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1.1 General introduction
1.1.1 Prostate anatomy and function
The prostate gland is positioned below the bladder in the male genitourinary tract
and normally weighs 20 to 30 grams after puberty (Figure 1). The prostatic secretions
constitute up to 30% of the ejaculate. They facilitate survival and movement of the
spermatozoa (1). Furthermore, the prostate forms the dynamic conduit for urine and
the ejaculate. The continuous fibromuscular stroma of the prostate and bladder neck
aid in providing urinary continence and expulsion of the semen during ejaculation. The
most commonly used prostate segmentation system distinguishes 3 main prostate zones:
the peripheral zone, central zone and the transition zone. In prostate imaging literature,
the central zone and transition zone are often together referred to as the transition zone.
Sometimes an anterior fibromuscular stroma is also differentiated (Figure 1). Sixty to
70% of prostate cancers arise in the peripheral zone (1).

Figure 1. The prostate surrounds the urethra, while it is itself enveloped by a pseudocapsule. The prostate consists of the
peripheral zone (yellow), the central zone (red), transition zone (blue) and anterior fibromuscular stroma (grey).
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1.1.2 Prostate cancer epidemiology
Prostate cancer (PCa) is the most common non-cutaneous malignancy in men in the
western world, affecting approximately one in nine men during their lifetime. An
estimated 164.690 Americans and 375.800 Europeans were diagnosed with the disease
in 2018, amounting to 20-23% of all new cancer diagnoses and 10% of cancer deaths
(2, 3). The 2018 incidence and mortality rates for the European Union are 103 new
diagnoses and 18 deaths per 100,000 men (3). In the 1990’s, increased awareness and
serum Prostate Specific Antigen (PSA) screening have sharply increased the incidence
in the Western world, reaching 240 cases per 100.000 men in 1993 in the United
States (3). In both Western Europe and The United States, this trend has partly reversed
since indiscriminate PSA testing is not advised anymore. This is due to concerns about
overdiagnosis and overtreatment of low-risk PCa, especially in older (>75yr) men (2-5).
1.1.3 Current-standard diagnosis and the expanding role of imaging
The standard tools to screen for PCa are Digital Rectal Examination (DRE) and serum
PSA measurement. Both are cheap and relatively non-invasive, but DRE suffers from
being highly subjective and insensitive to smaller tumours (4-6). PSA suffers from a low
Positive Predictive Value (PPV): at the commonly used threshold for elevated PSA of 3
or 4 ng/mL, only 30% of men have PCa. (7).
Traditionally, once PCa is suspected based on PSA and/or DRE, the prostate is
systematically sampled by 8-12 TransRectal UltraSound (TRUS) guided biopsies,
leading to a PCa diagnosis in 20-40% of cases (4, 8). TRUS in this case is used to guide
the biopsy needle to the systematic biopsy locations. Larger and high-grade tumours
may appear as hypoechoic lesions on greyscale, but sensitivity and specificity of TRUS
are too low for reliable PCa detection (9). The random sampling error by systematic
biopsies cause underdiagnosis, up to 30-40%, and undergrading of significant PCa
(10-12). When compared to final pathology following radical prostatectomy, 12-core
biopsy schemes are reported to be approximately 60% accurate in predicting the final
ISUP grade group (International Society of Urological Pathology system of grading PCa
aggressiveness) with upgrading occurring in up to 40% of cases (13-17). Conversely,
systematic sampling also detects insignificant prostate cancer in up to 50% of cases,
leading to treatment (and treatment-related morbidity) of indolent cancers that could
arguably have best remained undetected (11, 12, 18). When no PCa is found but clinical
suspicion persists, re-biopsy is performed after multiparametric Magnetic Resonance
Imaging (mpMRI), see section 1.1.5 (4, 16).
Taking transrectal biopsies commonly causes self-limiting haematuria and rectal
bleeding. Voiding complaints occur in up to 25% of the patients, urinary retention in
less than 2%. Worryingly, the current rate of infection following prostate biopsies is
around 3-4% and appears to be increasing (19, 20). This has led some clinics to move to
transperineal biopsies which carries a minimal risk of infection (19).
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To summarize, the traditional diagnostic pathway for PCa is flawed by the unspecific
PSA screening test, which is followed by a diagnostic procedure (systematic biopsies)
that is invasive yet unreliable due to sampling issues. Risk prediction tools and new
serum and urine tests try to better select patients with increased risk of significant
PCa for biopsy procedures (4). Accurate PCa imaging could improve this pathway by
allowing targeted biopsy procedures with improved detection of clinically significant
PCa (csPCa) using fewer biopsies. It could possibly defer biopsy in patients with falsepositive elevated serum PSA and reduce detection of invisible insignificant PCa. The last
decade mpMRI has evolved to become the main prostate imaging tool investigated for
this role, leading to a rapid uptake by the clinical community (21). The 2019 European
Association of Urology (EAU) guidelines advocate the use of mpMRI, not only in the rebiopsy setting, but also before initial biopsy based on the results of several large trials and
a Cochrane meta-analysis that show a 5-7% improvement in significant PCa detection
rate by incorporating mpMRI (4). The technical aspects, performance and uses of MRI
imaging are detailed further in section 1.1.5. Staging of prostate cancer is performed by
DRE, MRI, Technetium-99m bone scan and increasingly Prostate Specific Membrane
Antigen-Positron Emission Tomography (PSMA-PET) (4).
1.1.4 Prostate cancer treatments and the prospects of improved Imaging
Several different treatment options for localized PCa exist. Which options are suitable
will depend on disease characteristics such as stage and grade, and patient factors such as
age, comorbidity and patient preferences. Current-standard options for organ confined
PCa include: Active Surveillance (AS)/watchful waiting, Radical Prostatectomy,
External Beam Radiotherapy (EBRT) and Brachytherapy. Focal therapy in which only
the diseased part of the prostate is treated is still considered investigational (4).

Active surveillance and watchful waiting – possible roles for imaging
Active Surveillance and watchful waiting are based on the mild natural course of many
prostate tumours (4, 22-24). Watchful waiting is a palliative strategy for selected elderly
or comorbid patients, in which disease activity is not actively monitored and treatment
is based on the occurrence of symptoms (4). On the contrary, active surveillance is a
curative treatment strategy. Patients with low-risk disease are actively monitored through
PSA measurement and repeat biopsy (4). Invasive treatment (and side-effects) can thus
safely be delayed until signs of disease progression. A large meta-analysis has shown
5- and 10-year AS discontinuation rates of 33% and 55%, and 10-year disease specific
survival rates of 96-100% (25). Currently, around 35% of patients stop AS because of
upgrading at repeat biopsy (25-27). Improved imaging and, therefore, more accurate
initial staging and grading can potentially lead to better patient selection for AS. Targeted
biopsy procedures can help identify those patients with unfavourable ISUP grade ≥2
tumours, since these patients are at risk for developing metastases or dropping out of AS
because of upgrading (25, 28-30). Besides improving patient selection, accurate imaging
can play a role in the follow-up of AS by allowing more reliable detection of disease
progression through targeted biopsy. (28, 31, 32). A major step forwards, requiring
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established criteria for disease progression on imaging, will be reducing the number of
repeat biopsies which are a major burden to patients in AS (28, 33, 34).

Radical Prostatectomy – Imaging can improve oncological and
functional outcomes
In radical prostatectomy surgery the prostate and seminal vesicles are resected together
with, depending on risk profile, a lymph node dissection (4). It can be performed as an
open, laparoscopic or robot-assisted procedure. Disease stage and surgeon’s experience
seem to have more impact on oncological and functional outcomes than the technique
used (35, 36) The survival benefit of this treatment is most pronounced in younger
men with at least intermediate-risk tumours (22). The outcome following radical
prostatectomy is often described in three domains (trifecta): oncological outcome,
erectile dysfunction and urinary incontinence (37). Imaging can be helpful in all 3
domains. Firstly, Extra Capsular Extension (ECE) and Seminal Vesicle Invasion (SVI)
can lead to higher risk of positive surgical margins after RP. Detection of ECE and SVI
may, therefore, lead to adaptation of surgical technique or choosing another treatment
modality (38). Post-operative erectile function and continence recovery can be improved
by preserving the nerves that run along the prostatic pseudocapsule (39-41). Safety of
nerve-sparing surgery depends on the tumour spread within the prostate and proximity to
the prostatic pseudocapsule. Intra-operative frozen-section analysis has been successfully
implemented in some clinics for decision making on nerve preservation, but here too
lies a potential role for imaging (42-44). Although mpMRI might be helpful in clinical
decision making in some cases, both UltraSound (US) and mpMRI are currently not
sensitive enough to detect minor tumour spread through the pseudocapsule and towards
the neurovascular bundles (4, 39, 45). Imaging can also help to evaluate anatomical
features related to postoperative functional outcomes which may impact the choice
for surgery or other treatment options. The length of the membranous urethra can
be measured by TRUS and MRI and has been shown to correlate with post-operative
continence recovery (46-48).
MpMRI and especially PSMA-PET are used for lymph node staging and can impact
the decision to perform (extended) surgery, radiotherapy and the addition of hormonal
therapy. (4).

External beam radiotherapy and brachytherapy
In External Beam Radiotherapy (EBRT), the entire prostate is irradiated. Modern EBRT
uses multiple, shape and intensity modulated beam trajectories directed by 3D planning
software to deliver a maximum dose to the prostate while sparing the surrounding
tissues (4, 49). A course of androgen deprivation therapy is often included in patients
with higher-risk disease (4). A recent randomized trial showed no difference in PCa
specific survival between radiation and surgery after 10 years. Similar rates of erectile
function have been reported, incontinence is less common with EBRT, although urinary
and bowel urgency are more common (4, 23, 50, 51).
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Low-dose rate brachytherapy involves the permanent placement of radioactive Iodine-125
seeds via the perineum into the prostate gland. In high-dose rate brachytherapy,
Iridium-192 is temporarily placed within the prostate to provide a ‘brachy boost’ as
adjunct to EBRT in intermediate-, to high-risk patients. As monotherapy, low-dose rate
brachytherapy is mostly indicated in low-, to intermediate-risk patients (4). Ten-year
biochemical disease-free survival rates have been reported in the range of 65-85% for
patients with ISUP 1 tumours (4). The urinary, bowel, and erectile morbidity of lowdose rate brachytherapy monotherapy were reported to be 33.8%, 21%, and 16.7%,
respectively (52).
Improved PCa imaging can impact radiotherapy in several ways. As mentioned before,
identification of features that can adversely affect surgical outcomes can lead to a choice
for radiotherapy. Accurate imaging of the prostate within its surroundings already helps
delivering an adequate dosage to the prostate while sparing surrounding tissues (53).
Reliable localization of the tumour within the prostate can lead to dosimetric plans that
give a higher dose (either EBRT or brachytherapy) to the affected areas, or even allow
partial gland irradiation, a type of focal therapy (54, 55). Improved real-time imaging
of the prostate and the tumour(s) within potentially results in more accurate application
of the planned dosage (56). Imaging during the radiotherapy course is important due to
movement of the organ.

Focal therapy
Many patients are in a situation where significant PCa occupies only distinct regions
of the prostate, while current-standard treatments for PCa remove or irradiate the
entire gland (4). By treating only the areas of the prostate that harbour (significant)
cancer, focal therapy (FT) aims to provide oncologic control while reducing treatment
related morbidity such as incontinence, erectile dysfunction and bowel toxicity. Various
ablative techniques are employed for FT including: cryoablation, high intensity focused
ultrasound (HIFU), irreversible electroporation (IRE), vascular-targeted photodynamic
therapy (VTP), laser ablation and focal irradiation (55). The rate of Serious Adverse
Events lies between 0 and 11.9% and the most common side effects are urinary retention
and urinary tract infections. The overall rate of clinically significant (cs)PCa found
during short-term follow-up was between 0% and 13.1%, with cancer occurring in both
the treated and the untreated areas. Significant PCa found in untreated areas suggests
failure in accurate identification of ablation targets. Prostate cancer found in treated
areas signifies inaccurate application of the ablative energy, either missing the target or
not causing adequate tissue destruction (55). Since FT is a localized treatment, accurate
tumour localization is an absolute prerequisite for FT to become a viable treatment
option. Imaging will have to identify the ablation targets and help guide the ablative
energy towards the target. Imaging can be used to monitor tissue destruction during and
following FT procedures (57-61). Since at-risk prostate tissue is left untreated, stringent
follow-up is necessary and will likely include both imaging and (targeted) biopsies (62).
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1.1.5 Multiparametric MRI

Introduction and technical aspects
During MRI scanning, the patient is placed in a strong magnetic field, which causes
the hydrogen atoms from water and fat in the tissues to partly align their magnetic
moments with the external magnetic field. This situation is disturbed by the application
of a radiofrequency (RF) pulse, which leaves the magnetic moments in an excited
state. After excitation, the system relaxes back to the aligned state in two ways: T1relaxation and T2-relaxation, both can be measured by the scanner. The T1 and T2
relaxation times are determined by differences in the local chemical, compositional, and
structural microenvironment and, therefore, differ between tissues providing contrast in
the MR images (63). T2-weighted imaging is the main anatomical imaging sequence
used for the prostate and typically displays prostate tumours as low intensity lesions
(Figure 2) (64). In current clinical practice, other MRI sequences are added to T2weighted imaging to improve accuracy for PCa detection, thus forming multiparametric
MRI (mpMRI). In the current PI-RADS 2.0 (second version of the Prostate Imaging
Reporting and Data System for standardized image acquisition, interpretation and
reporting), Diffusion Weighted Imaging (DWI-MR) is the most important sequence to
detect prostate cancer in the peripheral zone (65). In DWI-MR, contrast is based on the
random Brownian movement of water molecules within the tissues. Prostate tumours
typically have a higher cellular density and disturbed ductal architecture, both causing
restricted water molecule movement, depicted as a hyper-intense signal on DWI-MR
(64, 66). From multiple diffusion weighted images acquired with different diffusion
weightings (b-values), an apparent diffusion coefficient (ADC) and high b-value images
can be calculated. These two images are used most often in clinical practice, showing
lesions as hypo-intense and hyper-intense, respectively (Figure 2) (63-65).
The final constituent of current-standard mpMRI is Dynamic Contrast Enhanced
MRI (DCE-MR) (65). In DCE-MR, gadolinium containing contrast is administered
intravenously during continuous acquisition of fast T1-weighted scans. The gadolinium
is transported intravascularly and diffuses into the extracellular space where it lowers the
T1 relaxation time, resulting in hyperintensity in the T1-weighted MR images. After
contrast administration, the altered vascularity in prostate tumours can be identified on
DCE-MR as lesions with early enhancement. Wash-out patterns, however, vary (65).
By analysing the changes in signal intensity over time after contrast administration,
perfusion and vascular permeability that are altered in PCa can be estimated and
visualised quantitatively using various models, and displayed in colour-coded maps (64,
66). MR spectroscopy allows detection of ratios between metabolites that are altered in
PCa but is not included in PIRADS (64).
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Figure 2: Left: T2 weighted MRI showing hypointense lesion in the right lobe; Middle: apparent diffusion coefficient
(ADC) Image showing the same hypointense lesion. Right: Calculated high B value image showing hyperintensity of the
same lesion. (confirmed ISUP 2 PCa).

Current use and performance of mpMRI
As mentioned previously, mpMRI is evaluated for triage, biopsy guidance, staging,
treatment selection and planning, guiding FT procedures and follow-up. Adequacy
to fulfil these roles boils down to performance in detection of lesions, lesion grading,
tumour localization, detecting ECE and SVI and detection of tumour recurrence or
progression.
The ability to detect PCa was extensively evaluated by a recent Cochrane review that
assessed the sensitivity and specificity of systematic biopsies, MRI, MRI targeted biopsies,
and an MRI pathway (in which the decision to take biopsies is based on MRI results) using
template mapping biopsies as the reference standard (67). The sensitivity and specificity
were 91% and 37% for MRI, 80% and 94% for MRI targeted biopsy, 72% and 96% for
the pathway and 63% and 100% for systematic biopsies, respectively. Additionally, an
agreement analysis was performed including trials in which MRI targeted biopsies and
systematic biopsies were taken in the same men. The MRI pathway, in which biopsies
are deferred when negative MRI, detected 44% more ISUP ≥2 cancers than systematic
biopsy in men with prior negative biopsies, but only 5% more in biopsy-naïve men.
Adding systematic biopsies to MRI-targeted biopsies will increase the number of
detected ISUP ≥2 cancers from 23.4% to 27.7% in biopsy naïve men. The MRI pathway
missed 28% of ISUP ≥2 as detected by template biopsies. Using this reference standard
eliminates the spectrum bias (all patients have csPCa) and observer bias (the readers
know all patients have csPCa) associated with using prostatectomy specimens, and some
issues regarding matching of imaging and pathology results (68, 69). When interpreting
these results, it should, however, be taken into consideration that template biopsies do
still miss significant prostate tumours and that a false positive and a false negative in
the same patient amount to a true positive in a per-patient analysis, inflating sensitivity
(67). Furthermore, most studies were performed in expert centres, possibly limiting
generalizability. As mentioned before, the 2019 EAU guidelines advocate mpMRI in
biopsy naïve men but advise performing both systematic and targeted biopsies when
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mpMRI is positive. The risk of not performing biopsies when mpMRI is negative and
subsequent follow-up should be discussed with the patient (4).
Accurate grading and staging of PCa is important for risk-stratification and treatment
selection. Upgrading at radical prostatectomy pathology occurs less frequently after
mpMRI targeted biopsies than after systematic biopsies (odds ratio 2.47), while there
is no significant difference in downgrading (70). MpMRI can detect locally advanced
disease with a high degree of specificity, but limited sensitivity: 91% and 57%,
respectively for ECE, and 96% and 58%, respectively for SVI (48). Exact localization of
PCa lesions is critically important in FT, and mpMRI (in conjunction with systematic
and targeted biopsies) is the recommended imaging tool for focal treatment planning
(71). It should, however, be taken into consideration that MRI underestimates the
lesion extent, especially with larger and higher-grade tumours (72, 73). Based on
these studies, margins of 9-13.5mm should be considered to ensure complete tumour
ablation during FT. Even when using the PIRADS 2.0 sector map, assessment and
reporting of exact tumour localization and spread is highly variable. One study among
6 readers showed that agreement on the exact spread of the index lesion was only 21%.
The average proportion of sectors in common indicated to be affected was 49% (74).
Despite the limitations in tumour spread and ECE detection, mpMRI has been used by
various teams to guide decisions on whether to perform nerve sparing prostatectomy,
altering the surgical plan in 26-47% of cases (42, 75-77). Two studies evaluated whether
decisions to perform nerve-sparing surgery were appropriate based on positive surgical
margins and proven ECE near the neurovascular bundles. The first was able to perform
bilateral nerve sparing surgery in 70% of their cohort and found that this decision was
appropriate in 96% (78). The other study changed the surgical plan in 47%, which was
appropriate in 75% (79).
MpMRI has been directly or indirectly (through MRI-US Fusion) used for the guidance
of several focal treatments including laser ablation, HIFU and cryoablation (57-60).
Active surveillance and FT both require stringent follow-up since prostatic tissue at-risk
is left in place. A 2018 meta-analysis evaluated the value of mpMRI targeted biopsies
during the first confirmatory follow-up biopsy session for patients with low-risk PCa in
active surveillance (80). The combined approach led to upgrading in 27% of patients
while performing targeted biopsies alone or systematic biopsies alone would have missed
upgrading in 10% and 7% of cases, respectively. Although mpMRI is the standard
imaging modality to evaluate oncological success after FT, it is still recommended to
confirm suspicious lesions on imaging by targeted and systematic follow-up biopsy
(62, 71). Interpretation of mpMRI following FT is challenging due to artefacts and
deformation. Signs of residual or recurrent tumours are: early focal enhancement on
DCE-MR, restricted diffusion on ADC and high signal intensity on high b-value DWIMR (81).
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1.1.7 Multiparametric Ultrasound
As mentioned in section 1.1.2, traditional grayscale TRUS may visualize larger highgrade tumours, but is generally not considered accurate enough for reliable PCa
detection. Several advanced US modalities have been developed that target specific tissue
characteristics that help discriminate between healthy prostate tissue and PCa (82). Two
ultrasound elastography techniques (strain elastography and shearwave elastography)
visualize tissue stiffness, and thereby target the fact that PCa foci are generally stiffer
than surrounding healthy tissue (83). Doppler Ultrasound and Contrast Enhanced
Ultrasound (CEUS) target the altered vascularity typically present in prostate tumours
(66). Furthermore, high-frequency (up to 29MHz) probes have been developed that
maintain an imaging depth of 55mm with a resolution of 70µm (84, 85). Similar
to the development of mpMRI, the combination of these US-based modalities,
‘multiparametric UltraSound (mpUS)’ could improve the diagnostic performance (82,
86). Since these modalities evaluate different physical characteristics of PCa, combining
them effectively holds the potential to detect more tumours whilst being more specific
at the same time. A detailed introduction on the current use of US for prostate imaging,
the value of elastography and CEUS, and the development of mpUS is provided in
Chapter 2.1. Major advantages of having reliable US-based imaging are: wide availability
and experience in the urological community, relatively low cost and time consumption,
the real-time nature and high resolution, portability and the fact that no nephrotoxic
contrast agents or harmful radiation is used. During US-guided targeted biopsy and
FT procedures, as opposed to MRI guided procedures, the use of ferromagnetic biopsy
and FT equipment is unrestricted. Lastly, real-time or same-session visualization
of tumours by US reduces targeting inaccuracies introduced by registration error in
MRI-US fusion. Traditional disadvantages of US are the user-dependency and that it is
generally acquired in 2D. The latter makes it more difficult to interpret in a later stage.
Technology designed to diminish these disadvantages such as computer-aided analysis
(or quantitative analysis) of US and 3D US is under development and introduced in
more detail in Chapter 2.2 (87).

1.2 Aims of the Thesis
As outlined in section 1.1. there are several aspects of current PCa care that could
be improved by accurate imaging. Imaging will allow more reliable PCa diagnostics
with less biopsies through improved image-guided biopsy strategies. This will enable
better patient selection for both AS, radical and focal treatment options, and possible
adaptation of surgical technique. Imaging is also key to the development of FT due
to the importance of accurate tumour localization. Finally, accurate imaging can
considerably improve the follow-up of both AS and FT by providing a reliable way of
establishing oncological control while reducing the need to take biopsies. Because of
these many important roles anticipated for imaging in PCa care, it is not surprising that
PCa imaging is a rapidly developing research field. Most of the research is focused on
mpMRI, but there are some important developments in US imaging technology. This
thesis aims to investigate and advance the development of these US techniques, CEUS
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and quantitative analysis in particular, and assess their value in relation to mpMRI. To
do so, innovative ways of matching imaging and pathology, a difficult but crucial step
in PCa imaging validation, are tested. A second objective is advancing the research on
the treatment option that is most dependent on improved PCa imaging: focal therapy.

1.3 Outline of the thesis
Chapter 2 consists of 2 sections that each tackle an important step in the development
of mpUS. The first section provides an overview of ultrasound imaging techniques and
the developments in combining them into mpUS. The second section is a review that
describes the advances in quantitative analysis of US imaging, a step that is expected to be
crucial in improving accuracy and reducing the user dependency traditionally associated
with US imaging. Quantitative analysis of CEUS in particular, has shown promise to
improve imaging accuracy. A study in which prostate biopsy results are predicted by
CEUS imaging with and without the use of quantitative analysis is presented in Chapter
3. Chapter 4 describes the follow-up study protocol in which CEUS + quantitative
analysis is used to target prostate biopsies. The yield of these targeted biopsies is
compared with that of mpMRI targeted and systematic prostate biopsies. Chapter 5
describes the development of a method that aims to accurately match US images with
corresponding pathology results following radical prostatectomy, a crucial part of PCa
imaging validation. Essential to the development of mpUS will be the identification
of useful complementary parameters from different US modalities and integrating
them effectively. In Chapter 6, various parameters extracted from CEUS recordings are
combined into a classification algorithm using machine learning techniques to predict
radical prostatectomy pathology. Chapter 7 presents a study in which multiple readers
interpreted pre-operative CEUS imaging with and without quantitative analysis using
radical prostatectomy pathology as the reference standard. Chapter 8 describes a Delphi
consensus project aimed at achieving standardization in definitions and terminology in
FT research. The use of CEUS and MRI to monitor focal ablation using IRE is described
in Chapter 9. Chapter 10 provides concluding remarks and future perspectives. Finally,
Chapter 11 consists of an English and a Dutch summary.
Acknowledgement
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Abstract
Ultrasound is the cornerstone for prostate imaging and covers diagnostics, therapy
monitoring, and follow-up. Contrast enhanced ultrasound (CEUS) is a promising
technique for assessing changes in vascularity, useful for tumour localization and realtime focal treatment monitoring. Elastography has a proven role in guiding targeted
biopsies for increased prostate cancer detection. New developments such as shear
wave elastography and CEUS quantification techniques show improved accuracy
and decreased operator-dependency. There is a clear case for combining the different
functional ultrasound modalities into multiparametric ultrasound and the first steps
toward this goal have been undertaken. The rapid developments in the advanced
ultrasound techniques and clear advantages in terms of being safe, cost-effective, highresolution, and real-time ensure that ultrasound imaging harbours great potential for
tumour detection through targeted biopsies, treatment guidance, and follow-up of focal
therapy.
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Introduction
Ultrasound (US) has been the standard method for prostate imaging for decades.
Transrectal ultrasound (TRUS) is used for prostate volumetry, needle guidance during
systematic prostate biopsies, brachytherapy guidance, and real-time monitoring during
focal therapy. The widespread use of US within prostate cancer diagnostic and therapeutic
pathways relate to its many advantages: there are no harmful radiation or nephrotoxic
contrast agents involved, making it safe and repeatable. Ultrasound equipment is mobile
and less costly compared to that of other imaging modalities. Ultrasound imaging is
real-time and there is a lot of experience with US within the urological community.
From a technical standpoint the close proximity between the US transducer during
TRUS and the prostate combined with the technical characteristics of US allow imaging
at much higher resolutions and frame rates than can be achieved with other imaging
modalities (1). Downsides of ultrasound are the user dependency and learning curve.
Although 3-dimensional (3D) imaging is available, ultrasound is still usually performed
in 2 dimensions (2D).
TRUS allows detailed visualization of the prostate, but early prostate cancer (PCa) is
hard to detect with standard grayscale TRUS. The sensitivity of grayscale TRUS reported
in the literature varies, but is often cited to be 11-35% (2). Some large modern series
have reported sensitivities up to 59%, reflecting the known distribution of echogenicity
of prostate cancer (3,4). The positive predictive value (PPV) of a hypoechoic lesion
is only 17-57% (5). Several systems for computerized analysis of grayscale TRUS
images exist that attempt to improve the diagnostic accuracy (6). The Artificial Neural
Network Analysis/Computerized Transrectal Ultrasound (ANNA/C-TRUS) system has
shown the best results in clinical testing so far. TRUS images are sent to the ANNA/CTRUS server through a secure connection, C-TRUS then uses an ANNA-algorithm to
analyse the ultrasound signals and highlight suspicious areas (7). With a maximum of
6 targeted biopsies, PCa was found in 31/75 (41%) patients without prior biopsy. An
external validation study in 28 patients using radical prostatectomy (RP) specimens
as a reference standard showed a sensitivity, specificity, PPV and negative predictive
value (NPV) of 83%, 64%, 80%, and 63%, respectively (8). Histoscanning is another
system for computerized analysis of 3D grayscale TRUS images. The original article by
Braeckman et al showed promising results, with all tumours larger than 0.5 mL being
detected in 13 men (9). Subsequent publications were not able to confirm these initial
results and a 2015 meta-analysis concluded that there is little evidence for the value of
histoscanning in the larger patient cohorts (10). The latest data coming from a cohort of
282 patients who underwent histoscanning prior to RP showed a sensitivity of 16-54%
and a specificity of 59-92% for the detection of lesions larger than 0.5 mL (11).
Preliminary results with a high frequency “micro ultrasound” TRUS system have been
reported (12). The system acquires TRUS images at 29 MHz, allowing anatomical
imaging at a spatial resolution of about 70 microns. The ongoing development trial and
external validation must prove whether it has a place in prostate cancer imaging.
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Similar to the diffusion-weighted and contrast sequences used in multiparametric
Magnetic Resonance Imaging (mpMRI), 2 advanced US modalities are being developed
that evaluate the changes in tissue stiffness and vascularity that are associated with PCa:
(shear wave) elastography and contrast-enhanced ultrasound. The remainder of this
chapter will focus on these modalities and the advances made to combine the different
US techniques into multiparametric ultrasound (mpUS).

Elastography
Technical Aspects of Elastography
Elastography is an ultrasound-based technology for prostate cancer detection and
treatment. The aim of this technology is to evaluate tissue stiffness by using ultrasound
as information source. The rationale behind the use of elastography for prostate cancer
management is the observation that prostate cancer tissue is stiffer or denser than benign
prostate tissue. This observation is well known from the digital rectal examination
(DRE), where indurations of the prostate are suspicious for prostate cancer, as well
as from mechanical elasticity testing of prostate tissue. Such mechanical ex vivo tests
showed an average elasticity for prostate cancer tissue of 40.4 +/- SD 15.7 kPa and for
benign prostate tissue of 15.9 +/- SD 5.9 kPa and a ratio between the 2 tissue types of
2.6 +/ SD 0.9 (13).
Several companies offer this technology for their ultrasound scanners and several
possibilities exist to generate the elastogram. In urology the most frequently used systems
are the real-time elastography system by Hitachi Medical Systems® (Japan) and the shear
wave elastography system by Supersonic® (France). The real-time elastography system
generates the elastogram of the prostate by an analysis of tissue strain generated by
compression and decompression of the tissue with the help of the transrectal ultrasound
probe. The rhythmic compression and decompression result in displacements inside the
ultrasound picture where softer areas show higher amplitude of displacement and stiffer
areas show lower amplitude. This information is transferred into an elastogram showing
areas with relatively higher tissue stiffness (typically coded blue) or relatively lower tissue
stiffness (typically coded red) (Figure 1) (14,15). This analysis is provided in real time
and can be repeated without limitation. The elastogram with the real-time elastography
system gives information about relative tissue stiffness inside the ultrasound picture but
does not allow any objective measurements of tissue elasticity or density. Moreover, the
quality of the tissue evaluation depends on the quality of the tissue compression and
decompression. Visual indicators help to provide a reproducible and reliable quality. The
real-time elastography system is most extensively evaluated for the use in the diagnosis
of prostate cancer as well as for the use in treatment of prostate cancer. Most of the other
elastography systems available on the market are based on a similar analysis, but their
use in urology is limited (16).

Multiparametric ultrasound in the detection of PCa: a systematic review

| 33

The shear wave elastography system provides a different analysis. The system is based
on an ultrafast analysis of the ultrasound picture using plane wave transmission instead
of rapidly aligned individual sector sound wave emissions (17). This analysis allows to
capture the speed of acoustic shear waves in the tissue that are generated by push pulses
from focused ultrasound beams (acoustic radiation force palpation). These shear waves
extend perpendicular to the sound waves in the tissue and their extension speed depends
on the tissue density. The speed is higher in dense tissue and lower in softer tissue. These
differences in speed are used to generate an elastogram providing a colour coding. In
contrast to real-time elastography stiffer areas are coded red and softer areas are coded
blue (18,19).
Because no manual compression-decompression cycles are involved with shear wave
elastography, acquisition is less user-dependent than real-time elastography. The system
provides absolute elasticity expressed either as speed of the shear waves in m/sec or
as a true elasticity measurement in kPa. Like the real-time elastography system, the
shear wave elastography system provides the analysis in real time with a frequency of 1
Hz = 1 frame per second. It is of note that several frames are necessary per analysis to
achieve stable tissue elasticity measurements. The absolute elasticity measurements can
be used as absolute numbers using regions of interest (ROI) inside of the ultrasound
picture, providing maximum, minimum, mean, and standard deviation of elasticity.
Moreover, ratios of the means inside of the region of interest can be calculated. These
objective measurements render the analysis amenable to cut-off calculation as well as
integration into algorithms. Measurements of tissue elasticity with this system showed
an average elasticity of 65 +/- SD 22 kPa for prostate cancer tissue and of 25 +/- SD 7
kPa for benign prostate tissue with a ratio of 2.7 +/- SD1.4 (Walz, unpublished data).
Those numbers replicate the measurements obtained from mechanical testing with a
systematic increase of tissue elasticity in the in vivo measurements with the shear wave
elastography system, but a stable ratio of 2.6 and 2.7 between the 2 tissue types (Walz,
unpublished data) (13). This increase is probably due to blood perfusion in vivo, that is
known to increase tissue stiffness and density relative to tissue that is not perfused, such
as is the case in the ex vivo measurements.
Use of Elastography to Identify Prostate Cancer Lesions
Several studies compared real-time elastography with whole mount sections following
radical prostatectomy to evaluate its diagnostic performance in the localization of
prostate cancer lesions inside the prostate (Table 1) (15,19-35). The sensitivity for
correct cancer localization varied between 68-77%, therefore, ranging in a rather narrow
range (15,31-33). Two studies showed different sensitivities of 87% and 50%, which
could be considered as outliers (20,34). The specificity varied between 77% and 92%,
again ranging in a relatively narrow range (15,32-34). Again 1 study showed a lower
specificity of 72% (20). Other studies used biopsy data for validation, an approach that
does not provide reliable values on sensitivity and specificity due to under-sampling and,
therefore, those studies are not included in this overview. The aforementioned studies
suggest that real-time elastography is a reliable tool to identify prostate cancer lesions
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inside the prostate. The fact that the diagnostic values of real-time elastography remain
in a rather narrow range suggests user-friendliness, operator independency, and confirms
good reproducibility of the performance—all representing advantages of the system.
Currently, there is only 1 study comparing shear wave elastography with whole mount
sections following radical prostatectomy to evaluate its diagnostic performance in the
localization of prostate cancer lesions inside the prostate (19). In this study, a cut-off
of 50 kPa was identified to be the most informative to differentiate prostate cancer
lesions from benign tissue. When using a cut-off of 50 kPa, the sensitivity for correct
cancer localization was 81% and the specificity was 69% (19). Similar to real-time
elastography, other studies using the shear wave elastography system used biopsy data
for validation; those were not included in this overview for the same reasons of undersampling. Further studies are necessary to confirm the reproducibility of shear wave
elastography.
Use of Elastography to Identify the Prostate Cancer Index Lesion
Especially for focal therapy, there is a need to identify the prostate cancer index lesion
inside the prostate. This index lesion is usually the lesion that comprises the highest
Gleason grade or when several lesions have the same Gleason grade, it is the lesion
that is associated with the largest cancer volume. Real-time elastography has been used
to identify the prostate cancer index lesion in 2 studies (20,36). In the first study, the
sensitivity and specificity were 59% and 92%, respectively (20). In the second study,
the sensitivity and specificity to identify the index lesion were only 59% and 43%,
respectively (36). However, when combining elastography and systematic biopsy results
to identify the prostate cancer index lesion, sensitivity and specificity increased to 85%
and 48%, respectively (36). Both studies suggested that the performance of real-time
elastography alone is not sufficient to be used for focal therapy guidance. Using this
combined approach might be interesting for treatment guidance of focal therapy and
should be further explored.
Use of Elastography for Prostate Cancer Diagnosis
Elastography was also used for the diagnosis of prostate cancer with the aim to direct
biopsies into suspicious lesions. In the following overview, only studies comparing the
detection rates of targeted biopsies over systematic biopsies in a controlled fashion and
in an appropriate patient cohort were included. Basically, only 2 different study designs
fulfilled these criteria (37). In the first study design, targeted and systematic biopsies
were performed in the same patient during the same session with separate analysis of the
detection rate based on targeted cores and on systematic cores (25). In such studies each
patient serves as his own control and selection biases could be excluded. In the second
study design, a randomized approach was used by randomizing patients into 2 groups:
the first group combining image-targeted and systematic biopsies, and the second group
doing only systematic biopsies without the use of targeted biopsies (38). By comparing
the prostate cancer detection rates between the groups, the effect of targeted biopsies
could be estimated. The randomized approach should also exclude selection biases. In

Multiparametric ultrasound in the detection of PCa: a systematic review

| 35

total, 5 studies including 94 to 1,024 patients used one of those 2 study designs (2123,38,39). Four studies used each patient as his own control, 2 studies showed with
a maximum of 5 elastography targeted cores a higher detection rate (detection rate:
21% and 30%) than with a 10-core systematic scheme (detection rate: 19% and 25%)
(21,22). Two other studies showed with 4 elastography targeted cores a lower detection
rate (detection rate: 11% and 29%) than with a 10-core systematic scheme (detection
rate: 38% and 39%) (23,39). One study randomized patients into 2 groups: 1) 10-core
biopsy including elastography targeted cores if a suspicious lesion was present; 2) 10core systematic scheme without the use of elastography targeted cores (38). This study
showed a 12% higher detection rate in the arm including elastography targeted cores in a
10-core biopsy scheme (detection rate: 51%) over a standard systematic 10-core scheme
(detection rate: 39%). When looking at the overall detection rates in these studies, all
studies showed an increase in the detection rate over the systematic biopsy scheme, when
systematic and targeted biopsies were combined. This increase varied between 7-12%
absolute and 16-53% relative (37) (Table 1). The aforementioned studies allow the
conclusion that systematic biopsies cannot be safely replaced by elastography-targeted
biopsies. However, combining systematic and targeted biopsies together provides a
higher prostate cancer detection rate over systematic biopsy alone with, in some studies,
a substantial increase in cancer detection. To the best of our knowledge there is currently
no study evaluating shear wave elastography inside one of the aforementioned study
designs. This needs to be explored in future studies.
Use of Elastography for Treatment Guidance and Monitoring
To the best of our knowledge, no study has used elastography for treatment guidance
for focal therapy so far. Despite this, the ability of real-time elastography together with
biopsy data to identify the prostate cancer index lesion is promising. Moreover, as most
of the currently used ablative energies for prostate cancer focal therapy is guided by
ultrasound, the use of ultrasound-based technologies such as elastography for treatment
guidance is attractive and a prospective evaluation in future trials seems to be interesting
(40). Moreover, the real-time evaluation and the possibility of unlimited repetition of the
analysis render elastography an attractive choice for such an approach. The same applies
to the use of elastography for treatment monitoring. A change in tissue elasticity is of
interest, especially for ablative energies using heat for tissue destruction, such as focused
ultrasound ablation, laser ablation, or microwave ablation. Similar to the cooking process
of meat, where proteins are denaturalized by heat, rendering the meat stiffer and denser
relative to its raw aspect, heat ablative energies will result in the same tissue changes
inside the prostate when used for focal therapy. Very preliminary experiences confirm
this theory and suggest a correlation between the ablated area identified by elastography
and later confirmed by magnetic resonance imaging (MRI) (personal communication,
Rouvière O., 2012.). A combination of elastography and contrast enhanced ultrasound
for treatment monitoring might become a useful option to monitor and control tissue
ablation in real time during focal therapy of prostate cancer. Only this approach would
allow for correction of insufficiently treated areas in the same session without the need
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of re-intervention following initial treatment; a step currently necessary when using
MRI or prostate biopsy for treatment control. Further research in this field is necessary.

