learning curve and inter-observer variability of qualitative interpretation of 
CEUS.105 However, Postema et al. demonstrated that semi quantitative analysis using 
CUDI resulted in similar diagnostic performance for clinically significant PCa localization 
as qualitative analysis using CEUS.106 The combination of CEUS and CUDI did not lead to 
a better performance or an improved inter-observer agreement. Additional diagnostic 
value of CUDI above CEUS remains therefore controversial.

The necessity of a multiparametric approach
US modalities ranging from fundamental B-mode imaging to elastography and 
(quantified) CEUS have yielded promising results with regard to PCa detection.95,107 
However, in line with MRI, none of these ultrasound modalities in stand-alone setting 
are considered sufficiently robust and reliable to replace the SBx pathway with an US-
focused pathway.18 The complexity and heterogeneity of the disease with the frequent 
occurrence of insignificant tumours and variegated nature of benign and pathological 
conditions limit the accuracy of single US modalities.108–110 The theoretical rationale for a 
multiparametric approach (i.e., combining information from complementary biomarkers 
such as tissue texture, elasticity, perfusion or dispersion) to accurately discriminate 
between benign and malignant prostate tissue and detect clinically significant PCa 
applies to US as much as MRI.

This thesis demonstrated the clinical feasibility of a multiparametric framework for 
TRUS, consisting of B-mode, SWE and CEUS with CUDI was feasible with a clinically 
available US scanner. There were no adverse events, the procedure was well tolerated 
by all men with a median scan time of 27 minutes and all US imaging of the 48 men 
that underwent RP could be analyzed for the purpose of the study. Multiparametric US 
(mpUS) significantly improved the sensitivity for the localization of clinically significant 
PCa (all definitions) at the different Likert thresholds. Index-lesion detection was also 
higher in comparison with the stand-alone US modalities. Depending on the definition 
of clinically significant PCa, mpUS reached an NPV of 70% to 93% for clinically significant 
PCa when considering a Likert score of 3 or greater to be suspicious. SWE demonstrated 
limited diagnostic value in the PZ while TZ tumors were frequently missed on CEUS with 
CUDI and B-mode. As previously mentioned, large overlapping SWE stiffness values of 
insignificant PCa and clinically significant PCa were noted in the PZ.110 The transition 
zone (TZ) is often composed of intermixed amounts of glandular and stromal tissue, 
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demonstrating heterogeneous signal intensity on B-mode, while BPH nodules in the TZ 
limit PCa visualization on CEUS.96,97,111 From a clinical perspective, combining these US 
modalities into mpUS seems essential to accurately image clinically significant PCa on 
US. The frequency at which US parameters were selected for classification with machine 
learning substantiates this multiparametric hypothesis even more, as a combination 
of perfusion-related, dispersion-related, and elastographic parameters were favored 
(Chapter 10).

Diagnostic performance of mpUS in our study has many similarities with that of 
previously published studies on mpMRI.53,112,113 Like mpMRI, mpUS also showed 
increasing sensitivity for larger and more aggressive tumors while specificity is low for 
both techniques.16,57 In addition, the disparity between the reasonably good diagnostic 
performance rates achieved by the individual readers, but fair inter-observer agreement 
in our mpUS study, highlights one other knowable limitation: high reader variability. 
Different accurate assessments and mistakes were being made by the readers in 
our study, despite a predefined Likert scoring system, leading to a fair inter-reader 
reproducibility. Postema et. al. confirmed this disparity in their study evaluating CEUS, 
CUDI and the combination of both.106 The mpUS reading needs to be standardized to 
prevent significant variability in diagnostic results among different machines, different 
clinical protocols and scanner settings.114 Like PI-RADS, evaluation of mpUS in large 
patient groups is needed to standardize and optimize a scoring system for mpUS before 
it can be readily introduced in clinical practice, and during this development attention 
will have to be paid to the learning curve and inter-reader reproducibility of mpUS to 
prevent discrepancy between centers of expertise.66–68,115

Do we need an ultrasound-focused pathway?
The diagnostic performance of mpUS showed many similarities with that of previous 
studies on mpMRI. The CUDI pathway showed comparable results for PCa detection in a 
head-to-head comparison with the mpMRI pathway. While mpMRI has already received 
widespread adoption in clinical practice and is mainstay in the international guidelines 
for PCa diagnosis, CUDI and mpUS are currently lacking standardization and large-scale 
evaluation.18,116,117 As Chapter 5 and 9 suggest non-inferiority rather than superiority 
of an US-focused pathway in comparison with the mpMRI pathway, questions can be 
made why and where we should apply US in clinical practice?

The mpMRI pathway requires non-negligible resources and, for at least some healthcare 
systems, systematic use of mpMRI before biopsy would represent a major financial 
challenge. In addition, patient movement, prostate deformation by the US probe, and 
subsequent mismatch of imaging planes can compromise the MRI-TBx with cognitive 
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TRUS guidance or MRI-TRUS fusion biopsy.118–120 The in-bore MRI-TBx technique, however, 
did not improve the mpMRI pathway in comparison with these two TBx techniques while 
inevitably adding significantly more operational costs and workflow complexity.73,121 
One could therefore argument that a mpUS pathway needs to demonstrate only non-
inferiority instead of superiority to the mpMRI pathway for the diagnosis of PCa as this 
provides at least the same benefits while solving many of the logistic, financial and 
cross-modality registrations problems associated with the mpMRI pathway.

In a different direction, the majority of MRI-TBx are currently performed using TRUS. To 
visualize lesions detected by mpMRI and improve upon MRI-TBx lesion targeting one 
could integrate the MR-images with real-time multiparametric US while multiparametric 
US could also be used to detect and biopsy lesions not visible on mpMRI. B-mode TRUS, as 
second-look examination, has already shown promise to localize lesions on mpMRI and 
improve upon lesion targeting.122,123 mpUS can be envisaged to further improve upon 
this lesion targeting and the diagnostic potential of the biopsy procedure as a whole. 
If it is able to detect additional clinically significant PCa lesions not visible on mpMRI, 
it could provide a better tradeoff in benefits and harms then additional SBx which is 
known for its high detection of insignificant PCa.124 Although one can easily integrate 
additional US features into the MRI-TBx procedure, at present, it is still unknown if (mp)
US features represent any additional value in the mpMRI pathway.

In the end, it will be essential do develop a standardized reporting scheme for mpUS 
that can be widely adopted and validated to ensure comparability of research outputs 
and optimal clinical practice among different centers. In addition, benchmarking with 
the mpMRI pathway is highly recommended in the same patient group using the same 
validation protocol as this would allow us to critically compare the diagnostic potential, 
cost-effectiveness and quality of life of these two pathways as well as the complementary 
value of a multimodal approach.

Cognitive or computerized combination?
Diagnostic value of an imaging technique is to a large extent dependent on the 
human capability to interpret the provided information. The combined interpretation 
of multiple images is complicated by the need for an appropriate method to weigh 
the combination of parameters. Recent advances in artificial intelligence (AI), and 
more specifically in machine and deep learning technology, enable computer-aided 
diagnosis (CAD), where computer algorithms support or perform part of the image 
interpretation.125,126 This is especially useful in multiparametric imaging, in which 
multiple modalities are combined to make the final diagnosis.127,128 CAD of mpUS (and 
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also mpMRI) could therefore help clinicians in imaging reading, biopsy targeting, and 
might alleviate problems in inter-observer variability as well as the long learning curves 
associated with cognitive scoring systems such as PI-RADS.127

This thesis described a machine-learning strategy for mpUS as a possible future 
alternative to cognitive combination (Chapter 10). The study demonstrated the technical 
feasibility of machine learning using a random forest classification algorithm. Single 
multiparametric maps were generated based on the combination of model-based 
features related to contrast perfusion and dispersion and radiomics from all modalities. 
This automated mpUS classifier demonstrated a higher (clinically significant) PCa 
localization ability than single US parameters.

In order to confirm clinical feasibility, further research has to be carried out. The 
effectiveness of a multiparametric approach depends on the amount of complementary 
information among the parameters. To allow further fine-tuning of the multiparametric 
implementation and selection of useful parameters deeper understanding of the 
relation between parameters, the relation between parameters and physiology, and 
the progression of these parameters over the course of PCa development remains 
necessary.129–131 In addition, the number of included radiomic features was limited by the 
scale of the current dataset to avoid overfitting. We could add more radiomic features in 
larger datasets, while deep learning with convolutional neural networks could perform 
this radiomic feature extraction by their very own nature.132,133

In general, considerable hurdles beyond computing power and data streams must 
be overcome before we can integrate CAD within the clinical workflows. The lack of 
large training data sets is often mentioned as an obstacle. Although this notion is 
correct for mpUS at present, the use of PACS systems in radiology provide us with a 
substantial amount of mpMRI images. There the main challenge is the acquisition of 
relevant annotations, labeling for these images and registration errors between varying 
MRI modalities. Labeling a sufficiently large dataset can take a significant amount of 
time. Hundreds to thousands of samples are used for PCa classifiers using handcrafted 
features whereas for convolutional neural network-based classifiers, data sets 100 
times larger might be required.132 In addition, label noise and label uncertainty can be a 
limiting factor in developing algorithms.134

Classification of PCa imaging is often presented as a binary task: benign versus malignant. 
However, this thesis demonstrated that there is a substantial within-class heterogeneity. 
Providing it with detailed annotations of all possible subclasses is an option but 
also very time-consuming. AI, and especially deep learning, has known difficulties 
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with generalization to different machines and scanner settings. Standardization of 
acquisitions, preprocessing of the data for automatic corrections and normalization and 
augmentation of the data with a wide range of examples is imperative to assure the 
quality of CAD and make it robust to differences.135 Lastly, useful information is not just 
contained within the imaging itself but also in the clinical data. Whether we should feed 
this epidemiological information into the classification process remains controversial.

Machine learning is 
technically feasible

1. To compare the diagnostic potential, cost-effectiveness and PROMS of these two pathways
2. To assess the complementary value of a multimodal (MRI and US) pathway
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FIGURE 3. Schematic overview of the third part of the thesis. CUDI and mpUS show promise including the 
reasonable detection of clinically significant PCa and reduced detection of insignificant PCa. To establish a role 
for mpUS in the diagnosis of PCa, it should be evaluated and compared in the future with the mpMRI pathway 
on a large multicenter scale to determine its potential for PCa diagnosis and to assess the complementary 
value of a multimodal approach.
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In conclusion, the steps needed to integrate CAD into the diagnosis of PCa are at present 
still unknown, as is the nature of the tools that should be provided to the clinicians 
in order to support their diagnostic work-up of PCa with an underlying CAD system 
in day-to-day patient care. The effectiveness of these tools remains to be investigated 
while CAD also has to be able to articulate itself in a certain way as accountability in 
medicine is important. Implementation of CAD in the diagnostic pathway of PCa, either 
as support tool or as part of the investigation, is therefore still awaited.

Conclusion
A schematic overview of the third part of this thesis is provided in Figure 3. An US-
focused pathway offers benefits with regard to costs, availability and lesion targeting 
in comparison with an mpMRI pathway. CUDI and mpUS show promise including the 
reasonable detection of clinically significant PCa and reduced detection of insignificant 
PCa. However, US-focused pathways should still be considered a research subject and 
are currently not ready for clinical implementation. It will be essential do develop a 
standardized reporting scheme for mpUS that can be widely adopted and validated on 
a large scale to ensure comparability of research outputs and optimal clinical practice 
among different centers. The clinical effectiveness of the mpUS pathway should be 
evaluated and compared with the mpMRI pathway on a large multicenter scale. Only 
then we will be able to definitively determine whether mpUS may complement the 
mpMRI pathway or even rival mpMRI as diagnostic imaging tool.
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PART IV: FUTURE PERSPECTIVES

Realising the benefits of the multiparametric MRI pathway
It is clear that reproducible standards and stable levels of high-quality imaging and 
interpretation for mpMRI represent the cornerstone for the general use of the mpMRI 
pathway. Results of published studies, many undertaken in high-volume, expert 
centres, may not be applicable to general clinical practice at present. To deliver the 
benefits of the intended mpMRI pathway, the quality of the entire diagnostic process 
must be ensured in the future. A systematic and robust training for MRI-technologists 
and radiologists, clear quality criteria for image acquisition and reporting, and effective 
quality-assurance structures are therefore needed. It is anticipated that the adoption of 
PI-RADS v2.1 will improve inter-reader variability and simplify the PI-RADS assessment 
further, but the evidence for this has yet to be provided.68 Initiatives to develop standards 
for certification or accreditation are therefore needed. Added to that, radiologists and 
biopsy operators should critically evaluate their own mpMRI reading, TBx outcomes, and 
SBx outcomes in multidisciplinary meetings using imaging and pathological correlation 
and feedback to determine how to optimize mpMRI reading, MRI-TBx and SBx in their 
own hands.136,137

To satisfy the inevitably increasing demand for prostate MRI and given the current 
limited role of dynamic contrast-enhanced imaging (DCE), there is growing interest 
in performing prostate MRI without DCE, a procedure termed “biparametric MRI” (i.e., 
T2-weighted [T2W] and diffusion-weighted imaging [DWI]). Biparametric MRI has 
demonstrated to reduce examination time, potential gadolinium-based contrast agent-
related toxicities and costs, while retaining sufficient diagnostic accuracy for clinically 
significant PCa.138 DCE in practice has been a “safety-net” sequence, especially when 
either T2W or DWI is degraded by artifacts or inadequate signal-to-noise ratio. In PI-
RADSv2.1, DCE is therefore still advised but future studies will demonstrate whether it 
is actually needed or not.