Tumour detection: SB vs TB Studies (n)
(references)
Elastography (20-24)
5
CE-Doppler (25-27)
3
DCE-US (28-30)
3
Tumor localization: Imaging
vs RP (references)
Elastography (15,20,31-34)
6
Shear wave (19)
1
DCE-US (35), (unpublished
2
data AMC University
Hospital 2013)

Total
Patients (n)
1840
2206
397

488
28
66

Per-patient detection rate: Per-patient detection rate:
TB vs SB
combined vs SB alone
-18% to +12%
+7% to +12%
+1% to +4%
+2% to +8%
-13% to -5%
+3% to +4%
Sensitivity
Specificity
(range)
(range)
50% to 87%
72% to 92%
81%
69%
58% to 71%
50% to 95%

Table 1 Diagnostic performance of elastography, shear wave elastography, contrast-enhanced Doppler (CE-Doppler),
and dynamic contrast-enhanced ultrasound (DCE-US). Value for tumour detection is expressed as absolute differences
in per-patient detection rates between systematic biopsy (SB), targeted biopsy (TB), and combined biopsy approaches.
Value for tumour localization is expressed as sensitivity and specificity using radical prostatectomy (RP) as the reference
standard.

Contrast Ultrasound
Technical Aspects of Contrast Ultrasound
Prostate tumours need angiogenesis to progress from small dormant lesions into
clinically significant disease (41). Microvascularization has been shown to correlate with
tumour aggressiveness and prognosis. Therefore, visualization of the altered vascularity
has the potential to aid in both detection and risk stratification of prostate cancers. The
standard US techniques for imaging blood flow are Doppler and power Doppler. These
techniques visualize blood flow through analysis of the frequency shift that occurs when
the US signal is reflected from moving particles in the bloodstream. Doppler US is easily
performed in conjunction with normal grayscale TRUS. Two biopsy-controlled studies
report finding 11.7-15.8% absolute more tumours with the addition of Doppler US to
grayscale TRUS (42,43). It should be noted that these figures represent an increase in
detection rate after retrospective analysis of imaging and biopsy results, not of targeted
biopsy versus systematic biopsy. The largest prostatectomy-controlled trial to date by
Eisenberg et al. shows that in 620 preoperative patients, when Doppler is used to further
characterize lesions found by grayscale ultrasound, sensitivity dropped from 59% to
47%, but specificity rose from 47% to 74%. Unfortunately, in this study Doppler US
findings did not correlate with tumour grade and stage or biochemical recurrence or
secondary treatment after RP (4).
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Contrast-enhanced ultrasound was first used in PCa imaging as a technique to potentiate
Doppler US. A contrast agent, consisting of a solution of gas-filled micro bubbles
that remain strictly intravascular for several minutes, is administered intravenously
during or just prior to US scanning (41). After use in thousands of patients, adverse
events of micro bubble contrast media appear to be generally transient, mild, and rare
(44). The theory behind adding contrast ultrasound to Doppler US is to improve the
sensitivity of Doppler US to detect slow flow in small vessels by adding more reflectors
to the bloodstream. One of the drawbacks of this contrast enhanced Doppler US is the
relatively high-energy US pulses delivered, causing premature bursting of the micro
bubbles (45). Dynamic contrast enhanced ultrasound (DCE-US) uses much lower
energy pulses overcoming this issue. DCE-US visualizes blood flow not through the
Doppler effect, but by detecting the non-linear oscillations that occur when the micro
bubbles are incited by the US beam, and differentiating these from the normal, linear
tissue reflections (46). This allows contrast-specific imaging that is sensitive enough to
visualize a single micro bubble with the size of an erythrocyte traveling through the
microvasculature (41).
Typically, the user sets the ultrasound machine in a split-screen mode with normal
grayscale imaging on one side and contrast only (DCE-US) on the other. Scanning
is done using sweeps or plane by plane after the injection of an ultrasound contrast
agent (UCA) bolus. The visual interpretation relies mostly on the identification of
asymmetrical rapidly enhancing foci in the peripheral zone (PZ). Other suspicious
features are increased focal peak enhancement and asymmetry of intraprostatic and
capsular vessels (Figure 1) (35). Early enhancement can be assessed after bolus injection,
requiring a bolus and outflow period for each successive plane. Some work has been
done with so-called flash replenishment technique. This entails destroying the micro
bubbles in the US field of view using a strong US pulse. The ensuing inflow of fresh
micro bubbles from the surrounding circulation can then be assessed (28,47). At low
volumes of circulating micro bubbles, the flash replenishment technique combined
with maximum intensity projection allows visualization of the trajectory of individual
bubbles revealing the structure of single micro vessels.
Use of Contrast Ultrasound to Identify Prostate Cancer Lesions
Few studies have compared contrast specific DCE-US with radical prostatectomy
specimens (Table 1). Halpern et al. mapped preoperative DCE-US and grayscale
findings in 12 patients, finding 13 out of 31 PCa foci resulting in a sensitivity of
42% (48). Similar figures were subsequently found by Sano et al. who detected 10/26
malignant foci in 13 prostates resulting in a sensitivity of 38% (49). Matsumoto et
al. used DCE-US and grayscale US to evaluate the prostates of 50 patients scheduled
for radical prostatectomy, locating 43 of 106 tumour foci resulting in a sensitivity of
41% (47). Unfortunately, the design of these 3 studies did not allow calculation of
specificity. Better results were reported by Seitz et al. who preoperatively scanned 35
patients scheduled for prostatectomy or cysto-prostatectomy using DCE-US and were
able to locate tumour foci in 22/31 patients scheduled for radical prostatectomy (35).
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On a per-patient basis they calculated a sensitivity, specificity, PPV, and NPV of 71%,
50%, 92%, and 18%, respectively. Yet-to-be published data from the Academic Medical
Centre (AMC) university hospital compared preoperative DCE-US scanning of the
prostate with radical prostatectomy specimens of 36 patients. Two observers achieved
sensitivities of 58-69% and specificities of 93-95% for detecting lesions larger than
0.5 mL. The scarcity of the literature comparing RP specimens with contrast-enhanced
ultrasound calls for further studies to evaluate its performance in locating PCa.
Use of Contrast Ultrasound to Identify the Prostate Cancer Index Lesion
As outlined before, accurate localization of the dominant tumour focus is important
for the application of contrast-enhanced ultrasound within focal therapy. The
aforementioned study by Seitz et al. evaluated to what extent the localization of DCEUS findings correlate with the localization of the index lesion (35). In 17/22 patients
with tumours detected by DCE-US the index lesion was correctly localized. Excluding
Gleason 6 index lesions, their dataset shows that 11/17 (65%) index tumours could
be located in the correct sextant, 5/17 (29%) where missed altogether and 1/17 (6%)
was located at the opposite side. Qi et al. attempted to localize the index tumour in 83
patients scheduled for prostatectomy and were able to detect 51%, 64%, and 81% of
index lesions using grayscale US, DCE-US, and the combination, respectively (50).
Unfortunately, the precise methodology of comparing imaging and pathology was not
described. Based on these data the use of DCE-US alone for index lesion targeting
cannot be recommended, but again, data is scarce and further investigations with
accurate matching between imaging and pathology is necessary to definitively establish
the performance in localizing the index lesion.
Use of Contrast Ultrasound for Prostate Cancer Diagnosis
For reasons explained before, the value of an imaging tool for prostate biopsy guidance
can only truly be evaluated when the per-patient detection rates of targeted biopsies
and systematic biopsies taken from the same patients or patients randomized to either
protocol are compared (37) (Table 1). In the following section we will, therefore, focus
on studies that were designed in such a way. Two studies compared detection rates of
10 systematic biopsy cores with 5 contrast-enhanced Doppler US targeted biopsy cores
in 1776 and 230 patients, respectively (25,26). In both studies 23% of patients had
positive systematic biopsies. In the larger study 27% of patients had positive targeted
cores, in the smaller 24%. This indicates contrast enhanced targeted biopsies perform at
least as well or better than systematic biopsies with fewer cores. Nevertheless, significant
tumour foci were picked up by systematic biopsy and missed by targeted biopsy.
Combining systematic and targeted biopsies showed an absolute gain in detection rate
of 7-8% compared to systematic biopsies alone. Taverna et al. randomized 300 patients
to undergo either 13-core systematic biopsy, 13-core systematic biopsy plus Doppler
targeted biopsies, or 13-core systematic biopsy plus contrast-enhanced Doppler
targeted biopsies (27). They found a modest 2% absolute increase in detection rate of
systematic + contrast enhanced Doppler US targeted biopsies compared to systematic
biopsies alone. Three studies compared detection rates of contrast-enhanced ultrasound
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targeted cores and systematic cores in the same patients, using cohorts of 272, 60, and
65 patients, respectively (28-30). These studies report a lower detection rate using the
2-6 targeted cores compared to 10-12-core systematic biopsy, but an overall absolute
gain of 3-4% when the 2 are combined. Besides per-patient detection rate, tumour
grading is important and targeted cores are usually expected to yield larger tumour
volumes and higher Gleason scores. Only 2 studies provide these data: 29% of patients
were diagnosed with Gleason ≥ 7 with systematic biopsy only, compared to 31% for
the systematic + contrast enhanced Doppler US targeted cores in the study by Taverna
et al. (27). Frauscher et al. report finding equal numbers of Gleason 6 tumours with
systematic biopsies alone and targeted biopsies alone (both 8/46 (17%) Gleason 6
tumours) (25). However, 5/13 (38%) Gleason 7 tumours and 4/5 (80%) of Gleason
≥ 8 tumours were found only by the targeted biopsies while none were found with
systematic biopsies. These results illustrate that incorporating targeted cores improves
detection, but systematic biopsies remain necessary, as is the case with all other currently
available imaging tools (37).
Use of Contrast Ultrasound for Treatment Guidance and Monitoring
Since DCE-US is highly sensitive to blood flow in the smallest capillaries it is a suitable
option for the monitoring of focal treatments in which the vascularity is destroyed.
It provides high-resolution images that accurately depict whether tissue is perfused or
not. Furthermore, the use of DCE-US is not limited by restrictions on ferromagnetic
components of the ablation equipment as is the case with MRI-based monitoring.
DCE-US is used for the real-time monitoring of lesion development during interstitial
laser photothermal therapy by using a continuous UCA infusion (51,52). Rouvière et
al. have shown that contrast-enhanced ultrasound allows immediate visualization of
HIFU-induced ablation zone by comparing postoperative biopsy results taken from
areas showing residual enhancement and the non-enhancing ablation zone (53). Based
on these results, non-enhancing areas can safely be considered destroyed (54). Some
modern HIFU probes can be used to scan DCE-US volumes to check whether the
ablation extent has progressed as planned intraoperatively. This allows immediate
adjustment of the ablated zone by applying additional HIFU to any undertreated areas
(54). DCE-US has also been used to depict the ablation zone in the days or weeks
after HIFU, interstitial laser phototherapy, and IRE, correlating well with MRI and
histopathology findings (52,54,55).

Multiparametric Ultrasound
Prostate cancer is such a heterogenous disease that it is conceivable that no single imaging
modality will be able to detect all different tumour morphologies. In MRI it has been
demonstrated that the diagnostic performance of single sequences is inadequate and
mpMRI is now the standard (56). For US too, it may hold true that the best diagnostic
performance will be reached by combining several modalities with each targeting
different tissue characteristics that help differentiate benign from malignant prostate
tissue (Figure 1). Available US modalities target anatomical morphology (grayscale US),
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altered vascularity (contrast-enhanced ultrasound), and tissue density (elastography).
The parallels to the T2-MRI, DCE-MRI, and DWI-MRI sequences—the combination
of which was proven effective—are clear. Yet, only modest steps have been undertaken
to combine these US modalities into mpUS. In 2014 we conducted a systematic search
on mpUS. The aim was finding studies that used at least two ultrasound modalities
besides grayscale for the detection of PCa in the same patients (Figure 2).
A study in 133 patients by Aigner et al. (57) showed that a median of 5 biopsies targeted
at elastography and DCE-US lesions resulted in a higher per-patient detection rate
(59.4%) than what can be expected of systematic biopsies. Unfortunately, their study
does not allow calculation of false negatives. The systematic literature search identified
2 additional studies using systematic biopsies as a reference standard and only 1 study
correlating mpUS with RP specimens (Figure 2). Nelson et al. (58) compared grayscale,
Doppler and Elastography in 137 patients using targeted biopsies with sextant systematic
biopsies as reference standard. Of the 106 positive biopsy sites, grayscale was positive
in 16%, Doppler in 29%, elastography in 25% and the combination in 46%, showing
that the three modalities detect different tumours. Xie et al. (59) compared the results
of a 10-core biopsy scheme with grayscale, Doppler-Ultrasound and DCE-US imaging
in 150 patients. Grayscale US was positive in 51% of cancer sites, Doppler in 48% and
DCE-US in 73%, while the combination was positive in 82% of cancer sites. Both
studies combined the ultrasound modalities by adding up all lesions seen by any of the
modalities. This by default increases sensitivity and NPV at the cost of specificity and
PPV. Unfortunately, insufficient data was supplied in the articles to calculate specificity
for the combinations. Conversely, other authors combined ultrasound modalities by
using the second modality to further characterize lesions highlighted by the first. This
will produce a higher specificity and PPV at the cost of sensitivity and NPV.
Most notably, Brock et al. matched the preoperative elastography and DCE-US in
86 patients with RP specimen analysis (60). They followed a 2-step approach toward
combining the US modalities: first, suspicious lesions were identified using elastography.
Elastography alone showed a sensitivity of 49% and a specificity of 74%. Second, only
the suspicious areas found by elastography were investigated further using DCE-US,
raising the PPV from 65% to 90%. Clearly, further research into various combinations
of mpUS is necessary to assess its full potential (61).
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Figure 1. Multiparametric Ultrasound and MRI modalities. Top left and right: T2-MRI and Diffusion weighted-MRI
indicating tumour presence on the left side. Middle left and right: grayscale and elastography indicating tumour presence
on the left side. Bottom left and right: DCE-US and pathology indicating tumour presence on both sides (suspicious
areas on imaging indicated by arrows and tumour marked red on pathology).
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Prostate Cancer AND ((Doppler AND Elastography OR (DCE-US OR CEUS
OR Contrast ultrasound)) OR (Elastography AND (Doppler OR (DCE-US OR
CEUS OR Contrast ultrasound)))) NOT review[Publication Type]
Screening
title/abstract:
• Original research
articles
• Relevance: 2 or
more advanced US
modalities used for
PCa detection.
• In vivo studies

Results: 420
After filtering:
211

Filters:
• Publication date
after 12-5-2004
• English Language
• Species: Humans
• Full text availability

After screening
title/abstract: 14

After screening
full text : 3

Screening Fulltext :
• Reporting of
Sensitivity,
Specificity, NPV or
PPV of a
combination of
advanced US
modalities

Figure 2. Flow chart. PCa = Prostate Cancer, US=UltraSound, NPV= Negative Predictive Value, PPV=Positive Predictive
Value

Future Perspectives
Currently ultrasound remains a dynamic and operator-dependent examination, rendering
its standardization and reproducibility limited. Quantification and computer-aided
interpretation is feasible for both DCE-US and shear wave elastography and these
developments should increase accuracy and decrease operator dependency. Especially
for DCE-US, algorithms are being developed that analyse the inflow and outflow of the
UCA by plotting per-pixel time-intensity-curves (TIC) (enhancement as function of time)
that are used to extract various blood flow-related parameters. These parameters can be
displayed as a colour-coded map for further visual interpretation or used by a classification
algorithm to predict whether tissue is malignant (6). In a study published in 2010, Zhu
et al. performed DCE-US in 103 patients before prostate biopsies and then correlated
biopsy results with several blood flow parameters extracted from the DCE-US recordings.
They found that arrival time (AT) and time to peak (TTP) and peak intensity (PI) differed
significantly between low-grade and high-grade peripheral zone tumours and found
significant correlations between these parameters and the Gleason Score (62).
Jung et al. used a prototype of software under development by UCA manufacturer Bracco
(Bracco Suisse SA, Geneva, Switzerland) to analyse the preoperative DCE-US recordings
of 20 men scheduled for RP (63). They designated suspicious and unsuspicious sectors
in each of the patients and evaluated the ability of several parameters to correctly classify
the sectors as benign or malignant. Using the mean transit time (time between 50%
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enhancement levels of the wash-in and wash-out phase) and rise time (time range of UCA
influx) they were able to identify 29 and 25 of 34 tumour foci, respectively. Using early
enhancement, 30/34 tumours were identified resulting in a sensitivity and specificity of
88% and 100%, respectively.
The current version of the aforementioned quantification software by Bracco includes a
classification algorithm that uses 2 statistical parameters (mode and standard deviation
of wash-in rates) obtained from TIC analysis to predict whether the tissue is malignant
or benign. Postema et al. correlated the PCa-probability maps generated by this software
to the systematic biopsy results of 82 patients and reported classifying 63% of 651 of
biopsy locations as benign, resulting in 23 (5.6%) missed biopsy cores with significant
PCa (Gleason ≥7 and ≥10% core involvement) (64). In 31/82 patients no lesions were
apparent using DCE-US + quantification software, resulting in 3 missed diagnoses of
significant PCa. Sensitivity, specificity, PPV, and NPV were 91%, 56%, 57%, and 90%,
respectively.
An Eindhoven University of Technology research group is developing Contrast Ultrasound
Dispersion Imaging (CUDI), a quantification method based on the analysis of UCA
dispersion parameters that are also extracted from TICs (6,65). They validated their
algorithms by using the preoperative DCE-US recordings and marked RP slices of up to
24 patients showing a gradual improvement of the CUDI method reaching an AUC of
0.92 in their latest study (67-68).
Ideally, technologies such as elastography or contrast enhanced ultrasound should be
amenable to 3D or 4D imaging. Moreover, the 3D or 4D ultrasound loop should be
systematically filed and amenable to post-acquisition processing and analysis. The first
tests with commercially available contrast-ready 3D/4D endorectal US systems have
shown that 4D DCE-US and quantification is feasible (69). Besides allowing scanning of
the whole prostate in 2 minutes after 1 single bolus, the authors hypothesized that with
3D/4D DCE-US accuracy of the quantification techniques could improve since the blood
flow alterations they try to detect are fundamentally 3D phenomena.
Such improvements would substantially improve the usefulness of ultrasound-based
technologies for diagnosis and treatment of prostate cancer. These improvements are under
development, but not yet commercially available. Moreover, the different ultrasoundbased technologies are commercialized by different companies, each of them favouring
one of the different technologies. Therefore, only specific scanners do offer, for example,
elastography and contrast-enhanced ultrasound at the high-quality level that is necessary
to render this pathway useful. Despite these limitations, ultrasound-based imaging for
diagnosis and treatment of prostate cancer harbours great potential for the future.
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Abstract
Purpose of review: An imaging tool providing reliable prostate cancer (PCa) detection
and localization is necessary to improve the diagnostic pathway with imaging targeted
biopsies. This review presents the latest developments in existing and novel ultrasound
modalities for the detection and localization of PCa.
Recent findings: The ultrasound modalities that were very promising on introduction
(HistoScanning and Doppler) have shown a wane in performance when tested in larger
patient populations. In the meantime, novel ultrasound modalities have emerged in
the field of PCa detection. Modalities, such as shear wave elastography (SWE) and
contrast-enhanced ultrasound (CEUS) show very promising results. SWE produces an
absolute elasticity measure and removes the need for manual compression of the tissue.
The former allows comparison between scans and patients, the latter reduces the interoperator variability. Quantification of CEUS enables easily interpretable and accurate
imaging of the microvascular changes associated with clinically significant prostate
tumours.
Summary: The novel ultrasound modalities of SWE and CEUS imaging open the door
for taking targeted biopsies based on the detection and localization of PCa by these novel
modalities. This potentially improves PCa detection wherein significantly reducing the
number of biopsy cores.
Keywords: Contrast-enhanced ultrasound imaging, prostate cancer, shear wave
elastography, Transrectal Ultrasound
Key points:
• CEUS quantification improves PCa detection and may decrease the operator
dependency by analyzing and processing information from ultrasound data not
visible with the bare eye and providing easy-to-read parametric output.
•

During external validation with HistoScanning in large patient groups initial
results could not be reproduced. Large external validation trials for C-TRUS are
not available yet.

•

SWE is superior over conventional elastography because of device-regulated
compression and an absolute output value, allowing for interpatient and intrapatient
comparison of results. The results of the first clinical trials are encouraging.

•

CEUS quantification develops quickly and initial results show that very high
sensitivities and specificities can be achieved.
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Introduction
The current standard to diagnose prostate cancer (PCa) is grayscale TransRectal
UltraSound (TRUS-) guided systematic biopsies (1). Grayscale TRUS is not sensitive or
specific enough for targeted biopsies and systematic biopsy procedures significantly miss
and undergrade tumours (2). An imaging tool providing reliable PCa detection and
localization is necessary to improve the diagnostic pathway (3) and unlock the potential
of emerging focal treatment options such as high intensity focused ultrasound (HIFU),
cryotherapy and irreversible electroporation (IRE) (4).
Encouraging results have been reported by studies using multiparametric MRI (mpMRI)
for the detection of PCa in expert centres. However, issues of costs, availability of MRI
and reproducibility of these results outside of expert centres inhibit widespread adoption
for now (5). Various ultrasound modalities have been developed for PCa including
Doppler techniques, contrast-enhanced ultrasound (CEUS) and sonoelastography
(5). Recent meta-analyses show improved results of CEUS and elastography over
conventional grayscale TRUS (6,7).
Quantification techniques are being developed for different ultrasound modalities (8,9).
These software-based tools use either the raw or video data to extract parameters that
help differentiate malignant from benign tissue. Several features of the quantification
techniques potentially enable them to increase the sensitivity for the detection of PCa.
An important advantage is that quantification techniques can display differences that
are normally too subtle to distinguish with the human eye. Parameters or even the
probability of tumour presence can be displayed in easily interpretable colour-coded
maps, potentially decreasing operator dependency. In this review, we will provide an
overview of the latest advances in the different ultrasound quantification techniques that
are aimed at aiding detection and localization of PCa.
HistoScanning
HistoScanning is a technology that uses statistical features in the raw ultrasound data to
distinguish malignant from benign tissue. Braeckman et al. (10) presented the first results
on detection of PCa using HistoScanning in a small population of 14 patients scheduled
for radical prostatectomy. They detected PCa with 100% sensitivity. In a subsequent
study, Braeckman et al. (11) presented sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV) of 100, 81, 80 and 100%, respectively, for
lesions at least 0.5 mL. Simmons et al. (12) screened 51 patients with PCa, scheduled
for radical prostatectomy. For lesions at least 0.2 mL they reported values for sensitivity,
specificity, PPV and NPV of 90, 72, 82 and 83%, respectively. In the latest study in
198 patients, the performance values for lesions at least 0.5 mL dropped to 40, 73,
33 and 79%, respectively (13). Finally, HistoScanning was compared with TRUSguided biopsies and transperineal template prostate biopsies (14). In the first case the
cancer detection rates were 62.5% (TRUS-biopsies) and 38.1% (HistoScanning). In
the second comparison the detection rates were 54.4% (transperineal template prostate
biopsies) and 14% (HistoScanning). The methodology of HistoScanning seems to lack

2

52 | Chapter 2.2

robustness, the sensitivity and specificity reduced significantly after implementing the
technique in other centres.
Computerized-TransRectal UltraSound
Computerized-TransRectal UltraSound (C-TRUS) was first mentioned in 1990 (15)
as a technology to distinguishing malignant from benign tissue using an artificial
neural network. The input neurons consisted of six statistical features derived from
the grayscale ultrasound images. The output neurons of the neural network indicated
the tissue as benign/malignant and the Gleason grade. The neural network connecting
the input and output neurons has at first been trained using 53 samples chosen from
five patients (16). In the remaining 500 samples, C-TRUS showed a sensitivity and
specificity of 79 and 99%, respectively. In the latest study, Strunk et al. (17) combined
C-TRUS with mpMRI in a population of 20 patients with elevated prostate-specific
antigen (PSA). C-TRUS detected suspicious lesions in 20/20 patients whereas mpMRI
detected suspicious lesions in 17/20 patients. In merely 11/19 patients PCa was found
by targeted biopsies. This implies a PPV of 58% for C-TRUS targeted biopsies. The
robustness of C-TRUS still remains to be established in larger populations.
Doppler TransRectal UltraSound
In 1989, colour Doppler TRUS entered the armamentarium of ultrasound quantification
techniques (18). Doppler imaging quantified the vasculature in the prostate to detect and
localize prostate tumours based on the development of neovessels around the tumour
(angiogenesis). Halpern and Strup (19) compared grayscale ultrasound, colour Doppler
and power Doppler in the detection of PCa. They concluded that Doppler ultrasound
did not reveal PCa with sufficient accuracy to avoid systematic biopsies.
Sauvain et al. (20) investigated the value of power Doppler TRUS in the detection of
low-risk PCa. In a study of 243 patients scheduled for prostate biopsies with a PSA
level less than 10 ng/mL and negative digital rectal examination, 106 patients presented
cancer. The authors found a 45% sensitivity and 74% specificity in diagnosing lowrisk cancers. Tsai et al. (21) measured parameters such as the end-diastolic blood flow
velocity (EDV) and the resistive index at each neurovascular bundle site. In a group of
292 patients EDV and resistive index showed comparable diagnostic performance (area
under the curve (AUC) = 0.687 and 0.657, respectively). These were less than that of
PSA (AUC = 0.812). At a cut-off value of 4.5 mL/s EDV showed a 65.5% sensitivity
and 66.7% specificity. The sensitivity and specificity of the resistive index was 71.5 and
60.3%, respectively, at a cut-off of 0.71. The potential of Doppler TRUS for detecting
PCa appears to be hampered. This is probably the result of the limited resolving power
of Doppler TRUS.
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(Shear wave) elastography
Ophir et al. (22) have coined the term elastography in 1991. Elastography is based on
the principle that soft tissue deforms more than hard tissue when pressure is applied.
Lesions in prostatic tissue can then be identified as regions with different stiffness values
(23). A recently published meta-analysis of seven studies compared elastography with
radical prostatectomy specimens and found a pooled sensitivity and specificity of 72 and
76%, respectively (7). With shear wave elastography (SWE), two shear waves are created
by focusing a pushing beam at different depths (see Figure 1). The propagation of these
shear waves is related to the local elastic properties. With SWE, quantitative elasticity
(Young’s modulus in kPa) maps of the tissue are constructed. A major advantage of
SWE is that no pressure needs to be applied by the operator to induce deformation of
the prostatic tissue.
Only a limited amount of data is available for SWE. Correlating SWE and sextant biopsy
results in 53 men, Barr et al. (24) found a 96% sensitivity, a 96% specificity, a PPV of
69% and an NPV of almost 100% using a cut-off of 37 kPa. Young’s modulus was
significantly higher in areas with malignant tissue compared with areas with atypia or
inflammation. In a similar study among 50 patients, Ahmad et al. (25) found sensitivities
and specificities of 90 and 88% in patients with PSA less than 20 ng/mL and 93 and
93% in patients with PSA more than 20 ng/mL. They did not mention the cut -off
used, but based on the estimated stiffness in benign (74.9 ± 47.3 kPa) and malignant
tissue (133.7 ± 57.6 kPa), it can be expected to be much higher than that used by Barr
et al. The data of Ahmad et al. also suggest a relationship between Young’s modulus and
the Gleason grade. In a third study of 87 patients, Woo et al. (26) found a sensitivity of
43%, a specificity of 80.8%, a PPV of 13.5% and an NPV of 94.8% at a cut-off value
of 43.9 kPa. They also showed a linear trend between Young’s modulus and the Gleason
grade and significantly higher stiffness values in aggressive tumour. Finally, in a study
of 60 patients scheduled for radical prostatectomy, Boehm et al. (27) showed an 81%
sensitivity, a 69.1% specificity and an AUC of 0.692 at a cut-off of 50 kPa. They could
not show a relation between the Young’s modulus and the Gleason grade. The evidence
for SWE thus comes from three well designed biopsy studies and an important first
comparison between radical prostatectomy specimens and SWE imaging of the entire
prostate, not just typical regions. All studies did demonstrate that the Young’s modulus
of PCa is significantly higher than that of benign prostatic tissue. Although the cut-off
value for an adequate distinction between PCa and benign tissue is still undetermined.
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Figure 1. (a) Schematic representation of the physical principles of shear wave generation in biological tissue. (b)
Comparison of ultrasound and shear wave elastography (SWE). This patient presented with a hypoechoic nodule on
ultrasound (black lesion with arrow). SWE was preformed, and the nodule was found to be of low stiffness (G20 kPa).
Note the blue area with a green arrow. However, another lesion was found with a high stiffness (75 kPa) and was found
on biopsy to be PC with Gleason grade 7. Note the red lesion with a red arrow.

Contrast-enhanced ultrasound
In CEUS, a highly echogenic intravascular ultrasound contrast agent (UCA) is used.
UCAs consist of gas-filled microbubbles that are stabilized by a protein or lipid shell.
These microbubbles have a diameter of 2–8 µm, allowing them to pass through
the microvasculature (28,29). UCAs were first used in combination with Doppler
ultrasound imaging, whereas the microbubbles functioned as additional scatterers in
the bloodstream. One drawback of this method is the high-mechanical index used
by Doppler ultrasound, causing premature bursting of the bubbles (9). Newer CEUS
techniques exploit the oscillations of the microbubbles that occur under low-mechanical
index ultrasound. These nonlinear oscillations can be separated from the linear tissue
reflections using techniques such as harmonic imaging, pulse inversion, amplitude
modulation and contrast pulse sequencing, allowing visualization and quantification of
blood flow (9).
PCa tumours require increased blood supply provided by angiogenesis to progress beyond
the size of 2 mm and develop into a clinically significant tumour (30). The angiogenic
vessels are small and typically exhibit an irregular, tortuous architecture and altered, leaky,
endothelial lining causing irregular blood flow. It is these alterations in tumour vascularity
and microvascular flow patterns that are targeted by CEUS and associated quantification
techniques. In a 2013 meta-analysis (16 studies, including 2624 patients) on the
diagnostic performance of CEUS, Li et al. (6) found a pooled sensitivity and specificity
of 70 and 74%, respectively. As the different enhancement patterns between benign and
malignant tissue may be subtle, the learning curve is considerable, and the potential of
human interpretation is limited. Goossen et al. (31) attempted to quantify perfusion by
measuring contrast-enhanced power Doppler ultrasound enhancement patterns in 29
patients scheduled for radical prostatectomy. They plotted time–intensity curves (TICs) by
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assessing how many pixels in a given region-of-interest (ROI) were enhanced as a function
of time after UCA injection. By assessing the time to maximal enhancement, they were
able to correctly identify the side of the major tumour focus in 78% of the patients. In
2010, Zhu et al. (32) found that shorter arrival time and time to maximum enhancement
correlated with higher tumour grade in the biopsy results of 103 patients.
One of the UCA manufacturers (Bracco Suisse SA, Geneva, Switzerland) is developing
dedicated software (VueBox) to extract and analyse perfusion characteristics from CEUS
imaging for use in various organs including the liver (33). This software allows plotting
of per pixel TICs and parametric maps extracted from the TICs (Figure 2). Using a
prototype of this software, Jung et al. (34) noted suspicious and unsuspicious sectors in
the CEUS recordings of 20 patients scheduled for radical prostatectomy. Twenty-nine
and 25 of the 34 tumour foci could be identified by evaluating the mean transit time
(time between 50% levels of wash-in and wash-out phase of the TIC) and rise time
(time range of UCA influx), respectively. Thirty tumours were found by assessing early
enhancement, resulting in an 88% sensitivity and a 100% specificity.
In the current version of this prototype software, probability maps for PCa presence can
be generated based on histograms of wash-in-rate values (maximum slope of the TIC)
calculated in small ROI around each pixel. Statistical measures such as the mode and SD
are determined from the histograms. Correlation with histopathology specimens revealed
that PCa can be differentiated from benign tissue based on mode and SD values (35).

Figure 2. (a) Example of a time–intensity curve (TIC) for a given pixel. WIR, wash-in-rate; MTT, mean transit time; RT,
rise time. (b) Left: example of a probability map (red indicates a high suspicion) generated by dedicated software under
the development of Bracco Suisse SA that analyses the dispersion of WIRs among neighbouring pixels. Middle: contrastultrasound dispersion imaging (CUDI) map indicating a region of similarly shaped TIC’s, suspicious for prostate cancer
(PCa) presence (marked red). Right: histopathological examination of the same plane confirmed PCa presence in the
right peripheral zone (marked red).
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Instead of quantifying perfusion parameters, Mischi et al. (36) focus on the dispersion
kinetics of the UCA as the injected bolus moves through the prostate, a method called
contrast-ultrasound dispersion imaging (CUDI). The rationale behind this approach
is that on the microvascular level, the properties of the angiogenic microvasculature
associated with malignancy on perfusion are unpredictable. The high microvessel density
and arteriovenous shunts promote increased perfusion whereas the tortuosity, aberrant
endothelial lining and higher interstitial pressure in tumours have a negative effect on
perfusion. Dispersion on the other hand is predictably lower because of the less efficient,
irregular structure of the angiogenic microvascular network within the malignant tissue.
Originally, Kuenen et al. (37) used a mathematical model to estimate a parameter (kappa)
related to dispersion by analysis of each pixel’s TIC. They performed a pilot study using
five datasets from four patients comparing this method with a malignant ROI and a
benign ROI determined by histopathological examination after radical prostatectomy.
They found a per pixel sensitivity and specificity of 81 and 84%, respectively. In 2012,
the benefits of including the available spatial information were explored. This method
is based on the observation that low UCA dispersion within an area correlates with
more similarly shaped TIC’s for the pixels within that area. In their initial validation,
Mischi et al. [36) used the preoperative scans and histopathological examination of five
prostates to assess whether they could discriminate benign from malignant tissue by
evaluating the coherence between TICs as a measure of similarity. The maximum AUC
was 0.82. In two subsequent publications, Kuenen et al. (38,39) describe a refinement
of the coherence method and a new method that evaluates the correlation between the
TICs. The results of validations in a dataset of 12 patients were AUCs of 0.88 and 0.89,
respectively. Additionally, the authors demonstrated the progress made by using the
same dataset to compare the new methods with the initial coherence method described
by Mischi et al. (36) (AUC = 0.82) and the original method requiring the mathematical
model (37) (AUC = 0.70). The validation dataset was then expanded to 43 planes in 24
patients from two centres showing a comparable performance, with AUC of 0.88 (40).
The latest work by this research group, by Mischi et al. (41) presents a new similarity
measure called mutual information analysis and a clinical validation in 26 datasets from
15 patients resulting in an AUC of 0.92.
The small time interval between subsequent publications on new methods and major
refinements of existing methods (months rather than years) reflects the rapidly ongoing
developments in CEUS quantification. Currently, all available evidence comes from
small datasets that are mostly acquired in a single centre. Moreover, the studies often
correlate predefined benign and malignant areas of the prostate with imaging instead
of classifying the entire prostate (divided in sectors) with imaging. For definitive
establishment of the value of these techniques and their uptake in routine clinical
practice, large, well designed validation trials are, therefore, still needed.
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Future
Validation of ultrasound quantification techniques in large multicentre studies opens
the door toward targeted biopsies instead of the regular 12–16 systematic biopsies.
The parametric maps derived from CEUS and/or SWE need to be fused with realtime TRUS to identify suspected regions and immediately take targeted biopsies. An
interesting prospect is the combination of ultrasound techniques and the first steps
toward ‘multiparametric ultrasound’ have been undertaken and show improved results
(42,43).
Reliable and easy-to-interpret ultrasound-based imaging makes it possible to take
targeted biopsies in a single session, by the (office-based) urologist, wherein achieving
improved detection and grading compared with systematic biopsies. Furthermore, costeffective imaging for the targeting of (focal) treatment and follow-up would be made
possible.

Conclusion
The recent developments in ultrasound quantification techniques, such as for CEUS
and SWE, provide a realistic opportunity to make systematic biopsies obsolete.
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Abstract
Objective: To investigate the value of dynamic contrast-enhanced (DCE)ultrasonography (US) and software-generated parametric maps in predicting biopsy
outcome and their potential to reduce the amount of negative biopsy cores.
Materials and Methods: For 651 prostate biopsy locations (82 consecutive patients) we
correlated the interpretation of DCE-US recordings with and without parametric maps
with biopsy results. The parametric maps were generated by software which extracts
perfusion parameters that differentiate benign from malignant tissue from DCE-US
recordings. We performed a stringent analysis (all tumours) and a clinical analysis
(clinically significant tumours). We calculated the potential reduction in biopsies (benign
on imaging) and the resultant missed positive biopsies (false-negatives). Additionally, we
evaluated the performance in terms of sensitivity, specificity negative predictive value
(NPV) and positive predictive value (PPV) on a per-prostate level.
Results: Based on DCE-US, 470/651 (72.2%) of biopsy locations appeared benign,
resulting in 40 false-negatives (8.5%), considering clinically significant tumours only.
Including parametric maps, 411/651 (63.1%) of the biopsy locations appeared benign,
resulting in 23 false-negatives (5.6%). In the per-prostate clinical analysis, DCE-US
classified 38/82 prostates as benign, missing eight diagnoses. Including parametric
maps, 31/82 prostates appeared benign, missing three diagnoses. Sensitivity, specificity,
PPV and NPV were 73, 58, 50 and 79%, respectively, for DCE-US alone and 91, 56,
57 and 90%, respectively, with parametric maps.
Conclusion: The interpretation of DCE-US with parametric maps allows good
prediction of biopsy outcome. A two-thirds reduction in biopsy cores seems feasible
with only a modest decrease in cancer diagnosis.
Keywords: contrast-enhanced ultrasound, parametric imaging, prostate cancer imaging,
quantification
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Introduction
In standard practice, prostate cancer (PCa) diagnosis is confirmed or excluded by TRUSguided systematic biopsies in men with a clinical suspicion based on DRE or serum
PSA level (1). Systematic biopsy procedures significantly miss and under-grade PCa (2).
The accuracy of conventional greyscale TRUS is too low for effective targeted biopsy
procedures (3). Multiparametric MRI is increasingly applied for the detection of PCa,
but research has shown varying results, warranting further investigation to definitively
establish its role (4, 5). Several ultrasonography (US) techniques are being developed
with the goal of improving detection of PCa and enabling targeted biopsy procedures,
including (shear-wave) elastography, computerized-TRUS and dynamic contrastenhanced (DCE)-US (6-8). In DCE-US a suspension of gas-filled microbubbles is used
as an US contrast agent (6). The non-linear scattering produced by the microbubbles can
be differentiated from linear tissue reflections, allowing contrast-specific imaging and
therefore visualization of microvascular flow patterns. PCa generally exhibits altered,
angiogenic microvascular structures and blood flow patterns, which can be observed
with DCE-US (9). The few studies that compared imaging results and pathology results
per biopsy location have shown improved PCa detection with DCE-US compared with
greyscale TRUS (10); however, flow pattern signs of malignancy are often subtle and pass
in seconds, resulting in considerable user-dependency. Techniques are being developed
which extract perfusion parameters that distinguish malignant from benign tissue from
the DCE-US recordings. These parameters are then displayed in the form of parametric
US maps. The aim is to improve accuracy while decreasing user-dependency (11, 12).

Figure 1. Parametric US Map. Left: In this parametric map, a high probability of prostate cancer is displayed red and low
probability green. Right: the parametric map is displayed as a semi-transparent overlay over the greyscale TRUS image,
allowing localization of lesions relative to prostate zonal borders. The biopsy core corresponding to the red lesion in the
right mid-basal peripheral zone of this patient showed a 10% tumour involvement with Gleason 4+3 prostate cancer.
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A new perfusion imaging approach has recently been developed by Bracco Suisse SA
(Geneva, Switzerland) that is based on a statistical analysis of parametric maps of wash-in
rate, a perfusion parameter reflecting the rate of contrast enhancement. The parametric
US maps are generated by analysing time–intensity curves representing the echo power
as a function of time, on a pixel-by-pixel basis. For each pixel, histograms of wash-in
rate are calculated in small areas around this pixel, and statistical parameters such as the
mode (most occurring wash-in rate value) and standard deviation (dispersion of washin rate values) are determined from the histograms. Next, colour-coded probability
maps (Figure 1) of PCa occurrence are constructed based on classification criteria
differentiating between cancer and non-cancerous tissues. These criteria were previously
defined by combinations of mode and standard deviation of histograms obtained from
42 regions of interest, located in areas of PCa as determined by radical prostatectomy
histopathology (13).
For the development of targeted biopsy procedures, biopsy-controlled studies are
important to circumvent both the observer bias and the selection bias present in radical
prostatectomy specimen-controlled studies. A recent systematic review (14) has shown
that adding DCE-US targeted cores to systematic biopsy regimens improved the PCa
detection rate; however, taking only the targeted biopsies could lead to missing cancer.
In the present study, we evaluated the ability of DCE-US and parametric US maps to
predict biopsy outcome. The aim was to determine how many positive biopsy cores
from the systematic biopsy procedure would be missed if only the biopsies from sectors
with suspicious findings on DCE-US and parametric US maps had been taken. To do
this, interpretations of DCE-US recordings with and without the aid of parametric
maps were compared with systematic biopsy results.

Prostate biopsies
n=198
DCE-US Imaging
before biopsies
n=84

Included in final
analysis
n=82

Figure 2. Inclusion flowchart.

DCE-US not performed n=114:
-study information not provided
-patient refused particiption
-met exlcusion criteria

Excluded from analysis (n=2):
-brachytherapy before DCE-US
-Incomplete biopsy procedure
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Materials and Methods
Between April 2012 and September 2013, 194 patients were referred for prostate
biopsies at the Academic Medical Centre (Amsterdam, the Netherlands). A total of 84
consecutive patients underwent DCE-US imaging before prostate biopsies (Figure 2).
The inclusion criteria were age >18 years and referral for prostate biopsies. Exclusion
criteria were recent myocardial infarction or current unstable angina pectoris. All patients
signed informed consent for participation in this institutional review board-approved
study. The study was registered at ClinicalTrials.gov under the number: NCT01481441.
All patients underwent DCE-US imaging using a Phillips iU22 US system with a C103v end-firing transrectal probe (Phillips Healthcare, Bothell, WA, USA), with power
modulation at 3.5MHz and a mechanical index of 0.06. Two DCE-US imaging planes
were recorded (by default the mid-base and mid-apical planes). Two bolus injections
of 2.4 mL of SonoVue® (Bracco Imaging SpA, Milan, Italy) and 5 mL saline flush were
administered with a minimum of 5 min between the injections to allow elimination of
remaining circulating bubbles. Two-minute DCE-US clips were recorded starting at the
time of US contrast agent bolus injection. After administering a peri-prostatic nerve
block, standard 12- or 16-core biopsy protocols were performed for first and re-biopsies,
respectively. Within the 12-core protocol, four biopsies were directed laterally and two
medially on both sides. The 16-core protocol included four extra medial biopsies. All
patients received 500 mg ciprofloxacin prophylaxis 1 h before the biopsy procedure.
DCE-US scanning was performed immediately before initial biopsy and not repeated in
the 24 patients who underwent re-biopsy. The median time between DCE-US imaging
and the final biopsy session therefore was 0 days, while the mean was 36 days. DCEUS and parametric map interpretation was carried out after the biopsies; therefore,
no targeted cores are included in our results. The patient’s age, PSA, prostate volume,
DRE results and the DCE-US planes that were chosen were recorded on case report
forms designed specifically for the present study. The examiner (A.P.) was first asked to
delineate lesions seen on greyscale TRUS and DCE-US on a diagram of a transverse
prostate plane divided into four zones that corresponded to the biopsy locations. For
each lesion the likelihood of tumour presence was indicated on a five-point Likerttype scale: 1, highly unlikely; 2, unlikely; 3, equivocal; 4, likely; and 5, highly likely.
Subsequently, an integrated interpretation of greyscale TRUS, DCE-US and parametric
maps was requested and delineation of lesions on a second diagram, again providing the
level of suspicion on the five-point Likert-type scale. Clues for malignancy were hypoechogenicity on greyscale TRUS, and early enhancement and strong peak enhancement
on DCE-US. Lesions on parametric maps were only interpreted when they were at least
in part located in the peripheral zone. The examiner, A.P., had 1.5 year of experience in
DCE-US and was blinded to biopsy results.
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For each biopsy location, the presence of malignancy, Gleason score and tumour
involvement <10% or >10% were noted according to the International Society of
Urological Pathology 2006 recommendation (15). Unspecified tumour involvement
was considered to be >10%, unless it was specifically described as a very small focus or
micro focus. For all biopsy locations within the two scanned planes, biopsy results were
compared with imaging twice. First, a ‘stringent’ analysis was carried out considering
all biopsies containing any amount of tumour of any grade as positive. Secondly, a
‘clinical’ analysis, considering biopsies as positive only when they contained tumour
with a Gleason score of 3+4 or higher and at least a 10% tumour involvement per core.
Biopsies that contained Gleason 3+3 tumour, or had a tumour involvement of <10%,
were classified as benign if they were not seen by imaging and malignant if they were
seen. This method represents the clinical situation where the detection of small and
low-grade tumours is not required, but where these tumours are also not considered
false-positives; in other words, ‘It’s OK to see them, but not necessary’. Results were
calculated separately for different thresholds for suspicion on imaging. When patients
underwent multiple biopsy sessions or extended biopsy regimens leading to multiple
biopsies being taken from one of the standard locations, the highest tumour grade
was used. We determined the total potential reduction in the number of biopsy cores
(negative on imaging) and the resulting missed tumours (false-negatives).
In a separate ‘per-prostate’ analysis (see ‘Discussion’) all available biopsy locations from
each prostate were grouped. The whole prostate was scored as true-negative when all
prostate sectors were true-negative. It was scored false-positive for any combination
of true-negative and false-positive sectors, false-negative for any combination of truenegative and false-negative sectors and combined false-positive and false-negative if there
were additional false-positive sectors. Lastly, the prostate was scored true-positive for at
least one true-positive sector. We calculated sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) relative to systematic biopsy. Missing
data points were excluded from analysis. This report was compiled in accordance with
Standards for Reporting of Diagnostic Accuracy (STARD) guidelines (16).
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Age in years: mean (range)

64 (43-80)

PSA in ng/dL: mean/median/range

12.7/6.9/0.6-200.0

Prostate volume in mL: mean (range)

57(16-240)

First biopsy (%) / re-biopsy (%)

58 (71%)/ 24 (29%)

Clinical stage(n)

Gleason Score (n)

T1

46

T2

30

T3

6

NC

32

3+3

20

3+4

11

4+3

8

3+5

1

4+4

4

4+5

2

5+4

3

10

1
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Table 1. Patient and tumour characteristics

Results
One of the 84 patients who underwent DCE-US imaging before biopsy was excluded
from the analysis because prior brachytherapy resulted in unclear imaging and difficult
pathological interpretation. One additional patient was excluded because he underwent
targeted biopsies only. Patient characteristics are shown in Table 1. The median (range)
PSA value was 6.9 (0.6–200) ng/mL. Four patients (4.9%) were diagnosed with
prostatitis/sepsis after prostate biopsies and required i.v. antibiotic treatment (Clavien–
Dindo complication grade 2) (17). There were no adverse events related to the use of
SonoVue and DCE-US scanning.
Taking into account any volume of any tumour grade, 141/651 biopsy locations
were malignant. Ninety-eight of these contained ≥10% Gleason score 3+4 or higher
PCa. The 2 × 2 tables of the different analyses are shown in Table 2. In the per-biopsy
clinical analysis with level of suspicion score of 4 as the threshold for imaging, the
DCE-US interpretation failed to detect clinically significant tumour in 40 (8.5%)
biopsy locations. Of these false-negative biopsy locations, 16 contained Gleason 3+4,
six contained Gleason 4+3, eight contained Gleason 4+5 and 10 contained Gleason
5+4 tumours. With parametric maps in the clinical analysis, tumours were missed in 23
(5.6%) biopsy locations. Twelve contained Gleason 3+4, five contained Gleason 4+3,
one contained Gleason 4+4 and five contained Gleason 4+5 tumours.
Because at least one lesion with a level of suspicion score of 3 was seen in almost all
patients, the per-prostate analysis was only performed regarding level of suspicion scores
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≥4. No lesion was seen in 38/82 prostates with DCE-US alone and 8/38 were falsenegative in the clinical analysis. Among these missed diagnoses were: four prostates
with Gleason 3+4; two with Gleason 4+3; one with Gleason 4+5; and one with Gleason
5+4 tumours. With parametric maps, in 31/82 prostates no lesion was seen. Three were
three clinical false-negatives: one with a single focus of Gleason 3+4; one with two
foci Gleason 3+4; and one prostate with a single focus of Gleason 4+4 tumour. In the
per-prostate clinical analysis, sensitivity, specificity, PPV and NPV were 73, 58, 50 and
79%, respectively for DCE-US alone and 91, 56, 57 and 90%, respectively, including
the parametric map interpretation (Table 3). The difference in sensitivity was almost
significant (P = 0.059).

All Tumours
Likert≥3
Qualitative
Quantitative

Gleason≥7 & TI≥10%
Likert≥4

Likert≥3

Likert≥4

+

-

+

-

+

-

+

-

110

244

70

111

110

244

70

111

-

31

266

71

399

18

279

40

430

+

119

292

91

149

119

292

91

149

-

22

218

50

361

11

229

23

388

+

Table 2. Per-biopsy 2×2 tables

Discussion
In the present study we evaluated to what extent DCE-US imaging could predict
whether individual cores out of the systematic biopsy protocol were malignant or
benign, with and without the help of parametric US maps. The results show that if
only the biopsies from regions with level of suspicion scores ≥4 on DCE-US had been
taken, the total amount of biopsies would be reduced by 72.2%; however, 15.1% of the
omitted biopsies would have contained tumour of any size and grade, and 8.5% would
have contained clinically significant tumour. If the interpretations from parametric US
maps were included, a 63.1% reduction in the amount of biopsies would have been
achieved; however, with parametric US maps 12.1% of all malignant biopsies would
have been missed and 5.6% of the biopsies containing clinically significant PCa.
The rationale behind the per-prostate analysis is that it is very conceivable that imaging
correctly detects a lesion, but misses the extension into neighbouring sectors. This
has limited consequences for initial diagnosis using few targeted biopsies. Hence, if a
tumour-containing biopsy had been omitted in the same patient in whom other lesions
would have been detected, biopsied and ‘hit’, the diagnosis would still have been made.
The per-prostate grouping of the biopsies seeks to explore in how many prostates no
suspicious lesions were seen and in how many the diagnosis would have been missed. The
concept of ‘prostate’ should be read with caution as it is used to represent a group of data
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points collected from one prostate; only two planes were scanned and only the biopsy
locations within those planes were taken into consideration, not the whole prostate.
Because the ‘prostates’ are actually groups of data points, clinical significance depends
on the same per-biopsy definition (minimal Gleason score and tumour involvement)
useful for the per-biopsy analysis, not a ‘whole-patient’ clinical stratification such as
the D’Amico risk group classification (18). Results show that in the clinical analysis
including parametric maps, 31 patients would not undergo biopsies because no level
of suspicion 4 or higher lesions are seen, resulting in three missed diagnoses. Although
the resultant sensitivity and NPV (91 and 90%, respectively) are encouraging, from a
clinician’s perspective, patients with Gleason ≥7 tumours should not be missed. In the
stringent per-prostate analysis, there were 13 false-negatives using parametric US maps:
nine prostates with Gleason 3+3, two with Gleason 3+4 and two with a single focus of
Gleason 4+4 tumour.

Qualitative

Quantitative

All Tumours

Gleason≥7 & TI≥10%

SENS

52% (38-66)

73% (56-86)

SPEC

55% (40-69)

58% (44-70)

PPV

55% (40-69)

50% (36-64)

NPV

52% (38-66)

79% (64-89)

SENS

69% (54-81)

91% (76-97)

SPEC

53% (38-67)

56% (42-69)

PPV

60% (46-73)

57% (43-70)

NPV

62% (45-76)

90% (75-97)

Table 3. Per-prostate diagnostic performance parameters

Other authors who have used biopsies as the reference standard have chosen a study
design where targeted biopsies are taken, followed by systematic biopsies. Van Hove
et al. (14) showed that the per-core detection rate of targeted biopsies is often double
that of systematic biopsies, but the systematic biopsies still identify a significant
proportion of malignant prostates missed by targeted biopsies. Possibly, when the
likelihood of tumour presence is systematically assessed per region, the yield of targeted
biopsies could be improved. In the present study design, the observer performed well
at hypothetically choosing whether to include or omit the biopsies from the different
locations. Xie et al. (10) correlated DCE-US with biopsy cores in 150 patients. From
their data, a per-patient sensitivity of 86%, a specificity of 56%, a PPV of 64% and an
NPV of 81% can be calculated. These results are better than our DCE-US-only results,
although with parametric US maps we achieved a better sensitivity. The differences in
performance can partly be explained by the real-time analysis and targeting of the biopsy
cores performed by those authors, which probably led to improved sensitivity and NPV.
Xie et al. specified that most of the 10 false-negatives in their per-patient analysis were
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low-volume low-grade tumours. Unfortunately, they do not provide their exact method
of correlation in the per-patient analysis.
Several considerations are important when interpreting the present results. First, there
are limitations to the use of systematic biopsies as a reference standard for actual tumour
presence; for each prostate sector, the biopsy core could have missed lesions correctly
detected by imaging, falsely lowering true-positives while increasing false-positives.
Conversely, tumour could be missed by both imaging and the biopsy, falsely lowering
false-negatives and increasing true-negatives. Even though we used extended biopsy
schemes, our reference standard may have missed significant tumours. There is frequent
reporting in the literature of upgrading of tumour found at biopsy after pathological
examination of radical prostatectomy specimens (2). The aim of the present study,
however, was to evaluate the ability of imaging to predict the outcome of the current
standard clinical decision tool of biopsy and re-biopsy. The systematic biopsy result is the
most straightforward reference standard for this purpose. There are two major advantages
of using the pre-biopsy cohort instead of radical prostatectomy specimens. First, the
study population is the same population for which targeted biopsies are desirable.
Second, the examiner is not influenced by the knowledge that all patients must have
PCa. In both study designs, using radical prostatectomy specimens or biopsies, there
will be some mismatch in correlating imaging and pathology. Because small and lowgrade tumour within a prostate sector may have little clinical significance, we performed
separate ‘clinical’ analyses, scoring biopsy cores as positive only when they contained
tumour with a Gleason score ≥3+4 and a tumour involvement ≥10%. This distinction
resulted in one core containing Gleason 4+4 tumour not being considered positive. To
be conservative, all tumours for which the size was not described in a percentage or as
‘very small’ or ‘micro focus’, were considered to be ≥10% involvement. This possibly led
to an overestimation of clinical tumour and an underestimation of the performance in
the clinical analysis.
We propose future work with both targeted biopsies and radical prostatectomy
specimens to consolidate our findings. Another factor worth investigating is how well
observers with a low level of experience in DCE-US imaging will perform when aided
by parametric US maps. Decreased user-dependency is one of the prospects of using this
software analysis and ease of interpretation will be an important factor in the adoption
of DCE-US in routine clinical practice.
In conclusion, the present results show that, with DCE-US and the interpretation of
parametric US maps obtained by software analysis, a good prediction can be made of
which biopsy cores can be left out. The consequence is that the number of biopsy cores
could be lowered by almost two-thirds with a modest decrease in cancer diagnosis. These
results underline the potential clinical worth of DCE-US, but further studies are needed
in which DCE-US is compared with radical prostatectomy specimens.
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Abstract
Background: The current standard for Prostate Cancer (PCa) detection in biopsy-naïve
men consists of 10-12 systematic biopsies under ultrasound guidance. This approach
leads to underdiagnosis and undergrading of significant PCa while insignificant PCa
may be over diagnosed. The recent developments in MRI and Contrast Enhanced
Ultrasound (CEUS) imaging have sparked an increasing interest in PCa imaging with
the ultimate goal of replacing these “blind” systematic biopsies with reliable imagingbased targeted biopsies.
Methods/design: In this trial, we evaluate and compare the PCa detection rates of
multiparametric (mp)MRI-targeted biopsies, CEUS-targeted biopsies and systematic
biopsies under ultrasound guidance in the same patients. After informed consent, 299
biopsy-naïve men will undergo mpMRI scanning and CEUS imaging 1 week prior to
the prostate biopsy procedure. During the biopsy procedure, a systematic transrectal
12-core biopsy will be performed by one operator blinded for the imaging results and
targeted biopsy procedure. Subsequently a maximum of 4 CEUS-targeted biopsies and/
or 4 mpMRI- targeted biopsies of predefined locations determined by an expert CEUS
reader using quantification techniques and an expert radiologist, respectively, will be
taken by a second operator using an MRI-US fusion device. The primary outcome is the
detection rate of PCa (all grades) and clinically significant PCa (defined as Gleason score
≥7) compared between the three biopsy protocols.
Discussion: This trial compares the detection rate of (clinically significant) PCa, between
both traditional systematic biopsies and targeted biopsies based on predefined regions
of interest identified by two promising imaging technologies. It follows published
recommendations on study design for the evaluation of imaging guided prostate biopsy
techniques, minimizing bias and allowing data pooling. It is the first trial to combine
mpMRI imaging and advanced CEUS imaging with quantification.
Trial registration: The Dutch Central Committee on Research Involving Human
Subjects registration number NL52851.018.15, registered on 3 Nov 2015. Clinicaltrials.
gov database registration number NCT02831920, retrospectively registered on 5 July
2016
Keywords: prostate cancer, prostate cancer imaging, mpMRI, CEUS, contrast enhanced
ultrasound, targeted prostate biopsies
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Background
The incidence of PCa has increased in the 1990’s, due to increased awareness and prolific
Prostate Specific Antigen (PSA) screening. Although in the United States this trend has
partly reversed, PCa is still the most common cancer in men representing 21% of cancer
cases and it is estimated that 180,890 men will be diagnosed with PCa in United States
in 2016 (1). In Europe the incidence has increased, with 417,00 new PCa diagnoses
in 2012 (2). According to current standards, patients with a clinical suspicion of PCa
based on elevated serum PSA and/or digital rectal examination should undergo 1012 systematic transrectal ultrasound (TRUS)-guided prostate biopsies to confirm the
diagnosis (3). These systematic “blind” prostate biopsies lead to considerable rate of
overdiagnosis of clinically insignificant PCa as well as underdiagnosis and undergrading
of significant PCa (4).
Image guided targeted biopsy approaches have been proposed to address these problems
(5). Prostate cancer imaging has thus far developed on two platforms: MRI and
Ultrasound. On the MRI platform, multiparametric MRI (mpMRI) in which diffusion
weighted MRI and dynamic contrast enhanced MRI sequences are added to anatomical
T2-weighted imaging has become the standard for PCa imaging (6). A 2015 systematic
review on the accuracy of mpMRI for the detection of prostate cancer found 12 studies
and reported a negative predictive value for the detection of clinically significant prostate
cancer between 63 and 98% and positive predictive values of 34-68% (7). However,
these results should be interpreted with caution since several used biopsy pathology
as the reference standard to calculate sensitivity and specificity. Several meta-analyses
have addressed the value of mpMRI targeted biopsy cores and these show an improved
per-core detection rate and a beneficial increased per-patient detection rate in patients
with a persistent clinical suspicion after prior negative biopsies (5,8). The 2016 update
of the EAU (European Association of Urology) guidelines on PCa now recommends
performing mpMRI in these patients. However, at this point, the value of using mpMRI
and MRI-targeted biopsies at initial biopsy in biopsy-naïve patient is debated (3). Even
though high negative predictive values for detecting significant prostate cancer have been
reported, significant disease can still be missed by MRI targeted biopsy. Furthermore,
considerable heterogeneity and risk of selection bias of published results exists. (8,9).
The EAU guidelines therefore recommend combining systematic and targeted biopsies
(3). The review by Van Hove et al. shows a 1-43% absolute and 2-430% relative increase
in per-patient detection rate can be achieved by adding mpMRI targeted cores to
systematic cores (9).
Several methods of using the information obtained by mpMRI to target the region of
interest with prostate biopsies exist: in cognitive targeting, the operator makes a visual
estimation of where the MRI lesion is located during a TRUS-guided biopsy procedure.
Taking in-bore biopsies during MRI scanning reduces the risk of targeting error but due
to its magnet-time consuming and therefore costly nature, it is not used often. Fusion
devices have been developed that register the MRI images and US together, guiding the
observer towards the MRI lesion during the TRUS procedure (10,11).
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Prostate cancer may be visible on standard B-mode TRUS. However, the sensitivity
is generally reported to be around 11-35% and the positive predictive value is often
cited to be between 17-57%, although some studies have shown slightly better numbers
(12,13). Hence, B-mode ultrasound is widely regarded as insufficiently accurate for
tumour detection making systematic ultrasound-guided biopsies necessary. A conclusion
that is supported by the guidelines (3,14). Contrast Enhanced Ultrasound (CEUS) has
been proposed to improve the accuracy of TRUS to detect Prostate Cancer. In CEUS,
an intravascular Ultrasound Contrast Agent (UCA) is used to visualize the changes in
vascularity that are typical for significant PCa, particularly angiogenesis. It has been
demonstrated that angiogenesis is essential for prostate tumours to progress from small
indolent lesions below 2 mm in size to clinically significant disease (15). The UCA’s
consist of gas-filled micro bubbles of 1-10 µm with a lipid or protein shell that have an
intravascular lifespan of several minutes.
A systematic review on CEUS demonstrated a sensitivity and specificity of 70 and
74% or PCa detection. It must be noted that this meta-analysis contains a mixture
of biopsy-controlled studies and prostatectomy-controlled studies as well as different
variants of CEUS. Of particular interest is the analysis by van Hove et al. that shows a
2-8% absolute or 7-35% relative increase in per-patient detection rate was attained by
adding CEUS targeted cores to systematic biopsy protocols (9). This analysis indicates
improved per-patient detection rates can be achieved with adding CEUS-targeted cores,
however CEUS-targeted biopsy at this point cannot replace systematic biopsy.
Traditional drawbacks of CEUS are its user-dependency, the limited number of planes
that can be visualized in one setting, and the fact that the cues that signify a suspicious
focus are subtle and present in the image studies in a matter of seconds. To overcome
these drawbacks, computer-aided quantification, a relatively new method to analyse
CEUS recordings, is used to assist in the CEUS interpretation (16). In the present
trial, we will use the Contrast Ultrasound Dispersion Imaging (CUDI) method with
computer-aided quantification developed at the Eindhoven University of Technology
(17). In short, this method entails constructing per-pixel time-intensity-curves (TICs)
during the UCA inflow phase of CEUS recordings. Several parameters calculated from
the spatiotemporal distribution of these TICs have shown very promising results in
predicting PCa presence with AUCs of up to 0.88-0.89(17,18). These results were
obtained by comparing how well CUDI could predict whether pixels belonged to a
benign or malignant region of interest using radical prostatectomy specimens as the
reference standard.
In the present study we will evaluate the value of targeted biopsy procedures with
mpMRI and CEUS + CUDI quantitative imaging by performing both procedures with
systematic biopsies in the same patients scheduled for initial prostate biopsies. This way
we will be able to determine how successful these tools can be used for targeting biopsies
and how these targeting procedures compare to each other and to systematic biopsies.
Additionally, we will analyse to what extent the imaging tools overlap in the tumours
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they detect or miss, and therefore to what extent they can be used complementary to
each other.

Methods/Design
Study Objectives
Primary: To compare the per-patient (significant) prostate cancer detection rate for
mpMRI-US fusion targeted biopsies and CEUS + CUDI targeted biopsies with 12-core
systematic biopsies.
Secondary: To evaluate the value of using both mpMRI and CEUS + CUDI for targeted
prostate biopsies.
Expected Outcomes
Based on previous studies that used a fusion device to take 2-4 mpMRI targeted biopsy
cores in biopsy naïve patients, we expect a per-patient cancer detection rate (CDR)
between 40-54% for the mpMRI targeted biopsies. With the targeted cores, CDRs were
achieved that were between 1% absolute higher and 13% absolute lower than the CDRs
of systematic biopsies in the same series. Of note is that the biggest series used 3 different
methods of targeting the mpMRI cores: cognitive targeting, rigid fusion and elastic
fusion. Their best result with targeted cores relative to the systematic cores was achieved
with the elastic fusion method (33% CDR for systematic cores and 47% for targeted
cores). The Artemis (Eigen, Grass Valley, USA) fusion system that will be used in our
trials uses elastic registration. The majority of series have performed a similar analysis in
patients with previous negative systematic biopsies or mixed patient cohorts which tend
to show a better performance of targeted cores relative to systematic cores (19). In our
biopsy naïve cohort, we expect to find a per-patient CDR for all PCa grades that is in
the same range as the systematic biopsies. In contrast, we expect the per-patient CDR
for clinically significant (Gleason >3+4) disease of the mpMRI targeted biopsies to be
relatively higher compared to systematic biopsies.
Limited data is available for the value of CEUS-targeted cores. Van Hove et al. reviewed
6 studies that compared the CDRs for CEUS-targeted biopsies and systematic biopsies
(9). They report that targeted biopsy cores achieved CDRs between 13% absolute lower
and 4% absolute higher than systematic cores in these heterogeneous studies with mixed
patient groups and various CEUS variants used. None of the studies in this review have
included the use of quantitative techniques. A previous study done in our own institution,
that retrospectively correlated CEUS imaging with and without quantification with
systematic biopsy results, showed improved significant PCa detection with the use of
quantification. In 82 patients, 5.6% of biopsy locations that were classified benign on
imaging showed clinically significant disease when quantification software was used,
compared to 8.5% for CEUS without quantification (20). Unfortunately, no targeted
biopsies were taken in this retrospective analysis. We hypothesize that the use of CUDI
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quantification software in our current study will result in a CDR for significant disease
up to the level of systematic biopsies or better. To our knowledge, there are no published
data on the complementarity of mpMRI and CEUS in prostate cancer detection and
biopsy targeting. Based on the available data on the separate techniques, we expect that
the combination will result in a CDR higher than that of systematic biopsies, especially
for the detection of clinically significant disease.
Inclusion Criteria
1. Age ≥ 18 years
2. Signed Informed consent
3. Referred for Prostate mpMRI and
prostate biopsies

Exclusion Criteria
1. Is incapable of understanding the language in which the information
for the patient is given
2. Has undergone previous prostate biopsies
3. Active (urinary tract) infection or prostatitis
4. History of any clinically evidence of cardiac right-to-left shunts
5. Receives treatment that includes dobutamine
6. Severe pulmonary hypertension (pulmonary artery pressure >90
mmHg) or uncontrolled systemic hypertension or respiratory distress
syndrome
7. Any medical condition or other circumstances which would
significantly decrease the chances of obtaining reliable data, achieving
study objectives, or completing the study
8. Any (further) contraindication to undergo mpMRI or CEUS imaging

Table 1. Inclusion and exclusion criteria. mpMRI=multiparametric Magnetic Resonance Imaging; CEUS = Contrast
Enhanced Ultrasound

Study design
This study is a prospective in vivo study in humans in which we perform MRI imaging and
CEUS imaging in biopsy-naïve patients scheduled for prostate biopsies. Targeted prostate
biopsies based on these images will be taken besides current standard of care systematic
biopsies. Since both imaging modalities and targeted biopsies will be performed in the
same patients, every patient effectively serves as his own control. Patients will undergo
mpMRI imaging and CEUS imaging approximately 1 week before the scheduled
biopsy appointment. During this week, MRI reading will be performed by a specialized
uro-radiologist with approximately 10 years of prostate mpMRI experience using the
European Society of Urogenital Radiology (ESUR) Prostate Imaging Reporting and
Data System standardised scoring system, version 2 (PIRADS v2) (21). The radiologist
is blinded to CEUS and CUDI results. The CEUS recordings will be analysed using the
CUDI quantification technique. An observer experienced in CEUS of the prostate will
read the CEUS recordings and CUDI-maps, while blinded to the MRI results. Before
the biopsy procedure the MRI based biopsy targets and CEUS + CUDI based biopsy
targets are therefore predetermined independently from each other. During the biopsy
session, approximately one week after the imaging is recorded, a physician who is blinded
to all imaging results and the targeted biopsy procedure will first perform the standard
12-core systematic biopsy to prevent potential bias by post-biopsy haemorrhage seen on
ultrasound after targeted biopsies. Then a separate observer, using an MRI-US fusion
device, takes a maximum of 4 targeted biopsies from the MRI lesions delineated by the

PCa detection rates of CEUS-targeted vs MRI-targeted vs Systematic Biopsies

| 83

radiologist followed by a maximum of 4 targeted cores from the CEUS + CUDI lesions
identified by the CEUS expert. Per-patient CDRs and tumour differentiation grades are
compared between each of the biopsy regimens: MRI targeted biopsies, CEUS+CUDI
targeted biopsies and systematic biopsies.
Population
Two hundred ninety-nine biopsy-naïve men above the age of 18 years that are scheduled
for initial prostate biopsies on the basis of a suspicious DRE and/or elevated serum PSA
(above 3 ng/mL) will be included in the study. Exclusion criteria are mostly related to
the MRI, the UCA used for CEUS imaging and biopsy procedures, and can be found
in Table 1. Patients will be informed about study procedures, risks and benefits, and are
only included after written informed consent has been obtained.
Study procedures

Multiparametric Magnetic Resonance Imaging
Prior to the mpMRI imaging, a rectal preparation with a laxative suppository (Bisacodyl)
will be performed and just before mpMRI scanning an anti-Peristaltic Drug (Buscopan
or Glucagon) will be given. mpMRI will be performed in supine position on a 1.5 Tesla
AVANTO® MRI scanner (Siemens Healthcare, Erlangen, Germany) or on a 3 Tesla
INGENIA® without endorectal coil (Philips Medical Systems, Best, The Netherlands).
The scanning protocol starts with T2-weighted sequences which will be performed
in sagittal, coronal and axial planes covering the prostate and seminal vesicles. Then,
a single-shot-echo planar diffusion-weighted sequence with fat suppression pulse is
acquired and ADC maps are calculated. Finally, dynamic contrast-enhanced images
using 0.1 mmol of gadopentetate dimeglumine (Gadolinium DTPA, Gadovist) per kg
of body weight, are obtained. More details on the mpMRI conduct can be found in
Table 2. mpMRI will be evaluated by a specialized uro-radiologist (blinded for CEUS
results) on prostate volume and area’s suspicious for PCa. Scoring of suspicion will be
performed using the before mentioned PIRADS v2 (21). All lesions will be marked and
delineated for MRI-TRUS fusion using the ProFuse (Eigen, Grass Valley, USA) software
package that accompanies the Artemis fusion device.
Contrast-Enhanced Ultrasound and quantification
Contrast Ultrasound scanning will be performed in the left-lateral decubitus position
using a Phillips IU22 ultrasound scanner with a C10-3V endocavity probe (Philips
Healthcare, Bothell, USA) with power modulation at 3.5MHz and a mechanical index
(MI) of 0.06. A total of four CEUS recordings will be made: from the base, mid-base,
mid apical and apical planes. The locations of these planes within the prostate are stored
using the Artemis fusion device, for future targeting of suspicious lesions. Each of the
2-minute recordings will be started following the administration of a 2.4mL bolus of
the contrast agent SonoVue® (Bracco, Geneva) through an intravenous cannula. After
each recording a pause of 3 minutes is observed to allow sufficient UCA breakdown to
assess the inflow of the next UCA bolus. The CEUS recordings are anonymized and
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transferred through a secure connection to the Eindhoven University of Technology for
CUDI quantitative analysis. The CUDI maps are transferred back to the physicians to
aid in the CEUS interpretation and selection of the biopsy targets. This is done by a
CEUS expert, who is blinded to MRI results.
mpMRI Conduct
Unit
Slice Thickness
T2-Weighted
DW-MRI
DCE-MRI
T2-weighted planes
DCE-MRI
temporal resolution
post-processing model
DW-MRI
B-values,
imaging sets
quantitative analysis

Phillips 3 Tesla INGENIA®

Siemens 1.5 Tesla AVANTO®

3mm
4mm
2mm

3mm
5mm
4mm

axial, coronal and sagittal

axial, coronal and sagittal

5.00 sec
Tofts model using Dynacad (In Vivo,
Best, The Netherlands)

3.06 sec
Tofts model using Dynacad (In Vivo,
Best, The Netherlands)

B0, B100, B1000
ADC, calculated B1500
primarily qualitative, quantitative in
unclear cases

B50, B800
ADC
primarily qualitative, quantitative in
unclear cases

Table 2. MRI conduct. mpMRI=multiparametric Magnetic Resonance Imaging; DW-MRI= Diffusion Weighted
Magnetic Resonance Imaging; DCE-MRI= Dynamic Contrast Enhanced Magnetic Resonance Imaging.