We can expect to see more results and clinical applicability of novel MRI modalities in the 
future as luminal water imaging, restriction spectrum imaging, the Vascular, Extracellular, 
and Restricted Diffusion for Cytometry in Tumors model and hybrid multi-dimensional 
have been developed for microstructure imaging of PCa.139 In addition studies are 
focusing on the improvement of MRI image quality (segmented DWI) and acquisition 
time (compressed sensing, and Periodically Rotated Overlapping Parallel Lines with 
Enhanced Reconstruction).139–142 Lastly, increasing number of studies are evaluating 
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new quantitative and CAD methods including artificial intelligence to mitigate the 
subjective nature of mpMRI interpretation. There is need for mature datasets with high 
quality annotations to continue advancements in this field.143

Novel ultrasound features
New US modalities are also becoming available with the potential to increase the role 
of US in the diagnosis of PCa. First of all, four-dimensional (4D: three-dimensional [3D] 
+ time) CEUS and CUDI have shown diagnostic value for the localization of PCa.144,145 
These 4D acquisitions enable tissue characterization of the entire gland with one US 
contrast agent (UCA) bolus injection. With 4D, the risk of missing a lesion is potentially 
reduced while the procedure time is significantly shortened. Another advantage is that 
full 3D modeling of the kinetic behavior of the UCA in the prostate is possible without 
need for strong assumptions on out-of-plane kinetics. Furthermore, 3D SWE has been 
developed and first results were recently published.146 Despite the limited number of 
publications and independent datasets, the performance of 2D parameters is generally 
retained during transition to 3D. 3D CUDI and 3D SWE imaging can be envisaged to 
replace the labor-intensive multiple 2D acquisitions.

Secondly, a novel emerging strategy in US imaging is that of targeted CEUS (molecular 
US).147 It combines US with molecularly-targeted UCAs for the assessment of biological 
processes at the molecular level. These UCAs are targeted to specific molecular markers 
(e.g. vascular endothelial growth factor receptor or prostate specific membrane antigen 
PSMA) by decorating the bubble shell with high-affinity binding ligands. These targeted 
UCAs accumulate at tissue sites overexpressing these specific molecular markers, 
thereby enhancing the US signal.148–150 Further studies will be required to validate these 
technologies in clinical practice for the diagnosis of PCa.

Lastly, micro-US has been developed as a novel imaging technique for PCa with the 
ExactVUTM (Exact Imaging, Markham, Canada) system. It uses a high-resolution 29-
MHz US leading to a 300% improved resolution over existing B-mode platforms 
while maintaining a suitable imaging depth.151 A total of seven studies were included 
in a meta-analysis showing a pooled sensitivity and specificity of 91% and 49% in 
comparison with PCa histology, respectively.152 Furthermore, PRI-MUS (prostate risk 
identification using micro-US), a protocol for users to learn and apply the technique 
has already been developed.153 Preliminary studies demonstrated comparable findings 
between micro-US and mpMRI, but the small sample sizes and retrospective designs 
preclude firm conclusions.154,155 Results of prospective ongoing trials (ClinicalTrials.gov 
Identifier: NCT03938376 and NCT04299620) are therefore awaited.
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Towards a personalized, stepwise, diagnostic pathway
The use of mpMRI prior to any biopsy has dramatically changed the diagnosis of PCa. 
The modern prostate diagnostician has to grapple with a multitude of new conundrums: 
transrectal versus transperineal, SBx plus TBx or TBx alone, cognitive or MRI-TRUS fusion 
or in-bore MRI, the optimal number of biopsy cores, and how to use the biopsy results 
in patient management. In addition, multiple studies are already exploring the role of 
additional biomarkers and imaging modalities such as ultrasound and prostate-specific 
membrane antigen positron emission tomography-computed tomography as adjacent 
to prostate MRI and clinical nomogram-driven diagnostic pathways to achieve even 
better tradeoffs than currently achieved with the mpMRI- or combined pathway of 
MRI-TBx and SBx.87,156–159 Therefore, the dust is yet to settle on what the optimal biopsy 
strategy is for the future. Head-to-head comparisons of these novel pathways are 
virtually lacking while it remains to be seen if all these new approaches and technology 
will materially alter prognosis and survival of PCa.

Ideally each patient requires an individualized diagnostic pathway, in which risks, clinical 
priorities, patient preferences, diagnostic harms, and benefits are considered together. 
In the absence of perfect predictive tools for clinically significant PCa, these personalized 
pathways should balance gains (such as avoidance of prostate biopsies and detection of 
insignificant PCa) and losses (such as undiagnosed or undergraded clinically significant 
PCa) for the individual patient as much as possible. However, estimating the value of 
all different information is not easy and it gets even more complex when individual 
test results also have different effects. Multivariable risk-stratification with a RC, 
incorporating multiple variables for the prediction of a patient’s probability for clinically 
significant PCa, can simplify this complexity. Multivariable risk-stratification provides 
both the doctor and the patient with a clinically manageable output measure to discuss 
the necessity of further diagnostic work-up as ideally we should only biopsy those men 
who will actually benefit from the diagnosis and refrain those who will not, thereby 
preventing the harms of unnecessary biopsy and overdiagnosis.

Providing the diagnostic pathway in a risk-stratified, step by step fashion, by carefully 
selecting patients who can benefit from further (often more invasive) clinical 
assessments, will prevent us from using diagnostic procedures that may not have a 
substantial additive prognostic value for the individual patient and thereby also reduce 
unnecessary patient burden. In addition, increase in costs and resources would be 
avoided as (expensive) diagnostic procedures would not become a reflex test after 
each PSA test, but would be performed only when objective and reproducible needs 
are identified. Lastly, prostate biopsy is only performed when there is an actual need, 
mitigating the risk of biopsy-related adverse events. In the future, a multivariable, risk-
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stratified, stepwise pathway could therefore potentially balance gains and losses as 
much as possible in a clinically manageable and cost-effective manner. A proposal for 
such a pathway, that allows the doctor to walk a patient in a shared-decision making 
process from elevated PSA to confirmatory testing to imaging to prostate biopsy, is 
presented in Figure 4.

In the first step, clinical and demographic factors are used in a multivariable risk-based 
prediction model to indicate the need for prostate imaging. In addition to the original 
RCs, based on clinical and demographic data, one could further improve this first step by 
incorporation of biomarkers such as PCA3, the Prostate Health Index, and 4K score and 
germline mutation testing of BRCA 1 and 2 and ATM.87,160,161 These blood- and urinary 
biomarkers might be particularly useful to limit the use of prostate imaging when the 
risk of finding a clinically significant PCa is low and increase the predictive accuracy 
of already existing RCs.156,157 The original ERSPC-RCs gives the user the possibility to 
include the outcome of the Prostate Health Index which slightly increases the predictive 
capability.162,163 Although there is a remarkable progress in biomarker development, 
clinical (external) validation is still limited.156,164 Verification of whether biomarkers and 
germline mutation testing provide significant additive prognostic value in multivariable 
risk-stratification is therefore required, including cost-effectiveness.165,166 In addition, the 
incorporation of these biomarkers should be preferably done as an add-on feature in 
the RC as this would allow further use of the RC in health systems where additional 
laboratory testing is still limited.

In the men selected for imaging, an mpUS is performed as second step. mpUS will 
probably be more cost-effective than mpMRI and the procedure is office-based, 
indicating that mpUS and TBx can be directly performed without additional cross-
modality registration after the completion of step 1 by the urologist, reducing time 
and anxiety for the patient. An automated computer-aided or standardized cognitive 
scoring system for mpUS (PRO-MUS: PROstate - Multiparametric Ultrasound Score) 
should be used to determine suspicious lesions for TBx. Multivariable risk-based 
prediction could once again help to indicate the need for further diagnostics in men 
with negative mpUS imaging. Follow-up, with a robust regimen is appropriate for 
patients with a low risk of clinically significant PCa while patients with an intermediate 
risk of clinically significant PCa, despite a negative mpUS, could still undergo an mpMRI. 
Patients with no PCa or insignificant PCa at mpUS-TBx could also undergo a subsequent 
mpMRI. Their risk of harboring clinically significant PCa is substantial, based on step 
1 and 2, and mpMRI could point towards mpUS-TBx failure (reducing the number of 
missed clinically significant or undergraded PCa) or in the direction of misinterpretation 
of mpUS reading. Somatic mutational analyses with gene expression profiles of biopsy 
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FIGURE 4. Risk-stratified stepwise pathway for the diagnosis of PCa. The diagnostic pathway starts with a 
clinical suspicion of PCa and a shared decision process with the patient (indicated as Start in blue). Hereafter 
we distinguish three different steps: the clinical and laboratory step (indicated as Step 1 in yellow), the US 
imaging step (indicated as Step 2 in green) and the MRI imaging step (indicated as Step 3 in red) to reduce 
the harms of PCa diagnosis (detection of insignificant PCa and unnecessary biopsies) without affecting the 
benefit (clinically significant PCa detection and accurate Gleason grading). *somatic mutational analyses with 
gene expression profiles can be incorporated at these points in the pathway to increase diagnostic confidence 
of a negative biopsy or insignificant PCa at biopsy and direct towards a clinical follow-up approach or active 
surveillance protocol.
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tissue (ConfirmMDx, Prolaris, and Decipher tests) can also be incorporated at this point in 
the pathway (indicated by the asterisks) to increase diagnostic confidence of a negative 
biopsy or insignificant PCa at biopsy and direct towards a clinical follow-up approach or 
active surveillance protocol instead of additional mpMRI imaging.167

An mpMRI is thus performed as last step, only when necessary, in patients at risk for 
clinically significant PCa despite negative mpUS or patients with no PCa or insignificant 
PCa at mpUS-TBx (potentially after somatic mutational analyses). The number of mpMRI 
scans would be limited and could be performed under these circumstances in centers 
of excellence and expertise, truly improving the management of patients. Risk of missed 
or undergraded clinically significant PCa is reduced in this two-step imaging pathway 
as mpMRI is performed as back-up strategy in patients with unexpected mpUS results 
while prostate biopsy is still avoided in men with negative MRI imaging. SBx is omitted 
in this stepwise pathway as SBx is known to detect a significant amount of insignificant 
PCa. In view of the fact that the definition of clinically significant PCa is likely to be 
more stringent in the future, this large and unwanted detection will feature only 
more strongly while the proposed novel pathway could provide sufficient diagnostic 
confidence to exclude the presence of a clinically significant PCa while limiting the 
unwanted detection of insignificant PCa.

The development of such a personalized pathway paradoxically starts with the collection 
and analysis of data of many people who have already undergone the diagnostic work-
up. In addition, there should be awareness and adaptations of center differences in 
both the a priori likelihood of cancer and the distribution of risk factors before using a 
risk-stratified pathway in daily practice.168 To accurately predict the risk of an individual 
and provide him with an optimal diagnostic pathway, collaboration and sharing of 
relevant data is therefore required. Unfortunately the opposite is still happening and 
we regularly see published studies, mostly from single institutions and based on small 
sample sizes, presenting a variety of different multivariable risk models instead of joint 
efforts.82,83,169–171

Besides collaboration and sharing of data, the personalized diagnostic pathway could 
be further improved with dynamic prediction modeling. This thesis focused on static 
prediction modeling, with demographic, clinical, laboratory and imaging covariates 
available at a single baseline time point for usage in a multivariable prediction model. 
With dynamic prediction modelling, the risk prediction model for the outcome of interest 
is updated over time at pre-specified “landmark” times incorporating information about 
the change in risk factors up to that particular time.172 The risk prediction is continually 
updated with new observations of time-dependent covariates to reflect the patient’s 
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risk.175 This approach could be specifically used in patients with a low risk of clinically 
significant PCa or negative prostate biopsy on clinical follow-up, but also for patients 
in active surveillance. A better understanding of the longitudinal relationship between 
host and tumor-related variables and their impact on clinical outcomes is still necessary 
for this approach.173,174 Although, the framework for developing and validating dynamic 
prediction tools in urology is still needed, it is recommended that the next generation of 
risk assessments tools considers longitudinal data and outcomes so that risk prediction 
can be continually updated.