Biopsy procedure
Patients are prepared for the biopsy procedure with a 2-day course of fluoroquinolone
prophylaxis. The biopsy procedure is performed in the left-lateral decubitus position
using the same ultrasound device and probe as used for the CEUS imaging. A first
operator blinded to the targeted biopsy procedure planning and imaging results will
take a standard 12-core systematic biopsy that includes 2 medial and 4 laterally directed
cores of the peripheral zone of the prostate on each side. Then a second physician, using
the Artemis fusion device for guidance, takes a maximum of 4 biopsies from targets
designated by the radiologist and a maximum of 4 biopsies from the targets designated
by the CEUS expert. The needle biopsy cores will be analysed for tumour presence
and grading by our institution’s specialized uro-pathologist in accordance with current
pathology guidelines.
Sample Size and Statistical Analysis

Statistical Analysis
The per-patient PCa detection rates of both targeted biopsy regimens will be tested
separately for non-inferiority against current standard 12-core systematic biopsies using
a one-sided non-inferiority test for correlated proportions (22,23). To evaluate if image
targeted biopsies can be used complementarily, we will also perform the same comparative
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analysis for the targeted biopsy results combined, compared to the systematic biopsies.
Moreover, the per-patient CDR’s of all three biopsy protocols will be directly compared
using McNemar’s test for correlated proportions. The same analyses will be performed
including all tumours and including clinically significant tumours only, defined as PCa
with a Gleason score ≥3+4=7.

Sample size Calculation
The sample size calculation is based on the non-inferiority test between the targeted
biopsy procedures and the systematic biopsies. For this test we performed a power
analysis, with the detection rate for systematic biopsies set at 45% (24), a power of 80%
and the significance level (alpha) of 5%. The maximum allowable difference in detection
rate for the targeted biopsies to be considered non-inferior to systematic biopsies was set
at 1%. We expect a maximum proportion of discordant pairs of 15% and a detection
rate difference of 5%. The required sample size according to these specifications is
260 patients. Based on the estimation that 15% of the patients that are scheduled for
biopsies will not receive targeted biopsies due to the absence of PCa suspected lesions on
imaging; a total number of 299 patients will be enrolled in the study.
Literature shows that of all positive biopsies about 25% is Gleason >6 (25–27). Results
from our institution differ from literature as only 40% of all the patients with PCa at
biopsy have a Gleason score 6 PCa, while 60% of them have a Gleason score >6 PCa.
Thus, numbers of positive biopsies and Gleason score > 6 are higher than reported in
literature. Based on our historical data we expect that by including 299 patients in the
study we will find ~65 cases with a Gleason score = 6 and ~100 cases with a Gleason
score > 6. For differentiation between Gleason score we hypothesize that we need at least
40 people in both Gleason grade groups.

Quality and Patient Safety
The quality of the data obtained and patient safety will be continuously monitored by
the investigators. Periodical (yearly) reporting of study progression and patient safety
will be performed to the reviewing Institutional Review Board (IRB). In accordance to
section 10, subsection 4, of the Wet Medisch-Wetenschappelijk Onderzoek met Mensen
(Medical Research Involving Human Subjects Act), the investigators will suspend the
study if there is sufficient ground that continuation of the study will jeopardise subject
health or safety. The investigators will notify the accredited IRB without undue delay of
a temporary halt including the reason for such an action. The study will be suspended
pending a further positive decision by the accredited IRB. The investigator will take care
that all subjects are kept informed.
Risks and benefits
The mpMRI and TRUS guided prostate biopsies are already performed routinely in
our institution. The extra targeted prostate biopsies are considered to convey minimal
additional risk over the systematic biopsy cores that were already planned. When
contra-indications for mpMRI and necessary preparations for prostate biopsies (proper
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antibiotic prophylaxis and management of anticoagulant medications) are followed,
these investigations are considered safe (3). After use in thousands of patients, adverse
events related to micro bubble UCA’s appear to be transient, mild and rare (28–30).
The most frequent minor side-effects are a transient alteration of taste, local pain at
the injection site and facial or general flush (1-5%) (31). Serious adverse events, which
consists of hypersensitivity allergic reactions, are rare (<0.01%) (32). In a study with
SonoVue® in patients with chronic obstructive pulmonary disease, CEUS appeared to
be as safe and well tolerated as in a healthy control group (28). The Committee for
Medicinal Products for Human Use has granted SonoVue® a marketing authorization,
but it should not be used together with the medicine dobutamine and in pregnant
or breastfeeding women (www.emea.eu). Although patients are informed about the
experimental nature of CEUS imaging, a potential benefit of participation is the real
possibility of finding (significant) PCa in one of the targeted biopsies that would
otherwise have remained undetected.

Discussion
Improvement of the PCa diagnostic pathway is necessary, and will likely depend on
the advances in PCa imaging. Multiparametric MRI has a recognized value before a
second biopsy in case of a persistent clinical suspicion for PCa. The value in biopsy
naïve patients and the possibility to omit systematic biopsies is debated (3). Contrast
Enhanced ultrasound has shown promising results but should currently be viewed
as experimental. This trial will provide data on both these techniques, allowing
comparison and assessment of complementarity. The study design chosen is in line with
recommendations formulated by the Standards of reporting for MRI-targeted biopsy
studies (START) Working Group (33) and by van Hove et al (9). To validate imaging
targeted prostate biopsy protocols van Hove et al. recommend using either one of
two study designs: randomize patients to undergo either systematic biopsies alone or
systematic biopsies and targeted biopsies. In the other option every patient undergoes
both targeted biopsies and systematic biopsies by separate blinded observers. In our study
design all patients undergo both imaging procedures and both targeted and systematic
biopsies. The targeted biopsies and systematic biopsies are performed by separate
observers. The targeted biopsy locations are predetermined by blinded readers and
targeted through a fusion device. To prevent potential bias by post-biopsy haemorrhage
seen on ultrasound the targeted biopsies are performed after the systematic biopsies.
This way we prevent information gathered from one imaging technique to influence
biopsy targeting for the other imaging technique. In both study designs the (significant)
prostate cancer detection rates are compared. An advantage of using these study designs
is that there is no spectrum bias, i.e. the relevant biopsy population is being studied.
Also, there is no observer bias, the investigator reading the images does not already
know that there must be a tumour. Both spectrum bias and observer bias occur when
translating results obtained from the correlation of imaging and radical prostatectomy
specimens towards the primary diagnostic setting. Furthermore, the endpoint in this
study design, (significant) PCa detection, is the most relevant endpoint in the clinic. We
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therefore believe that our trial will provide important and necessary data on one of the
most relevant topics in PCa care. This data is gathered in a recommended, standardized
fashion to minimize bias and allow data pooling.
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Abstract
Purpose: To establish and validate a surface-based 3D elastic registration technique for
matching (TRUS) imaging and radical prostatectomy pathology.
Methods: Several methods for affine and elastic registration were tested ex vivo on
phantoms and in vivo on pre-operative TRUS imaging and resection pathology of 7
patients. In a second In vivo validation we identified 14 patients with clear natural
landmarks in the prostate. Using the registration methods that performed best in
the previous experiments, we matched ultrasound images to pathology slices. After
identifying the landmark in both, we measured the XYZ registration error.
Results: The mean registration errors, measured in vitro and in the first in vivo
experiments, were 1.5 ± 0.2 and 2.1 ± 0.5 mm, respectively. In this first developmental
in vivo experiment, the iterative closest point and natural neighbour approaches as
respectively affine and elastic registration approaches performed best, and this method
was selected for the second in vivo experiment: 7 of the original landmarks were
rejected by the consensus panel based on strict quality criteria. Twenty-eight additional
landmarks were identified and unanimously accepted. The median registration error
of the original landmarks was 3.6 mm (range: 1.1 to 5.9 mm). The mean registration
error per-patient was below 2 mm in 43% (3/7) of cases and below 4 mm in 57% (4/7)
of cases. Including all additional landmarks, the median registration error was 1.9 mm
(range: 0.5 to 5.9 mm) and the mean registration error per-patient was below 2 mm in
64% (9/14) and below 4 mm in 78% (11/14) of cases.
Conclusion: Surface-based registration can improve PCa imaging validation studies
by automatically and objectively matching imaging to pathology while achieving
registration errors within the range of a single pathology slice thickness.
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1. Introduction
Prostate cancer (PCa) is the type of cancer with the highest incidence and second highest
mortality among males in the United States (1). Despite the statistics of this cancer type,
the main diagnostic technique, systematic biopsy, has major drawbacks. First, being
invasive, it can cause infections and haematuria (2). Second, tumours can be missed by
the biopsy needle (3), resulting in poor sensitivity of this diagnostic tool. Third, tumours
can be undergraded when the more aggressive region of a tumour is missed (4), leading
to undertreatment. Moreover, because of the lack of reliable localization methods, PCa
is often overtreated out of precautionary considerations (5,6), increasing risk of urinary
incontinence and impotence (5).
To overcome these limitations, several methods aiming at non-invasive PCa localization
are currently under investigation. Determining the exact location of PCa would decrease
the number of biopsies and the chance of missing cancerous tissue by use of targeted
biopsies (7). In addition, it can enable imaging- targeted focal therapy as a treatment
option (7,8). Currently, most studies involving PCa localization are based on magnetic
resonance (MR) imaging (9–11). However, studies using transrectal ultrasound (TRUS)based methods – such as computer-assisted TRUS (12,13), (shear-wave) elastography
(14–17), and dynamic contrast-enhanced ultrasound (18,19) – also show promising
results. TRUS has the advantages over MR of being less expensive, widely used for
targeting biopsies, and directly applicable by urologists.
Because of the lack of a medical imaging modality revealing the exact location of
cancerous tissue in the prostate, histopathologic analysis after radical prostatectomy
(RP, excision of the prostate) is frequently used as a gold standard for validation of new
imaging techniques (9,20–24). Usually, the excised prostate is sectioned into 3 to 4 mm
thick slices, after which the separate slices are compared with the images used for PCa
localization (25). However, due to the different orientation of the imaging planes and
the histology slices, one image could span multiple histology planes. Deformation of the
prostate caused by pressure from the transrectal probe or due to surgery and preparation
for histopathologic analysis can further complicate accurate validation. Moreover, the
histology slice corresponding to the image has to be manually selected, endangering the
objectivity of the validation. A 3-dimensional (3D) registration method could assist in
making an objective and accurate comparison between the PCa imaging technique and
the gold standard.
Extensive work has already been done on in vivo MR-pathology mapping of the
prostate, which is a challenging task, because of the deformation due to surgery and to
preparation of the tissue for histologic analysis. In some methods (26,27), the histology
slices corresponding to the MR slices are manually selected after which 2D registration
is applied. In another approach (28), the algorithm tries to ﬁnd the corresponding slices
automatically prior to their registration. However, in TRUS, the histology slices are
typically not aligned with the imaging planes. In other studies, ﬁducial markers (29,30),
manually outlined natural landmarks (29), and a 3D-printed mold of the prostate
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(21,31,32) were used to assist with the registration. Some researchers (33,30) used ex
vivo MR images to break down the registration in smaller steps. Although improving
the registration accuracy, the extra steps could conﬂict with the clinical workﬂow in
most hospitals.
In contrast to MR-histology registration, only few research groups have made attempts to
register prostate ultrasound (US) imaging with histology. Taylor et al. (34) implemented
a semi-automatic 6-degrees-of-freedom (DOF) rigid body registration algorithm to
match the surface of an excised prostate imaged by US with the surface of the same
prostate after ﬁxation for histology. The registration was used for validation of a cancer
detection method using sonoelastography. However, the registration accuracy was
estimated completely ex vivo. Moskalik et al. described a method for elastic registration
of a prostate recorded by in vivo TRUS imaging and histology (35). An ellipsoid ﬁt
and the position of the urethra were used to align the images by afﬁne transformation,
but no information on the registration error was given. Recently, a technique was
proposed by Nir et al. to jointly align histology slices to intra-operative 3D US by
afﬁne transformations using particle ﬁltering (36). Again, except for the area overlap
between the registered histology slices and the corresponding cross-sections in US, no
information was provided on the accuracy of the method.
This paper describes a new method to elastically register TRUS and histology in 3D
for validation or training of TRUS-based PCa imaging techniques. TRUS-histology
registration is a challenging task for reasons concerning both TRUS and histology. The
main challenges concerning TRUS are summarized below:
• the orientations of the TRUS imaging planes are unknown without use of
additional sensors;
• usually, no reliable natural landmarks are visible in both TRUS imaging and
histology to assist with the registration;
• introduction of the transrectal probe causes a local posterior deformation,
whereas these are the obstacles concerning histology:
• for histological analysis, the prostate is cut into 3 to 4 mm thick slices, providing
poor resolution in that direction;
• after excision, the prostate is relieved from pressure caused by surrounding organs
and tissue, resulting in a deformation;
• ﬁxation of the prostate after RP causes a volume decrease (37).
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To avoid the need of landmarks or a high level of detail, which are lacking in B-mode
TRUS, the method presented here is surface-based, requiring prostate shape information
only. Both the afﬁne and local deformations of the prostate as a result of the probe
pressure and deformation after excision are taken into account. Apart from acquiring
the prostate shapes, no manual intervention is required during the registration process.
Moreover, being independent of the underlying imaging modality, application of the
method in validation of PCa imaging techniques using other modalities (e.g., MR or
CT) could be a feasible option.
In other work related to surface-based, elastic registration of prostates, Crouch et al.
(38) estimated boundary displacements by minimizing deformation energy. After that,
a uniform, nearly incompressible material with linear elasticity was assumed to estimate
internal deformation. Lee et al. (39) developed a technique for a joint estimation of
elasticity and deformation of organs and tested it on ten prostates. Parameters describing
the mechanical properties and forces acting on the boundary of the prostate were
optimized through minimization of the distance between the prostate surfaces to register.
The method presented in this paper does not rely on the underlying patient-speciﬁc
mechanical properties, which may be difﬁcult to determine during an examination and
may change during the ﬁxation process as part of the preparation for histopathologic
analysis. Moreover, values for Young’s modulus of prostate tissue found in literature vary
in order from 10 to 100 kPa (40–44); additionally, varying values of stiffness among
different prostate zones were reported (40). For these reasons, internal deformation is
estimated based on shape difference only. In this way, the method can be applied using
data obtained during a routine prostate examination by TRUS imaging without the use
of specialized equipment or training.
Because of the 2D nature of TRUS imaging as commonly used in clinical practice,
an additional step consisted of the construction of a 3D surface model based on the
prostate contours in multiple 2D TRUS images. The reconstruction of 3D surfaces from
2D images can be performed in various ways (45–48) and is not the focus of this paper.
However, for completeness, the method we designed for our study is also described.
In an in vitro experiment, the registration algorithm’s accuracy was assessed in 2
gelatin phantoms with ﬁducial markers. Additionally, in a first, developmental, in vivo
experiment, we used the border between the peripheral and transition zone (BPZ) to
estimate the target registration error (TRE) in 7 patients using different methods for
both affine and elastic registration. In a second in vivo experiment, TRE’s are determined
for the best performing registration method using natural landmarks (mostly cysts) in
14 patients. To the authors’ knowledge, no quantitative in vivo validation has yet been
reported for 3D registration between TRUS and histology.
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2. Materials and Methods
2.1. Prostate anatomy
The prostate is part of the male reproductive system and is located between the bladder
and the rectum. A schematic overview of the prostate anatomy is given in Figure 1, in
which the position of the TRUS imaging probe has also been drawn. This illustration
indicates the locations of the base and apex, and posterior and anterior side, which are
frequently mentioned throughout this paper. In addition, a schematic overview of the
zonal anatomy is shown in a transversal plane.

Figure 1. Schematic illustration of the prostate with surrounding structures (left) and a transversal cut showing the zonal
anatomy (right).

2.2. Surface reconstruction

2.2.1. TRUS
To perform 3D registration of TRUS and histology shapes, 3D triangulated meshes
of the prostate shapes in both modalities were constructed. First, a TRUS video of the
prostate, from now on referred to as “transversal sweep video”, was recorded in vivo using
a Philips iU22 US scanner (Philips Healthcare, Bothell, WA) with an end-ﬁre probe in
B-mode by inserting the probe rectally until it reached the prostate and steadily rotating
it to move its tip from base to apex. Additionally, a longitudinal image in the mid-
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sagittal plane, which is perpendicular to the images in the sweep video, was recorded.
The prostate boundaries were manually outlined by an expert in approximately 30 of the
frames in the transversal video, as shown for one frame in Figure 2(a), which would be
used to construct the 3D model.
From the longitudinal image, the angles ϴbase and ϴapex of the ﬁrst and last transversal
frames with the probe centre line were determined (see Figure 3). The centre of rotation
was initially chosen as indicated in Figure 3. To estimate the angles of the other
frames, linear interpolation was applied; i.e. a constant angular velocity of the probe
was assumed. The manually drawn contours were then positioned in a 3D Euclidian
space. After visual comparison of the positioned contours with the longitudinal image
(Figure 2b), the centre of rotation could be moved vertically, and ϴbase and ϴapex could
be adjusted. A triangulated mesh was created by connecting vertices on neighbouring
contours (Figure 2c). Finally, thin caps were added to the base and apex to prevent sharp
edges at the ﬁrst and last contours.

5

Figure 2. Schematic overview of the construction and registration of the prostate shape models obtained from ultrasound
and histology. (a) One frame of the transversal sweep video with outlined prostate contour. (b) Longitudinal image with
prostate contours from the transversal video. (c) Final surface mesh of the prostate obtained from TRUS imaging (after
remeshing). (d) Macro-photo of prostate slices prepared for histology with cancerous tissue marked in red. (e) Positioning
of the prostate contours and tumours in 3D. (f ) Resulting surface mesh of the prostate obtained from histology (after
remeshing).
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2.2.2. Histology
Because histopathologic analysis of the prostate after excision was used as a gold
standard, patients were only included in this study if they were diagnosed with PCa
and underwent RP. Following RP, the prostate was submerged in a formalin solution
for approximately 24 h, possibly producing the effect of prostate shrinkage (37). Then,
the distal caps of the prostate were removed by a transversal cut at approximately 4 mm
from the apex and base. The remaining prostate was then transversally sectioned in slices
with a thickness of 4 mm and prepared for microscopic examination.
A macro-photo of all slices was taken (example shown in Figure 2d), in which the
prostate contours were drawn. Additionally, any tumours found by histopathology were
added to the photo in red. By manually aligning the slices with the contours and placing
them behind each other with 4 mm distance in between (Figure 2e), a 3D prostate shape
(including tumours) was reconstructed. A triangulated mesh was obtained by linear
connection between vertices in adjacent slices (Figure 2f ). Finally, the distal caps of the
prostate, which had been cut off before, were measured and added to the base and apex
of the model to close it.

Figure 3. Illustration of the angles ϴbase and ϴapex of the ﬁrst and last frame of the transversal sweep video in a longitudinal
image. The initial estimation of the center of rotation of the TRUS probe has also been indicated.
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2.3. Registration algorithm
An image registration process can in general be described as the search for the spatial
mapping S(x) that best aligns a source image IS with a reference image IR by moving
the image coordinates x:
ˆIR (x) = IS (S(x)).

(1)

The registered image ˆIR is an estimation of IR. In our case, the source image was the
histology prostate model and the reference image was the TRUS prostate model.
Our registration algorithm consisted of three steps:
1. an afﬁne, global registration,
2. an elastic surface registration,
3. an internal registration, which interpolates the deformation of the surface in step 2
to the inner volume.
In step 1, we accounted for the global difference in position, orientation and size by an
afﬁne mapping, whereas the local deformations, as a result of probe pressure and radical
prostatectomy, were compensated for in steps 2 and 3 by an elastic mapping. The total
mapping function was the concatenation of the afﬁne and elastic mapping, Taff and Tel,
respectively:
T(x) = Tel (Taff (x)).

(2)

2.3.1 Step 1: affine registration
The afﬁne registration globally aligned the prostate model and served as initialization
for the subsequent steps, which made it a very crucial step. We tested two different
approaches: an iterative closest point (ICP) algorithm (49) and a stepwise method in
which translation, rotation and scaling were implemented as sequential steps. As an
initialization to both approaches, the midpoints – deﬁned as the means x̄ R and x̄ S and
of the surface vertex coordinates of the reference and source models, respectively – were
aligned by translating the source model.
The ICP algorithm (49) iteratively ﬁnds corresponding vertices on the prostate
models and minimizes the root-mean-square (RMS) distance between those vertices
by transforming the source model. In (49), where only rigid body transformations
(translation + rotation) were considered, a direct solution (50) for the minimum RMS
was applied.
Besides a rigid body transformation, we also tested two non-rigid transformations:
a rigid body transformation followed by an isotropic scaling (IS) and a rigid body
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transformation followed by an anisotropic scaling (AS). Scaling was implemented to
compensate for volume difference and global shape changes, mainly due to operations
on the prostate after excision. Moreover, it provided a close match of the prostate
surfaces as initialization for the elastic surface registration in the next step. To ﬁnd the
minimum RMS for the non-rigid transformations, we used a Levenberg–Marquardt
optimizer (51,52).
In the stepwise approach to afﬁne registration, ﬁrst, the three main axes of both shapes
were estimated by principal component analysis (PCA) of the surface vertex coordinates,
as elaborated in (53). Numerically, the principal components were computed as the
eigenvectors of the symmetric P × P covariance matrix C of the P observed variables,
which in our case was deﬁned as:
cov(xxO, xO)
yO, xO)
C = �cov(y
cov(zzO, xO)

cov(xxO, yO) cov(xxO, zO)
cov(y
yO, yO) cov(y
yO, zO)�
cov(zzO, yO) cov(zzO, zO)

(3)
(3)

-1 •) represented
T
with
the covariance operator and x0, y0, and z0 the (4)
observation
R = Vcov(•,
R VS = VR VS
vectors containing the x-, y-, z-components of the model vertices x.
(r)

x S = R(xx S -xx� S )+xx� R

(5)

Let VR and VS be the 3 × 3 orthonormal matrix containing by column the eigenvectors
(sorted
of the covariance matrices for the reference and source models,
Sa by 0eigenvalue)
0
respectively.
0 � .matrices represent the orientations of the models, but are not
S = � 0 Sb These
(6)uniquely
0 because
0 Sc of the possible inverse direction of the eigenvectors. We could, however,
deﬁned,
assume a reasonable initial alignment, because both models were similarly obtained by
stacking
daRcontours from
dbR apex to
dcRbase. For this reason, we swapped the columns in VR
Sa =
, that
Sb =the
,
S
=
. values in each column were on the diagonal,
(7)
c
largest
absolute
and
and
VSdsuch
dbS
dcS
aS
multiplied any column by −1 for which the entry on the diagonal was negative. By
doing this, we limited the rotation angle to 90°.
cov(xxO, yO) cov(xxO, zO)
cov(xxO, xO)
T
)x-x
cov(y
cov(y
)�
(3)
C
=(x
�xcov(y
O(x
VySO,,azOrotation
matrix R, which transforms
Having
orientations
)=found
Taff
VyROV, Sxthe
x� S )+
x�yRO, yOV) R and
(8) VR and
zO, xO) by: cov(zzO, yO) cov(zzO, zO)
obtained
VR wascov(z
cov(x
xO, yO) cov(xxO, zO)
Os, )x+
O)Eext (s
s))dA
(9)
𝐸𝐸𝐸𝐸= ∫Ωcov(x
(Eintx(s
-1
yO, yO) cov(y
yO, zO)�
(3)
C
R = V�cov(y
=O,VxROV)ST cov(y
(4)
(4)
R VS y
cov(zzO, xO)
cov(zzO, yO) cov(zzO, zO)
xO, xO)
cov(xxO, yO) cov(xxO, zO)
(r) cov(x
xESint (s
=)=
R(x
x S3i=1
-xx�,Sα∥∇s
)+xcoordinates
x�sR ∥2 -2|H(s
(5)
The
theyOsource
by
∑
(10)
ysOi,)|),
yxOS) ofcov(y
, zO)� surface model are now registered
cov(y
(3)
C = s�individual
O xO)T i 2cov(y
-1 y
R
=
V
V
=
V
V
(4)
R S
R translation
S
combining
the
and
rotation:
cov(zzO, xO)
cov(zz , y ) cov(zzO, zO)
0 0 σ *IIR ])(ss) O∥2 , O
a -κ∥(∇[G
Eext (ssS)=
(11)
(r)
0 �Tx R.
Sx S= =
� 0R(x
(6)
xSS -x
� S )+x
(5)
bx
-1
(5)
R = VR0VS =
(4)
0 VRSVcS
0 P0i )- βU 2 (P
Pi(r)
= PSi +
γ(αU(P
Pi )-λ�N
N∙∇Eext
Pi )�N
N-(1-λ)∇E
P
(12)
a(IS
ext (P
i )),
Scaling
orx� SAS)
was implemented
as(P
the
next
step
in the
stepwise
method. Mathematically,
xSS= =
R(x
x
)+x
(5)
S
0 �x� R. db
0
S
� da -x
(6)
d
b
c
R surface coordinates
R
R pre-multiplied by a scaling matrix S:
the
source
were
Sa =0d ,0 SSbc= d , Sc = d .
(7)
bS
cS
Sa aS 0 0
(6)
S = � 0 Sb 0 � .
(6)
daR
dbR
dcR
0
0
S
Sa =
, Sbc=
, Sc =
.
(7)
daS

dbS
dcS
T
(x x�dS )+ x� R d
Taff (xx)=
da VR VS x-x
b
c
Sa = d R , Sb = d R , Sc = d R .
aS
bS
cS

𝐸𝐸𝐸𝐸= ∫Ω (Eint (ss) + Eext (ss))dA

T

x = V V T x-xx� + x�

(8)
(7)
(9)

x O, x O
x O, y O
x O, z O
yO, xO)
cov(y
yO, yO) cov(y
yO, zO)
(3)
C = cov(y
cov(xxO, yO) cov(xxO, zO)
cov(xxO, xO)
cov(z3D
zO, Surface-based
xO)
cov(zzORegistration
, yO) cov(zzof
zO)
O,Ultrasound
and Histology in PCa Imaging | 103
yO, xO)
cov(y
yO, yO) cov(y
yO, zO)�
(3)
C = �cov(y
cov(z
cov(zzO, yO) cov(zzO, zO)
-1 zO, xO)T
R = VR VS = VR VS
(4)

-1 = S T= Sc), the scaling factor was chosen such that the volumes of the
For
ISV(Sa
R(r)
=V
VR V
(4)
bSx�
Sx =
x S =RR(x
x� S )+x
(5)
S -x
R
models were
equal
after scaling. In the AS approach, the scaling factors Sa, Sb ,
(r)
onto each
and
were
estimated
by projecting the surface nodes of each model(5)
x S =Sc
x S0-xx� S )+x
SR(x
0 x� R
a
model
and
calculating
the
ratio
between
the
root
principal
axis
a,
b,
c
of
that
S = � 0 Sb 0 � .
(6) mean
S
0
0
squared
da, db , and dc between the coordinates projected on these
0a distances
0 Sc
0 � . centre:
0 the
Sb model
S = �to
(6)
axes

0 0 Sc
daR
dbR
dc
)
cov(x
, yO)R . cov(xxO, zO)
Sa =cov(x
,xO, SxbO=
, SxcO=
(7)

(7)
daS
dbS
dc
daR yO, xO) dbRcov(y
yO, yOd)cRS cov(y
yO, zO)�
(3)
C = �cov(y
S =cov(z
, Sb =
, Sc =
.
(7)
zO,reference
zO)
daS zO, xO
dbScov(z
Thea subscripts
R) and
S inz(7)
to the
and source models, respectively. The
O, yrefer
Od)cS cov(z

complete afﬁne transformation for the stepwise approach was found by combining all
R = V V -1 = VTR VST
(4)
previous
T (xxR)=S steps:
V V (xx-xx� )+ x�
(8)
aff

R S

cov(xx , x )

S

R

cov(xx , y )

O
xO
cov(xxO
, yO)
(r) cov(x
O, x
O)
xCaff
=
R(xxVSyR-x
x�V,SSxT)+x
)=
(x
)+
� S(s
x�cov(y
xx�E-x
x�yROO, yOO)
Rx
)
cov(y
S=(x
O
O
E
(s
s
)
+
s
))dA
𝐸𝐸𝐸𝐸=
(
∫
y
,
x
)
cov(y
y
cov(y
C = �Ω int O O ext
O, yO)

T

cov(z
, x ))
cov(zzzO
O, x O
O

cov(z
,y )
cov(zzzO
O, yO)

cov(x
, z ))
cov(xxxO
O, z O
O
cov(y
yO,, zzO))��
cov(y
y
O O
cov(z
cov(zzzO,, zzO))



O

(5)
(8)
(3)
(9)
(3)

(8)

O
O
0elastic
s2:
)+
Eext (ss))dA
(9)
𝐸𝐸𝐸𝐸= ∫ΩS(Step
a Eint0(s
2.3.2.
surface
registration
0
0
S
S
=
�
�
.
(6) model,
-1
T
b
2
For
elastic
registration
of sthe
surfaces, we used a parametric active contour
=
V
(4)
∑3i=1
RV
RV
ER
)=
(10)
Rint=
=(ssV
V
VSS-1
=
Vα∥∇s
VcSSTsi ∥2 -2|H(s
(4)
i )|),
R
R
0
0
S
based on the algorithms described in (54–56), commonly used for segmentation or
3
2
(r)(s
∑
E
ss)=
s*I
i ∥medical
(r) (s
motion
tracking
images
(see e.g. (57–59)). One advantage of this(10)
technique
i=1
2 -2|H(s
)=
Exxint
s) s∥i2)|),
,
(11)
R(x
xx-κ∥(∇[G
xx�� Sα∥∇s
)+xxx��σin
(5)
ext
S -x
R I R ])(s
S =
(5)
S -x
S )+x
Rd
S = R(x
d
d
aR
bproject
cR from the source model onto the reference model
isSits= capability
to
nodes
R
, Sb =*II ])(s
, s)Sc∥=,
.
(7)
Eexta(ssS)=
(11)
d -κ∥(∇[G
dcS
σ d
Rbnatural
2spreading
0
while
a
of
the
nodes.
Another
advantage
is
the
intrinsic
S
a aS 0
Smaintaining
0
0
a
2 (P )-λ�N
0
0
S
)(P
)�N
S
=
�
�
.
(6)
βU
P
P
+
γ(αU(P
P
P
N
∙∇E
P
N
-(1λ)∇E
(P
P
)),
(12)
smoothing
in
i which makes
ext i the registration
ext less
i susceptible to irregularities
0i �surface,
Si = �i0 Sbbof the
.
(6)
0
SSc
the prostate
The
main
steps
of
this
algorithm
are
described
below;
for
a
detailed
0 0
0 models.
2
Pi = Pi + γ(αU(P
Pc)- βU (P
P )-λ�N
N∙∇E (P
Pi )�N
N-(1--λ)∇Eext (P
P )),
(12)
description,
thei reader isi referred ext
to (56).
Registration iis performed by minimizing an
T
Taff (xx)=
V V (xx-xx�ddSb)+
x� R ddcR
(8)
d
energy
aR R S
dfunctional
aR ,
bR
cR .
R,
SSa =
S
=
S
=
(7)
b
c
, Sb = ddb , Sc = ddc .
(7)
a= d
daS
S
cSS
Ss))dA
(9)
𝐸𝐸𝐸𝐸= ∫Ω (EaSint (ss) + Eextb(s
(9)

by applying
a transformation
s : Ω ⊂ R2 → R1 to a surface Ω (56). Eint represents
3
2
)|),
∑
E
(s
s
)=
α∥∇s
s
∥
-2|H(s
s
(10)
T
int
i
i
i=1
2
the
internal
energy,
(x
)+
T
xx)=
(8)
SST (x
)= V
(xxx-x
)+ xx�� RR by the surface material properties, whereas the
Taff
VRR V
V
-xxx�� SSdeﬁned
(8)external
aff (x
energy Eext is deﬁned by the reference image . In our case, was a binary voxel
E
s)= -κ∥(∇[Gσ *IIR ])(ss) ∥2 ,
(11)
ext (s
E
(s
E
𝐸𝐸𝐸𝐸=
image
TRUS
reference volume with a resolution of 1/3 mm (9)
per voxel.
intthe
ext (s
Eint
(sss)) +
+
Eext
(sss))dA
))dA
(9)
𝐸𝐸𝐸𝐸= ∫
∫ΩΩ ((of
The internal and external energy are calculated by (56)

Pi = Pi + γ(αU(P
Pi )- βU2 2 (P
Pi )-λ�N
N∙∇Eext (P
Pi )�N
N-(1--λ)∇Eext (P
Pi )),
(12)
3
∑
3
E
(s
ss)=
α∥∇s
ssi ∥∥22 -2|H(s
ssi )|),
(10)
(10)
i=1
∑
Eint
(s
)=
α∥∇s
(10)
int
i 2 -2|H(s
i )|),
i=1
(sss)=
E
)= -κ∥(∇[G
-κ∥(∇[Gσσ *I
Eext
*IIIRR ])(s
])(sss)) ∥∥22 ,,
ext (s



(11)
(11)

(11)

in which si denotes the
ith spatial component of s,H(·) represents the Hessian matrix,
2 (P )-λ�N
2 (P
P
γ(αU(P
P
P
N
P
N
-(1P
(12)
ext (P
ii )),
)- βU
)�N
βUkernel
Pii =
=isP
Paii +
+3D
γ(αU(P
Pii )Pii )-λ�N
N∙∇E
∙∇Estandard
Pii )�N
Ndeviation
-(1---λ)∇E
λ)∇Eext
(P
Pand
)), κ is the external force
(12) factor,
Gaussian
with
σ,(P
G
ext (P
ext
σ
determining the weight of the external force (56). The parameters α and β control
the surface properties and accomplish a membrane-like or a thin-plate-like behaviour,
respectively.