In conclusion, the risk-stratified stepwise pathway with multivariable prediction 
models and calculated probabilities for clinically significant PCa provides insight into 
the personal situation of a patient. Although we can use it to make recommendations, 
individual, static or dynamic, risk-assessments are not enough to decide for a diagnostic 
work-up. The wishes, fears and expectations of the patient, his co-morbidity and life-
expectancy and the physician’s opinion based on his/her clinical experience, all play 
a crucial role in this decision-making process. We must therefore take great care to 
articulate all these issues to our patients so that we can understand how they value 
these preference-sensitive factors before making the decision for diagnosis. For now, 
that is the most important personalized medicine we can offer.



289

General discussion and future perspectives

11

REFERENCES
1.  Ploussard G, Epstein JI, Montironi R, et al. The contemporary concept of significant versus 

insignificant prostate cancer. Eur Urol. 2011;60(2):291-303. doi:10.1016/j.eururo.2011.05.006
2.  Dall’Era M a, Albertsen PC, Bangma C, et al. Active surveillance for prostate cancer: a systematic 

review of the literature. Eur Urol. 2012;62(6):976-983. doi:10.1016/j.eururo.2012.05.072
3.  Epstein JI, Walsh PC, Carmichael M, Brendler CB. Pathologic and Clinical Findings to Predict 

Tumor Extent of Nonpalpable (Stage T1 c) Prostate Cancer. JAMA. 1994;271(5):368-374. 
doi:10.1001/jama.1994.03510290050036

4.  Bokhorst LP, Valdagni R, Rannikko A, et al. A Decade of Active Surveillance in the PRIAS Study: 
An Update and Evaluation of the Criteria Used to Recommend a Switch to Active Treatment. 
Eur Urol. 2016;70(6):954-960. doi:10.1016/j.eururo.2016.06.007

5.  Epstein JI, Allsbrook WCJ, Amin MB, Egevad LL. The 2005 International Society of Urological 
Pathology (ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma. Am J 
Surg Pathol. 2005;29(9):1228-1242. doi:10.1097/01.pas.0000173646.99337.b1

6.  Epstein JI, Egevad LL, Amin MB, et al. The 2014 International Society of Urological Pathology 
(ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma: Definition of 
Grading Patterns and Proposal for a New Grading System. Am J Surg Pathol. 2016;40(2):244-
252.

7.  Ross HM, Kryvenko ON, Cowan JE, Simko JP, Wheeler TM, Epstein JI. Do adenocarcinomas of 
the prostate with gleason score (GS)≤6 have the potential to metastasize to lymph nodes? 
Am J Surg Pathol. 2012;36(9):1346-1352. doi:10.1097/PAS.0b013e3182556dcd

8.  Kasivisvanathan V, Rannikko AS, Borghi M, et al. MRI-targeted or Standard Biopsy for Prostate-
Cancer Diagnosis. N Engl J Med. 2018;378(19):1767-1777. doi:10.1016/j.eururo.2018.05.029

9.  van der Leest M, Cornel E, Israël B, et al. Head-to-head Comparison of Transrectal 
Ultrasound-guided Prostate Biopsy Versus Multiparametric Prostate Resonance Imaging 
with Subsequent Magnetic Resonance-guided Biopsy in Biopsy-naïve Men with Elevated 
Prostate-specific Antigen: A Large Prospective Mu. Eur Urol. 2018;75(4):570-578. doi:10.1016/j.
eururo.2018.11.023

10.  Rouvière O, Puech P, Renard-Penna R, et al. Use of prostate systematic and targeted biopsy 
on the basis of multiparametric MRI in biopsy-naive patients (MRI-FIRST): a prospective, 
multicentre, paired diagnostic study. Lancet Oncol. 2018;2045(18):1-10. doi:10.1016/S1470-
2045(18)30569-2

11.  Hassan O, Matoso A. Clinical significance of subtypes of Gleason pattern 4 prostate cancer. 
Transl Androl Urol. 2018;7(Suppl 4):S477-S483. doi:10.21037/tau.2018.02.06

12.  Trudel D, Downes MR, Sykes J, Kron KJ, Trachtenberg J, Van Der Kwast TH. Prognostic impact 
of intraductal carcinoma and large cribriform carcinoma architecture after prostatectomy in 
a contemporary cohort. Eur J Cancer. 2014;50(9):1610-1616. doi:10.1016/j.ejca.2014.03.009

13.  Kweldam CF, Kümmerlin IP, Nieboer D, et al. Prostate cancer outcomes of men with biopsy 
Gleason score 6 and 7 without cribriform or intraductal carcinoma. Eur J Cancer. 2016;66:26-
33. doi:10.1016/j.ejca.2016.07.012



290

Chapter 11

14.  Kweldam CF, Kümmerlin IP, Nieboer D, et al. Presence of invasive cribriform or intraductal 
growth at biopsy outperforms percentage grade 4 in predicting outcome of Gleason score 
3+4=7 prostate cancer. Mod Pathol. 2017:1-7. doi:10.1038/modpathol.2017.29

15.  Matoso A, Epstein JI. Defining clinically significant prostate cancer on the basis of pathological 
findings. Histopathology. 2019;74(1):135-145. doi:10.1111/his.13712

16.  Moldovan PC, Van den Broeck T, Sylvester R, et al. What Is the Negative Predictive Value of 
Multiparametric Magnetic Resonance Imaging in Excluding Prostate Cancer at Biopsy? A 
Systematic Review and Meta-analysis from the European Association of Urology Prostate 
Cancer Guidelines Panel. Eur Urol. 2017;72(2):250-266. doi:10.1016/j.eururo.2017.02.026

17.  Hodge K, McNeal J, Terris M, Stamey T. Random systematic versus directed ultrasound 
guided transrectal core biopsies of the prostate. J Urol. 1989;142(1):71-75.

18.  Mottet N, Bellmunt J, Bolla M, et al. EAU-ESTRO-SIOG Guidelines on Prostate Cancer. Part 
1: Screening, Diagnosis, and Local Treatment with Curative Intent. Eur Urol. 2016:1-12. 
doi:10.1016/j.eururo.2016.08.003

19.  Bjurlin MA, Carter HB, Schellhammer P, et al. Optimization of initial prostate biopsy in clinical 
practice: Sampling, labeling and specimen processing. J Urol. 2013;189(6):2039-2046. 
doi:10.1016/j.juro.2013.02.072

20.  Han M, Chang D, Kim C, et al. Geometric evaluation of systematic transrectal ultrasound 
guided prostate biopsy. J Urol. 2012;188(6):2404-2409. doi:10.1016/j.juro.2012.07.107

21.  Mozer P, Baumann M, Chevreau G, Troccaz J. [Image fusion: use in the control of the 
distribution of prostatic biopsies]. Prog Urol. 2008;18(1 Suppl FMC):F15-8.

22.  Mozer P, Baumann M, Chevreau G, et al. Mapping of Transrectal Ultrasonographic Prostate 
Biopsies. J Ultrasound Med. 2009;28(4):455-460. doi:10.7863/jum.2009.28.4.455

23.  Cohen M, Cytron S, Nativ O, Shmitz A, Yudkevich B, Shental J. 816 3D TRUS prostate biopsy 
recording and guidance – the NavigoTM system. Eur Urol Suppl. 2012;11(1):e816-e816a. 
doi:10.1016/s1569-9056(12)60813-6

24.  Peltier A, Aoun F, El-Khoury F, et al. 3D versus 2D Systematic Transrectal Ultrasound-
Guided Prostate Biopsy: Higher Cancer Detection Rate in Clinical Practice. Prostate Cancer. 
2013;2013(January 2009):1-5. doi:10.1155/2013/783243

25.  Gayet M, van der Aa A, Schmitz P, et al. 3D NavigoTM versus TRUS-guided prostate biopsy 
in prostate cancer detection. World J Urol. 2016;34(9):1255-1260. doi:10.1007/s00345-016-
1775-9

26.  Van Der Kwast T, Bubendorf L, Mazerolles C, et al. Guidelines on processing and reporting 
of prostate biopsies: The 2013 update of the pathology committee of the European 
Randomized Study of Screening for Prostate Cancer (ERSPC). Virchows Arch. 2013;463(3):367-
377. doi:10.1007/s00428-013-1466-5

27.  Iczkowski KA, Casella G, Seppala RJ, et al. Needle core length in sextant biopsy influences 
prostate cancer detection rate. Urology. 2002;59(5):698-703. doi:10.1016/s0090-
4295(02)01515-7

28.  Fiset PO, Aprikian A, Brimo F. Length of prostate biopsy cores: does it impact cancer 
detection? Can J Urol. 2013;20(4):6848-6853.



291

General discussion and future perspectives

11

29.  Boccon-Gibod L, van der Kwast TH, Montironi R, Boccon-Gibod L, Bono A. Handling and 
pathology reporting of prostate biopsies. Eur Urol. 2004;46(2):177-181. doi:10.1016/j.
eururo.2004.04.006

30.  Rogatsch H, Moser P, Volgger H, et al. Diagnostic effect of an improved preembedding 
method of prostate needle biopsy specimens. Hum Pathol. 2000;31(9):1102-1107. 
doi:10.1053/hupa.2000.9837

31.  Stav K, Judith S, Merald H, Leibovici D, Lindner A, Zisman A. Does prostate biopsy Gleason 
score accurately express the biologic features of prostate cancer? Urol Oncol Semin Orig 
Investig. 2007;25(5):383-386. doi:10.1016/j.urolonc.2006.12.013

32.  Cohen MS, Hanley RS, Kurteva T, et al. Comparing the Gleason Prostate Biopsy and Gleason 
Prostatectomy Grading System: The Lahey Clinic Medical Center Experience and an 
International Meta-Analysis. Eur Urol. 2008;54(2):371-381. doi:10.1016/j.eururo.2008.03.049

33.  Epstein JI, Feng Z, Trock BJ, Pierorazio PM. Upgrading and downgrading of prostate cancer 
from biopsy to radical prostatectomy: Incidence and predictive factors using the modified 
gleason grading system and factoring in tertiary grades. Eur Urol. 2012;61(5):1019-1024. 
doi:10.1016/j.eururo.2012.01.050

34.  Kvåle R, Møller B, Wahlqvist R, et al. Concordance between Gleason scores of needle biopsies 
and radical prostatectomy specimens: A population-based study. BJU Int. 2009;103(12):1647-
1654. doi:10.1111/j.1464-410X.2008.08255.x

35.  Quintana L, Ward A, Gerrin SJ, et al. Gleason Misclassification Rate Is Independent of 
Number of Biopsy Cores in Systematic Biopsy. Urology. 2016;91:143-149. doi:10.1016/j.
urology.2015.12.089

36.  Valerio M, Ahmed HU, Nguyen PL, et al. The Role of Focal Therapy in the Management of 
Localised Prostate Cancer: A Systematic Review. Eur Urol. 2013;66(4):732-751. doi:10.1016/j.
eururo.2013.05.048

37.  Louie KS, Seigneurin A, Cathcart P, Sasieni P. Do prostate cancer risk models improve the 
predictive accuracy of PSA screening? A meta-analysis. Ann Oncol. 2015;26(5):848-864. 
doi:10.1093/annonc/mdu525

38.  Van Vugt HA, Roobol MJ, Kranse R, et al. Prediction of prostate cancer in unscreened men: 
External validation of a risk calculator. Eur J Cancer. 2011;47(6):903-909. doi:10.1016/j.
ejca.2010.11.012

39.  Chiu P, Roobol M, Nieboer D, et al. Adaptation and external validation of the European 
randomised study of screening for prostate cancer risk calculator for the Chinese population. 
Prostate Cancer Prostatic Dis. 2017;20(1):99-104.

40.  Roobol MJ, Verbeek JFM, van der Kwast T, Kümmerlin IP, Kweldam CF, van Leenders GJLH. 
Improving the Rotterdam European Randomized Study of Screening for Prostate Cancer 
Risk Calculator for Initial Prostate Biopsy by Incorporating the 2014 International Society 
of Urological Pathology Gleason Grading and Cribriform growth. Eur Urol. 2017;72(1):45-51. 
doi:10.1016/j.eururo.2017.01.033



292

Chapter 11

41.  Poyet C, Nieboer D, Bhindi B, et al. Prostate cancer risk prediction using the novel versions 
of the European Randomised Study for Screening of Prostate Cancer (ERSPC) and Prostate 
Cancer Prevention Trial (PCPT) risk calculators: independent validation and comparison in a 
contemporary Europe. BJU Int. 2016;117(3):401-408. doi:10.1111/bju.13314

42.  Trottier G, Roobol MJ, Lawrentschuk N, et al. Comparison of risk calculators from the Prostate 
Cancer Prevention Trial and the European Randomized Study of Screening for Prostate 
Cancer in a contemporary Canadian cohort. BJU Int. 2011;108(8 B):237-244. doi:10.1111/
j.1464-410X.2011.10207.x

43.  Van Vugt HA, Kranse R, Steyerberg EW, et al. Prospective validation of a risk calculator which 
calculates the probability of a positive prostate biopsy in a contemporary clinical cohort. Eur 
J Cancer. 2012;48(12):1809-1815. doi:10.1016/j.ejca.2012.02.002

44.  Vickers AJ, van Calster B, Steyerberg EW. A simple, step-by-step guide to interpreting 
decision curve analysis. Diagnostic Progn Res. 2019;3(1):18. doi:10.1186/s41512-019-0064-7

45.  Vickers AJ, Van Calster B, Steyerberg EW. Net benefit approaches to the evaluation of 
prediction models, molecular markers, and diagnostic tests. BMJ. 2016;(Jan 25;352:i6). 
doi:10.1136/bmj.i6

46.  Vickers A, Elkin E. Decision curve analysis: a novel method for evaluating prediction models. 
Med Decis Mak. 2006;26(6):565-574.

47.  Roobol MJ, Steyerberg EW, Kranse R, et al. A Risk-Based Strategy Improves Prostate-Specific 
Antigen-Driven Detection of Prostate Cancer. Eur Urol. 2010;57(1):79-85. doi:10.1016/j.
eururo.2009.08.025

48.  Roobol MJ. Unorganized Prostate-specific Antigen-based Screening for Prostate Cancer: More 
Harm than Benefit. When Will We Finally Start to Implement Guidelines and Risk Assessment 
Tools in Clinical Practice? Eur Urol. 2015;68(3):363-364. doi:10.1016/j.eururo.2015.02.036

49.  Blanker MH, de Reijke TM, van Moorselaar RJAJ, Opstelten W. [Changes to Dutch College 
of General Practitioners guideline ’Micturition problems in men’]. Ned Tijdschr Geneeskd. 
2014;158:A8070.

50.  Blanker MH, Klomp MAR, van den Donk M, van der Heide WK, Opstelten W, Burgers JS. 
[Summary of the NHG practice guideline ’Lower urinary tract symptoms in men’]. Ned 
Tijdschr Geneeskd. 2013;157(18):A6178.

51.  Borghesi M, Ahmed H, Nam R, et al. Complications After Systematic, Random, and Image-
guided Prostate Biopsy. Eur Urol. 2017;71(3):353-365. doi:10.1016/j.eururo.2016.08.004

52.  Loeb S, Vellekoop A, Ahmed HU, et al. Systematic review of complications of prostate biopsy. 
Eur Urol. 2013;64(6):876-892. doi:10.1016/j.eururo.2013.05.049

53.  Le JD, Tan N, Shkolyar E, et al. Multifocality and prostate cancer detection by multiparametric 
magnetic resonance imaging: Correlation with whole-mount histopathology. Eur Urol. 
2015;67(3):569-576. doi:10.1016/j.eururo.2014.08.079

54.  Borofsky S, George AK, Gaur S, et al. What Are We Missing? False-Negative Cancers at 
Multiparametric MR Imaging of the Prostate. Radiology. 2018;286(1):186-195. doi:10.1148/
radiol.2017152877



293

General discussion and future perspectives

11

55.  Fütterer JJ, Briganti A, De Visschere P, et al. Can Clinically Significant Prostate Cancer Be 
Detected with Multiparametric Magnetic Resonance Imaging? A Systematic Review of the 
Literature. Eur Urol. 2015;68(6):1045-1053. doi:10.1016/j.eururo.2015.01.013

56.  Ahmed HU, El-Shater Bosaily A, Brown LC, et al. Diagnostic accuracy of multi-parametric MRI 
and TRUS biopsy in prostate cancer (PROMIS): a paired validating confirmatory study. Lancet. 
2017;389(10071):815-822. doi:10.1016/S0140-6736(16)32401-1

57.  Drost FJ, Osses DF, Nieboer D, et al. Prostate MRI, with or without targeted biopsy and standard 
biopsy for detecting prostate cancer: A Cochrane systematic review and meta-analysis. 
Cochrane Database Syst Rev. 2019;18(1):Apr 25;4:CD012663. doi:doi: 10.1002/14651858.
CD012663.pub2.

58.  Bratan F, Niaf E, Melodelima C, et al. Influence of imaging and histological factors on prostate 
cancer detection and localisation on multiparametric MRI: a prospective study. Eur Radiol. 
2013;23(7):2019-2029. doi:10.1007/s00330-013-2795-0

59.  Hoeks CCM a, Barentsz JJO, Hambrock T, et al. Prostate cancer: multiparametric MR 
imaging for detection, localization, and staging. Radiology. 2011;261(1):46-66. doi:10.1148/
radiol.11091822

60.  Moore CM, Robertson NL, Arsanious N, et al. Image-Guided Prostate Biopsy Using Magnetic 
Resonance Imaging – Derived Targets : A Systematic Review. 2013;63:125-140.

61.  Schoots IG, Roobol MJ, Nieboer D, Bangma CH, Steyerberg EW, Hunink MGM. Magnetic 
Resonance Imaging-targeted Biopsy May Enhance the Diagnostic Accuracy of Significant 
Prostate Cancer Detection Compared to Standard Transrectal Ultrasound-guided Biopsy: 
A Systematic Review and Meta-analysis. Eur Urol. 2015;68(3):438-450. doi:10.1016/j.
eururo.2014.11.037

62.  Branger N, Maubon T, Traumann M, et al. Is negative multiparametric magnetic resonance 
imaging really able to exclude significant prostate cancer? The real-life experience. BJU Int. 
2017;119(3):449-455. doi:10.1111/bju.13657

63.  Truong M, Hollenberg G, Weinberg E, Messing EM, Miyamoto H, Frye TP. Impact of Gleason 
Subtype on Prostate Cancer Detection Using Multiparametric Magnetic Resonance 
Imaging: Correlation with Final Histopathology. J Urol. 2017;198(2):316-321. doi:10.1016/j.
juro.2017.01.077

64.  Walz J, Graefen M, Chun FK-H, et al. High incidence of prostate cancer detected by saturation 
biopsy after previous negative biopsy series. Eur Urol. 2006;50(3):498-505. doi:10.1016/j.
eururo.2006.03.026

65.  Sonn GA, Fan RE, Ghanouni P, et al. Prostate Magnetic Resonance Imaging Interpretation 
Varies Substantially Across Radiologists. Eur Urol Focus. 2019;5(4):592-599. doi:10.1016/j.
euf.2017.11.010

66.  Muller BG, Shih JH, Sankineni S, et al. Prostate Cancer: Interobserver Agreement and 
Accuracy with the Revised Prostate Imaging Reporting and Data System at Multiparametric 
MR Imaging. Radiology. 2015;277(May 2016):142818. doi:10.1148/radiol.2015142818



294

Chapter 11

67.  Rosenkrantz AB, Ginocchio LA, Cornfeld D, et al. Interobserver Reproducibility of the PI-
RADS Version 2 Lexicon: A Multicenter Study of Six Experienced Prostate Radiologists. 
2016;280(3):793-804.

68.  Turkbey B, Rosenkrantz AB, Haider MA, et al. Prostate Imaging Reporting and Data System 
Version 2.1: 2019 Update of Prostate Imaging Reporting and Data System Version 2. Eur Urol. 
2019;0232:1-12. doi:10.1016/j.eururo.2019.02.033

69.  Gayet MCW, van der Aa AAMA, Beerlage HP, et al. Cancer Detection Rates of Systematic 
and Targeted Prostate Biopsies after Biparametric MRI. Prostate Cancer. 2020;2020:4626781. 
doi:10.1155/2020/4626781

70.  Bryant RJ, Hobbs CP, Eyre KS, et al. Comparison of Prostate Biopsy with or without 
Prebiopsy Multiparametric Magnetic Resonance Imaging for Prostate Cancer Detection: An 
Observational Cohort Study. J Urol. 2019;201(3):510-519.

71.  Porpiglia F, De Luca S, Passera R, et al. Multiparametric Magnetic Resonance/Ultrasound 
Fusion Prostate Biopsy: Number and Spatial Distribution of Cores for Better Index Tumor 
Detection and Characterization. J Urol. 2017;198(1):58-64. doi:10.1016/j.juro.2017.01.036

72.  Kenigsberg AP, Renson A, Rosenkrantz AB, et al. Optimizing the Number of Cores Targeted 
During Prostate Magnetic Resonance Imaging Fusion Target Biopsy. Eur Urol Oncol. 
2018;1(5):418-425. doi:10.1016/j.euo.2018.09.006

73.  Wegelin O, van Melick HHE, Hooft L, et al. Comparing Three Different Techniques for Magnetic 
Resonance Imaging-targeted Prostate Biopsies: A Systematic Review of In-bore versus 
Magnetic Resonance Imaging-transrectal Ultrasound fusion versus Cognitive Registration. Is 
There a Preferred Technique? Eur Urol. 2017;71(4):517-531. doi:10.1016/j.eururo.2016.07.041

74.  Ploussard G, Borgmann H, Briganti A, et al. Positive pre-biopsy MRI: are systematic biopsies 
still useful in addition to targeted biopsies? World J Urol. 2018;(0123456789). doi:10.1007/
s00345-018-2399-z

75.  Ahdoot M, Wilbur AR, Reese SE, et al. MRI-targeted, systematic, and combined biopsy for 
prostate cancer diagnosis. N Engl J Med. 2020;382(10):917-928. doi:10.1056/NEJMoa1910038

76.  Schouten MG, van der Leest M, Pokorny M, et al. Why and Where do We Miss Significant 
Prostate Cancer with Multi-parametric Magnetic Resonance Imaging followed by Magnetic 
Resonance-guided and Transrectal Ultrasound-guided Biopsy in Biopsy-naïve Men? Eur Urol. 
2017:6-13. doi:10.1016/j.eururo.2016.12.006

77.  Ploussard G, Beauval J-B, Lesourd M, et al. Added Value of Concomitant Systematic and 
Fusion Targeted Biopsies for Grade Group Prediction Based on Radical Prostatectomy 
Final Pathology on Positive Magnetic Resonance Imaging. J Urol. 2019;202(6):1182-1187. 
doi:10.1097/JU.0000000000000418

78.  Tay KJ, Scheltema MJ, Ahmed HU, et al. Patient selection for prostate focal therapy in the era 
of active surveillance: an International Delphi Consensus Project. Prostate Cancer Prostatic 
Dis. 2017;20:294-299.

79.  Schoots IG, Padhani AR, Rouvière O, Barentsz JO, Richenberg J. Analysis of Magnetic 
Resonance Imaging-directed Biopsy Strategies for Changing the Paradigm of Prostate 
Cancer Diagnosis. Eur Urol Oncol. 2020;3(1):32-41. doi:10.1016/j.euo.2019.10.001



295

General discussion and future perspectives

11

80.  Alberts AR, Schoots IG, Bokhorst LP, Van Leenders GJ, Bangma CH, Roobol MJ. Risk-based 
Patient Selection for Magnetic Resonance Imaging-targeted Prostate Biopsy after Negative 
Transrectal Ultrasound-guided Random Biopsy Avoids Unnecessary Magnetic Resonance 
Imaging Scans. Eur Urol. 2016;69(6):1129-1134. doi:10.1016/j.eururo.2015.11.018

81.  Alberts AR, Roobol MJ, Verbeek JFM, et al. Prediction of High-grade Prostate Cancer 
Following Multiparametric Magnetic Resonance Imaging: Improving the Rotterdam 
European Randomized Study of Screening for Prostate Cancer Risk Calculators. Eur Urol. 
2018. doi:10.1016/j.eururo.2018.07.031

82.  Radtke JP, Wiesenfarth M, Kesch C, et al. Combined Clinical Parameters and Multiparametric 
Magnetic Resonance Imaging for Advanced Risk Modeling of Prostate Cancer-Patient-
tailored Risk Stratification Can Reduce Unnecessary Biopsies. Eur Urol. 2017:1-9. doi:10.1016/j.
eururo.2017.03.039

83.  van Leeuwen PJ, Hayen A, Thompson JE, et al. A Multiparametric Magnetic Resonance 
Imaging Based Risk Model to Determine the Risk of Significant Prostate Cancer prior to 
biopsy. BJU Int. 2017:0-2. doi:10.1111/bju.13814

84.  Schoots IG, Roobol MJ. Multivariate risk prediction tools including MRI for individualized 
biopsy decision in prostate cancer diagnosis: current status and future directions. World J 
Urol. 2020;38(3):517-529. doi:10.1007/s00345-019-02707-9