5

5
104 | Chapter
3

Eint (ss)= ∑i=1 α∥∇ssi ∥22 -2|H(ssi )|),

(10)

Eext (ss)= -κ∥(∇[Gσ *IIR ])(ss) ∥2 ,
A local minimum of (9) can be found by the iterative solution
Pi = Pi + γ(αU(P
Pi )- βU 2 (P
Pi )-λ�N
N∙∇Eext (P
Pi )�N
N-(1--λ)∇Eext (P
Pi )),

(11)
(12)



(12)

in which Pi contains the coordinates of a surface node in the ith iteration and γ is the
step size of each iteration. The operator U(·) represents the Umbrella function as deﬁned
in (56).
Forces tangent to the mesh surface can cause self-intersection within the mesh. To
prevent the surface mesh from self-intersecting, the external force vector, ∇Eext, was
replaced in (12) by a weighted sum of the external force vector and the vertex normal
vector N as suggested in (56). The parameter λ ∈ [0, 1] determines the inﬂuence of the
image force relative to the surface normal.
The algorithm stops when the maximum node displacement per step size falls below
pmin. After the algorithm had stopped, we deﬁned the elastic mapping Tel (P0) of each
node position of the initial surface mesh to be the displacement Pend − P0 of that vertex
at the end of the algorithm.
The parameter values were empirically optimized based on the registration of the prostate
models of 5 test patients. First, the standard deviation of the Gaussian ﬁlter a was set to
a value such that the blurred reference image entirely covered the source model. Next,
a value for λ was chosen sufﬁciently large to prevent self-intersection, but as low as
possible to keep disturbance of the external energy ﬁeld to a minimum. The parameters
α, β, κ and γ were heuristically determined to achieve a fast convergence, while keeping
the registration smooth and stable. All parameter values are summarized in Table 1.

Symbol

Description

Value

∆pmin

Stopping criterion (mm)

0.03

α

Resists stretching

0.01

β

Resists bending

0.1

γ

Time step

0.5

σ

Reference image blurring coefﬁcient (mm)

1.67

κ

External force factor

3

λ

Normal force factor

0.2

Table 1. Parameter values in the active contour algorithm.
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2.3.3. Step 3: internal registration
To estimate the elastic transformation Tel for the interior of the prostate, the surface
vertex displacements found by the elastic surface registration were interpolated. We
tested two different ways of interpolating the vertex displacements.
The ﬁrst method was a ﬁnite element (FE) approach assuming a linearly-elastic, nearlyincompressible material (Young’s modulus 25 kP, Poisson’s ratio 0.495), similar to the
material properties used in (60,38). To this end, a tetrahedral mesh was generated using
TetGen 1.4.3 (61) with the quality measure q set to its maximum value (i.e., 18).
In the second method, we used a natural neighbour (NN) interpolation method (62)
to interpolate the surface displacements in each dimension separately. This method is
based on the Voronoi diagram of the coordinates at which the displacements to be
interpolated are known. To obtain the displacement at a new coordinate, a new Voronoi
diagram is constructed around this coordinate. The interpolated value is then calculated
as the weighted sum of the displacements at the coordinates who’s old Voronoi cells
overlap the Voronoi cell of the new coordinate to obtain a smooth interpolation. This
technique has the advantage over FE-based methods that no internal mesh has to be
generated and no prior knowledge about the mechanical properties of the underlying
material is required or used.
To ﬁnd the complete deformation ﬁeld of the prostate, the afﬁne and elastic
deformations were concatenated by applying (2). Tumours found by histology could
now be reconstructed in the analysed TRUS plane by mapping all points of the tumour
model to their corresponding positions in the TRUS model according to (1).

2.3.4. Implementation
The registration algorithm described in this section was implemented in MATLAB
8.4.0.150421 (The MathWorks, Natick, MA) on a PC using an Intel® Core i5-2500
processor running at 3.3 GHz (Intel, Santa Clara, CA) with 16 GB RAM. Our
implementation of the ICP algorithm in MATLAB was based on functions written by
Kroon (63) and by Wilm and Kjer (64), available at MATLAB Central (65). For the
parametric active contour model, we modiﬁed code written by Kroon (66). All other
methods were implemented using original code.
2.4. Remeshing
Our registration method works best with prostate models containing triangulated meshes
in which the vertices are as uniformly spaced as possible (i.e., the lengths of all edges are
approximately equal). It results in a more reliable orientation estimation for the afﬁne
registration, because each part of the surface is approximately equally represented in
the PCA and ICP algorithms, and the active contour algorithm used for elastic surface
registration showed more stable behaviour with respect to self-intersection.
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To obtain uniform meshes, a remesh algorithm using the non-adaptive part of the
method described in (67) was applied to each of the surface models obtained from both
histology and TRUS. This iterative method uses front propagation to ﬁnd the location
on the surface with the longest geodesic distance to all vertices that are already in the
mesh; a new vertex is then inserted at that location. In this way, vertices are equally
distributed over the surface, which leads to a uniform mesh. The number of vertices N
in the mesh is a trade-off between computational speed and accurate representation of
the prostate shape (hence higher registration accuracy for irregular surfaces). For our
surface models we used N = 2000, which was sufﬁcient to reproduce the encountered
prostate deformations.
2.5. In vitro validation
Because natural landmarks are not always present in both histology and TRUS, an in
vitro experiment, using phantoms with ﬁducial markers, was designed to quantitatively
assess the registration error of the presented methods. Two gelatin phantoms of the
prostate were produced and embedded in a gelatin surrounding (Figure 4), based on
the design presented in (68). Different from (68), we chose to use gelatin as phantom
material, because it suited the scope of our experiments and was easier to handle. The
gelatin was constructed such that the prostate phantom was approximately three times
stiffer than the surrounding gel.
To be able to distinguish the prostate phantom from the surrounding gel in TRUS
B-mode images, a small amount of graphite powder was added to the prostate phantom
as a scattering agent. Furthermore, in each phantom, 9 clay markers with a diameter of
3–5 mm were added for assessment of the TRE. A hole on the side (50 mm in diameter),
large enough to accommodate and rotate a TRUS end-ﬁre probe, represented the
rectum, enabling simulation of TRUS imaging during a prostate examination (position
2). Alternatively, the prostate could be scanned from the top (position 1) to obtain
images at a different angle than in position 1 and without phantom deformation due
to pressure by the probe head, and therefore providing images that could represent the
histology.
In this experiment, we used an iU22 (Philips Healthcare, Bothell, WA) US scanner with
a 3D endocavity probe (3D9-3v) to exclude model construction from this validation.
Each phantom was ﬁrst scanned from position 1 to acquire an image of a “histology”
phantom. Subsequently, each phantom was scanned with the same probe from position
2, while pushing the probe against the phantom to acquire a “TRUS” image. The
latter scan was repeated 6 times with varying strength and location of the force applied
on the phantom to test the robustness of the registration algorithm against varying
deformations.
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Figure 4. (left): Schematic side-view of the phantom used for in vitro validation. (right): A gelatin phantom while
scanning in position 2.

5

Figure 5. Registration of phantom models (containing 9 landmarks) imaged in position 1 (blue) and in position 2 (red).
(a) Afﬁne registration by the ICP algorithm using a rigid transformation with anisotropic scaling. (b) The same afﬁne
registration followed by elastic registration using NN interpolation.

In each 3D US image, the phantom’s contour and markers were manually segmented
to construct 2000-node surface meshes with markers inside. For each phantom, all
“TRUS” meshes (reference) were registered with the “histology” mesh (source) using
the proposed algorithms. The TRE was deﬁned to be the distance between a marker
in the reference mesh to the same marker in the registered mesh. Results were stored
after afﬁne and elastic registration to evaluate the performance of the individual steps.
The registration accuracy and execution time were compared for the different methods
described in Section 2.3. The statistical signiﬁcance (p- value) of the results was evaluated
by two-sided Wilcoxon signed rank tests for paired data and by two-sided Wilcoxon
rank sum tests for unpaired data.
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The described in vitro experiment focused on validation of the registration algorithm
only, leaving out the construction of the model from 2D images and deformations due
to surgery and the ﬁxation process.
2.6. First in vivo validation
In 7 patients, (parts of ) the border between the peripheral and transition zone (BPZ)
of the prostate (see Figure 1) was visible both in the histology and TRUS images. These
patients were, therefore, selected for in vivo validation using the BPZs as landmarks to
evaluate the TRE. These data are derived from two institutional review board approved
protocols in which patients were only included after informed consent was obtained.
In two patients, two ultrasound recordings were made at different dates and both were
included. As a result, a total of 9 prostate model sets were used for validation. Different
from the in vitro experiments, the in vivo validation included model construction and
the effect of deformation after surgery.
The BPZ was manually drawn in the TRUS and histology images by an expert, after
which 3D models were reconstructed as described in Section 2.2. Between the images,
the BPZ was interpolated using a linear radial basis function with noise reduction
(69,70). The constructed models were then registered. The TRE was determined by
calculating the normals to the surface of the registered (histology) BPZ and ﬁnding the
point at which it intersected with the reference (TRUS) surface. The distance between
the histology and TRUS surfaces along a surface normal was deﬁned to be the TRE at
that point. However, because TRUS and histology showed also BPZ parts that were
not corresponding, the corresponding parts had to be deﬁned for the validation. Parts
of the BPZ for which no intersection point was found along the surface normal were
considered to be non-corresponding, and were therefore ignored. Statistical analysis of
the results was done in a similar way as described in Section 2.5.
Because the models were constructed by stacking contours from base to apex, as
described in Section 2.2, the patient models already had a similar orientation. For this
reason, the TRE was also determined for registration without applying rotation in the
stepwise afﬁne transformation.
2.7 Second in vivo validation
Using the methods that performed best in the first in vivo validation, we performed
a more clinical analysis using natural landmarks. From our database of pre-operative
ultrasound scans and postoperative analysis of RP specimens, the investigators selected
patients with easily identifiable landmarks in both pathology and imaging that could be
used to validate the registration method. All landmarks were discussed in a consensus
meeting between two engineers and one clinician with a research focus on prostate
imaging (HW, SS and AP). Landmarks were used for analysis only when there was
unanimous agreement on the correspondence between the landmark in the US sweep
and the pathology slices. Besides the original landmarks on the basis of which the patients
were selected, additional landmarks were added when the panel could unanimously

3D Surface-based Registration of Ultrasound and Histology in PCa Imaging | 109

agree on them. These additional landmarks were either point-shaped (e.g. the urethra)
or line-shaped (e.g. BPZ or urethra).
After registration using the ICP + NN methods, we rendered virtual US planes
corresponding with the real pathology slices, identified the landmarks in both and
compared the location of the landmarks. We chose to generate virtual US slices
matching real pathology slices instead of the other way around because the pathology
data is sparser due to the 4 mm slice thickness. For each landmark, we calculated the
registration errors in millimeters as the distance between the landmarks in the XY-plane.
The original landmarks were areas for which the centroid was determined, and this
point was used for calculation of the registration error. For point-shaped landmarks,
we calculated an XY distance between the point in pathology and the same point in
the US slice. To determine the registration error between line-shaped landmarks, for
all points on the US landmark the minimum distances to the histology landmark were
determined and averaged over the entire line. The same computation was made vice
versa i.e., using the minimum distance from histology to US landmark. The registration
error was then defined as the mean of the two acquired distances, referred to as the mean
mean minimum distance (Figure 7). Because the pathology slices are approximately 4
mm thick, we judged Z-axis registration in half slice (approximately 2 mm) increments.
When the US and pathology landmarks were registered to the same plane, the Z-axis
error was set to be 0. When the landmarks in the rendered US planes were located
one plane besides the correct pathology plane, the Z-axis error was set to 4 mm. The
TRE was calculated as the hypotenuse between XY-plane distance and Z-axis error. We
calculated whether the median TRE differed between landmark type and location.
The three primary results of this analysis are the median TRE for the original landmarks
only, with inclusion of the additional point-shaped landmarks and with inclusion of
all additional landmarks. After including the additional landmarks in the analysis, we
averaged the TRE’s within each patient to account for the varying number of landmarks
per patient and the dependency of these landmarks on the same registration result. Both
the per-patient averaged TRE’s and the TRE’s for the separate landmarks are presented.

3. Results
3.1. In vitro validation
An example of the registered phantom models with markers after afﬁne and elastic
registration is shown in Figure 5. The model shapes already showed good agreement
after afﬁne registration, but a slight mismatch could be observed due to deformation
by the imaging probe. After elastic registration, the two models almost completely
overlapped, as expected.
In Table 2, the TREs are summarized for each registration method. For each measurement,
the means and standard deviations were computed over all markers (9 per phantom).
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Then, the means and standard deviations were computed over all measurements (6 per
phantom). Rotation by PCA resulted in an average TRE of over 8 mm for phantom 1,
but below 2 mm for phantom 2. The reason for this difference resides in the observation
that, different from phantom 2, no clear second main axis perpendicular to the ﬁrst
main axis could be distinguished for phantom 1. The ICP method performed well in
both phantoms. No signiﬁcant difference was observed with respect to the mean TRE
after applying elastic registration (p ∈ [0.93, 0.97]) using FE interpolation, and for NN
interpolation the mean TRE was even signiﬁcantly higher (p < 0.001) for each ICP
method.
The computation time for any of the afﬁne registration methods was negligible compared
to the computation time of the elastic registration techniques. Also, the type of scaling
used in the afﬁne registration step had little inﬂuence on the computation time required
for the elastic registration. Using NN instead of FE for internal registration reduced the
computation time by approximately a factor 10.
3.2. First in vivo validation
Table 3 gives the TREs per method based on 9 TRUS-histology registrations in 7 patients
(see Section 2.6). The results for the methods without scaling are omitted, because in
some cases the shape differences between the reference and source model were too large
after rigid registration only. In those cases, parts of the source model were not covered by
the blurred reference image in the elastic surface registration. In those uncovered parts,
elastic registration did not work and, consequently, the internal deformations could not
be computed.
The mean TRE was lower for the ICP methods than for the PCA methods. This
difference was signiﬁcant for the transformation including IS (p < 0.027), but not
signiﬁcant for AS (p = 0.074). Applying elastic registration using NN interpolation after
afﬁne registration decreased the TRE signiﬁcantly for rigid ICP + IS and rigid ICP + AS
(p < 0.01) and insigniﬁcantly for the other methods (p ∈ [0.055, 0.20]). Interpolation
by FE even increased the TRE, although not signiﬁcantly (p ∈ [0.13, 0.65]). When
applying only scaling without automatic rotation in the afﬁne step, the performance of
the stepwise registration was similar to the performance of the methods using ICP as an
afﬁne registration step. The computation time for the NN interpolation was longer than
in Table 2 (p < 0.001), because the BPZ contained more points to register than the 9
ﬁducial markers used in the phantom experiments. An example of a registration of two
models using one of the best performing methods (ICP rigid + AS followed by NN) is
given in Figure 6.
3.3. Second in vivo validation
From our database, 14 cases were selected for having natural landmarks visible in both
the US sweeps and pathology slices. In all included cases these were conspicuous cysts
visible in both pathology and TRUS imaging. During the consensus meeting, there
was no unanimous agreement on the correspondence between the original landmark
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in the pathology specimen and the US sweep of 4 patients. In three further patients,
the original landmark was discarded because they could not be delineated precisely, and
precise delineation of the landmarks is a prerequisite for calculation of the registration
error. Of the 7 remaining original landmarks, 5 could be identified in the correct
pathology slice and the Z-axis error was therefore judged to be 0. The other 2 original
US landmarks were registered one slice before or after the pathology landmark. For
these patients, the Z-axis error was estimated to be 4 mm. Based on the results of the ex
vivo and the first in vivo experiments, registration was performed using the ICP + NN
method.
The median TRE for the original landmarks was 3.6 mm ranging from 1.1 mm to
5.9 mm. During the consensus meeting, additional landmarks were agreed upon by
the panel. With the inclusion of the additional landmarks, all 14 included cases had
at least 1 usable landmark and a maximum of 6. Mostly, these additional landmarks
included clearly visible borders between the PZ and the TZ (line-shaped landmark) or
the urethra (either line- or point-shaped landmark). After inclusion of the 11 additional
point shaped landmarks, the median TRE changed to 3.4 mm with a range of 0.5 mm
to 5.9 mm. When also the 17 line-shaped landmarks were included the median TRE
became 1.9 mm with a range of 0.5 mm to 5.9 mm. A graphical depiction of all data
differentiated by landmark type and clustered per–patient is provided in Figure 8. In
Table 4, all data is categorized by TRE for all landmarks separately and clustered perpatient.
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Method
PCA
PCA + NN
PCA + FE

Computation
time (s)
0.0 ± 0.0
17.4 ± 1.0
175.9 ± 4.7

TRE phantom 1 (mm)

TRE phantom 2 (mm)

TRE overall (mm)

8.0 ± 2.5 (1.8 ± 0.5)
8.3 ± 2.7 (1.6 ± 0.4)
8.6 ± 3.0 (1.3 ± 0.2)

1.4 ± 0.4 (0.5 ± 0.2)
1.5 ± 0.4 (0.5 ± 0.2)
1.6 ± 0.5 (0.5 ± 0.1)

4.7 ± 3.9 (1.1 ± 0.8)
4.9 ± 4.0 (1.1 ± 0.7)
5.1 ± 4.2 (0.9 ± 0.5)

PCA + IS
PCA + IS + NN
PCA + IS + FE

0.3 ± 0.0
17.1 ± 1.2
170.1 ± 5.6

8.0 ± 2.5 (1.8 ± 0.5)
8.3 ± 2.7 (1.6 ± 0.4)
8.6 ± 3.0 (1.3 ± 0.2)

1.4 ± 0.4 (0.5 ± 0.2)
1.5 ± 0.4 (0.5 ± 0.2)
1.6 ± 0.5 (0.5 ± 0.1)

4.7 ± 3.9 (1.1 ± 0.8)
4.9 ± 4.0 (1.1 ± 0.7)
5.1 ± 4.2 (0.9 ± 0.5)

PCA + AS
PCA + AS + NN
PCA + AS + FE

0.0 ± 0.0
16.9 ± 0.7
167.9 ± 0.7

8.1 ± 2.6 (1.7 ± 0.5)
8.4 ± 3.0 (1.6 ± 0.4)
8.6 ± 3.0 (1.3 ± 0.2)

1.4 ± 0.4 (0.5 ± 0.1)
1.4 ± 0.4 (0.4 ± 0.2)
1.5 ± 0.4 (0.5 ± 0.1)

4.8 ± 3.9 (1.1 ± 0.7)
4.9 ± 4.1 (1.0 ± 0.7)
5.1 ± 4.2 (0.9 ± 0.5)

ICPr
ICPr + NN
ICPr + FE

0.5 ± 0.3
17.2 ± 0.9
168.7 ± 6.2

1.7 ± 0.2 (0.8 ± 0.3)
1.8 ± 0.2 (0.9 ± 0.3)
1.7 ± 0.2 (1.1 ± 0.3)

1.3 ± 0.1 (0.5 ± 0.1)
1.3 ± 0.1 (0.5 ± 0.1)
1.3 ± 0.1 (0.4 ± 0.1)

1.5 ± 0.3 (0.7 ± 0.3)
1.6 ± 0.3 (0.7 ± 0.3)
1.5 ± 0.2 (0.8 ± 0.4)

ICPr + IS
ICPr+ IS + NN
ICPr + IS + FE

0.4 ± 0.0
17.1 ± 0.6
169.7 ± 5.4

1.7 ± 0.3 (0.8 ± 0.3)
1.9 ± 0.3 (0.9 ± 0.3)
1.7 ± 0.2 (1.1 ± 0.3)

1.2 ± 0.1 (0.5 ± 0.1)
1.3 ± 0.1 (0.5 ± 0.1)
1.3 ± 0.1 (0.4 ± 0.1)

1.5 ± 0.3 (0.7 ± 0.3)
1.6 ± 0.3 (0.7 ± 0.3)
1.5 ± 0.2 (0.7 ± 0.4)

ICPr + AS
ICPr + AS + NN
ICPr + AS + FE

0.7 ± 0.1
16.9 ± 0.6
169.6 ± 4.7

1.7 ± 0.2 (0.8 ± 0.2)
1.8 ± 0.2 (0.9 ± 0.2)
1.7 ± 0.2 (1.1 ± 0.2)

1.2 ± 0.1 (0.4 ± 0.1)
1.3 ± 0.1 (0.4 ± 0.1)
1.2 ± 0.1 (0.5 ± 0.1)

1.5 ± 0.3 (0.6 ± 0.3)
1.5 ± 0.3 (0.7 ± 0.3)
1.5 ± 0.3 (0.8 ± 0.4)

IS
IS + N
IS + FE

0.3 ± 0.0
16.8 ± 0.5
171.8 ± 3.0

3.5 ± 0.6 (1.2 ± 0.1)
3.3 ± 0.5 (1.3 ± 0.2)
3.5 ± 0.5 (1.5 ± 0.2)

3.2 ± 0.4 (1.3 ± 0.3)
3.2 ± 0.4 (1.1 ± 0.3)
3.6 ± 0.4 (1.1 ± 0.3)

3.4 ± 0.5 (1.2 ± 0.2)
3.2 ± 0.5 (1.2 ± 0.2)
3.5 ± 0.4 (1.3 ± 0.3)

AS
AS + N
AS + FE

0.0 ± 0.0
16.5 ± 0.7
170.8 ± 4.0

3.6 ± 0.6 (1.3 ± 0.1)
3.3 ± 0.6 (1.4 ± 0.2)
3.6 ± 0.5 (1.3 ± 0.1)

3.2 ± 0.4 (1.2 ± 0.3)
3.1 ± 0.4 (1.1 ± 0.3)
3.7 ± 0.4 (1.1 ± 0.3)

3.4 ± 0.5 (1.3 ± 0.2)
3.2 ± 0.5 (1.2 ± 0.3)
3.6 ± 0.4 (1.3 ± 0.4)

Table 2. Results of the in vitro validation: mean ± standard deviation – computed over all measurements – of computation
time, mean TRE, and standard deviation (in brackets) of the TRE computed over 9 markers per measurement. PCA
= principal component analysis, ICPr = iterative closest point using a rigid transformation, IS = isotropic scaling, AS =
anisotropic scaling, NN = natural neighbour, FE = ﬁnite element.
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Figure 6. Registration in one patient included in the validation. Red represents TRUS, blue represents histology.
(a) shows the result of the afﬁne registration using the ICP algorithm with anisotropic scaling. (b) shows the elastic
registration using NN interpolation, after applying the same afﬁne registration as in (a). In (c) and (d), cross-cuts are
shown at the planes indicated in (a) and (b), respectively.

Figure 7. Left: the pathology slice with an original landmark (1) and a line-shaped landmark (2) both delineated in blue.
Middle: after ultrasound to pathology registration, this pathology plane was rendered and landmarks are delineated in
red. Right: the two images are projected on top of each other and XY-plane registration error is calculated.
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Method

Computation time (s)

TRE (mm)

PCA + IS
PCA + IS + NN
PCA + IS + FE

0.2 ± 0.0
37.9 ± 7.7
160.0 ± 8.4

3.0 ± 0.6 (2.0 ± 0.8)
2.7 ± 1.0 (1.9 ± 1.3)
3.6 ± 1.7 (2.8 ± 1.6)

PCA + AS
PCA + AS + NN
PCA + AS + FE

0.0 ± 0.0
37.2 ± 7.2
162.7 ± 10.5

2.9 ± 0.7 (2.0 ± 0.9)
2.5 ± 0.9 (1.8 ± 1.1)
3.6 ± 1.7 (3.0 ± 1.9)

ICP rigid + IS
ICP rigid + IS + NN
ICP rigid + IS + FE

0.3 ± 0.1
37.6 ± 8.4
161.4 ± 12.7

2.4 ± 0.5 (1.6 ± 0.5)
2.2 ± 0.6 (1.5 ± 0.5)
2.9 ± 0.9 (2.3 ± 0.8)

ICP rigid + AS
ICP rigid + AS + NN
ICP rigid + AS + FE

0.4 ± 0.1
35.8 ± 7.7
162.3 ± 7.3

2.4 ± 0.7 (1.6 ± 0.7)
2.2 ± 0.6 (1.6 ± 0.6)
2.7 ± 0.7 (2.0 ± 0.7)

IS
IS + NN
IS + FE

0.3 ± 0.0
43.5 ± 6.1
174.2 ± 18.2

2.6 ± 0.6 (1.6 ± 0.5)
2.2 ± 0.5 (1.4 ± 0.4)
2.9 ± 1.3 (2.2 ± 1.0)

AS
AS + NN
AS + FE

0.0 ± 0.0
42.0 ± 6.8
175.9 ± 18.5

2.5 ± 0.5 (1.6 ± 0.5)
2.1 ± 0.5 (1.4 ± 0.3)
2.8 ± 1.2 (2.4 ± 1.0)

Table 3. Results of the first in vivo validation: mean ± standard deviation – computed over all measurements – of
computation time, mean TRE, and standard deviation (in brackets) of the TRE computed within a measurement.

The boxplots for the TRE for the three landmark types (original landmarks, additional
point landmarks and additional line landmarks) are depicted in Figure 9. From the
boxplots it can be seen that on average, the original landmarks had the highest registration
errors and the line-shaped landmarks the lowest. Most of the landmarks were situated
in the mid or mid-apical planes; only 4 landmarks were located in the far apex or far
base. Three of these landmarks had an above average registration error and one had a
below average registration error (Figure 9). Because of the small number of landmarks
in this analysis, no statistical tests were applied to assess differences in registration errors
depending on landmark type or location.

4.Discussion
The phantom experiments resulted in a mean TRE of 1.5 mm for the best performing
method; in the first in vivo experiment, this value was 2.1 mm, in the second in vivo
experiment, the average TRE for the original landmarks was 3.6mm. This error is
acceptable for most clinical purposes, since most clinically signiﬁcant tumours have a
volume that exceeds 0.5 cm3 (71,72). Assuming a spherical shape, this yields a tumour
diameter of 10 mm. TREs were comparable with the results presented in the literature
(38,39), in which surface-based registration was applied to prostates imaged in different
modalities. However, in (38,39), registration was not performed between in vivo and
ex vivo images, bypassing the deformation due to surgery. In the phantom experiments,
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TREs due to model construction or to deformation caused by surgery and preparation
of the prostate for histopathologic analysis were not included. Although these differences
were included in the first in vivo study, the TREs in that study were only approximately
1 mm larger than those in the in vitro study. This suggests that the error introduced by
our method used for model construction is relatively small.
landmark type/TRE (all landmarks separately)
original landmarks
add. point-point landmarks
add. line-shaped landmarks
original + point-shaped landmarks
all landmarks
landmark type/TRE (clustered per-patient)
original landmarks only
original + point-shaped landmarks
all landmarks

0-2mm (%)
3 (43%)
6 (55%)
13 (77%)
9 (50%)
22 (63%)
0-2mm (%)
3 (43%)
5 (45%)
9 (64%)

2-4mm (%)
1 (14%)
2 (18%)
4 (24%)
3 (17%)
7 (20%)
2-4mm (%)
1 (14%)
2 (18%)
2 (14%)

4-6mm (%)
3 (43%)
3 (27%)
0 (0%)
6 (33%)
6 (17%)
4-6mm (%)
3 (43%)
4 (36%)
3 (21%)

Table 4. Categorized total registration errors for different combinations of landmarks separately (top) and clustered perpatient (bottom) in the second in vivo experiment. TRE = Target registration error

Figure 8. Total registration errors of all landmarks in the second in vivo experiment plotted in per-patient clusters. The
yellow circles represent the original landmarks, the red circles represent the secondary point-shaped landmarks and the
green circles the secondary line-shaped landmarks.
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Figure 9. Total registration error in the second in vivo experiment differentiated by landmark type (left) and location
(right).

From the lower standard deviations in the TREs in both the in vitro (Table 2) and the
first in vivo experiments (Table 3), it can be concluded that the ICP method is more
robust in afﬁne registration than the PCA-based method. The reason can possibly be
found in the fact that the PCA method tries to ﬁnd three main axes like those in an
ellipsoid. Because the shape of the prostate in TRUS can be deformed drastically at the
posterior side by the pressure of the probe head on the prostate, it does not resemble an
ellipsoid-like shape anymore. In this case, the three orthogonal main axes to estimate
the orientation of the prostate model cannot be correctly deﬁned. Surprisingly, in vivo,
registration without applying automatic rotation performed similar to the ICP methods.
Because both models were constructed by stacking slices from base to apex, they had
already been reasonably well-aligned before applying the registration algorithm. The
same a priori information could be applied in the validation of other PCa imaging
modalities, such as MRI, where histology slices and imaging planes are already well
aligned before registration.
When comparing in vitro average TREs (Table 2) for afﬁne ICP and elastic registration,
only small differences were observed (<0.1 mm). An explanation for this result could be
that most of the deformation could already be covered by the afﬁne registration. Errors
in drawing the contours of the phantoms and markers were probably larger than the
improvement that could be made by elastic registration. In the first in vivo experiments,
the elastic registration followed by NN interpolation did result in a small decrease in
TRE for each afﬁne registration method. The FE method, however, resulted in higher
TREs. The deformation at the surface deﬁned by the elastic surface registration of the
afﬁnely registered models probably did not represent realistic boundary conditions
for a physics-based model. A more general interpolation method, such as the NN
interpolation, could then result in lower TRE.
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Although the differences between the TREs for afﬁne and elastic registration were small,
the differences could be larger close to the surface. An example of the registration of
histopathology and TRUS using an afﬁne and an elastic method is given in Figure 10.
In this case, the deformation at the posterior surfaces – caused by probe pressure – could
not be compensated for by an afﬁne transformation. As a result, part of the registered
tumour lied outside the prostate and could therefore not be used for validation or training
of a PCa imaging technique. Applying an elastic registration using NN interpolation
solved this issue.
Because the location of the BPZ in between histology slices was unknown and had to be
interpolated, an inaccuracy in the estimation of the TRE in the first in vivo validation was
possibly introduced. Moreover, the orientation of the BPZ is largely parallel to the apexbase axis. Because the TREs were estimated based on the surface normals of the BPZ,
the inﬂuence of registration errors in that direction on the ﬁnal TRE was smaller than
in other directions. Fiducial point landmarks could provide a more accurate reference
for TRE estimation, but can be difﬁcult to apply during a regular TRUS examination.
The results of the second in vivo validation show that the overall TRE for all types of
landmarks is less than 4 mm in over three quarters of cases and less than 6 mm in all cases.
This means the registration error is smaller than the thickness of one pathology slice in
most cases and similar to or smaller than the 5mm sampling density of transperineal
template biopsies in all cases. TRE’s were below that threshold in all but 2 original
landmarks, which exceeded it by 0.1 and 0.9 mm.
The registration error of the original landmarks and additional point-shaped landmarks
is larger than in the ex vivo and first in vivo experiments, while the TRE for line-shaped
landmarks is lower. In our study, we did not perform statistical testing to evaluate the
differences in TRE between landmark types due to the small sample size. However,
figure 9 indicates there may be a trend towards line-shaped landmarks giving better
results. This may be explained by the different way we defined registration error for the
line-shaped landmarks as opposed to point-shaped and original landmarks (the mean
mean minimum distance described in the methods section as opposed to point-to-point
or centroid-to-centroid distance).
Because the pathology slices were approximately 4 mm thick, pathology information
was available only every 4 mm in the Z-axis. The Z-axis registration error was, therefore,
estimated in 0.5 slice (2 mm) increments, which may have led to both over-, and underestimation of TRE’s. Furthermore, the pathology slice thickness was assumed based
on our hospital specimen processing protocol, but little variations may have occurred.
Of the 14 cases selected for inclusion, only 7 original landmarks were taken into this
analysis. This is the result of the very strict quality assessment (unanimity among the
consensus panel) of the landmarks.
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Figure 10. Registration of 2 prostate models containing a tumour (yellow). Red represents TRUS, blue represents
histology. (a) shows the result of the afﬁne registration using the ICP algorithm with anisotropic scaling. (b) shows the
elastic registration using NN interpolation, after applying the same afﬁne registration as in (a). In (c) and (d), cross-cuts
are shown at the planes indicated in (a) and (b), respectively

It is important to realize that the landmarks are only used for validation. The elastic
registration method relies on the prostate surface contour alone. Therefore, no landmarks
are required while using this technique to match (suspected) tumour locations.
As opposed to the original landmarks, which were mostly cysts, all secondary landmarks
(urethra and BPZ) run through multiple prostate planes. Therefore, one cannot conclude
that the Z-axis error must be within one slice thickness if the US landmark is visible in
the corresponding pathology slice. However, because of the curved trajectory of both
the urethra and the BPZ, the Z-axis error will already be partly reflected in the XYplane displacement. The landmarks in this dataset are not distributed randomly over
the slices. The original landmarks are spread throughout the prostate, but the urethral
landmarks tend to be centrally located within a pathology slice. However, the median
TRE changed from 3.6 mm to 3.4 mm after inclusion of the additional point-shaped
landmarks indicating that this is only a small effect.
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A landmark’s location on the Z-axis may influence the registration error as indicated
by Figure 9. This suggests lower performance in the far base or apex. However, with
only 4 landmarks in the far base or far apex, this sample is too small to draw definite
conclusions. It must be noted that all landmarks in the far base and apex were original
and point-shaped landmarks, which in this sample also had above average TRE’s.
Although outside the scope of this work, a method was given to construct 3D prostate
models from a transversal sweep video. The presented method requires manual
delineation of the prostate contours to obtain the most accurate models and registration.
However, an accurate (semi)automatic segmentation could assist in making this step less
time-consuming. Moreover, the accuracy of the model construction could beneﬁt from
using a 3D US probe to minimize the error made by the conversion from 2D sweep
video to 3D US.
The 3D model of the pathology could be improved by more standardized processing
of the RP specimens, ensuring perfectly parallel slices of exactly equal thickness. The
slice thickness can be reduced to improve Z-axis localization of tumours. In our own
institution we have started using a device that allows cutting perfectly parallel 3 mm
slices (Figure 11). The holes that are caused by the needles while using this device are
visible in the pathology slides and can therefore be used to guide the stacking of the
planes.
The presented registration method does not rely on the mechanical properties of the
prostate and, therefore, assumes a homogeneous material. The prostate, however,
consists of different zones with different stiffness (40). Moreover, tumours are known
to be stiffer than healthy prostate tissue (40). When the location of the transition zone
and the tumours are known, it could be worth applying varying stiffness settings in the
internal registration step to reduce the TRE.