85.  Druskin SC, Tosoian JJ, Young A, et al. Combining Prostate Health Index density, magnetic 
resonance imaging and prior negative biopsy status to improve the detection of clinically 
significant prostate cancer. BJU Int. 2018;121(4):619-626. doi:10.1111/bju.14098

86.  Punnen S, Nahar B, Soodana-Prakash N, et al. Optimizing patient’s selection for prostate 
biopsy: A single institution experience with multi-parametric MRI and the 4Kscore test for 
the detection of aggressive prostate cancer. PLoS One. 2018;13(8):e0201384. doi:10.1371/
journal.pone.0201384

87.  Gronberg H, Eklund M, Picker W, et al. Prostate Cancer Diagnostics Using a Combination 
of the Stockholm3 Blood Test and Multiparametric Magnetic Resonance Imaging. Eur Urol. 
2018;74(6):722-728. doi:10.1016/j.eururo.2018.06.022

88.  Washino S, Okochi T, Saito K, et al. Combination of prostate imaging reporting and data 
system (PI-RADS) score and prostate-specific antigen (PSA) density predicts biopsy outcome 
in prostate biopsy naive patients. BJU Int. 2017;119(2):225-233. doi:10.1111/bju.13465

89.  Oishi M, Shin T, Ohe C, et al. Which Patients with Negative Magnetic Resonance Imaging 
Can Safely Avoid Biopsy for Prostate Cancer? J Urol. 2019;201(2):268-276. doi:10.1016/j.
juro.2018.08.046

90.  Boesen L, Norgaard N, Logager V, et al. Prebiopsy Biparametric Magnetic Resonance Imaging 
Combined with Prostate-specific Antigen Density in Detecting and Ruling out Gleason 
7-10 Prostate Cancer in Biopsy-naive Men. Eur Urol Oncol. 2019;2(3):311-319. doi:10.1016/j.
euo.2018.09.001

91.  Postema AW, Frinking PJA, Smeenge M, et al. Dynamic contrast-enhanced ultrasound 
parametric imaging for the detection of prostate cancer. BJU Int. 2016;117(4):598-603. 
doi:10.1111/bju.13116



296

Chapter 11

92.  Li Y, Tang J, Fei X, Gao Y. Diagnostic Performance of Contrast Enhanced Ultrasound in Patients 
with Prostate Cancer. A Meta-Analysis. Acad Radiol. 2013;20(2):156-164. doi:10.1016/j.
acra.2012.09.018

93.  Boehm K, Salomon G, Beyer B, et al. Shear wave elastography for localization of prostate 
cancer lesions and assessment of elasticity thresholds: Implications for targeted biopsies 
and active surveillance protocols. J Urol. 2015;193(3):794-800. doi:10.1016/j.juro.2014.09.100

94.  Sang L, Wang XM, Xu DY, Cai YF. Accuracy of shear wave elastography for the diagnosis of 
prostate cancer: A meta-analysis. Sci Rep. 2017;7(1):1-8. doi:10.1038/s41598-017-02187-0

95.  Correas JM, Halpern EJ, Barr RG, et al. Advanced ultrasound in the diagnosis of prostate 
cancer. World J Urol. 2020;(0123456789). doi:10.1007/s00345-020-03193-0

96.  Shih S-J, Dall’Era MA, Westphal JR, et al. Elements regulating angiogenesis and correlative 
microvessel density in benign hyperplastic and malignant prostate tissue. Prostate Cancer 
Prostatic Dis. 2003;6(2):131-137. doi:10.1038/sj.pcan.4500637

97.  Sandhu JS. Prostate cancer and chronic prostatitis. Curr Urol Rep. 2008;9(4):328-332. 
doi:10.1007/s11934-008-0056-6

98.  Weidner N, Carroll PR, Flax J, Blumenfeld W, Folkman J. Tumor angiogenesis correlates with 
metastasis in invasive prostate carcinoma. Am J Pathol. 1993;143(2):401-409.

99.  Cvetkovic D, Movsas B, Dicker AP, et al. Increased hypoxia correlates with increased expression 
of the angiogenesis marker vascular endothelial growth factor in human prostate cancer. 
Urology. 2001;57(4):821-825. doi:10.1016/s0090-4295(00)01044-x

100.  Grivas N, Goussia A, Stefanou D, Giannakis D. Microvascular density and immunohistochemical 
expression of VEGF, VEGFR-1 and VEGFR-2 in benign prostatic hyperplasia, high-grade 
prostate intraepithelial neoplasia and prostate cancer. Cent Eur J Urol. 2016;69(1):63-71. 
doi:10.5173/ceju.2016.726

101.  Chan JKC. The wonderful colors of the hematoxylin-eosin stain in diagnostic surgical 
pathology. Int J Surg Pathol. 2014;22(1):12-32. doi:10.1177/1066896913517939

102.  Ferrer FA, Miller LJ, Andrawis RI, et al. Angiogenesis and prostate cancer: in vivo and in vitro 
expression of angiogenesis factors by prostate cancer cells. Urology. 1998;51(1):161-167. 
doi:10.1016/s0090-4295(97)00491-3

103.  Panfilova A, Shelton SE, Caresio C, et al. On the Relationship between Dynamic Contrast-
Enhanced Ultrasound Parameters and the Underlying Vascular Architecture Extracted 
from Acoustic Angiography. Ultrasound Med Biol. 2019;45(2):539-548. doi:10.1016/j.
ultrasmedbio.2018.08.018

104.  van Sloun RJ, Solomon O, Eldar YC, Wijkstra H, Mischi M. Sparsity-driven super-resolution 
in clinical contrast-enhanced ultrasound. In: Proceedings of the IEEE International Ultrasonics 
Symposium (IUS). ; 2017:4 8092945.

105.  Kuenen MP, Saidov TA, Wijkstra H, de la Rosette JJ, Mischi M. Spatiotemporal correlation 
of ultrasound contrast agent dilution curves for angiogenesis localization by dispersion 
imaging. IEEE Trans Ultrason Ferroelectr Freq Control. 2013;60(12):2665-2669. doi:10.1109/
TUFFC.2013.2865



297

General discussion and future perspectives

11

106.  Postema AW, Gayet MCW, van Sloun RJG, et al. Contrast-enhanced ultrasound with dispersion 
analysis for the localization of prostate cancer: correlation with radical prostatectomy 
specimens. World J Urol. February 2020. doi:10.1007/s00345-020-03103-4

107.  Postema A, Mischi M, de la Rosette J, Wijkstra H. Multiparametric ultrasound in the detection 
of prostate cancer: a systematic review. World J Urol. 2015;33(11):1651-1659. doi:10.1007/
s00345-015-1523-6

108.  Forster JC, Harriss-Phillips WM, Douglass MJ, Bezak E. A review of the development of 
tumor vasculature and its effects on the tumor microenvironment. Hypoxia (Auckland, NZ). 
2017;5:21-32. doi:10.2147/HP.S133231

109.  Andreoiu M, Cheng L. Multifocal prostate cancer: biologic, prognostic, and therapeutic 
implications. Hum Pathol. 2010;41(6):781-793. doi:https://doi.org/10.1016/j.
humpath.2010.02.011

110.  Rouvière O, Melodelima C, Hoang Dinh A, et al. Stiffness of benign and malignant 
prostate tissue measured by shear-wave elastography: a preliminary study. Eur Radiol. 
2017;27(5):1858-1866. doi:10.1007/s00330-016-4534-9

111.  Lovegrove CE, Matanhelia M, Randeva J, et al. Prostate imaging features that indicate benign 
or malignant pathology on biopsy. Transl Androl Urol. 2018;7(S4):S420-S435. doi:10.21037/
tau.2018.07.06

112.  Turkbey B, Pinto PA, Mani H, et al. Prostate cancer: value of multiparametric MR imaging 
at 3 T for detection--histopathologic correlation. Radiology. 2010;255(1):89-99. doi:10.1148/
radiol.09090475

113.  Delongchamps NB, Rouanne M, Flam T, et al. Multiparametric magnetic resonance imaging 
for the detection and localization of prostate cancer: Combination of T2-weighted, dynamic 
contrast-enhanced and diffusion-weighted imaging. BJU Int. 2011;107(9):1411-1418. 
doi:10.1111/j.1464-410X.2010.09808.x

114.  Dickinson L, Ahmed HU, Allen C, et al. Scoring systems used for the interpretation 
and reporting of multiparametric MRI for prostate cancer detection, localization, and 
characterization: Could standardization lead to improved utilization of imaging within the 
diagnostic pathway? J Magn Reson Imaging. 2013;37(1):48-58. doi:10.1002/jmri.23689

115.  Weinreb JC, Barentsz JO, Choyke PL, et al. PI-RADS Prostate Imaging - Reporting and Data 
System: 2015, Version 2. Eur Urol. 2016;69(1):16-40. doi:10.1016/j.eururo.2015.08.052

116.  Fulgham PF, Rukstalis DB, Turkbey IB, et al. AUA Policy Statement on the Use of Multiparametric 
Magnetic Resonance Imaging in the Diagnosis, Staging and Management of Prostate Cancer. 
J Urol. 2017;198(4):832-838. doi:10.1016/j.juro.2017.04.101

117.  Bjurlin MA, Carroll PR, Eggener S, et al. Update of the Standard Operating Procedure on the Use 
of Multiparametric Magnetic Resonance Imaging for the Diagnosis, Staging and Management 
of Prostate Cancer. J Urol. 2020;203(4):706-712. doi:10.1097/JU.0000000000000617

118.  Cash H, Gunzel K, Maxeiner A, et al. Prostate cancer detection on transrectal ultrasonography-
guided random biopsy despite negative real-time magnetic resonance imaging/
ultrasonography fusion-guided targeted biopsy: reasons for targeted biopsy failure. BJU Int. 
2016;118(1):35-43. doi:10.1111/bju.13327



298

Chapter 11

119.  Budaus L, Leyh-Bannurah S-R. Magnetic resonance imaging-fusion biopsy: behind the 
scenes. BJU Int. 2016;118(1):8-9. doi:10.1111/bju.13376

120.  Verma S, Choyke PL, Eberhardt SC, et al. The Current State of MR Imaging-targeted Biopsy 
Techniques for Detection of Prostate Cancer. Radiology. 2017;285(2):343-356. doi:10.1148/
radiol.2017161684

121.  Wegelin O, Exterkate L, van der Leest M, et al. The FUTURE Trial: A Multicenter Randomised 
Controlled Trial on Target Biopsy Techniques Based on Magnetic Resonance Imaging in the 
Diagnosis of Prostate Cancer in Patients with Prior Negative Biopsies. Eur Urol. 2019;75(4):582-
590. doi:10.1016/j.eururo.2018.11.040

122.  van de Ven WJM, Sedelaar JPM, van der Leest MMG, et al. Visibility of prostate cancer on 
transrectal ultrasound during fusion with multiparametric magnetic resonance imaging for 
biopsy. Clin Imaging. 2016;40(4):745-750. doi:10.1016/j.clinimag.2016.02.005

123.  Ukimura O, Marien A, Palmer S, et al. Trans-rectal ultrasound visibility of prostate lesions 
identified by magnetic resonance imaging increases accuracy of image-fusion targeted 
biopsies. World J Urol. 2015;33(11):1669-1676. doi:10.1007/s00345-015-1501-z

124.  Maxeiner A, Stephan C, Durmus T, Slowinski T, Cash H, Fischer T. Added Value of 
Multiparametric Ultrasonography in Magnetic Resonance. Urology. 2015;86(1):108-114. 
doi:10.1016/j.urology.2015.01.055

125.  Doi K. Computer-aided diagnosis in medical imaging: historical review, current status 
and future potential. Comput Med Imaging Graph. 2007;31(4-5):198-211. doi:10.1016/j.
compmedimag.2007.02.002

126.  Shiraishi J, Li Q, Appelbaum D, Doi K. Computer-aided diagnosis and artificial intelligence in 
clinical imaging. Semin Nucl Med. 2011;41(6):449-462. doi:10.1053/j.semnuclmed.2011.06.004

127.  Wildeboer RR, van Sloun RJG, Wijkstra H, Mischi M. Artificial intelligence in multiparametric 
prostate cancer imaging with focus on deep-learning methods. Comput Methods Programs 
Biomed. 2020;189. doi:10.1016/j.cmpb.2020.105316

128.  Even AJG, De Ruysscher D, van Elmpt W. The promise of multiparametric imaging in oncology: 
how do we move forward? Eur J Nucl Med Mol Imaging. 2016;43(7):1195-1198. doi:10.1007/
s00259-016-3361-1

129.  Gennisson J-L, Grenier N, Combe C, Tanter M. Supersonic shear wave elastography of in vivo 
pig kidney: influence of blood pressure, urinary pressure and tissue anisotropy. Ultrasound 
Med Biol. 2012;38(9):1559-1567. doi:10.1016/j.ultrasmedbio.2012.04.013

130.  Gu J, Zhang H, Li F, et al. Relationship of shear wave elastography findings with pathology in 
papillary thyroid carcinomas model. Int J Clin Exp Med. 2017;10(5):8110-8117.

131.  Islam MT, Chaudhry A, Unnikrishnan G, Reddy JN, Righetti R. An analytical poroelastic 
model for ultrasound elastography imaging of tumors. Phys Med Biol. 2018;63(2):25031. 
doi:10.1088/1361-6560/aa9631

132.  Goldenberg SL, Nir G, Salcudean SE. A new era: artificial intelligence and machine learning in 
prostate cancer. Nat Rev Urol. 2019;16(7):391-403. doi:10.1038/s41585-019-0193-3



299

General discussion and future perspectives

11

133.  Lambin P, Leijenaar RTH, Deist TM, et al. Radiomics: the bridge between medical imaging 
and personalized medicine. Nat Rev Clin Oncol. 2017;14(12):749-762. doi:10.1038/
nrclinonc.2017.141

134.  Litjens G, Kooi T, Bejnordi BE, et al. A survey on deep learning in medical image analysis. Med 
Image Anal. 2017;42:60-88. doi:10.1016/j.media.2017.07.005

135.  Morin O, Vallieres M, Jochems A, et al. A Deep Look Into the Future of Quantitative Imaging 
in Oncology: A Statement of Working Principles and Proposal for Change. Int J Radiat Oncol 
Biol Phys. 2018;102(4):1074-1082. doi:10.1016/j.ijrobp.2018.08.032

136.  Raeside M, Low A, Cohen P, Sutherland P, Gormly K. Prostate MRI evolution in clinical practice: 
Audit of tumour detection and staging versus prostatectomy with staged introduction of 
multiparametric MRI and Prostate Imaging Reporting and Data System v2 reporting. J Med 
Imaging Radiat Oncol. 2019;63(4):487-494. doi:10.1111/1754-9485.12878

137.  Shaish H, Feltus W, Steinman J, Hecht E, Wenske S, Ahmed F. Impact of a Structured Reporting 
Template on Adherence to Prostate Imaging Reporting and Data System Version 2 and on 
the Diagnostic Performance of Prostate MRI for Clinically Significant Prostate Cancer. J Am 
Coll Radiol. 2018;15(5):749-754. doi:10.1016/j.jacr.2018.01.034

138.  van der Leest M, Israël B, Cornel E, et al. High Diagnostic Performance of Short Magnetic 
Resonance Imaging Protocols for Prostate Cancer Detection in Biopsy-naïve Men: The Next 
Step in Magnetic Resonance Imaging Accessibility. Eur Urol. 2019;Jun 2. pii.

139.  Chatterjee A, Harmath C, Oto A. New prostate MRI techniques and sequences. Abdom Radiol 
(New York). April 2020. doi:10.1007/s00261-020-02504-8

140.  Fedorov A, Tuncali K, Panych LP, et al. Segmented diffusion-weighted imaging of the 
prostate: Application to transperineal in-bore 3T MR image-guided targeted biopsy. Magn 
Reson Imaging. 2016;34(8):1146-1154. doi:10.1016/j.mri.2016.05.012

141.  Meier-Schroers M, Marx C, Schmeel FC, et al. Revised PROPELLER for T2-weighted imaging 
of the prostate at 3 Tesla: impact on lesion detection and PI-RADS classification. Eur Radiol. 
2018;28(1):24-30. doi:10.1007/s00330-017-4949-y

142.  Winkel DJ, Heye TJ, Benz MR, et al. Compressed Sensing Radial Sampling MRI of Prostate 
Perfusion: Utility for Detection of Prostate Cancer. Radiology. 2019;290(3):702-708. 
doi:10.1148/radiol.2018180556

143.  Harmon SA, Tuncer S, Sanford T, Choyke PL, Türkbey B. Artificial intelligence at the intersection 
of pathology and radiology in prostate cancer. Diagnostic Interv Radiol. 2019;25(3):183-188. 
doi:10.5152/dir.2019.19125

144.  Schalk SG, Demi L, Smeenge M, et al. 4-D spatiotemporal analysis of ultrasound contrast 
agent dispersion for prostate cancer localization: A feasibility study. IEEE Trans Ultrason 
Ferroelectr Freq Control. 2015;62(5):839-851. doi:10.1109/TUFFC.2014.006907

145.  Wildeboer RR, Van Sloun RJG, Schalk SG, et al. Three-dimensional estimation of ultrasound-
contrast-agent dispersion and convection in the prostate. In: IEEE International Ultrasonics 
Symposium, IUS. ; 2017. doi:10.1109/ULTSYM.2017.8091533



300

Chapter 11

146.  Shoji S, Hashimoto A, Nakamura T, et al. Novel application of three-dimensional shear 
wave elastography in the detection of clinically significant prostate cancer. Biomed Reports. 
2018;8(4):373-377. doi:10.3892/br.2018.1059

147.  Deshpande N, Needles A, Willmann JK. Molecular ultrasound imaging: current status and 
future directions. Clin Radiol. 2010;65(7):567-581. doi:10.1016/j.crad.2010.02.013

148.  Smeenge M, Tranquart F, Mannaerts CK, et al. First-in-human ultrasound molecular imaging 
with a VEGFR2-specific ultrasound molecular contrast agent (BR55) in prostate cancer a safety 
and feasibility pilot study. Invest Radiol. 2017;52(7). doi:10.1097/RLI.0000000000000362

149.  Willmann JK, Bonomo L, Testa AC, et al. Ultrasound molecular imaging with BR55 in patients 
with breast & ovarian lesions: First-in-human results. J Clin Oncol. 2017;35(19):2133-2140. 
doi:10.1200/JCO.2016.70.8594

150.  Perera RH, de Leon A, Wang X, et al. Real time ultrasound molecular imaging of prostate 
Cancer with PSMA-targeted Nanobubbles. Nanomedicine. April 2020:102213. doi:10.1016/j.
nano.2020.102213

151.  Pavlovich CP, Cornish TC, Mullins JK, et al. High-resolution transrectal ultrasound: Pilot study 
of a novel technique for imaging clinically localized prostate cancer. Urol Oncol Semin Orig 
Investig. 2014;32(1):34.e27-34.e32. doi:10.1016/j.urolonc.2013.01.006

152.  Zhang M, Wang R, Wu Y, et al. Micro-Ultrasound Imaging for Accuracy of Diagnosis in 
Clinically Significant Prostate Cancer: A Meta-Analysis. Front Oncol. 2019;9(December):1-8. 
doi:10.3389/fonc.2019.01368

153.  Ghai S, Eure G, Fradet V, et al. Assessing Cancer Risk on Novel 29 MHz Micro-Ultrasound Images 
of the Prostate: Creation of the Micro-Ultrasound Protocol for Prostate Risk Identification. J 
Urol. 2016;196(2):562-569. doi:10.1016/j.juro.2015.12.093

154.  Lughezzani G, Saita A, Lazzeri M, et al. Comparison of the Diagnostic Accuracy of Micro-
ultrasound and Magnetic Resonance Imaging/Ultrasound Fusion Targeted Biopsies for 
the Diagnosis of Clinically Significant Prostate Cancer. Eur Urol Oncol. 2019;2(3):329-332. 
doi:10.1016/j.euo.2018.10.001

155.  Claros OR, Tourinho-Barbosa RR, Fregeville A, et al. Comparison of Initial Experience with 
Transrectal Magnetic Resonance Imaging Cognitive Guided Micro-Ultrasound Biopsies 
versus Established Transperineal Robotic Ultrasound Magnetic Resonance Imaging Fusion 
Biopsies for Prostate Cancer. J Urol. 2020;203(5):918-925. doi:10.1097/JU.0000000000000692

156.  Lamy PJ, Allory Y, Gauchez AS, et al. Prognostic Biomarkers Used for Localised Prostate 
Cancer Management: A Systematic Review. Eur Urol Focus. 2018;4(6):790-803. doi:10.1016/j.
euf.2017.02.017

157.  Hendriks R, van Oort IM, Schalken JA. Blood-based and urinary prostate cancer biomarkers: a 
review and comparison of novel biomarkers for detection and treatment decisions. Prostate 
Cancer Prostatic Dis. 2017;20(1):12-19.

158.  Lughezzani G, Saita A, Lazzeri M, et al. Comparison of the Diagnostic Accuracy of Micro-
ultrasound and Magnetic Resonance Imaging/Ultrasound Fusion Targeted Biopsies for 
the Diagnosis of Clinically Significant Prostate Cancer. Eur Urol Oncol. 2019;2(3):329-332. 
doi:10.1016/j.euo.2018.10.001



301

General discussion and future perspectives

11

159.  Hicks RM, Simko JP, Westphalen AC, et al. Diagnostic Accuracy of 68Ga-PSMA-11 PET/
MRI Compared with Multiparametric MRI in the Detection of Prostate Cancer. Radiology. 
2018;289:730-737. doi:10.1148/radiol.2018180788

160.  Carter HB, Helfand B, Mamawala M, et al. Germline Mutations in ATM and BRCA1/2 
Are Associated with Grade Reclassification in Men on Active Surveillance for Prostate 
Cancer(Figure presented.). Eur Urol. 2019;75(5):743-749. doi:10.1016/j.eururo.2018.09.021

161.  Giri VN, Hegarty SE, Hyatt C, et al. Germline genetic testing for inherited prostate cancer in 
practice: Implications for genetic testing, precision therapy, and cascade testing. Prostate. 
2019;79(4):333-339. doi:10.1002/pros.23739

162.  Foley RW, Maweni RM, Gorman L, et al. European Randomised Study of Screening for 
Prostate Cancer (ERSPC) risk calculators significantly outperform the Prostate Cancer 
Prevention Trial (PCPT) 2.0 in the prediction of prostate cancer: a multi-institutional study. 
BJU Int. 2016;118(5):706-713. doi:10.1111/bju.13437

163.  Roobol MJ, Vedder MM, Nieboer D, et al. Comparison of Two Prostate Cancer Risk Calculators 
that Include the Prostate Health Index. Eur Urol Focus. 2015;1(2):185-190. doi:10.1016/j.
euf.2015.06.004

164.  Narayan VM. A critical appraisal of biomarkers in prostate cancer. World J Urol. 
2019;(0123456789). doi:10.1007/s00345-019-02759-x

165.  Sathianathen NJ, Kuntz KM, Alarid-Escudero F, et al. Incorporating Biomarkers into the 
Primary Prostate Biopsy Setting: A Cost-Effectiveness Analysis. J Urol. 2018;200(6):1215-
1220. doi:10.1016/j.juro.2018.06.016

166.  Vedder MM, de Bekker-Grob EW, Lilja HG, et al. The added value of percentage of free to 
total prostate-specific antigen, PCA3, and a kallikrein panel to the ERSPC risk calculator 
for prostate cancer in prescreened men. Eur Urol. 2014;66(6):1109-1115. doi:10.1016/j.
eururo.2014.08.011

167.  Cucchiara V, Cooperberg MR, Dall’Era M, et al. Genomic Markers in Prostate Cancer Decision 
Making. Eur Urol. 2018;73(4):572-582. doi:10.1016/j.eururo.2017.10.036

168.  Verbeek JFM, Nieboer D, Steyerberg EW, Roobol MJ. Assessing a Patient’s Individual Risk 
of Biopsy-detectable Prostate Cancer: Be Aware of Case Mix Heterogeneity and A Priori 
Likelihood. Eur Urol Oncol. 2019:10-13. doi:10.1016/j.euo.2019.07.012

169.  Mehralivand S, Shih JH, Rais-Bahrami S, et al. A Magnetic Resonance Imaging-Based 
Prediction Model for Prostate Biopsy Risk Stratification. JAMA Oncol. 2018;4(5):678-685. 
doi:10.1001/jamaoncol.2017.5667

170.  Bjurlin MA, Rosenkrantz AB, Sarkar S, et al. Prediction of Prostate Cancer Risk Among 
Men Undergoing Combined MRI-targeted and Systematic Biopsy Using Novel Pre-biopsy 
Nomograms That Incorporate MRI Findings. Urology. 2018;112:112-120. doi:10.1016/j.
urology.2017.09.035

171.  Niu X-K, Li J, Das SK, Xiong Y, Yang C-B, Peng T. Developing a nomogram based on 
multiparametric magnetic resonance imaging for forecasting high-grade prostate cancer 
to reduce unnecessary biopsies within the prostate-specific antigen gray zone. BMC Med 
Imaging. 2017;17(1):11. doi:10.1186/s12880-017-0184-x



302

Chapter 11

172.  Halabi S, Li C, Luo S. Developing and Validating Risk Assessment Models of Clinical Outcomes 
in Modern Oncology. JCO Precis Oncol. 2019;(3):1-12. doi:10.1200/po.19.00068

173.  Nieboer D, Tomer A, Rizopoulos D, Roobol MJ, Steyerberg EW. Active surveillance: a review 
of risk-based, dynamic monitoring. Transl Androl Urol Vol 7, No 1 (February 2018) Transl Androl 
Urol (Prostate Cancer Screen Act Surveill West World). 2018. http://tau.amegroups.com/article/
view/18162.