5.Conclusions
Several methods, directly applicable in clinical practice, for 3D, afﬁne and elastic,
surface-based registration of prostate models obtained by TRUS imaging and histology
were compared both in vitro and in the first in vivo experiment
Experiments using two gelatin phantoms with ﬁducial markers resulted in a mean
TRE of 1.5 ± 0.2 mm for the best performing method. The mean TRE obtained from
validation in 7 patients in the first in vivo experiment was 2.1 ± 0.5 mm. The ICP
algorithm proved to be a robust approach for afﬁne registration, whereas rotation using
a PCA approach frequently resulted in large TREs. For the elastic registration, the NN
interpolation outperformed a FE approach assuming linearly elastic material. In the
second in vivo experiment using natural landmarks, the overall TRE for all types of
landmarks is less than 4 mm in over 75% of cases and less than 6 mm in all cases.
This means the registration error is smaller than the thickness of one pathology slice in
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most cases and similar to or smaller than the sampling density of transperineal template
biopsies in all cases. Because the algorithm used for registration is independent of the
adopted imaging technique, applications for imaging modalities other than TRUS (such
as MR) can be envisaged.
.

Figure 11. Prostate cutting device used at our institution to ensure the specimen is cut in perfectly parallel 3 mm slices.
The prostate is suspended on the needles (left hand side) in the desired orientation. The specimen is then sliced through
the slits that are spaced 3 mm apart. After each slice is cut, the needles can be retracted in 3 mm steps to allow cutting
the next slice while holding the prostate in place.
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Abstract
Objectives: The aim of this study is to improve the accuracy of dynamic contrastenhanced ultrasonography (DCE-US) for prostate cancer (PCa) localization by means
of a multiparametric approach.
Materials and Methods: Thirteen different parameters related to either perfusion or
dispersion were extracted pixel-by-pixel from 45 DCE-US recordings in 19 patients
referred for radical prostatectomy. Multiparametric maps were retrospectively produced
using a Gaussian Mixture Model algorithm. These were subsequently evaluated on their
pixelwise performance in classifying 43 benign and 42 malignant histopathologicallyconfirmed regions of interest, using a prostate-based leave-one-out procedure.
Results: The combination of the spatiotemporal correlation (r), mean transit time (μ),
curve skewness (κ), and peak time (PT) yielded an accuracy of 81%±11%, which was
higher than the best performing single parameters: r (73%), μ (72%), and wash-in time
(72%). The negative predictive value increased to 83%±16% from 70%, 69% and 67%,
respectively. Pixel inclusion based on the confidence level boosted these measures to
90% with half of the pixels excluded, but without disregarding any prostate or region.
Conclusions: Our results suggest multiparametric DCE-US analysis might be a useful
diagnostic tool for PCa, possibly supporting future targeting of biopsies or therapy.
Application in other types of cancer can also be foreseen.
Key Words: Prostate Cancer, Ultrasonography, Contrast Agents, Classification,
Multiparametric Imaging
Key Points:
• DCE-US can be used to extract both perfusion and dispersion-related parameters
• Multiparametric DCE-US performs better in detecting PCa than singleparametric DCE-US
• Multiparametric DCE-US might become a useful tool for PCa localization
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Introduction
Representing the most prevalent form of cancer among American men, with 26% of
the new cases and approximately 10% of the cancer-related deaths (1), a reliable and
minimally invasive diagnostic tool for prostate cancer (PCa) is of paramount importance.
During the last decade of the 20th century, the introduction of prostate-specific antigen
(PSA) blood testing led to a dramatic increase of the number of PCa diagnoses as well as
a growing number of patients exhibiting low-risk or indolent disease (2). Overdiagnosis
and overtreatment are considered substantial problems due to the limited positive
predictive value (PPV) of screening tools such as PSA level assessment and digital rectal
examination (3, 4). Therefore, the definitive diagnosis of PCa still relies on ≥10 core
systematic biopsy (5). There is a high incidence of biopsy-related complications (6, 7)
and a considerable fraction of malignancies is identified only in repeat biopsy (8). This
stresses the demand for an imaging modality that is able to localize or rule out prostatic
malignancies. Such a technique could eventually serve as a localization tool for targeted
biopsy (9, 10), or assist in patient selection and treatment planning for organ-sparing
focal therapy (11).
Currently, multiparametric magnetic resonance imaging (mpMRI) seems the most
promising imaging method for PCa localization (12). A recent meta-analysis reported
an appreciable average sensitivity of 74% and specificity of 88%, with negative
predictive values (NPVs) that ranged from 65% to 94% (13). In view of the advantages
of transrectal ultrasonography (TRUS) over MRI in terms of costs, time, resolution, and
practicality at bedside, this paper proposes a multiparametric approach of TRUS.
Unfortunately, B-mode TRUS is not considered sufficiently accurate for standalone tumour detection (14, 15). Since clinically relevant prostatic malignancies are
characterized by angiogenesis and neovascularization (16, 17), increased perfusion has
been proposed as a marker for PCa. Moreover, it was observed that the microvascular
density correlates with cancer aggressiveness (18). However, Doppler imaging was not
found sufficiently accurate to capture these vascular changes due to its limited sensitivity
for small flows (19, 20). The use of intravenously injected ultrasound contrast agents
(UCAs) in the TRUS procedure, that is, dynamic contrast-enhanced ultrasound (DCEUS) imaging, also allows the visualization of the vascular fraction and perfusion.
Contrast-specific imaging modes are even able to image microcirculation on capillary
scale (21). Again, despite the reported improvements in tumour detection rate (22, 23),
targeted biopsies based on visual interpretation of contrast-enhanced US alone are not
considered viable to replace systematic biopsy (9, 24). This might be explained by the
inconsistent, ambiguous effect of angiogenesis on blood flow (25). Whereas diminished
vasomotor control and formation of shunts cause an elevation in perfusion, the high
tortuosity and permeability, with rising interstitial pressure, lead to the opposite effect
(16, 17).
Tissue characterization by DCE-US thus requires a more detailed assessment of the
UCA kinetics in the prostate. UCAs are composed of encapsulated micron-sized gas
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bubbles that remain a few minutes in the vasculature (26–28), and their behaviour
can be assessed by looking at the time-intensity curve (TIC), which is the evolution of
echo intensity over time in a certain area. For example, malignant areas in DCE-US
recordings are found to be marked by rapid and enhanced inflow compared to similar
benign regions in the prostate (29, 30). Several parameters have been extracted from
the TICs in order to mark relevant alterations in perfusion; these are e.g. the washin-rate (31, 32), time to peak (PT) (33, 34), time to appearance (AT) (33, 34), peak
intensity (PI) (32–35), and the area under the curve (33, 36). In addition to these
perfusion-related parameters, angiogenic microvasculature changes can also be detected
by assessing UCA dispersion (37). Contrast ultrasound dispersion imaging (CUDI) was
recently developed to analyse the dispersion kinetics of a microbubble contrast bolus in
a DCE-US recording. The dispersive behaviour has been assessed with curve fitting (37),
or similarity analysis (38, 39). In these methods, the TIC of each pixel in the imaging
plane is either fitted by a convective diffusion model or compared to its neighbouring
TICs, respectively.
Though different in nature, the parameters acquired with these methods were shown
to have appreciable levels of sensitivity and specificity for PCa detection. Hence, we
hypothesize that a combination of complementary parameters related to perfusion
and dispersion allows us to localize prostatic carcinoma with an even higher level of
accuracy. PCa is a multifocal and heterogeneous disease whose appearance depends
on cancer type, grade and topography (24). A multiparametric approach reduces the
risk of missing tumours that are invisible to one of the parameters and may be able
to discriminate prostatic diseases that mimic malignant characteristics, like prostatitis
(40). Since the performance of a multiparametric approach is not dependent on a single
threshold, it cannot be evaluated using conventional Receiver Operating Characteristic
(ROC) analysis (41, 42). Instead, a multiparametric approach requires a classification
algorithm to combine the parameters into a single parametric map. Many algorithms
have been used in biomedicine for classification; in particular, Gaussian Mixture Models
(GMMs), support vector machines and artificial neural networks have been extensively
employed (43–45). GMMs have been chosen for our multiparametric evaluation as
these are fast, purely based on data (no need for additional physical modelling) and
facilitate the definition of classification confidence. Moreover, GMMs were reported to
perform better than neural networks in mammographic tumour identification (45). In
this paper, we take into account thirteen perfusion- and dispersion-related parameters
as well as the echo intensity on the TRUS image. Retrospectively, the most useful
parameters are selected and combined using histopathologically determined regions of
interest (ROIs) in order to improve the accuracy of DCE-US for the localization of PCa.
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Materials and Methods
Data acquisition
Nineteen PCa patients that were scheduled for radical prostatectomy underwent a
transrectal dynamic contrast-enhanced ultrasound scan prior to surgery. The procedures
were approved by the local ethics committee and carried out at the Amsterdam Medical
Centre (Amsterdam, The Netherlands). All patients signed an informed consent. Patients
below the age of 18 or with contraindications for the administration of contrast agents
as defined by the European Medicines Agency were excluded. Patients with a tumour
of Gleason score ≥3+3 and a size suitable for our analysis (see section Histopathological
Analysis) were selected for this study. The patient and tumour characteristics are
summarized in Table 1.
Characteristic
Age (yrs)
PSA level (ng/mL)
Prostate Volume (mL)
Clinical Stage
T1
T2
T3
Gleason Score
3+3
3+4
4+3
3+5
4+5

Mean
62.7
8.7
35.8

Median
64
7.3
30

Range
52 – 73
2.9 – 31.9
20 – 83.5

Number
0
11
8
6
7
4
1
1

Table 1. List of patient and tumour characteristics.

For the procedure, 2.4 mL of a SonoVue® UCA microbubble suspension (Bracco, Milan,
Italy) was intravenously administered. This suspension consists of encapsulated sulphur
hexafluoride bubbles with an average diameter of 2.5 µm (46). Two-minute recordings
were subsequently performed with an iU22 US scanner (Philips Healthcare, Bothell,
WA), generally using a 3-MHz to 10-MHz ranged endocavity ultrasound probe (C103v). For one patient an endocavity probe with a range from 4 MHz to 8 MHz (C84v) was used due to availability issues. The measurements were carried out in contrastspecific mode based on a power-modulation pulse scheme at a frequency of 3.5 MHz
and with a mechanical index of 0.06 to minimize bubble disruption.
Histopathological Analysis
After prostatectomy, the prostates were fixed with a formalin solution, deprived of
the seminal vesicles, sectioned in slices of ~4 mm and examined by the pathologist as
described by Montironi et al. (47). The tumours were subsequently delineated by the
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pathologist. Prior to the parametric analysis, ~0.5 cm2-sized ROIs were manually drawn
on the B-mode ultrasound scans to identify areas containing histologically confirmed
malignancy. Histological images were matched to the US scans based on the position of
the imaging plane in a transversal sweep video performed before the contrast recordings.
ROIs were only drawn in areas where the histopathologic information persisted in the
two adjacent slices. The prostatic boundary was used to aid the localization. In the same
way, we positioned similarly-sized ROIs in areas that were not depicted as malignant.
This resulted in a dataset containing about 176,000 pixels extracted from 85 ROIs in
45 DCE-US recordings in 19 patients, marked as either benign (43 ROIs) or malignant
(42 ROIs). In the end, we were able to include one to four DCE-US imaging planes per
patient.

Figure 1. Accuracy of the Gaussian Mixture Model classifier by exclusion of pixels based upon their confidence level,
coefficient of determination, absolute probability, and peak time. The classifier was run using a set of parameters
containing r, μ, κ, and PT.

Figure 2. Performance of the Gaussian Mixture Model Classifier upon exclusion of pixels with the lowest confidence
using an increasing confidence threshold for (a) r, μ, κ, PT and (b) var, μ, int, r. The bars represent the percentage of
benign (grey) and malignant (dark) pixels that are still included; the lines represent the evolution of accuracy (blue
squares ■), NPV (red triangles ▲), and PPV (green circles ●).
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Data processing and parameter extraction
To assess the dispersive UCA behaviour, the DCE-US recordings were analysed by TIC
fitting as well as by similarity analysis. The parametric maps were produced using a
custom-made CUDI program running in Matlab® (2015b, Mathworks, Natick, MA)
(48). Following the method described in (37), the data were pre-processed and the
extracted TICs were fitted by a modified local density random walk (LDRW) model.
This allowed us to estimate the area under the curve (α), the mean transit time (μ), the
skewness parameter (κ), and the ratio between the diffusive and convective time (λ =
μκ). In addition, we looked at the variance (var) which is the second moment of the
curve (49), and the fitting interval (int) between the PT and the truncation time where
UCA recirculation occurs (37).
For the similarity analysis, the data were pre-processed as described in (39). The spectral
coherence (ρ) (38), and the spatiotemporal correlation coefficient (r) (39) were then
calculated. For these parameters, the TIC of a single pixel is compared to those in a ringshaped kernel of 1.0 to 2.5 mm in radius, as this size allows us to visualize similarity on
the scale of early angiogenesis (38). Based on the processing in (37), we also extracted
the PI, the AT (where the TIC reaches 5% of the PI) and the PT (the time where
the intensity is the highest). In addition, the wash-in time (WIT, the time period
between AT and the point where the TIC reaches 95% of the PI), and the full width
half maximum (FWHM) were considered as parameters of interest. A full list of the
investigated parameters is reported in Table 2.
Symbol
B-mode ultrasound
greylevel
Contrast-enhanced ultrasound
WIT
AT
PT
PI
FWHM
Fitting analysis
κ
μ
λ
α
var
int
Similarity analysis
ρ
r

Parameter name

Unit

echo intensity

a.u.

wash-in time
appearance time
peak time
peak intensity
full width half maximum

s
s
s
a.u.
s

skewness parameter
mean transit time
convective-diffusion ratio
area under the curve
variance
interval time

s-1
s
a.u.
a.u.
s

spectral coherence
correlation coefficient

Table 2. Full list of the parameters considered for multiparametric analysis, with symbols and units.

-
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Classification procedure
Gaussian Mixture Modelling (GMM) is a widely known approach in cluster analysis
(50, 51), and data classification (52, 53). GMMs describe a set of observations (i.e.
pixels) in (multi)parametric space by a mixture of normal distributions. Using two predetermined training subsets of benign and malignant observations, the class-specific
probability distributions can be computed. Subsequently, each pixel in the test set is
classified according to these distributions. We define a measure for the confidence of
classification by comparing the probabilities, p, of the observation being benign or
malignant. This confidence level, P, conveniently ranging from 0 to 1, is described by
P=2pA/(pA+pB)-1, where A denotes the class with highest probability.
The GMM classification algorithm was implemented in Matlab® using the Statistical
Analysis Toolbox. The parameters were normalized to the 90th percentile to ensure equal
weighting, and training was performed using an Iterative Expectation-Maximization
algorithm (54). Since the GMM algorithm is very fast, it was feasible to evaluate all
possible combinations of one to four distinct parameters. We did not take into account
more than four parameters to avoid overfitting.
To evaluate the performance of the classifier, the procedure was tested on each of the
prostates whilst using the observations in other prostates as training set. The outcomes
of this leave-one-out analysis were averaged over all prostates. We quantified the
classification performance by computing the accuracy, sensitivity, specificity, PPV and
NPV (41, 42). Whereas sensitivity and specificity indicate the percentage of correctly
classified malignant and benign pixels, respectively, PPV and NPV reflect the percentage
of pixels classified respectively as malignant and benign that were correct. In addition,
accuracy represents the overall correct classification percentage. Since the NPV is of
paramount importance in order to avoid missing clinically relevant PCa lesions, we
optimized the classifier based on this measure as well as on the accuracy.
Pixel exclusion
The TIC measurement quality usually differs from pixel to pixel. To ensure the quality
of the classification, it is important to identify pixels that are likely to be misclassified.
As stated, the classification algorithm indicates the confidence of the classification by
the level P. Also, we consider the coefficient of determination, R2, describing how well
the TIC can be fitted by the modified LDRW model, and the absolute probability
of an observation belonging to its class. Large healthy vessels are more likely to show
early arrival of the bolus, which complicates the use of perfusion parameters to mark
malignancy. Therefore, we also evaluated the classifier’s performance after excluding the
pixels with the lowest PT for each plane.
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Results
Based on accuracy, the combination of r, μ, κ, and PT yielded the best accuracy (mean
± standard deviation = 81±11%). The highest NPV was found for the parameters var,
μ, r, and int (87±15%), but with two of the other performance measures being inferior
compared to the first set. The high NPV and sensitivity can be explained by a low
number of false negatives. We found the parameter distributions best described by a
single Gaussian function per variable. The outcomes were compared to the performance
of individual parameters. The best performing parameters of all three analyses – μ for
curve fitting, r for similarity analysis and WIT for conventional perfusion analysis – were
evaluated by a ROC–based threshold optimization as well as GMM classification in onedimensional parametric space. As shown in Table 3, the multiparametric classification
has a higher performance than the ROC-analysed single parameters, irrespective of the
measure used. Since not all individual parameters are well described by a single Gaussian
distribution, a non-tailored GMM approach for the single parameters yielded less stable
results in terms of the balance between sensitivity and specificity. Even though accuracy
and NPV are considered the most important performance measures, a reliable technique
requires the other measures to be sufficiently high as well.
ROC Analysis
WIT

single GMM

multiparametric GMM

WIT

72

μ

r

Accuracy (%)

72

73

73

71

μ

67

r, μ, κ, PT
81

var, μ, r, int

Sensitivity (%)

75

74

71

88

90

65

79

90

Specificity (%)

68

70

75

51

47

71

80

50

PPV (%)

76

75

76

70

63

70

85

65

NPV (%)

67

69

70

84

85

72

83

87

r

72

Table 3. Performance of the classification methods using specified parameters. The best performing perfusion-related
parameter as well as best parameters of curve fitting and similarity analysis were evaluated using ROC analysis and singleparameter GMM. Multiparametric results are shown of the parameter sets with the highest accuracy (r, μ, κ, PT) and
NPV (var, μ, r, int). The used abbreviations are listed in the Abbreviations List and Table 2

In the Materials and Methods section, we mentioned feature-based exclusion of pixels to
decrease the number of misclassifications in the multiparametric map. Figure 1 shows the
changes in accuracy after pixel exclusion based on classification confidence P, absolute
probability, R2, and PT. It reveals that P correctly reflects the confidence and that it is
the most suitable measure to identify pixels with a high risk of misclassification. The
results of the multiparametric classification after pixel exclusion based on this measure
are depicted in Figures 2a and b for a parameter set containing r, μ, κ, and PT and a set
containing var, μ, r, and int, respectively. The exclusion of pixels is equally distributed
over benign and malignant pixels, as well as over patients and regions; exclusion would
therefore not result in extra PCa foci being missed.
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To illustrate the results of whole-prostate classification and the effect of pixel exclusion,
the ultrasound and classification maps as well as histological images of two patients
are shown in Figure 3. For the first set in Figure 2, the accuracy and NPV have grown
from 81±11% to 90±10% and from 83±16% to 91±13% with 51±17% of the pixels
remaining. These values are 72±10% to 90±7% and 87±15% to 89±15% for the second
set, again with 51±14% of the pixels included. These exclusion percentages include the
4.5±3.2% of pixels that could not be fitted by the LDRW model. For reference, Figure 4
depicts the individual, normalized parametric maps that contribute to a multiparametric
image.

Figure 3. The B-mode transrectal ultrasound, confidence-weighted classification image, exclusion-classification images
with a threshold of >0.5 and histopathological images of patient A (a t/m d) and patient B, (e t/m h). In the classification
images, red regions are classified as malignant (i.e. suspicious) and green regions as benign (i.e. not suspicious). In the
histopathological images, malignant areas are indicated with red. Parameters: r, μ, κ, and PT. ROIs are shown in overlay
to the B-mode images.
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Discussion
According to today’s guidelines (5), reliable PCa diagnosis requires a ≥10 core systematic
biopsy under ultrasound-guidance and local anaesthesia. In recent years, an increasing
emphasis is laid on imaging and targeted biopsy (9) in view of the number of reported
complications (6), overdiagnoses due to the overestimation of pathologically insignificant
lesions (3), and underdiagnoses due to small high-risk PCa foci being missed (8).
Contrast-enhanced ultrasonography allows the extraction of multiple parameters
that have potential to serve as a diagnostic marker for malignancy. The presented
multiparametric approach combines perfusion-related parameters from conventional
DCE-US and dispersion-related parameters from CUDI by means of a GMM classifier.

6

Figure 4. Example of the four normalized parametric maps that serve as input for the best performing multiparametric
map as shown below. All maps overlay the B-mode TRUS image. Red regions are classified as malignant (i.e. suspicious)
and green regions as benign (i.e. not suspicious) of which the transparency is scaled with the confidence level. The
histology slice with tumour tissue marked red is shown in the upper right corner of the multiparametric image.

The optimal subset of parameters comprises r, μ, κ, and PT and thus features parameters
from all analysis methods. Of these parameters, r contributes most to the outcome,
which is consistent with previous publications on CUDI (39). As μ and κ jointly describe
the shape of LDRW-modelled TIC (55), it is not surprising that the combination of
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these two has the greatest added value to r. Finally, the addition of PT offers a slight
improvement to the accuracy (80% to 81%). Though early enhancement is a strong
marker of malignancy, the quantitative use of the PT is normally complicated by its
strong dependence on operator and circulation time (34). In combination with the
other parameters, however, the PT is able to further delineate malignant and benign
regions. Despite its good performance as single parameter, the WIT is not included in
the multiparametric sets. We expect that this is the result of the high correlation between
WIT and μ (Pearson’s r: 0.88), making this parameter redundant after inclusion of μ.
We have shown that observations that are likely to be misclassified can be recognized by
their low confidence level. Excluding low-confidence pixels from the multiparametric
map increases the reliability of the classification. A confidence threshold of 0.5 leads
to an average pixel exclusion of 36 ± 15% per prostate (ranging from 8% – 67%). In
general, the pixel exclusion approach resulted in disregarding pixels in the areas where
benign regions border on malignant ones rather than pixels in specific prostates. As can
be seen in Figure 2, exclusion does not favour malignant or benign pixels specifically.
Figure 3 shows typical examples of classification maps. There is a high correspondence
between the maps and histology, even though small regions remain misclassified after
pixel exclusion. Due to the preservation of the correctly classified malignant regions,
these results are clinically relevant for e.g. targeted biopsy. Because the current analysis
faces limitations with respect to the registration of ultrasound imaging planes with
histology slices, we made use of histologically proven ROIs. These ROIs were ~0.5-cm2
sized, which resembles the critical size of clinically relevant foci (47). In the future, threedimensional ultrasound models would enable us to apply more accurate registration.
In the current analysis, 9 (20%) of the 44 regions predominantly (>50% of the pixels)
classified as negative were misclassified. In Table 1, Gleason score 3+3 represents most
of these false negative regions. The Gleason score, which comprises the grade of the
two most prevalent histological patterns found in a stained prostate tissue slice, is an
indicator of the stage and aggressiveness of prostatic carcinoma (56, 57). Following
recent consensus in prostate grading, Gleason rate score 3+3 is rated as Grade Group
1, indicating very low-risk disease with high survival rates and virtually no chance of
metastasis (58, 59). We believe that the use of a diverse training set (i.e. a set that consists
of malignancies with varying aggressiveness) leads to a higher risk of misclassification
in prostates containing very low-grade or very high-grade PCa, as these are the most
different from the training set average.
The current performance is limited by the small training set in this study, hampering
the possibility to define subgroups according to Gleason score. Since the microvascular
density is a viable marker in the staging of PCa (18), this might allow us to distinguish
low-risk and high-risk PCa. Studies in contrast-enhanced MRI suggest that perfusionbased discrimination between PCa grades, and even prostatitis, is possible (60). In this
study we did not assess the differences in tumour classification of grades; an extended
dataset would allow such validation in the future. Another limitation of the study
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concerns the analysis of small foci, which, considering the error margin in appointing
the ROIs, could not be included in the study.
DCE-US is not only a valuable modality for diagnosis of PCa; its use is increasingly
mentioned as a tool to monitor the therapeutic effect of focal therapy. For instance,
DCE-US was found to map tissue devascularisation as well as DCE-MRI after interstitial
laser therapy (61, 62). DCE-US has therefore been used for interstitial laser therapy (63)
and high-intensity focused ultrasound treatment to visualize viable and devascularized
regions (64, 65). Apart from the classifier’s aid for tumour localization and monitoring,
especially the ability of such classifier to discriminate low-risk and high-risk disease
would improve the application of focal therapy and active surveillance strategies.
In conclusion, we see that combined evaluation of contrast-enhanced ultrasonographic
parameters has superior accuracy and NPV in tumour localization compared to the
individual parametric maps. The GMM-based multiparametric analysis is fast, versatile
and allows a reliable confidence estimation of its classification. It was shown that pixel
exclusion could boost the performance even more without disregarding relevant areas
of the prostate. Like in computer-aided diagnosis of breast lesions (66, 67), an extensive
review of other algorithms is recommended to obtain an overview of the performance,
advantages and drawbacks of other classification methods for the detection of PCa.
In the future, parametric maps derived from other ultrasound modalities such as
Doppler and elastography could also be included (68), as well as the results from other
diagnostic tools (e.g. PSA assessment), but this is beyond the scope of the current study.
Furthermore, this analysis is based on a small patient group, and we recognize that
a more extended validation is needed to derive global measures for classification. We
expect that this method can also be employed to image other types of cancer.
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Abstract
Purpose: To determine the value of two-dimensional (2D) Contrast-enhanced
Ultrasound (CEUS) imaging and the additional value of Contrast Ultrasound Dispersion
Imaging (CUDI) for the localization of clinically significant prostate cancer (csPCa).
Methods: In this multicentre study, subjects scheduled for a radical prostatectomy
underwent 2D CEUS imaging preoperatively. CUDI maps were generated from
the CEUS recordings. Both CEUS recordings and CUDI maps were scored on the
likelihood of presenting csPCa (any Gleason ≥ 4 + 3 and Gleason 3 + 4 larger than 0.5
mL) by five observers and compared to radical prostatectomy histopathology. An
automated three-dimensional (3D) fusion protocol was used to match imaging with
histopathology. Receiver operator curve (ROC) analysis was performed per observer and
imaging modality.
Results: 133 of 216 (62%) patients were included in the final analysis. Average area
under the ROC for all five readers for CEUS, CUDI and the combination was 0.78,
0.79 and 0.78, respectively. This yields a sensitivity and specificity of 81 and 64% for
CEUS, 83 and 56% for CUDI and 83 and 55% for the combination. Interobserver
agreement for CEUS, CUDI and the combination showed kappa values of 0.20, 0.18
and 0.18 respectively.
Conclusion: The sensitivity and specificity of 2D CEUS and CUDI for csPCa
localization are moderate. Despite compressing CEUS in one image, CUDI showed
a similar performance to 2D CEUS. With a sensitivity of 83% at cutoff point 3, it
could become a useful imaging procedure, especially with 4D acquisition, improved
quantification and combination with other US imaging techniques such as elastography.
Key words: prostate cancer, contrast enhanced ultrasound, dispersion analysis, radical
prostatectomy, quantitative imaging
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Introduction
There is a rising interest in imaging for the diagnostic pathway of men with suspected
prostate cancer (PCa) (1). The possibility of selectively detecting and localizing clinically
significant PCa could prevent unnecessary benign biopsies, reduce overdetection of
insignificant PCa and guide localized treatments such as focal therapy (FT) (2,3,4).
Multiparametric magnetic resonance imaging (mpMRI) has a recognized value in
the diagnostic pathway of PCa (1, 4,5,6). Strategies incorporating mpMRI in patient
selection and monitoring for active surveillance and guiding focal treatments are also
emerging (2, 7). However, there are also concerns relating to large-scale availability, costs
and inconsistencies in reported reliability despite the prostate imaging reporting and
data system (PIRADS). The negative predictive value (NPV) of mpMRI varies among
studies and current guidelines do not yet recommend excluding patients from prostate
biopsies on the basis of a negative mpMRI (8,9,10,11,12,13,14).
Ultrasound (US) imaging has certain advantages (i.e., cost-effectiveness, portability,
safety and compatibility with ferromagnetic biopsy and FT equipment), and novel
US technologies have emerged that allow improved PCa visualization (15, 16). These
US modalities target different aspects of malignant tissue such as increased stiffness
(US-elastography) and altered vascularity (contrast-enhanced ultrasound or CEUS)
(17,18,19,20). Prostate cancer requires angiogenesis to progress to clinically significant
disease and the resultant macro- and microvascular changes are targeted by CEUS (20).
In CEUS, intravascular microbubble contrast agents are used, which allow visualization
and quantification of blood flow patterns associated with malignancy (21). Typically,
the inflow and outflow of a contrast bolus are recorded one plane at a time, after which
the examiner looks for increased focal enhancement (22). These signs may be subtle,
and many aspects of the blood flow dynamics recorded are simply not appreciable to
the naked eye. Computer-aided quantification techniques have been proposed to aid
in the interpretation of CEUS, potentially improving accuracy, speeding-up reading,
and decreasing user dependency (21). Contrast ultrasound dispersion imaging (CUDI)
is based on the fact that cancer-related angiogenetic vascular structures are small in
diameter, compressible, highly tortuous and lack normal endothelial lining, leading to
less efficient dispersion of blood/contrast (23). Several studies in which CUDI parametric
analysis was used to estimate whether pixels belonged to a pre-defined malignant or
benign prostate region have shown a high classifying accuracy (24, 25). However, the
clinical value of CEUS and CUDI maps is still unclear as a diagnostic reader assessment
is lacking. The aim of the present study is to determine the value of CEUS imaging
and CUDI parametric maps for the localization of csPCa using radical prostatectomy
(RP) specimens as reference standard. We also evaluate the interobserver variability for
scoring with and without CUDI parametric maps.
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Methods
This analysis included data from two ethics board approved prospective studies in two
Dutch medical centres. Inclusion criteria for the studies were: men, 18 years or older with
biopsy-proven PCa and scheduled for RP. Exclusion criteria were inability to provide
informed consent or to safely undergo study procedures because of contraindications
for the contrast agent. All men provided written informed consent. All participants
underwent CEUS imaging before RP CEUS imaging was performed in the left-lateral
decubitus position using a Phillips IU22 ultrasound scanner with a C10-3V endocavity
probe (Philips Healthcare, Bothell, USA) in the Academic Medical Center (AMC) in
Amsterdam and a BK type 2202 Ultrasound System with a type 8818 probe (BK Medical,
Copenhagen, Denmark) in the Jeroen Bosch Hospital (JBZ) in ‘s Hertogenbosch.
Normal B-mode scanning and volumetry was performed together with two
perpendicular B-mode sweeps required for later 3D reconstruction of the prostate
(base to apex transversal view and left to right sagittal view). For CEUS recording, a
contrast-specific power modulation pulse scheme at 3.5 MHz and a mechanical index
of 0.06 were used on the Philips scanner and 4.0 MHz and 0.22 on the BK medical
system (26]. CEUS recording started after the intravenous administration of a 2.4 mL
bolus of the contrast agent SonoVue® (Bracco, Geneva) followed by a 5 mL saline flush.
In each CEUS recording, the contrast inflow and outflow in one plane was recorded
during 2 min. No flash replenishment was applied. To insure complete washout and
proper evaluation of contrast inflow in the next plane, a minimum interval of 5 min was
observed before finding the next imaging plane and administration of the next bolus.
2–4 CEUS recordings were available in each patient depending on the hospital that
enrolled the patient. By default, the mid-base and mid-apical plane were chosen when
two planes were imaged. A basal and apical plane were included if four planes were
imaged.
Afterwards, CUDI maps were generated from the CEUS recordings. To generate
CUDI parametric maps, first per-pixel time–intensity curves (TICs) reflecting contrast
dispersion dynamics are extracted from the CEUS recordings (21). CUDI then measures
the cancer-related decrease in contrast dispersion by a spatiotemporal correlation analysis
of the TICs (27). It also provides local estimates of the Peclet number, describing
the ratio between convection and dispersion (23). Parametric maps are generated by
plotting colour-coded maps highlighting areas with low dispersion (high correlation
coefficient among neighbouring TICs) and high Peclet number, which indicate high
tumour suspicion.
Five observers performed image interpretation: two engineers dedicated to parametric
analysis of prostate CEUS, with 2 years (RW), and 3 years (RS) experience; three
clinicians experienced in prostate biopsies and CEUS: AP (3 years of CEUS experience),
MG (3 years of CEUS experience) and CM (1 year of CEUS experience). All observers
were blinded to each other’s interpretations and pathology results. Each observer was
presented with the CEUS, CUDI and CEUS + CUDI images together with standard
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B-mode images of all patients in random order by in-house built software. The observers
were asked to draw any suspicious lesions and score them on a 1–5 Likert-type scale for
each imaging modality (CEUS, CUDI and B-mode).

Total Patients (n)
Mean age in years, (range) [y]
Median PSA in ng/mL, (range) [ng/mL]
Median prostate volume in mL, (range)
Clinical T-stage, n (%)
T1
T2
T3
Biopsy Grade group, n (%)
1
2
3
4
5
Pathological T stage, n (%)
pT2a
pT2b
pT2c
pT3a
PT3b
Prostatectomy Grade group, n (%)
1
2
3
4
5

133
63 (64; 37-83)
5.8 (2.6-67)
37 (10-118)
52 (39%)
60 (45%)
21 (16%)
67 (50%)
41 (31%)
10 (8%)
8 (6%)
7 (5%)
18 (14%)
7 (5%)
73 (55%)
25 (19%)
10 (8%)
44 (33%)
51 (38%)
20 (15%)
9 (7%)
9 (7%)

Table 1. Patient characteristics.

All patients underwent RP, after which the prostate specimen was formalin fixed,
sliced into 4-mm slices and cut to whole mount or 2.5 by 2.5 cm coupes. Following
haematoxylin and eosin staining and immunohistochemistry when necessary, tumour
outlines were then drawn on the microscopy slides by uropathologists. Prostate slices
were reconstructed from the coupes and stacked to create a 3D histology model of the
prostate with 3D tumour delineation using custom software (28).
Using an adaptation of the procedures described in a paper of Schalk et al., a 3D model
of the prostate ultrasound was constructed using the transversal and sagittal B-mode
sweeps (29). The recorded CEUS planes were placed in this model. Subsequently, the
3D models of the histopathology and imaging were elastically registered (fused). Virtual
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pathology slices with tumour delineation were then generated to match the recorded
CEUS planes (30). These combinations of imaging slice and virtual pathology slice were
used for the imaging performance analysis (see “Data analysis”). By using 3D registration
of imaging and pathology, plane angulation mismatch and plane selection error, which
usually occur when manually correlating US imaging with RP, were minimalized. To
take into account registration inaccuracies, we adopted a 3.6-mm error margin for
matching the pathology results with imaging results in the base-to-apex axis only. The
3.6-mm error margin is based on previous experiments that showed a 1.5-mm error in
pathology reconstruction and 2.1 mm in registration error (29). For an overview of the
workflow, see Figure 1. The workflow of the study, including the in-house built software
presenting the images to the observers, was tested on the pilot cohort consisting of six
randomly selected patients from the cohort (see Figure 1).

Input

Imaging processing

1. Generating CUDI maps
2. 3D US model based on sweeps
3. Scoring of B-mode, CEUS and CUDI
1. CEUS and B-mode sweeps

Correlation of imaging and
pathology

1. Fusion of 3D models

Pathology processing
20
10
0

0

2. Prostatectomy specimen

10

20

1. Lesions drawn and Gleason graded
2. 3D reconstruction of pathology

2. Superposition
of pathology
lesions on CEUS
planes

Figure 1. Study procedures. CEUS = Contrast Enhanced Ultrasound, CUDI = Contrast Ultrasound Dispersion Imaging,
US = Ultrasound.

Data analysis
Axial imaging planes were divided into four quadrants by means of a consensus meeting
among observers resulting in up to 16 zones being defined per patient. For each zone,
the presence of csPCa was established (Gleason ≥ 4 + 3 lesion and Gleason 3 + 4 lesions
larger than 0.5 mL). Zones with insignificant PCa were excluded from the analysis.
In both imaging and pathology, tumours were allocated to a zone if at least 10% of
their pixels with a minimum surface of 3 mm2 lie within that zone. The imaging score
for CEUS and CUDI readings was determined as follows: the 1–5 CEUS score (or
CUDI score, respectively) + 0.5 in case of a B-mode suspicion of 3 or 4, and + 1 for a
B-mode suspicion of 5. For the combined CEUS + CUDI reading, CEUS and CUDI
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scores were averaged, then 0.5 or 1 point was added for a B-mode suspicion of 3 to
4, or 5 respectively. Imaging scores over 5 were maximized to 5, resulting in a 1–5
suspicion score in 0.5 increments. For each zone, the highest imaging suspicion score
allocated by the observer was compared to the pathology results. Receiver operating
characteristic (ROC) curves were generated for all observers and readings (CEUS, CUDI
and CEUS + CUDI) separately and pooled. Interobserver variability was calculated by
means of a weighted Fleiss Kappa statistic.

Results
216 patients (99 from the AMC and 117 from the JBZ) underwent preoperative CEUS
scanning between 2013 and 2016. As presented in the flowchart, 133 patients could be
included for final analysis (Figure 2). Of the 78 patients finally included in the AMC,
42 underwent their RP at the Antoni van Leeuwenhoek Hospital (Amsterdam, The
Netherlands). The baseline descriptive statistics of the population are presented in Table
1. AUC values are presented in Table 2. Average AUC for all five readers for CEUS,
CUDI and the combination are 0.78, 0.79 and 0.78, respectively. A ROC curve for the
pooled scores is presented in Figure 3. Pooled sensitivity and specificity for all five readers,
per cutoff value and imaging modality, are presented in Table 3. Average performance
for CEUS, CUDI and the combination of CEUS and CUDI was comparable. Kappa
scores for interobserver agreement for CEUS, CUDI and CEUS + CUDI are 0.20, 0.18
and 0.18, respectively, indicating poor interobserver agreement.

7
CEUS
0.82
0.79
0.74
0.79
0.79
0.78

Observer 1
Observer 2
Observer 3
Observer 4
Observer 5
Average

CUDI
0.79
0.81
0.75
0.80
0.78
0.79

CEUS + CUDI
0.82
0.80
0.74
0.77
0.78
0.78

Table 2. AUC values per observer. CEUS = Contrast Enhanced Ultrasound, CUDI = Contrast Ultrasound Dispersion
Imaging.

Cut-off value 3

Cut-off value 3.5

Cut-off value 4

CEUS

CUDI

Combi

CEUS

CUDI

Combi

CEUS

CUDI

Combi

Sens

0.81

0.83

0.83

0.77

0.77

0.77

0.68

0.69

0.68

Spec

0.64

0.56

0.55

0.68

0.63

0.62

0.79

0.77

0.77

Table 3. Pooled sensitivity and specificity for 5 observers rating likelihood of significant PCa presence on a 1-5 Likert
scale on CEUS imaging, CUDI and the combination of both. CEUS = Contrast Enhanced Ultrasound, CUDI =
Contrast Ultrasound Dispersion Imaging.
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Discussion
In our study, employing quantitative analysis using CUDI maps resulted in similar
tumour localization performance as qualitative analysis using 2D CEUS recordings.
Providing the observers with both CEUS recordings and CUDI maps did not lead to
a better performance. However, the observers had gained considerable prior experience
with CEUS interpretation during image acquisition for the current study and other
CEUS projects, while CUDI images were relatively new to them. This might explain
why (the addition of ) CUDI did not result in a better classifying performance above
CEUS reading only. Specificity was decreased by providing both CEUS and CUDI,
which may be explained by a higher number of false positives resulting from more
potentially suspicious visual cues being presented. Interobserver agreement was poor in
general. Contrary to our expectations, CUDI did not improve interobserver agreement
compared to CEUS imaging. The disparity between the reasonably good AUCs achieved
by the individual reader, but poor interobserver agreement points towards different
accurate assessments and mistakes being made by the readers. A structured training
programme might overcome this limitation in the future. Besides equal performance in
localizing PCa to 2D CEUS, there are several possible advantages of CUDI compressing
all the information of a CEUS video in a single image such as possibly shorter reading
time (not measured in current study), low data consumption on storage devices/
networks and easy file transfer.

Recordings in database
Patients: 216, Planes: 506

median posterior SNR < 0 dB
Excluded: Patients: 37, Planes: 73

Remaining: Patients: 174, Planes: 394

other image protocol violations (e.g. inflow missing, severe shadowing in
peripheral zone or severe motion,
problematic reconstruction)
Excluded: Patients: 5, Planes: 39

Remaining: Patients: 139, Planes: 309

pathological inconsistencies
Excluded: Patients: 35, Planes: 85

Remaining: Patients: 133, Planes: 287

used in pilot study
Excluded: Patients: 6, Planes: 22

Remaining: Patients: 179, Planes: 433

Figure 2. Flowchart. AMC = Academic Medical Centre, JBZ = Jeroen Bosch Ziekenhuis, SNR = Signal to Noise Ratio.

Our results compare favourably with the very limited published data that compare
CEUS imaging results with RP pathology. Three limited studies comprising 12, 13
and 50 patients report sensitivities of 38–42%, but no specificities (31,32,33). A 2011
study by Seitz et al. report a per-patient sensitivity, specificity PPV and NPV of 71%,
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50%, 92% and 18%, respectively (22). Since we performed a per-ROI analysis instead
of a per-patient analysis, these results cannot be directly compared. Biopsy-based studies
have shown improved detection rates by adding CEUS-targeted cores to systematic
biopsy regimens, but insufficient accuracy to obviate systematic cores altogether (4).
Because mpMRI is now the mainstay of PCa imaging, emerging imaging technologies
like CEUS should be compared with mpMRI. Unfortunately, in the current cohort, no
standard mpMRI was performed preoperatively. No direct comparison between CEUS
and mpMRI using RP specimens has been published to date. However, a biopsy study
comparing CEUS-targeted and MRI-targeted biopsy will be published shortly (34).
The reported performance of mpMRI varies widely depending on the study design,
population, method of correlating imaging with pathology and definitions in image
interpretation. A meta-analysis including studies using RP specimens of template
biopsies as reference standard reports sensitivities of 80–90% with specificities of 50–
90% (35]. However, some studies with a (considerably) lower performance have been
published (36, 37).
Our study was limited by the fact that we did not perform whole prostate imaging. For
logistical reasons, a varying number of planes were recorded per patient. The number
of planes scanned was not influenced by PCa risk factors or tumour visualization,
but purely dependent on protocolized trial logistics. Scanning the entire prostate was
unfeasible because with 2D CEUS inflow and outflow of contrast bolus have to be
recorded per plane, each plane requiring a new bolus and 5 min for contrast inflow and
washout. Another limitation lies in the statistical analysis that does not take clustering of
the data on the per-patient and reader level into account. Moreover, 38% of patients had
to be excluded from the final analysis, mainly because of pathology protocol violations
and, in the JBZ, because of insufficient ultrasound quality (especially shadowing).

Figure 3. Receiver-Operator-Characteristic Curve for all CEUS, CUDI and the combination using pooled data from all
5 observers. Area under the curve is 0.78 for CEUS, 0.79 for CUDI and 0.78 for the combination. CEUS = Contrast
Enhanced Ultrasound, CUDI = Contrast Ultrasound Dispersion Imaging.
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The 3D fusion method we used had to cope with inconsistent manual slicing of the
prostate specimen and the suboptimal method of 3D reconstruction of the prostate
images using manual 2D sweeps. The 3.6-mm error margin we used in assigning the
histopathology to each quadrant was more conservative than similar strategies other
authors have used to compensate for imaging to pathology mismatch. However, one
cannot be certain whether over- or under-compensation has occurred (36, 38). Without
this compensation, average AUC would be 0.66, 0.65 and 0.65 for CEUS, CUDI and
the combination, respectively. There are two additional limitations to our study that
are likely to have supressed the classification performance. (1) The observers received
no systematic training with feedback to read CEUS or CUDI. This may also have
contributed to the high interobserver variability. (2) The algorithm we used to combine
CEUS, CUDI and B-mode scores into a single imaging score was arbitrarily chosen
before data analysis. Further research will have to establish and validate the optimal
method of combining scores for different ultrasound imaging modalities. As with most
studies using radical prostatectomy specimens as the reference standard, generalizability
of results towards the pre-diagnosis population is limited due to spectrum bias (all our
included patients have PCa). We propose future work on (ultrasound) PCa imaging to
use an optimized method of correlating imaging with pathology. For example, the use of
3D moulds or devices that ensure precise and consistent prostate slicing will improve the
accuracy of the gold standard for future studies (38). Also, the acquisition of imaging in
3D will likely improve ultrasound to pathology matching as the 3D reconstruction of 2D
images inevitably leads to error. Scanners that allow 4D (3D + time) CEUS acquisition
are now available. Since blood flow anomalies targeted by CEUS are a 4D phenomenon,
it is conceivable that recording and analysing these in 4D will also improve quantification
and diagnostic accuracy (39). Furthermore, 4D CEUS will enable scanning the entire
gland using a single bolus of contrast making it easy to incorporate whole gland imaging
in clinical workflows.
With an average classification performance of approximately 0.78 (average AUC), our
current 2D CEUS and CUDI imaging procedures seem to have insufficient diagnostic
power to be used as a stand-alone tool for PCa imaging. Besides the important
previously mentioned step towards 4D, ongoing research to improve CUDI is dedicated
to developing new parameters that can be extracted from CEUS and combining existing
ones (24, 37). Like in mpMRI, the discrimination between benign and malignant
prostate tissue could be improved by assessing multiple tissue features besides (micro)
vascularization. Combining CEUS/CUDI with complementary features, such as
tissue stiffness measured by ultrasound elastography, can be considered to improve the
diagnostic accuracy through a multiparametric ultrasound (mpUS) approach (40). One
study group has used CEUS to further characterize lesions found with elastography
cutting their false positives from 35 to 10%, while only 7% of confirmed tumours
showed normal CEUS perfusion patterns (41). Results of a more comprehensive study
correlating CEUS and shear wave elastography with RP specimens are expected shortly
(42).
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Conclusion
The sensitivity and specificity of 2D CEUS and CUDI for csPCa localization are
moderate with an average AUC of 0.78. Despite compressing CEUS in one image,
CUDI showed a similar performance to 2D CEUS. With a sensitivity of 83% at cutoff
point 3, it could become a useful imaging procedure. Future research should focus
on 4D acquisition, improved quantification and combination with other US imaging
techniques such as elastography, and direct comparison with mpMRI.
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Abstract
Purpose: To reach standardized terminology in focal therapy (FT) for prostate cancer
(PCa).
Methods: A four-stage modified Delphi consensus project was undertaken among a
panel of international experts in the field of FT for PCa. Data on terminology in FT was
collected from the panel by three rounds of online questionnaires. During a face-to-face
meeting on June 21, 2015, attended by 38 experts, all data from the online rounds were
reviewed and recommendations for definitions were formulated.
Results: Consensus was attained on 23 of 27 topics; Targeted FT was defined as a
lesion-based treatment strategy, treating all identified significant cancer foci; FT was
generically defined as an anatomy-based (zonal) treatment strategy. Treatment failure
due to the ablative energy inadequately destroying treated tissue is defined as ablation
failure. In targeting failure, the energy is not adequately applied to the tumour
spatially and selection failure occurs when a patient was wrongfully selected for FT.
No definition of biochemical recurrence can be recommended based on the current
data. Important definitions for outcome measures are potency (minimum IIEF-5
score of 21), incontinence (new need for pads or leakage) and deterioration in urinary
function (increase in IPSS >5 points). No agreement on the best quality of life tool was
established, but UCLA-EPIC and EORTC-QLQ-30 were most commonly supported
by the experts. A complete overview of statements is presented in the text.
Conclusion: Focal therapy is an emerging field of PCa therapeutics. Standardization of
definitions helps to create comparable research results and facilitate clear communication
in clinical practice.
Keywords: focal therapy, prostate cancer, consensus, definitions, standardization,
outcome
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Introduction
Prostate cancer (PCa) is traditionally treated with whole-gland treatments such as radical
prostatectomy, whole-gland external beam radiotherapy and whole-gland brachytherapy
(1). Active surveillance allows selected patients with low-risk PCa to postpone or avoid
radical treatment and the associated risk of toxicity (1). Focal therapy (FT) is a fairly
recent and rapidly developing field of PCa treatment where only a portion of the prostate
gland is treated. Focal therapy intends to strike a balance between treating what must be
treated while minimizing toxicity (2). Different ablative energies employed for FT and
under investigation include: cryosurgery, high-intensity focused ultrasound (HIFU),
irreversible electroporation (IRE), laser ablation therapy, photodynamic therapy, and
brachytherapy (3). In the accumulating literature on FT, different terminology is used
for different variants of tissue-sparing treatments, targeted lesions, and oncologic,
functional and procedural outcomes. Standardization in definitions will aid in creating
comparable research results in the literature and with clear communication in clinical
settings. To achieve widely recognized standardized terminology in FT, we conducted an
international multidisciplinary consensus project.

“Prostate Cancer”[tiab] OR “prostatic neoplasms”[MeSH Terms]
AND (“Focal”[tiab] OR “tissue sparing”[tiab] OR “partial
ablation”[tiab] OR “HIFU”[tiab] OR “high-intensity focused
ultrasound ablation”[tiab] OR “PDT”[tiab] OR “Photo*”[tiab] OR
“Laser”[tiab] OR “Cryo”[tiab] OR “brachy*”[tiab] OR “IRE”[tiab])
Manual Filtering of Titles and
Abstracts
Description of trials and patient
series with Focal Treatment.
No Whole-Gland Treatment.
No Focal Therapy after WholeGland Radiotherapy

Results: 2835
Results: 190
Results: 30

Searching References
Manual Filtering of Full-Texts
Focal Treatment, no Whole-Gland
Treatment
Description of oncologic,
functional or procedural outcomes

Results: 37
Full-Text availability
Results: 34
Results: 25

Figure 1. Systematic search

Automatic Filtering
Article type: (Controlled) Clinical
Trial (Phase I or II), Comparative
Study, Multicenter Study,
Observational Study, Validation
Study
Time period: 2005 - 2015
Subjects: Humans
Language: English
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Methods
The Delphi method is a widely accepted method to achieve consensus among experts
and is employed in economics, politics, military decision making and medicine (4).
The basis of the Delphi method is that a panel of experts is repeatedly presented a series
of questions. Each successive round the question and answer possibilities are modified
based on the responses to the previous round. The anonymous aggregated results and
comments of the previous round are presented to the panel, allowing the participants
to reassess their opinion. The intended outcome is a convergence of opinions with a
minimized effect of peer-pressure and dominant individuals influencing group choices.
A systematic literature search of the English literature was conducted on “prostate
cancer”, “focal therapy” and the various FT modalities. The initial search yielded 190
results with subsequent automatic filtering, screening of titles, abstracts and full-texts
resulting in the selection of 25 papers for data extraction. The search term and results
are provided in Figure 1. A group of 113 experts was invited to participate on the basis
of the literature search and peer recommendation.
From the papers identified by the systematic search, various definitions of oncologic,
functional and procedural outcomes were extracted, and these data formed the basis of
the questionnaires. The questionnaires constructed were presented to the participants in
three successive rounds between May 15 and June 16, 2015 (using www.surveymonkey.
com). The level of agreement necessary to achieve consensus was set at 80 %. During
the 8th International Symposium on Focal Therapy and Imaging in Prostate & Kidney
Cancer (www.focaltherapy.org), a face-to-face meeting was held among 38 of the
experts. All results from the online questionnaires were presented and discussed. Topics
on which the online panel had achieved consensus were not overturned. Topics on
which consensus had not been achieved were discussed in detail. Recommendations for
definitions were formulated on all topics. An overview of the results of the online rounds
and final recommendations for definitions is presented in Addendum 2.

Results
Systematic search
Twenty-five reports of clinical trials and trial protocols describing oncological, functional
and procedural outcomes after a focal treatment, published after 2005, were identified
by the systematic search. The modalities described were cryoablation (5–12), HIFU
(6, 13–17), IRE (6, 13–21), laser ablation therapy (22–24), VTP (6, 25–28) and
brachytherapy (6, 29).

Treatment efficacy
Commonly reported measures of treatment efficacy are prostate-specific antigen (PSA)
dynamics after treatment (5–17, 20–22, 25, 26, 28, 29), the presence of suspicious
areas on follow-up MRI (13, 14, 16, 18, 20–22, 25) and follow-up biopsy results. The
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planned follow-up biopsy scheme varies: in some protocols both the treated zone and
the untreated zone are biopsied in every patient (5, 7–11, 15, 17, 19, 25–27, 29). In
other protocols, only the treated zone is biopsied (22, 28), although some groups add
biopsies from the untreated zone if new lesions are found on imaging (13, 14, 21). Lee et
al. (24) biopsied the ablated zone only at 3 months and performed a 12-core systematic
biopsy and additional ablated zone biopsies at 1 year. Dickinson et al. (16) described
treated zone biopsies at 1 year and template mapping biopsies at 3 years. Few authors
define treatment success and failure, and the definitions vary: Ellis et al. (8) described
an argument for only considering cancer found at follow-up in the treated zone or
development of metastatic disease as treatment failure. Lindner et al. (27) referred to
their four cases with residual tumour in the treated zone as treatment failures. Azzouzi et
al. (25) defined a negative follow-up biopsy of the targeted zones as treatment success. In
their protocol, Dickinson et al. (16) determined cancer control as the primary outcome
using two definitions: 1) the combination of being free of any cancer in the treated zone
and free of significant cancer in untreated zones at 3-year template biopsy or 2) free
of significant disease in both treated and untreated zone at 3-year template biopsies.
Onik et al. (11) proposed to define the combination of stable PSA and negative followup biopsy as a successful result. Durand et al. (7) defined treatment failure as positive
follow-up biopsy in the treated lobe or biochemical failure according to the Phoenix
criteria of PSA nadir +2 ng/mL at 18 months.

Trifecta
Trifecta as a measure for urinary continence, potency and cancer control is defined
by three papers, although two different definitions were used: pad-free, leak-free
continence, erections sufficient for penetration and no high-volume disease or Gleason
≥7 disease on follow-up biopsies were used in two papers (13, 21). Ahmeds’ et al. (14)
definition differed by substituting a radiologic outcome for the biopsy outcome of using
no evidence of clinical disease on MRI at 12 months as a surrogate for cancer control.
Significant cancer
All papers that defined clinically significant disease at biopsy agreed that Gleason ≥7
is significant at any cancer core length. The maximum length of Gleason 6 that is
considered insignificant is 2 mm (14) or 3 mm (13, 16, 20, 21).
Radiographic failure
Several authors used imaging to determine whether residual tumour in the treated zone
or new tumour outside the treated zone was present. Six papers reported the use of
MRI (13, 14, 21, 22, 24, 29) and one additional paper (20) also defined criteria for
suspicion of residual cancer: an early enhancing focus on the dynamic contrast sequence
and residual restricted diffusion in the treatment area. Doppler ultrasound was used to
target suspicious lesions post-treatment in one study (5). One protocol described using
both MRI and transrectal ultrasonography at 1-, 3- and 5-years post-treatment without
stating the purpose of these investigations (18).
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Biochemical status
Baseline and post-treatment PSA dynamics are reported by most papers (5–22, 24–29).
The more specific “biochemical recurrence” is reported by few papers and different
definitions were used: The original ASTRO definition of three consecutive rises above
the nadir was used by five authors (5, 8, 10, 11, 17). Durand et al. (7) used the Phoenix
definition of PSA nadir +2 ng/mL. Lambert et al. (9) described two conditions, meeting
either one was considered biochemical recurrence: PSA nadir +2 ng/mL or a PSA nadir
of less than 50 % of the pre-treatment level. Nguyen et al. (29) advocated an alternative
definition of biochemical recurrence where two conditions should both be met: PSA
nadir +2 ng/mL and a PSA velocity over 0.75 ng/mL.
Sexual function
Sexual function is most commonly reported using the International Index of Erectile
Function 5 item version (IIEF-5), alternatively known as the Sexual Health Inventory
for Men (6, 7, 15, 18, 19, 22, 24, 25, 27). Durand et al. (7) defined an IIEF-5 score
between 21 and 25 regardless of oral medication use as potent. The 15-item version
(IIEF-15) was used by four authors (6–8, 10). Two papers used the Brief Male Sexual
Function Inventory BMSFI (5, 28, 30). Six papers did not report the use of a validated
questionnaire but did state the proportion of patients who were potent following FT (8–
12, 20). Four papers did not report sexual function (17, 23, 26, 29). Different definitions
for potency were in use besides the standardized questionnaires: the combination of
achieving erections sufficient for vaginal penetration and being satisfied with sexual
functioning regardless of the use of oral medication (10, 11), erections sufficient for
vaginal penetration allowing phosphodiesterase-5 inhibitors (8, 14), erections sufficient
for vaginal penetration without stating whether medication is allowed (9, 13, 20, 21),
and the ability to maintain an erection when stimulated with or without oral medication
(5). However, many papers that reported potency as an outcome did not state how it
is defined (6, 12, 15, 16, 18, 19, 22, 24, 25, 27, 28). Durand et al. (7) reported the
number of patients who are sexually active before and after treatment without providing
a definition.
Urinary function
The most commonly used measure of urinary function was the IPSS (6, 7, 13–19, 21,
22, 24, 25, 27, 28). The UCLA-EPIC urinary domain was used by six papers (13, 14,
16, 17, 19, 21, 24). Continence was reported by several authors without providing an
exact definition (6, 9, 12, 23, 24). Commonly used definitions for incontinence were:
the use of pads (7, 10, 11, 14, 20), urinary leakage (5, 8) or combined: urinary leakage
or pads (13, 14, 21). One paper described the use of the International Continence
Society questionnaire (15).
Bowel function
The UCLA-EPIC bowel domain was mentioned by two papers (16, 21). Other authors
simply stated the absence of fistula, rectal discomfort, rectal bleeding, and change
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in frequency (14, 20, 22). No definition for bowel toxicity in the context of FT was
provided.

Quality of life
Quality of life (QoL) was generally reported based on standardized questionnaires. The
UCLA-EPIC (13, 14, 16, 17, 19, 21, 24, 31) and FACIT (FACT-P and FACT-G) (13,
14, 16, 18, 21, 32, 33) were most prevalent in the 25 papers identified by the literature
search. Other questionnaires used were MAX-PC (16, 21, 34), EORTC-QLQ-30 (15,
35), PORPUS (27, 36) and EQ-5D (16, 21, 37). No specific definitions or cut-off
values for the questionnaires were provided.
Complications
For the timing and severity of complications, several definitions and systems were used.
Perioperative or periprocedural complications were reported but not exactly defined by
three papers (19, 22, 27). Many authors used either the Clavien–Dindo score (6, 7) or
the Common Terminology Criteria for scoring Adverse Events (CTCEA) scoring system
to grade adverse events (19, 20, 22, 25). A CTCEA grade 3 and above and Clavien grade
3a and above were considered “severe”. Moore et al. (28) described minor complications
without providing a definition (28).
Procedural outcomes
Procedure time was reported by five papers and two did not provide a precise description
(7, 13, 23). Oto et al. (22) reported the total time the patient spends in the MR unit.
Azzouzi et al. (25) reported the procedure time including anaesthesia, targeting and
ablation. Most papers stated how many days the urethral catheter was left in situ
following FT (6–8, 12, 17–19, 22, 23, 27, 28). Many authors provided the time the
patient remained in the hospital after FT (6–8, 13, 14, 18–20, 22, 23, 27). Dickinson et
al. (16) implied that treatment in day-care per definition does not involve an overnight
stay.
Consensus project: response rates and participants
One hundred thirteen experts were invited to participate. The response rate was 59 %
(67/113) for the first round, 53 % (60/113) for the second and 65 % (73/113) for the
third round. Complete personal details were collected during the last online round and
showed the following participant backgrounds: 75 % were urologists, 11 % radiologists,
4 % radiotherapists, 4 % researchers, 3 % pathologists and 3 % medical oncologists.
The average number of patients treated with FT annually reported by the panellists was
10–50 (47 %), 7 % of participants treated over 100 patients a year with FT. Cryosurgery,
HIFU and brachytherapy were the most commonly used treatment modalities among the
panel with 48, 51 and 29 % of the panellists reporting experience with these techniques.
All consensus statements are summarized in Table 1. All registered participants to the
online rounds and results of the online rounds discussed at the meeting are made
available through Appendices 1 and 2, respectively.
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General definitions
The panel recommends defining “targeted focal therapy” as a lesion-based focal treatment
of the target lesion(s) plus a safety margin. Ablating a quadrant, a lobe (hemiablation)
or both lobes sub-totally would be defined as “focal therapy”. Other variants of these
anatomy-based focal therapy templates are subtotal ablation (any ablation where less
than the whole gland is treated) and extended hemi-ablation (an ablation where one
lobe is completely treated plus a margin of the other lobe, regardless of shape). The aim
of targeted focal therapy should be the eradication of all identified significant tumours.
There was agreement the index lesion is the single dominant lesion in terms of grade
and size; grade being more important. Although there was agreement that there can be
only 1 index lesion, the term “index lesion” itself may be of limited clinical use in the
context of FT. When there are multiple significant lesions, it is more important to have
an overview of all lesions that require treatment rather than a single defined index lesion.
There was no consensus on the definition of salvage focal therapy during the online
rounds. After discussion at the meeting, the panel supported the following statement:
Salvage focal therapy refers to a situation where focal treatment is applied to the prostate
after previous whole-gland therapy, or in the same region of the prostate as a previous
FT. The prostate gland has to be in place.

Success and failure in focal therapy
In defining success and failure of FT, two levels were observed by the panel during
the meeting: Failure of the focal treatment as a whole and several reasons for a focal
treatment to fail (“ablation failure”, “targeting failure” and “selection failure”). Ablation
failure is a failure of the technique to destroy the tissue within the intended treated
zone, evidenced by tumour detected within the treated zone. Ablation failure must be
confirmed histologically. Any cancer left in the treated zone only is termed “residual
disease”. Radiographic suspicion of ablation failure is imaging suspect for tumour presence
within the treated zone. The panellists unanimously agreed that multiparametric (mp)
MRI is a suitable imaging tool for monitoring this, followed by 20 % for CEUS and
16 % for PET. Targeting failure occurs when the ablative energy is not correctly applied
to the tumour spatially and for selection failure, FT was inappropriately indicated to
the patient. The panel agreed that selection failure was definitely evidenced by shortterm post-treatment identification of metastatic or locally advanced disease. However,
during the meeting there was no agreement on how selection failure could be inferred
from post-treatment biopsy results. There was agreement that PSA is the best marker to
monitor disease activity after (targeted) FT, even though there is currently no data on
how to use PSA after focal treatments where (malignant) prostate tissue is left in place.
Therefore, there is no data to support any of the definitions for biochemical recurrence
commonly used after whole-gland treatment in the context of (targeted) FT. In defining
pathological progression, the panel agrees that both an increase in Gleason score and
tumour volume evidenced by a growing number of positive biopsies or larger per-core
tumour involvement should be taken into consideration.
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Baseline and outcome functional measures
The panel recommended defining functional success of focal therapy as the maintenance
of voiding pattern, erectile function and QoL assessed after 12 months. In defining
potency, most of the online panel agreed a minimum IIEF score should be used. During
the face-to-face meeting, it was stressed that a widely endorsed qualitative definition
of impotency already exists: “the persistent inability to attain and maintain an erection
sufficient for satisfactory sexual performance”. However, a quantitative definition is
useful in reporting and this quantitative definition should be based on the IIEF-5. The
panel recommended defining significant erectile function following FT using the IIEF-5
score with a cut-off value of 21, determined at 1 year. The definition of sexually active
should be based on patient-reported sexual activity.
Urinary incontinence is defined as the need to use pads or patient-reported leakage.
During the face-to-face meeting, it was suggested that more comprehensive data should
be gathered by requesting patients to fill in a voiding diary including: number of pads,
leakage and urgency. The recommended definition of significant deterioration of urinary
function is an IPSS increase >5 points.
In defining the QoL status of patients before and after FT different tools can be used.
None of the tools were supported by more than 80 % of the panellists. The EORTCQLQ-C-30 was supported by 75 % of the panel and the UCLA-EPIC by 70 %. During
the face-to-face meeting, there was agreement that a QoL questionnaire should be
although neither one is validated in the specific context of FT.
In defining “bowel toxicity” following FT, the panel agreed that a change in stool
frequency, fistula formation, or the occurrence or increase of soiling and blood in the
stool after FT constitutes bowel toxicity. There is no consensus on whether the occurrence
or increased production of mucus in the stool should be included. During the face-toface meeting, a recommendation was formulated to use either one (CTCEA or RTOG/
EORTC) of the existing grading systems for bowel toxicity. There was agreement that it
may not be necessary to present a full questionnaire to all patients but only to those who
have indicated that they have gastro-intestinal side effects.
The recommended definition of short-term side effects is: side effects that become
apparent within 90 days after the procedure. The panel recommended including only
complications to the definition of intraoperative complications that cause damage to
the patients’ health or require a subsequent intervention. Therefore, technical difficulties
with the equipment and targeting difficulties due to anatomy are not necessarily
intraoperative complications. The panel agreed to grade side effects using the Clavien–
Dindo-scale regarding a grade 3 and higher as “serious side effects”.

Procedural outcomes
The panel recommended defining procedural time as the time period starting after the
anaesthetic induction is completed and the treating physician can start until the treating
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physician has finished the treatment. Hospital stay should be defined as the time from
admission until discharge. The definition of FT in day-care should be: admittance,
treatment and discharge on the same calendar day. The definition of catheterization time
should be the time from inserting the catheter until its removal, including time spent on
the OR and the recovery-unit.
Definition
General Definitions
Focal Therapy (FT)

Consensus statement

An anatomy-based (zonal) treatment strategy (e.g. targeting a quadrant, a lobe or both lobes
sub-totally)
Targeted FT
A lesion-based focal treatment strategy targeting the identified tumours plus a safety
margin.
The aim of (targeted) FT Eradication of all significant cancer(s).
for PCa
Subtotal ablation
Any ablation where less than the whole gland is treated.
Extended-hemiablation
An ablation where one lobe is completely treated plus a margin of the other lobe regardless
of shape.
Index lesion
The single dominant lesion in terms of grade and size where grade is more important. There
can be only 1 index lesion. The term index lesion itself may be of limited use in the context
of FT. It is more important to have an overview of all significant lesions that warrant
treatment rather than a single defined index lesion.
Salvage FT
Salvage FT refers to the situation where FT is applied to the prostate after whole gland
therapy, or in the same region of the prostate as previous FT. The prostate gland has to be
in place.
Success and Failure in Focal Therapy
Ablation failure
Ablation failure is a failure of the technique to destroy the tissue in the treated zone,
evidenced by tumour found within the treated zone. Ablation failure is just one of the
causes that can lead to failure of FT as a whole. Other types of failure include targeting
failure and selection failure. Must be confirmed by targeted biopsy.
Radiographic suspicion
A suspicion on imaging of tumour presence within the treated zone. mpMRI a suitable
of ablation failure
imaging modality to determine ablation failure.
Residual disease
Cancer remaining in the target zone after FT.
Selection failure
FT was inappropriately indicated, evidenced by short-term post-treatment identification of
metastatic or locally advanced disease. There is no agreement on whether significant PCa in
short-term biopsies taken inside or outside the treatment zone and the need for whole gland
treatment during follow-up constitute selection failure.
Biochemical progression PSA is the best marker to monitor the disease after targeted FT. However, there is currently
after targeted FT
no data on how to use PSA, i.e. there is no data to support any of the definitions for
biochemical recurrence in the context of (targeted) FT.
Pathological progression An increase in Gleason score or tumour volume evidenced by a larger number of positive
biopsies or larger per-core tumour involvement.
Baseline and outcome functional measures
Functional success of FT The maintenance of voiding pattern, erectile function and Quality-of-Life assessed after 12
months.
Erectile Function
A qualitative definition of impotency exists: the persistent inability to attain and maintain
an erection sufficient for satisfactory sexual performance. For reporting research, the
panel recommends defining significant erectile dysfunction using the IIEF-5 score < 21,
determined at 1 year.
Sexually active
Patient-reported regular sexual activity.
Urinary incontinence
The need to use pads or patient-reported leakage. More comprehensive data could be
gathered by requesting patients to complete a micturition diary including the parameters:
number of pads, leakage and urge.
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Significant deterioration
of urinary function
Quality-of-Life
Bowel toxicity / GI side
effects
Intraoperative
complications:
Short-term side effects
Serious side effects
Procedural outcomes
Procedure time
Hospital stay
FT in day-care
catheterization time

Consensus statement
An increase in IPSS > 5 points.
A Quality-of-Life questionnaire should be administered, and both the UCLA-EPIC and
the EORTC QLQ-c-30 tools can be used although neither one is validated for the specific
context of focal therapy.
The occurrence of: a change in stool frequency, fistula formation, soiling and/or blood in
the stool after FT should constitute bowel toxicity/GI side effects. There is no consensus on
whether mucus in the stool should also be included. The use of one of the existing grading
systems for bowel toxicity is recommended.
Complications that cause damage to the patients’ health or require intervention to prevent
damage.
Side effects within 90 days of the procedure.
Clavien-Dindo-scale with 3 or greater as “serious” side effects.
From the completion of anaesthetic induction until the treating physician is finished.
The time from admittance until discharge.
Admittance, treatment and discharge on the same day.
The time from inserting the catheter until its removal, including time spent on the OR and
the recovery-unit.

Table 1. Definitions and consensus statements. All statements were accepted with > 80% consensus unless stated other
otherwise.