174.  Proust-Lima C, Taylor JMG. Development and validation of a dynamic prognostic tool for 
prostate cancer recurrence using repeated measures of posttreatment PSA: a joint modeling 
approach. Biostatistics. 2009;10(3):535-549. doi:10.1093/biostatistics/kxp009

175.  Ferrer L, Putter H, Proust-Lima C. Individual dynamic predictions using landmarking and 
joint modelling: Validation of estimators and robustness assessment. Stat Methods Med Res. 
2019;28(12):3649-3666. doi:10.1177/0962280218811837







12
ENGLISH AND 
DUTCH SUMMARY



306

Chapter 12

ABBREVIATIONS

English:
2D two-dimensional
3D three-dimensional
CEUS contrast-enhanced ultrasound
CUDI contrast-ultrasound dispersion imaging
ERSPC European Randomized Study of Screening for Prostate Cancer
MRI magnetic resonance imaging
PCa prostate cancer
TRUS transrectal ultrasound
US ultrasound

Nederlands:
2D tweedimensionaal
3D driedimensionaal
CEUS contrast-versterkte echografie
CUDI contrast-ultrasound dispersion imaging
ERSPC European Randomized Study of Screening for Prostate Cancer
MRI magnetische resonantie beeldvorming
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SUMMARY

Novel pathways in the diagnosis of prostate cancer
Whilst prostate cancer (PCa) is among the leading causes of cancer-related death in 
men, the majority of PCa tumours are unlikely to progress to biologic significance in 
the absence of treatment and do not cause any harm (“insignificant PCa”). It is therefore 
important to diagnose only those men where PCa could develop into a life-threatening 
disease (“clinically significant PCa”) as interventions for PCa can have adverse effects on 
sexual, urinary, and bowel function. PCa diagnosis has relied on two-dimensional (2D) 
transrectal ultrasound (TRUS)-guided systematic prostate biopsy for decades, despite 
its known risk of underdiagnosis of clinically significant PCa and overdiagnosis and 
treatment of insignificant PCa.

The complexity of the disease and the issues of underdiagnosis and overdiagnosis have 
resulted in the development of new diagnostic tools in the last decade. While important 
advances have been made in the biopsy core distribution and biopsy core quality of 
the systematic biopsy procedure, multiparametric magnetic resonance imaging (MRI), 
exploiting the combination of different individual MRI modalities, has also come to 
the forefront of PCa diagnosis. In addition, the development of quantitative contrast-
enhanced US (CEUS) and elastography sparks renewed interest in US imaging for PCa 
diagnosis (Chapter 1).

However, this rapidly changing field of PCa diagnosis also generates problems and 
fields of uncertainty such as how to put these new diagnostic tools into clinical context 
(i.e. “diagnostic pathway”), how to apply these new pathways in the community setting, 
and how to make the most clinical benefit out of these different available tools. The aim 
of this thesis was to evaluate the current diagnostic pathway of PCa with systematic 
biopsy and to improve the diagnosis of PCa with risk-based patient selection, prostate 
imaging and imaging-targeted biopsy with MRI and US. To this end, studies in this thesis 
analysed diagnostic yields, overdiagnosis rates, and the number of biopsies of imaging-
focused and biopsy-focused pathways in men being evaluated for clinically significant 
PCa, to determine whether their default use is justified.

In the first part of this thesis – Systematic biopsy: the role of imaging, pathology and 
risk stratification – it is shown that implementation of a three-dimensional (3D) TRUS-
guided biopsy system and semi-automated biopsy core pre-embedding method with 
tissue cassettes improved the detection of clinically significant PCa as compared to 
conventional 2D TRUS-guidance and biopsy processing with formalin-filled containers 
(Chapter 2). However, the additional value of these techniques in the diagnosis of PCa 
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was relatively limited. Both techniques did not improve Gleason score concordance 
(Chapter 3) while this novel SBx pathway as first line diagnostic tool resulted in many 
men without PCa undergoing unnecessary biopsies and overdiagnosis of insignificant 
PCa. Although still far from ideal, a SBx pathway with upfront multivariable risk-based 
patient selection using the European Randomized Study of Screening for Prostate 
Cancer (ERSPC)-risk calculators resulted in a clear reduction of unnecessary biopsies 
and a more favourable clinically significant-to-insignificant ratio of the men with PCa 
detected at SBx (Chapter 4).

In the second part of this thesis – Novel imaging-based targeted biopsy pathways – we 
elaborated on the comparison of imaging-focused (multiparametric MRI and contrast-
ultrasound dispersion imaging [CUDI]) targeted biopsy (TBx) pathways and the biopsy-
focused (SBx) pathway for the diagnosis of PCa. Both the MRI and CUDI pathway reduced 
the overdiagnosis of insignificant PCa and required fewer biopsy sessions and biopsy 
cores as compared to the SBx pathway in biopsy-naïve men (Chapter 5). Although 
these benefits are important, both imaging pathways missed a non-negligible amount 
of clinically significant PCa warning us to blindly rely on these pathways at present. 
Although leading to an increased detection of insignificant PCa, a combined pathway of 
MRI-TBx and SBx in MRI-positive men improved the detection, Gleason grading, tumor 
core involvement and tumor localization of clinically significant PCa over either SBx or 
MRI-TBx alone (Chapter 6). In addition, upfront risk-based patient selection with the 
ERSPC-risk calculators significantly reduced the number of unnecessary MRI scans in 
a MRI- and combined pathway, with an acceptable number of risk-stratified men with 
missed clinically significant PCa (Chapter 7). This can lead to a more standardized 
PCa prevalence in the population referred for diagnostic work-up and improve MRI 
accessibility.

In the third part of this thesis – Diagnosing prostate cancer with multiparametric 
ultrasound – we described a new multiparametric framework for US imaging to 
improve the diagnostic potential of US for PCa. The rationale and imaging protocol 
of multiparametric US consisting of B-mode, shearwave elastography and CEUS 
with CUDI, are discussed (Chapter 8). Multiparametric US significantly improved the 
sensitivity for the localization of clinically significant PCa and index-lesion detection 
of clinically significant PCa in comparison with stand-alone US modalities in a reader-
based study with radical prostatectomy specimens as reference standard (Chapter 9). 
Furthermore, technical feasibility of a machine learning approach using a random forest 
classification algorithm was demonstrated with single multiparametric maps based on 
the combination of model-based features and radiomics (Chapter 10). This automated 
multiparametric classifier demonstrated a higher clinically significant PCa localization 
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ability than single US parameters. An (automated) US pathway is a promising way 
forward as it could provide benefit with regard to costs, availability and lesion targeting 
in comparison with the mpMRI pathway.

In conclusion, this thesis presented novel insights in the diagnosis of PCa with different 
imaging-focused and biopsy-focused pathways. The preferred diagnostic strategy at 
present includes upfront multivariable risk-stratification followed by an multiparametric 
MRI. Hereafter, one should evaluate the individual risk of clinically significant PCa in the 
specific patient before omitting SBx when MRI is negative, while one is recommended 
to perform both MRI-TBx and SBx when MRI is positive. Tradeoffs are inherent with this 
generalized diagnostic pathway, and until we better understand how to balance the 
clear tradeoffs involved in PCa diagnosis, we must take great care to articulate these 
issues to our patients.

Ideally each patient requires an individualized diagnostic pathway, in which risks, clinical 
priorities, patient preferences, diagnostic harms, and benefits are considered together. 
More complex risk-stratified diagnostic pathways should therefore be investigated in 
the future. These pathways should incorporate clinical and demographic factors (and 
biomarker and/or genomic testing if available) into a multivariable risk-based prediction 
to indicate the need for prostate imaging as first step. In the men selected for prostate 
imaging, multivariable risk-based prediction could once again help to indicate the need 
for additional testing in men with negative imaging as a second step. In the future, these 
personalized stepwise pathways will hopefully allow us to walk a patient from elevated 
PSA to confirmatory testing to imaging to biopsy and are therefore urgently warranted.
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NEDERLANDSE SAMENVATTING

Nieuwe strategieën in de diagnostiek van prostaatkanker
Prostaatkanker is een van de belangrijkste oorzaken van kanker gerelateerde sterfte 
bij mannen. Desondanks heeft het merendeel van de prostaatkankertumoren 
een indolent, insignificant beloop met weinig kans op klachten en invloed op 
levensverwachting. Vele mensen sterven met, maar niet door prostaatkanker. Het 
is daarom belangrijk om alleen die mannen te diagnosticeren waar prostaatkanker 
zou kunnen uitgroeien tot een levensbedreigende ziekte: “het klinisch significant 
prostaatkanker”. Prostaatkankerbehandelingen kunnen immers nadelige effecten 
hebben op de blaasfunctie, darmfunctie en seksualiteit. De diagnostiek van 
prostaatkanker is al tientallen jaren gebaseerd op tweedimensionale (2D) transrectale 
echografie-gestuurde systematische prostaatbiopten, ondanks het bekende risico op 
onderdiagnostiek van het klinisch significant prostaatkanker en overdiagnostiek en 
-behandeling van insignificant prostaatkanker.

De complexiteit van de ziekte en de problemen van onderdiagnostiek en 
overdiagnostiek hebben de afgelopen jaren geleid tot de ontwikkeling van diverse 
nieuwe diagnostische methoden. Er zijn belangrijke vorderingen gemaakt in een 
verbeterde spreiding en pathologische verwerking van systematische prostaatbiopten. 
Tevens speelt multiparametrische magnetische resonantie beeldvorming (MRI), 
gebruikmakend van de combinatie van verschillende individuele MRI-modaliteiten, 
een steeds belangrijkere rol in de diagnostiek van prostaatkanker. Daarnaast wekt de 
ontwikkeling van kwantitatieve contrast-versterkte echografie (CEUS) en elastografie 
nieuwe belangstelling op voor echografie in de diagnostiek van prostaatkanker 
(Hoofdstuk 1).

Het snel veranderende veld van prostaatkankerdiagnostiek genereert echter ook 
problemen en onzekerheden. Hoe moeten deze nieuwe diagnostische methoden in de 
klinische context worden geplaatst (“diagnostisch strategie”), hoe dienen deze nieuwe 
diagnostische strategieën toegepast te worden in de standaardpraktijk en hoe halen 
we het meeste klinische voordeel uit deze verschillende beschikbare diagnostische 
methoden? Het doel van dit proefschrift was om de huidige diagnostische strategie 
met systematische biopten te evalueren en de diagnostiek van prostaatkanker te 
verbeteren met risico-gestratificeerde patiëntenselectie en prostaatbeeldvorming en 
gerichte biopsie met behulp van MRI en echografie. Daartoe analyseerden de studies in 
dit proefschrift de diagnostische opbrengsten, het aantal overdiagnoses en het aantal 
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biopsieën van beeldvorming-gerichte en biopsie-gerichte strategieën, bij mannen 
die werden geëvalueerd voor klinisch significant prostaatkanker, om te bepalen of de 
toepassing van deze strategieën gerechtvaardigd was.

In het eerste deel van dit proefschrift – Systematische biopsie: de rol van beeldvorming, 
pathologie en risico-stratificatie – werd aangetoond dat de implementatie van een 
driedimensionaal (3D) biopsiesysteem en een semi-geautomatiseerde prostaatbiopsie 
verwerkingsmethode de detectie van het klinisch significant prostaatkanker verbeterde 
in vergelijking met de huidige standaard van 2D echografie-gestuurde systematische 
biopten en de verwerkingsmethode met formaline gevulde containers (Hoofdstuk 
2). De toegevoegde waarde van deze technieken was verder relatief beperkt. Beide 
technieken resulteerden niet in een verbetering van de Gleason score concordantie 
(Hoofdstuk 3), terwijl deze nieuwe systematische biopsie strategie als eerstelijns 
diagnosticum leidde tot overdiagnostiek van insignificant prostaatkanker en veel 
onnodige biopsieën bij mannen zonder prostaatkanker. Hoewel nog verre van ideaal, 
resulteerde een systematische biopsie strategie met pre-biopsie risico-stratificatie met 
behulp van de European Randomized Study of Screening for Prostate Cancer (ERSPC)-
risico calculatoren in een duidelijke vermindering van het aantal onnodige biopsieën 
en een gunstigere verhouding in het aantal gedetecteerde klinisch significante- en 
insignificante prostaatkankertumoren. (Hoofdstuk 4).

In het tweede deel van dit proefschrift – Nieuwe beeldvorming voor de 
gerichte prostaatbiopsie – gingen we in op de vergelijking van beeldvormings- 
(multiparametrische MRI en contrast-echografische dispersiebeeldvorming 
[CUDI]) gerichte biopsie strategieën en de systematische biopsie strategie voor de 
diagnostiek van prostaatkanker. Zowel de MRI- als de CUDI-strategie verminderden de 
overdiagnostiek van insignificant prostaatkanker en vereisten minder biopsiesessies 
en biopten in vergelijking met de systematische biopsie strategie in biopsie-naïeve 
mannen (Hoofdstuk 5). Hoewel deze voordelen belangrijk zijn, misten beide 
beeldvormingsgerichte strategieën een niet te verwaarlozen hoeveelheid klinisch 
significant prostaatkanker. Dit waarschuwt ons op dit moment blindelings op deze 
diagnostische strategieën te vertrouwen. Hoewel een gecombineerde strategie van 
MRI-gerichte biopten en systematische biopten leidde tot een verhoogde detectie 
van het insignificant prostaatkanker, verbeterde deze strategie bij MRI-positieve 
mannen de detectie, Gleason gradering en de lokalisatie van klinisch significante 
prostaatkankertumoren in vergelijking met een systematische- of MRI-gerichte strategie 
alleen (Hoofdstuk 6). Risicostratificatie met de ERSPC-risico calculatoren reduceert 
het aantal onnodige MRI-scans in een MRI-gerichte en gecombineerde strategie, 
met een acceptabel aantal risico-gestratificeerde mannen met gemiste klinisch 
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significant prostaatkanker (Hoofdstuk 7). Dit kan leiden tot een gestandaardiseerde 
prostaatkanker prevalentie in de populatie die wordt verwezen voor diagnostiek en de 
toegankelijkheid voor MRI verbeteren.

In het derde deel van dit proefschrift – Diagnostiek van prostaatkanker met 
multiparametrische echografie – beschreven we een nieuw multiparametrisch kader 
voor echografie om de diagnostische potentie van echografie voor prostaatkanker 
te verbeteren. De rationale en het protocol van de multiparametrische echografie, 
bestaande uit grijstinten echografie, shearwave elastografie en CEUS met CUDI, worden 
besproken (Hoofdstuk 8). Multiparametric echografie verbeterde de sensitiviteit voor de 
lokalisatie van het klinisch significant prostaatkanker en detectie van klinisch significante 
index-laesies in vergelijking met de zelfstandige echografische modaliteiten in een 
studie met radicale prostatectomie preparaten als referentiestandaard (Hoofdstuk 9). 
Bovendien werd de technische haalbaarheid van een computer gestuurde (machine 
learning) toepassing voor multiparametrische echografie aangetoond (Hoofdstuk 
10). Multiparametrische mappen werden geconstrueerd op basis van de combinatie 
van modelgebaseerde kenmerken en radiomics middels een random forest classificatie 
algoritme. Deze geautomatiseerde multiparametrische mappen toonde een hogere 
diagnostische accuratesse voor het klinisch significant prostaatkanker dan de 
best presterende zelfstandige echografische parameters. Een (geautomatiseerde) 
echografie-gerichte strategie is een veelbelovende weg voorwaarts. Ten opzichte 
van de MRI strategie, kan een echografie-gerichte strategie voordelen opleveren 
met betrekking tot kosten, zorgtoegankelijkheid en het nauwkeurig biopteren van 
afwijkende gebieden.

Concluderend presenteert dit proefschrift nieuwe inzichten in de diagnostiek van 
prostaatkanker met verschillende beeldvormings-gerichte en biopsie-gerichte 
strategieën. De diagnostische strategie die op dit moment de voorkeur geniet 
omvat multivariabele risicostratificatie met een risico calculator gevolgd door een 
multiparametrische MRI. Bij een negatieve MRI, zal men het individuele risico van 
klinisch significante prostaatkanker bij de specifieke patiënt moeten evalueren alvorens 
de systematische biopsie weg te laten, terwijl men zowel MRI-gerichte biopten als 
systematische biopten dient uitvoeren wanneer de MRI positief is. “Trade-offs” zijn 
onlosmakelijk verbonden met deze algemene diagnostisch strategie en totdat we 
beter begrijpen hoe we de voordelen (minder biopsieën, minder gediagnosticeerd 
insignificant prostaatkanker) en nadelen (niet gediagnosticeerd klinisch significant 
prostaatkanker) per patiënt beter in evenwicht kunnen brengen, moeten we ervoor 
zorgen dat we deze problemen in diagnostiek aan onze patiënten blijven voorleggen.
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Idealiter heeft elke patiënt namelijk een geïndividualiseerde diagnostische strategie 
nodig, waarin risico’s, klinische prioriteiten, patiëntvoorkeuren, diagnostische voor- en 
nadelen samen worden beschouwd. In de toekomst moeten daarom meer complexe, 
risico-gestratificeerde diagnostische strategieën worden onderzocht. Als eerste 
stap zullen deze toekomstige strategieën klinische en demografische factoren (en 
indien beschikbaar biomarker en/of genomisch onderzoek) dienen te combineren 
in een multivariabele risicostratificatie om de noodzaak van prostaatbeeldvorming 
aan te geven. Bij de mannen die zijn geselecteerd voor prostaatbeeldvorming, zou 
multivariabele risicostratificatie opnieuw kunnen helpen als secundaire stap bij het 
bepalen van de noodzaak voor additionele diagnostische onderzoeken bij mannen 
met negatieve beeldvorming. In de toekomst, zullen deze gepersonaliseerde risico-
gebaseerde stapsgewijze strategieën ons hopelijk beter in staat stellen om een   patiënt, 
in gezamenlijke besluitvorming, te begeleiden van het verhoogd PSA naar bevestigende 
diagnostische onderzoeken, prostaatbeeldvorming en de prostaatbiopsie.
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cancer and benign prostatic hyperplasia. During his PhD, Christophe spent 2.5 months 
in the Martini-Klinik, Prostate Cancer Center in Hamburg, Germany, conducting research 
on multiparametric ultrasound, under the supervision of dr. G. Salomon. Between 2019 
and 2020, he worked as a resident not-in-training at the department of urology at the 
Radboudumc in Nijmegen. Currently, Christophe is appointed as a first year resident in 
urology at the surgery department of the Canisius Wilhelmina Ziekenhuis in Nijmegen.
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DANKWOORD

Dit proefschrift is tot stand gekomen door de ondersteuning en betrokkenheid van vele 
mensen.

Allereerst gaat mijn dank uit naar alle patiënten die deel hebben genomen aan de 
studies binnen dit proefschrift. Uw vertrouwen en bereidwilligheid was cruciaal in de 
totstandkoming van dit proefschrift. Mijn dank is groot.

Prof. dr. H. Beerlage, beste Harrie, u heeft als enthousiaste begeleider mijn carrière als 
onderzoeker in het Jeroen Bosch Ziekenhuis geïnitieerd. Dank ook voor uw begeleiding 
in de afrondende fase van dit proefschrift.

Prof. dr. ir. H. Wijkstra, beste Hessel, dank voor het gestelde vertrouwen en voor de 
ruimte die je mij hebt gegeven om het onderzoek op mijn eigen manier vorm te geven.

Prof. dr. ir. M. Mischi, dear Massimo, thank you for your input in this thesis. I admire your 
discipline and your revisions undoubtedly enhanced the manuscripts.

Prof. dr. M. Roobol-Bouts, beste Monique, hartelijk dank voor uw essentiële bijdrage aan 
dit proefschrift. U wist altijd feilloos de knelpunten aan te wijzen en de goede zaken uit 
te lichten.

Leden van de promotiecommissie, dank voor jullie zorgvuldige beoordeling van dit 
proefschrift en jullie bereidheid zitting te nemen in de promotiecommissie.

Beste Rob, door de vele uren biopteren en echoën op het endoscopiecentrum zijn we 
meer dan een collega van elkaar geworden. Ik bewonder je glasheldere manier van 
communiceren en je oog voor detail in de totstandkoming van dit proefschrift. Ook 
buiten het werk om hebben we de afgelopen jaren mooie dingen meegemaakt. Dat er 
velen mogen volgen.

Beste Jaap, sinds ik mijn bureau toegewezen kreeg op je kamer ben je een goede vriend 
van me geworden. We bleken op eenzelfde manier over onderzoek en kliniek na te 
denken en de overlap in interesses was enorm. De muziek, de ritjes naar Utrecht, de tijd 
in het sportcentrum en de vele andere momenten buiten werk maken dat ik met veel 
plezier op deze tijd terugkijk.
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Beste Jan-Erik, dank voor alle hulp die je me hebt geboden. Regelmatig zijn we samen 
wezen fietsen, spinnen en hebben we veel PhD-tijd in de late avonduren in het AMC 
doorgebracht. De gezamenlijke rondreis in de Verenigde Staten met Jaap is het 
hoogtepunt van mijn promotietijd.

Collega onderzoekers van het AMC, Arnoud, Matthijs, Olivia, Ilaria, Mara, Esmee, Emma, 
Marit, Abel, Valérie, Iris, Iris, Berrend, Leonore, Alwine, Richard, Jons, Luigi, Christiaan en 
Ben-Max, het was ontzettend gezellig om met jullie samen te werken. Ik heb ontzettend 
genoten van de gezamenlijke momenten tijdens werktijd en op congressen, borrels en 
feestjes.

Collega onderzoekers van de TU/e Eindhoven, Rogier en Ruud, dank voor al jullie hulp en 
ondersteuning in de totstandkoming van dit proefschrift. Techniek en kliniek kwamen 
prachtig samen in onze gezamenlijke tijd in de Martini-Klinik in Hamburg.

Collega onderzoekers van het JBZ, Maudy, Anouk en Amir, dank voor jullie bijdrage aan 
dit proefschrift. Meerdere manuscripten in dit proefschrift zijn met jullie hulp tot stand 
gekomen.

Dear Salomon and Johanna, thank you for helping me for 2.5 months in the Martini-
Klinik Prostate Cancer Center in Hamburg. An entire chapter of this thesis is based on 
our unique collaboration.

Urologen, A(N)IOS, ondersteuners van de urologie en de endoscopie uit het AMC, dank 
voor jullie interesse en steun. De periode in het AMC was rumoerig maar bood ook vele 
mogelijkheden om binnen de kliniek op een vertrouwelijke manier met jullie samen 
te werken. Specifiek wil ik Theo de Reijke bedanken. Je hebt in een moeilijke periode 
mij klinisch veel begeleid. Trouw, grondig en belangeloos heb je tevens vele van mijn 
manuscripten, abstracts en presentaties doorgenomen.

Urologen, A(N)IOS, onderzoekers en ondersteuners van de urologie uit het Radboudumc. 
Dank voor mijn leerzame tijd als ANIOS op de afdeling urologie. Ik ben enorm blij dat ik 
mijn opleiding tot uroloog bij jullie mag volgen.

Vrienden van het eerste uur uit Hengelo, Nijmegen, Utrecht en Amsterdam. Dank voor 
jullie interesse en steun wanneer dat nodig was.
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Beste Ans en Jan, als kleine jongen kwam ik vaak bij jullie over de vloer. 28 jaar later 
zien we elkaar gelukkig nog regelmatig. Jullie hebben mij een plek geboden waar ik 
mijn leven in volledige openheid kan bespreken en jullie wisten me altijd op de juiste 
momenten te motiveren. Dank hiervoor.

Lieve pa, lieve Chris, wat ben ik trots dat ik, 28 jaar na je eigen promotie, je nu kan 
opvolgen. Als echte academicus vroeg je me wekelijks om een update over mijn 
promotie en bood je me alle mogelijke hulp aan. Lieve Ines, lieve Zinha, door je liefdevolle 
tweetalige opvoeding ben ik geworden wat ik nu ben. Dank voor al je warmte, liefde, 
empathie en vertrouwen. Lieve Edson, Manuel en Victor. Vier broers sterk hebben we 
meestal aan een of twee woorden al genoeg. We kunnen alles met elkaar bespreken 
en weten elkaar in moeilijke momenten te steunen. Dank ook aan de dames Kirsten, 
Marieke en Mimi voor de hulp waar nodig. Het is een groot voorrecht om uit dit gezin 
te komen. Sima nos ka tem.

Amenda, we kennen elkaar al meer dan tien jaar. Ik waardeer je zorgzaamheid, 
aanpassingsvermogen en onbevooroordeelde blik. De liefde en stabiele basis die jij me 
biedt is een voorrecht en ik ben je dankbaar voor alles dat we reeds samen hebben 
meegemaakt.

Dank, merci, obrigado!
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