Discussion
The results of this Delphi consensus project will aid researchers in reporting FT
outcomes in a standardized fashion, thereby allowing comparison and also facilitating
clear communication among patients, clinicians and researchers. As standardized
definitions can only succeed if they are widely endorsed by the experts in the field, a
large-group consensus project is the ideal way to achieve this. Consensus projects can
be a valuable tool, especially in fields such as FT where the clinical evidence is still
building. It is therefore not surprising that several consensus projects on various aspects
of FT have been undertaken in the past years. The topics handled in our consensus
project partly overlap with the topics of other consensus meetings. There appears to
have been a shift in the perceived aim of FT. The 2009 consensus project described
by De la Rosette et al. (38) stipulated that the aim of FT is to eradicate all known
prostate cancer while preserving uninvolved tissue, sparing genitourinary function.
The 2010 consensus project described by Ahmed et al. (39) stated the aim of FT is
to treat cancer and leave benign prostate and surrounding normal structures. They do
not note the possibility to also leave insignificant disease untreated. Five years later, we
formulated the aim of FT to be the eradication of all identifiable significant tumour(s).
The consensus project described by Donaldson et al. (40) stated that FT should be the
treatment of the dominant lesion or index lesion. They add that quadrant ablation could
be a FT strategy but with lower level of consensus than lesion ablation only. This may
imply their panel considered FT as a lesion-based technique, similar to our definition
of targeted FT. Consistent with the concerns regarding secondary (non-index) lesions
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harbouring clinically significant disease with metastatic potential formulated by Reis et
al. (41), the participants of our consensus project underlined the necessity to find and
treat all clinically significant cancer foci, regardless of the precise definition of the index
lesion.
The consensus projects described by Muller et al. (42) and De la Rosette et al. (38)
provided definitions for oncologic success and oncologic efficacy, respectively, that are
similar to our definition of ablation success: negative biopsies in the treated area. The
definitions around the concepts of success and failure provided by the consensus project
described by Van den Bos et al. (43) differed slightly from ours; they recommended
defining in-field failure as: 1) higher Gleason grade disease in the treated zone, 2)
persistent cancer of similar or lower grade after repeat FT of the same area and 3) the need
for additional treatment besides FT because of objective findings elsewhere in the gland.
While the first two conditions are concordant with our definition of ablation failure, the
latter does not. Finding tumour for which FT is not suitable during short-term followup elsewhere in the gland would constitute selection failure by our definition. Their
definition of selection failure appears not to be related to adequate patient selection for
FT but to the selection of tumour foci for treatment.
The project described by Muller et al. (42) described a definition of functional success
comparable to ours: the absence of functional change in erectile function and ejaculatory
function at 24 months, QoL at 24 months and urinary function at 12 months. The
main difference is that present consensus does not include ejaculatory function and only
uses the 12-month time point for all three domains of functional outcomes.
The consensus projects by Muller et al. (42) and Van den Bos et al. (43) provided
recommendations for follow-up after FT. Similar to our results, they recommended
to monitor PSA, although they also found no standardized definition of biochemical
recurrence could be recommended. Other follow-up parameters include urinary
function, sexual function and quality of life using standardized tools, including IPSS
and IIEF questionnaires. In the reviewed literature, FACIT (FACT-P) and (FACT-G)
and UCLA-EPIC questionnaires were the most prevalent tools for the assessment of
QoL following FT. Muller et al. (42) could not achieve consensus on which QoL tool to
be used, but the FACT-P was widely supported.
In the project described by Van den Bos et al. (43), the UCLA-EPIC was recommended,
a least for pre-treatment assessment of QoL. De la Rosette et al. (38) also recommended
to use the FACT-P and EORTC questionnaire among several other options. In our
project the EORTC-QLQ-c30 was widely endorsed besides the UCLA-EPIC, while the
FACIT questionnaire was considered useful by only 50 % of our online panel.
MpMRI is universally recommended as a tool for follow-up after FT, which is consistent
with our panel agreeing unanimously that mpMRI is a suitable tool to define radiographic
suspicion of ablation failure.
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Several considerations regarding our consensus project are: as the results are based on
expert opinion, they amount to an Oxford Centre of Evidenced Based Medicine level
5 of evidence (44). The group of experts we invited may not be representative of the
larger medical community as their involvement in FT makes them more likely to be
enthusiasts. Furthermore, the response rates to our online questionnaires were between
59 and 65 %, although this is likely caused by our attempt to invite a large and broad
group of experts, further bias in our results might be caused by “non-believers” not
participating. Although a total of 38 experts joined the face-to-face meeting, which took
place at a FT meeting, their opinions may be more prominently represented in the final
recommendations than the opinions of the participants of the online rounds only. The
repetitive formulation and reformulation of questions and answer possibilities by the
project leaders may also be a source of bias and can be seen as an inevitable limitation
of the Delphi method.
Several important topics remain undefined because of consensus: (1) there was
insufficient data (2) unresolved diverging opinions within the panel or (3) the topics
were un-addressed by the current project. Examples of important unresolved matters are:
“What constitutes a clinically significant tumour focus?”, “How should PSA dynamics
be interpreted after FT?”, “How can QoL best be assessed after FT” and “What are
adequate safety margins to be observed for the different treatment modalities?”. These
topics can be addressed in future consensus projects. As the data on FT accumulates,
it should become possible to formulate stronger recommendations and data-based
guidelines on how best to research, apply and report focal treatments.

Conclusion
Focal therapy is a rapidly evolving field of prostate cancer treatments that intends to
prevent or delay whole-gland treatment associated morbidity without compromising
oncologic safety for a large group of patients. For the development and implementation
of these treatments, it is important to have standardized reporting criteria. The current
consensus project provides recommendations for standardized definitions endorsed by a
wide group of experts in the field.
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Abstract
Purpose: Imaging plays a crucial role in ablative therapies for prostate cancer (PCa).
Irreversible Electroporation (IRE) is a new treatment modality increasingly used for
focal treatment of PCa. Since the IRE-specific changes seen on imaging are scarcely
described, we aim to demonstrate what imaging modalities can be used by descriptively
reporting the utility of contrast-enhanced ultrasound (CEUS), multiparametric Magnetic
Imaging (mpMRI) and grey-scale transrectal ultrasound (TRUS). Furthermore, we aim
to correlate quantitatively the ablation zone seen on mpMRI and CEUS with treatment
planning to provide therapy feedback.
Methods: Imaging data was obtained from 2 prospective multicentre trials on IRE
for localized low- to intermediate-risk PCa. The ablation zone volume (AZV) seen on
mpMRI and CEUS was 3D reconstructed to correlate with the planned AZV.
Results: Descriptive examples are provided on the use of mpMRI, TRUS and CEUS for
treatment planning and follow up after IRE. The AZV on T2-weighted MRI 4 weeks
after IRE are 5.21 larger than the planned AZV, with a strong correlation (R=0.76, slope
of 3.08). For CEUS the AZV was 8.50 times larger than the planned AZV with a strong
correlation (R=0.93, slope of 4.69). Prostate volume is reduced over time (mean -27.5%,
range -15.6% to -51.6%) due to ablation zone fibrosis and deformation, illustrated by
3D reconstruction.
Conclusions: The role of imaging in conjunction with IRE is of crucial importance to
guide clinicians throughout the treatment protocol. CEUS and mpMRI may provide
essential treatment-feedback by visualizing the ablation zone dimensions and volume.
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Introduction
Focal therapy (FT) is increasingly used for treatment of localized or recurrent prostate
cancer (PCa) with the intention to treat all significant (i.e. high-volume Gleason 6
or any Gleason 7) PCa lesions while minimizing collateral damage to adjacent vital
structures (e.g. neurovascular bundle, urethra, urinary sphincter and rectal wall). Of all
available FT modalities, irreversible electroporation is a novel ablative modality based
on electroporation (1). Cell death is induced by delivering high-voltage electrical pulses
between 2 or more electrodes (2, 3).
The first phase I-II trials for localized PCa have shown the feasibility and safety of IRE
(4-8). Good short-term functional preservation and oncologic control of the ablation
zone has been reported (5, 6, 8), histopathologic confirmation of the ablation zone
showed no residual tumour within the ablation zone in these patients. However, in the
pilot study of Murray et al. (4), 4 out of 25 patients had residual tumour on biopsy 6
months following IRE, possibly within the ablation zone. It is challenging to determine
whether the biopsy needle is within or adjacent to the ablation zone since grey-scale
transrectal ultrasonography (TRUS) is not able to visualize the ablation zone (9) and
multiparametric magnetic resonance imaging (mpMRI) at 6 months shows prostate
deformations and no clear distinction between treated and untreated tissue (see below).
Using the Likert scale (3–5), Valerio et al. (7) reported a suspicion for residual PCa on
mpMRI in 6 patients (6/34), but only obtained histopathologic confirmation in 1 out
of 6 patients (Gleason score 3+4).
Consensus statements provide guidance on trial design and the use of imaging for focal
therapy. The most recent reports recommend to perform mpMRI both in the planning
and follow-up of focal therapy (10, 11). Focal high-intensity focused ultrasound or
cryotherapy treatment protocols often include imaging-based follow-up with 6 monthly
or annual mpMRI (12). The study endpoints of these protocols are imaging based,
without any standardized biopsy endpoint, highlighting the necessity of a profound
understanding of mpMRI. The goal of focal therapy, to treat all significant PCa lesions
while minimizing collateral damage to adjacent vital structures, can only be obtained by
knowledge of lesion location using image-guidance and imaging feedback on the ablated
zone. Besides one phase 1 trial evaluating the ablation zone 4 weeks following IRE
treatment with contrast-enhanced ultrasonography (CEUS) and mpMRI (9), no studies
have been published on the use of prostate imaging with IRE. No imaging modality
has been quantitatively validated in the follow-up following IRE and particularly little
is published about the IRE-specific changes seen on imaging during and in the followup of IRE. In order to perform focal therapy using IRE, clinicians should have an
understanding on which imaging modalities can be used and which imaging results
can be expected during different stages of the treatment protocol using IRE. Therefore,
we aim to provide an overview on several imaging modalities used in conjunction with
IRE by descriptively reporting the utility of CEUS, mpMRI and grey-scale TRUS for
treatment planning, procedure guidance and follow-up of IRE. Moreover, at present
no imaging modality is able to visualize the extent of the ablation zone during an IRE
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procedure. In order to provide therapy feedback through imaging, the ablation zone
volume (AZV) seen on mpMRI and CEUS was quantitatively 3D reconstructed to
correlate with the planned AZV.

Methods
The data used for this report were obtained from two prospective multicentre studies
and the international IRE registry (clinicaltrials.gov NCT02255890). In the currently
ongoing first cohort, 16 patients have received primary IRE because of organ-confined
(D’Amico) low- to intermediate-risk PCa. Both CEUS and mpMRI were performed at
baseline and used for imaging-based treatment planning for needle placement. Threedimensional histology lesion localization and grading was obtained with transperineal
template-mapping biopsies (TTMB). Grey-scale TRUS was used for procedure
guidance, whereas CEUS, mpMRI, and TTMB were performed at 6 months to follow
the evolution of the ablation zone and to assess oncologic control. At 1 year, CEUS
and mpMRI were performed. The institutional review board (IRB) approved the study
protocol (clinicaltrials. gov NTC01835977). In the second trial (completed) 16 patients
were treated with IRE for organ-confined PCa. As part of the ablate and resect design,
all patients underwent a radical prostatectomy 4 weeks following IRE. From these
patients mpMRI and CEUS data are available at baseline and 1-month follow-up after
IRE. This trial was approved by the IRB (clinicaltrials.gov NCT01790451). Inclusion
and exclusion criteria and study procedures of both trials have been published elsewhere
(13, 14). Written informed consent was obtained from all participants and both clinical
trials are conducted in accordance with the Declaration of Helsinki.
Multiparametric MRI
MpMRI was performed using the PI-RADS v2 (15) guidelines on two different MRI
scanners (1.5T AVANTO, Siemens and 3.0T Ingenia, Philips). The detailed mpMRI
procedures in both trials have been described extensively (9, 14). All mpMRI results
were interpreted by a single specialized uroradiologist. If mpMRI and/or CEUS showed
a suspicious lesion for PCa in biopsy-naive patients or patients receiving repeat biopsies
for active surveillance, fusion targeted biopsies were performed in the work up for the
second trial. Lesions were delineated for mpMRI-TRUS fusion with ProFuse (Eigen)
software and subsequently targeted using the fusion system (Artemis, Eigen). AZVs
were 3D reconstructed with 3D reconstruction software (Amira, FEI) as described
previously (9).
Grey-scale transrectal ultrasound
TRUS was performed in all patients for IRE procedure guidance and during TTMB.
An ultrasound system (Preirus Hi Vision, Hitachi) with a biplanar probe (EUP-U533)
was used. Prostate dimensions were calculated, and both the entire longitudinal and
transverse axes were visualized to assure a complete range of motion for needle placement.
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Contrast-enhanced ultrasound
For CEUS imaging an intravascular microbubble ultrasound contrast agent (SonoVue,
Bracco) is combined with TRUS using an endocavity probe (Phillips IU22, Philips
Healthcare, Bothell, USA). The detailed CEUS procedures are described previously
(14). The prostate is visualized in 4 planes from base, mid-base, mid-apex to apex. Before
each 2-minute recording a bolus of 2.4 mL ultrasound contrast agent is administered
intravenously, followed by a 3-minute pause to allow contrast agent breakdown. These
planes are recorded using the fusion device (Artemis, Eigen) and with prostate landmarks
for future targeting or follow-up. Additional base-to-apex transversal sweeps and left-toright lateral sweeps were recorded using CEUS to evaluate the ablation zone post-IRE.
AZVs were 3D reconstructed with software (Amira, FEI) as described elsewhere (9).
Contrast ultrasound dispersion imaging methods (CUDI) (16) were used for computeraided quantified analysis and to provide maps of contrast CUDI parameters to identify
regions of interest.
Transperineal template-mapping biopsies
TTMB were performed using biplanar TRUS-guidance in combination with template
mapping using the same transperineal grid that is used for prostate brachytherapy
(Bard). This technique is recommended for patient selection and follow-up after focal
therapy (17). If mpMRI and/or CEUS showed lesions suspicious for PCa and fusion
targeted biopsies were not obtained previously, additional targeted biopsies were taken
using cognitive targeting during TTMB.
IRE procedure
All patients received antibiotic prophylaxis (Ciprofloxacin 500 mg, Bayer) and a
transurethral catheter before the IRE procedure. Patients were under general anaesthesia
and positioned in the lithotomy position, the biplanar TRUS-probe and brachytherapy
grid were used for electrode placement. The IRE procedure was performed using the
NanoKnife™ IRE System (AngioDynamics). Three to six needle electrodes were used
for each ablation, delineating the tumour. The electrode position, active tip length
(1.5–2 cm) and prostate dimensions were entered into the Nanoknife™ console which
then calculated and displayed the 2D ablation zone. In total 90 electrical pulses were
delivered between each electrode pair with a range of 1.500– 3.000 V/cm, to obtain
a direct current of 20–40 amp. A deep muscle relaxation agent (Rocuronium, Pfizer)
was administered to prevent severe muscle contractions. In a previous ablate and resect
study it has been shown that all tissue within the electrode configuration was ablated
(8). Therefore, we consider the area within the electrode configuration as the AZV.
Treatment planning AZVs were measured as described previously (8), using image
analysis software (ImageJ, FIJI), multiplied by the active tip length to calculate the AZV.
Data Analysis
The correlation between the 3D reconstructed volumes of CEUS, mpMRI and
treatment planning were visualized using a scatterplot (x/y). A linear regression analysis
was performed including a Pearson correlation coefficient (r) as measures of correlation.
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Dependent variables were the volume on MRI/CEUS and the independent variable was
the treatment planning volume. The error related to 3D reconstruction was calculated
by dividing the AZV by the number of planes for both mpMRI and CEUS. However,
for CEUS the errors were too small to display (high number of planes).

Results
As with other focal ablative therapies for PCa, mpMRI is used for patient selection
and preoperative treatment planning. The exact demonstration of the location of the
PCa lesion(s) is essential for the IRE electrode placement, in particular the relation to
the neurovascular bundle, urethra, and bowel (Figure 1a), as IRE ablation may affect
these structures. Needle electrodes need to be placed around the lesion to guarantee
effective ablation which has been shown to occur within the zone between electrodes (8,
18). To illustrate, in Figure 1a the electrodes are placed around the PCa lesion seen on
mpMRI (histopathologically confirmed with mpMRI-TRUS fusion targeted biopsies;
PCa Gleason 4+3, >50%). In this patient CEUS identified the same lesion (Figure 1b).
TTMB can be used for patient selection and tumour localization in conjunction with
mpMRI, if mpMRI is not available or to extensively sample the prostate to diagnose
undetected PCa by mpMRI (19, 20). During the TTMB procedure suspicious lesions
on mpMRI or CEUS can be targeted using either cognitive or system fusion.
A					 B

Figure 1. a,b. An anatomical overview (a) of the prostate (delineated in green) can be seen with the rectum (delineated in
yellow), the neurovascular bundles (blue) and the PCa lesion (red). The yellow circles are the IRE electrode locations in
relation with the tumour. CEUS (b) of the PCa lesion seen in (a), characterized by increased rapid focal contrast-uptake
marked with a red square.
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Biplanar TRUS allows exact IRE needle placement using both transverse and longitudinal
view with mpMRI-TRUS cognitive fusion (Figure 2a, 2b) or TTMB-based targeting.
The brachygrid is used for needle placement and to achieve parallel electrode orientation
by horizontal fixation (Figure 2c). Consecutive electrical pulses were delivered with IRE
and these shocks are visible with TRUS (Video 1. See corresponding video/movie images
at https:// doi.org/10.5152/dir.2017.16608). By generating a high-voltage direct current
between each electrode pair, the potential difference required to split water molecules
is reached (electrolysis). Electrolysis of water can be seen on TRUS as hyperechogenic
regions within the electrical field (Figure 2d). The concurrent oxidation of chloride is
believed to contribute to the ablative effect with IRE (21).
A

B

C

D
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Figure 2. a-d. Needle electrode placement (yellow circles) with TRUS-guidance in sagittal (a) and longitudinal (b) view,
the active tip length is marked between bars. The brachygrid grid (c) used for electrode placement and horizontal fixation.
Electrolysis of water (d) can be seen as hyperechogenic region (delineated in blue) within the electrode configuration
(yellow circles).
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The ablation zone 4 weeks following IRE is shown on T2-weighted imaging in Figure
3a, characterized by an absence of contrast enhancement on T1-weighted dynamic
sequence with a symmetric wall of reactive enhancement surrounding the ablation zone
(Figure 3b). Oedema may be seen on T2-weighted imaging as areas with moderately
increased T2-signal (Figure 3a). At 6 months and 1-year, prostate deformations are
observed, with low T2-signaling representing fibrosis (Figure 3c, 3d). CEUS visualized
the ablation zone at 4 weeks following IRE as sharply demarcated nonperfused tissue
compared with perfused tissue outside the ablation zone (Figure 4a). At 6 months and
1 year, deformation of the ablation zone within the prostate was observed; however,
treated areas could still be visualized as nonperfused areas (Figure 4b, 4c).
A

B

C

D

Figure 3. a-d. The ablation zone on T2-MRI (a) 4 weeks following IRE. Oedema can be seen as moderately increased T2signaling (delineated in blue). The absence of contrast enhancement within the ablation zone on T1-dynamic signalling
(b). The same ablation zone seen at (a)., however, with prostate deformations and a less clearly defined ablation zone at 6
months (c) and 12 months (d) on T2-MRI following IRE.
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A

B

C

Figure 4. A sharply demarcated, non-perfused ablation zone on CEUS 4 weeks (a) following IRE. A less defined, nonperfused ablation zone with deformation on CEUS 6 months (b) and 12 months (c) following IRE.

Of the 16 patients that had mpMRI data available 4 weeks following IRE, 3 patients
were excluded from analysis. In 1 patient the planned ablation zone was not correctly
calculated due to a system error. The other 2 patients received an incomplete IRE
treatment, one using 2 needle electrodes only with insufficient current output, whereas
in the other case the inter-electrode distances were too far apart. The AZVs on T2weighted MRI 4 weeks following IRE (n=13) had a mean (± standard deviation) volume
of 12.9±7.0 cm3 and were 5.3 times larger than the planned AZV (2.4±1.7 cm3). The
volumes on T2-weighted imaging and planning were positively correlated (P = 0.002)
with a Pearson correlation coefficient of r=0.76 (Figure 5a). The mean AZV for CEUS 4
weeks following IRE (n=8) was 20.7±8.7 cm3 and was 8.5 times larger than the planned
AZV. When compared, the volumes on CEUS and the planning showed a good positive
correlation with a Pearson correlation coefficient of r=0.93 (P = 0.001) (Figure 5b). Due
to the prostate deformations and fibrosis, the AZV on imaging at 4 weeks, 6 months and
1 year differ. To illustrate this, the AZV on T2-weighted MRI is 3D reconstructed in
Figure 6 at 4 weeks (9.75 cm3), 6 months (6.73 cm3) and 1 year (6.46 cm3) following
IRE (n=1). At 4 weeks following IRE the prostate volume on MRI (n=15) is comparable
with baseline MRI (mean increase, 4.4%±14.1%); however, due to the involution of the
ablation zone the prostate volume on MRI at 6 months following IRE (n=6) is reduced
with a mean reduction of 27.5%±11.9% compared with baseline prostate volume on
MRI.
Residual or recurrent disease may be seen as a low T2-signal (Figure 7a), asymmetrical
enhancement on dynamic contrast-enhanced MRI (Figure 7b), area with restricted
diffusion on apparent diffusion coefficient maps and high signalling on diffusionweighted imaging (b value >1000). Regions with focal early enhancement on CEUS
within or outside the ablation zone may be indicative for residual/recurrent PCa (Figure
7c). The suspicious area on Figure 7 was histologically confirmed to be PCa Gleason
3+4=7, 10%–50% (adjacent to the ablation zone).
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A

B

Figure 5. The correlation between the ablation zone volume on T2 MRI (a) and treatment planning with a Pearson
correlation index of R=0.76 and a slope of 3.08. The correlation between the ablation zone volume on CEUS (b) and
treatment planning with a Pearson correlation index of R=0.93 and a slope of 4.69.
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Discussion
This report is the first to provide a descriptive overview on the use of mpMRI, CEUS,
and TRUS for treatment planning, procedure guidance and follow-up following IRE
for treatment of localized PCa. Unfortunately, no imaging modality is able to visualize
the extent of the electrical field. Therefore, the extent of the ablation zone cannot be
monitored in real-time. In a previous ablate and resect study it was shown that all tissue
within the electrode configuration was ablated (8). Therefore, we considered the area
within the electrode configuration as the planned AZV. We correlated the planned
AZV with post-IRE AZVs on MRI and CEUS and found a strong positive correlation.
However, the AZVs were larger than the treatment planning. This may be in line with
findings after whole mount histopathologic analysis, which showed an extended ablation
zone in relation to the electrode configuration, 2.5 to 2.9 times the surface area within
the electrode configuration (8). CEUS may show a stronger correlation with the planned
AZV than T2-weighted MRI since the 3 mm slice thickness with mpMRI inherently
causes less accurate volume measurements. In order to improve treatment monitoring,
and thereby reduce damage to vital adjacent structures, a correct mathematical model
for the extent of ablation zone or a real-time monitoring imaging modality is required.
Until such an option becomes available, postoperative imaging is the only possibility
to provide feedback on the planned AZV. As the AZV seen on T2-weighted MRI and
CEUS 4 weeks following IRE correlated well with AZV on whole mount pathology
(r=0.88 and r=0.80, respectively) (9), this could also serve as feedback on treatment
effectiveness. In a consensus meeting on the follow-up of focal therapy it was stated that
mpMRI should be performed at 6 months and then annually up to 5 years following focal
therapy (10). Currently, no long-term follow-up data is available on IRE for localized
PCa, in particular no data correlating imaging and treatment outcomes following IRE
are available (4-8). There is a critical need for the quantitative validation of mpMRI
following IRE, evaluating the ability to detect residual or recurrent PCa by use of
standardized follow-up biopsies. Until this data becomes available, descriptive reports
must provide clinicians with an overview on what imaging modalities can be used and
what information from imaging results can be expected. Imaging is an important aspect
for every step in an IRE treatment protocol, from patient selection, treatment planning,
and treatment guidance to follow-up. Currently, none of the existing imaging modality
is able to visualize the electric field, nor the precise real-time formation of the ablation
zone. CEUS and mpMRI may provide essential treatment-feedback by visualizing the
ablation zone dimensions and volume 4 weeks following IRE. Long-term reproduced
data on the utility of CEUS and mpMRI following IRE are required to construct
optimal imaging-based follow-up protocols.
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Figure 6. a-c. Three-dimensional reconstruction of the ablation zone 4 weeks (a), 6 months (b) and 12 months (c)
following IRE.

A

B

C

Figure 7. a-c. Residual disease adjacent to the ablation zone 6 months following IRE on T2-MRI (a) (in red delineated),
DCE (b) showing asymmetrical enhancement and rapid focal enhancement on CEUS (c) CUDI maps of contrast.
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Concluding remarks
Traditional Prostate Cancer (PCa) care treats PCa as if it invisible. Tumour localization
through imaging plays a little role in systematic biopsies and whole gland treatments such
as radiation and radical prostatectomy. However, improved PCa imaging capabilities
are impacting both PCa diagnostics and therapy. The prospects are targeted biopsies,
better treatment selection and planning, targeted focal therapies and improved, less
invasive disease monitoring. The main goal of this thesis was to investigate and advance
knowledge on ultrasound imaging of PCa and PCa imaging validation methods. This
thesis presents several steps towards the development of multiparametric ultrasound
(mpUS), in which several ultrasound modalities that exploit different characteristics of
PCa are combined. The collaboration between the Amsterdam UMC, location AMC
and the Eindhoven University of Technology (TU/e) has resulted in an expertise in
Contrast Enhanced Ultrasound (CEUS) and computer-aided quantitative analysis of
CEUS named Contrast Ultrasound Dispersion Imaging (CUDI). The core of this thesis
consists of work that is related to the technical development and clinical validation of
CEUS and CUDI. Both clinical and technical papers are included, representing the
close collaboration between the Amsterdam UMC, location AMC and the TU/e.
The reviews of chapter 2.1 and 2.2 provide an overview of the development of mpUS and
quantitative analysis of ultrasound imaging, respectively. From chapter 2.1 we conclude
that although from a technical standpoint there is a clear potential for mpUS, clinical
data are currently lacking. Chapter 2.2 underlines the prospects of quantitative analysis
to facilitate combination of ultrasound techniques and to circumvent user-dependency,
one of ultrasound’s major drawbacks. Chapters 3, 4, 6 and 7 present new work on
the development and validation of quantitative CEUS analysis. The extent to which
biopsy outcome could be predicted through CEUS and quantitative analysis, reported
in chapter 3, exceeded expectations. In this retrospective dataset, a two-third reduction
in biopsy cores would have been feasible with only a modest decrease in clinically
significant Prostate Cancer (csPCa) diagnoses. Although encouraging, the study
design has limitations. Most importantly, systematic prostate biopsies are an imperfect
measure for tumour presence within the sampled region (1). This has led us to continue
evaluating the outcome parameters sensitivity, specificity, positive predictive value
and negative predictive value on our Radical Prostatectomy (RP) cohort. The prostate
biopsy cohort remains important because it represents those patients that would most
obviously benefit from improved imaging and imaging guided biopsies (i.e. the biopsy
cohort does not suffer from the spectrum bias like the RP cohort) (2). In the study
presented in chapter 4, the detection rates of CEUS/CUDI-targeted biopsies, mpMRItargeted biopsies, and systematic biopsies taken by independent physicians in the same
patient are compared (3). This study will be the first to provide comparative data on the
value of these targeted biopsy strategies that is closest to clinical reality: detection rate of
csPCa at the initial biopsy setting. The trial design evaluated the end result of the whole
sequence needed to take accurate targeted biopsies: image acquisition, interpretation
and targeting. MpMRI has been embraced rapidly by the scientific community with
many MRI-targeted biopsies vs systematic biopsy studies being published. Therefore,
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the addition of mpMRI-targeted biopsies in our study also allows better comparison of
our CEUS/CUDI results with the published literature on targeted biopsies (4).
Correlation of imaging results with RP pathology remains critical in the development
of new imaging technology, since it provides the most reliable information on actual
tumour presence. Studies with ultrasound techniques and mpMRI have both been
hampered by difficulties with accurately matching imaging with RP pathology as
reference standard. This mismatch and the compensation mechanisms adopted by
authors to cope with them, lead to imprecise and inaccurate imaging validation results
(5-8). This phenomenon may play a substantial and underestimated role in the varying
trial results found in the literature for this type of studies. Registration techniques
as presented and tested in chapter 5 can improve this matching, allowing for more
accurate and user-independent validation results. Our initial experiments showed that
registration errors of below 2 mm, or half a pathology slice thickness, could be achieved.
The more clinical validation using natural landmarks showed a mean registration error
of 3.6 mm, about the same range as a pathology slice thickness. These results signify a
marked improvement over manual matching in terms of registration error and operator
dependency, and their development is ongoing. The machine learning required for
classification algorithms or computer-aided imaging analysis, such as quantitative CEUS
and MRI, is very dependent on accurate feedback. The development of classification
algorithms can, therefore, benefit substantially from improved imaging to pathology
matching.
Chapter 6 presents the development of a multiparametric CEUS classifier by using
machine learning to optimally combine several dispersion and perfusion parameters
extracted from CEUS. The results show that improved discriminating accuracy
(71% to 81%) can be achieved by combining multiple complementary parameters,
outperforming any single parameter. The per-pixel classification accuracy can be
further improved to 90% by disregarding pixels (without missing any lesions) based
on a measure of confidence. The classification result is presented in red-green colourcoded maps for suspicious and non-suspicious areas, respectively. The maps include
transparency as a measure of uncertainty in classification result. This paper shows how
multiple quantitative parameters (invisible to the naked eye) can be effectively combined,
used for classification into suspicious and unsuspicious, and presented to the reader.
The sequential steps taken in this paper: identifying useful parameters, determining
the optimal classification algorithm and presenting the result in a comprehensible way,
form a model for how future work using multiple ultrasound modalities should be
undertaken.
In chapter 7, a study is presented in which 5 independent observers read CEUS and
CUDI images (composite parametric maps similar to those presented in chapter 6),
with interpretation results matched to RP pathology using the techniques presented in
chapter 5. This study presents the largest, multireader cohort for CEUS vs RP pathology
to date. Two important observations from this study are that performance was moderate
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(average Area Under the Curve (AUC) of 0.78), and similar for CEUS and CUDI.
Furthermore, inter-observer agreement was low for both CEUS and CUDI. Naturally,
this could be improved by more accurate classification and improved maps that are
easier to read. However, the results of the individual readers (readers that work more
closely together scored more alike) also indicate that training and standardization in
interpretation are necessary. Currently, this performance is insufficient for stand-alone
clinical application, indicating work to be done in CUDI classification performance, user
interpretation, and combination with other ultrasound modalities such as elastography.
The consensus project described in chapter 8 is exemplary of the drive of the
multidisciplinary community to advance the field of Focal Therapy (FT) for PCa that
is emerging alongside improving PCa imaging. The project was aimed at achieving
standardization in terminology and outcomes in FT research, as this is a field rapidly
evolving with new indications, techniques and ablative energies. Standardization in
trial design, terminology and outcomes is crucial if study results are to be effectively
aggregated and compared. This project aided in that respect by getting many of the active
contributors to FT research together in a discussion on these points. Chapter 9 presents
the imaging features after FT by irreversible electroporation, and most specifically the
relation between the ablation zone as depicted by CEUS and MRI, and the ablation
zone as delineated on post-FT RP pathology. This paper is the first to provide such an
extensive description of imaging following focal IRE.
In conclusion, the work in this thesis represents incremental steps in the technical
development of quantitative analysis of CEUS and multiparametric ultrasound. It marks
the progression from using the biopsy cohort to get a limited feel for the basic diagnostic
performance of CEUS and CUDI towards the study protocol that validates CEUS and
CUDI with a truly fitting and clinically relevant outcome measure: significant prostate
cancer detection through targeted biopsy.
Work is done showing that effectively combining ultrasound parameters improves PCa
detection and a method is presented that allows acquiring accurate histologic feedback
by improved imaging to pathology matching. This culminated in the multireader CEUS/
CUDI compared to RP analysis that sets the base for further work on CEUS and mpUS
to build on. It advances the imaging-dependent field of FT by driving standardized,
comparable and poolable data collection and reporting. Lastly, it provides insight in
ablation zone imaging after a promising form of prostate FT.
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Future perspectives
Currently, there are several important developments underway within our research
group that relate to, or build upon the research presented in this thesis. At the TU/e,
researchers are developing and validating new parameters derived from CEUS that help
identify PCa. Velocity imaging and analysis of entropy of velocity fields are examples
of ongoing research in parameters that may improve discriminating ability (9, 10). A
recent development has been tracking the course of individual microbubbles through
the prostate, allowing mapping of the vasculature at superresolution (up to 60 µm) (11,
12). By working on the RP cohort presented in chapter 7, we expanded the dataset
available for the identification and validation of these parameters 5-fold, which will
likely drive further development of quantitative analysis of CEUS.
Extensive effort is being directed to improve the quality of the gathered data. This mainly
relates to more reliable feedback by improved matching of imaging and pathology, as
discussed in the previous section. The registration procedures discussed in chapter 5 will
benefit from improved input to build more reliable 3D models. We recently started using
the ‘histocutter’ (Chapter 5, Figure 11), a device that aides in slicing the prostatectomy
specimen in the parallel slices of equal thickness required for accurate modelling of the
3D pathology. Further improvements include 3D recording of prostate outline before
slicing and automated delineation and segmentation of the prostate on imaging using
deep learning (13).
In collaboration with the Martini Klinikum in Hamburg, the first mpUS vs radical
prostatectomy trial using greyscale TRUS, quantitative CEUS and shear wave
elastography was conducted. It shows that providing readers with this combination of
ultrasound modalities improves their ability to identify the index lesions and results
in a higher sensitivity compared to any of the individual ultrasound modalities (14).
Improved results can be expected by building a classifier that incorporates parameters
derived from all three ultrasound modalities and future work should be directed towards
this goal.
Crucial to the relevance of our research is successful implementation of the imaging
techniques in targeted biopsy procedures. The targeted biopsy study presented in
chapter 4 has recently been completed. It provides direct insight in the clinical value of
CEUS/CUDI compared to systematic biopsy and MRI targeted biopsy. The results are
important because they underline that mpMRI fusion biopsies do still miss a significant
amount of csPCa and that a properly performed systematic biopsy is not inferior
to targeted biopsy in respect of csPCa detection (in our data: 39%, 29% and 28%
csPCa detection rate for systematic, MRI-targeted and CEUS/CUDI targeted biopsies,
respectively). Furthermore, the performance of CEUS/CUDI-directed biopsy was closer
to mpMRI-targeted biopsy than many would have expected (15).
Several technical advances in ultrasound have taken place recently or are expected in
the near future. Examples are the ultra-fast plane wave imaging enabling shear wave
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elastography and high-frequency ‘micro ultrasound’ capable of a resolution of about 70
microns (16, 17). Several research groups have recently published on the use of micro
ultrasound within the targeted biopsy pathway, and it should be considered as a possible
constituent of mpUS (18, 19). Another important step is the introduction of 3D
contrast-ready endorectal ultrasound probes. Current 2D CEUS means the prostate is
imaged plane by plane, each plane requiring a new bolus of contrast and approximately
5 minutes for sufficient contrast inflow and outflow. Scanning repetitive 3D volumes of
the entire prostate, therefore, allows whole prostate imaging in approximately 2 minutes
following 1 single contrast bolus. Besides an obvious benefit for clinical workflow, 3D
CEUS is also expected to potentiate CEUS quantification because the targeted blood
flow anomalies are fundamentally a 3D phenomenon that is currently being captured
and analysed in 2D only. Feasibility of acquisition and various methods of quantitative
analysis of 3D CEUS have recently been demonstrated (20-25).
Several factors are prerequisites to the development of multiparametric ultrasound as a
clinically valuable PCa imaging modality: acquisition should be standardized and quick,
and, therefore, preferably in 3D.
Information from the different ultrasound modalities should be effectively combined
in a validated manner. This means work needs to be done to better understand how
exactly the information derived from CEUS, elastography, and regular or microultrasound imaging is complementary. This information should be quantitative, because
that enables integration and classification into suspect/non-suspect by using machine
learning techniques. Subsequent interpretation of integrated mpUS should be quick and
easy, requiring maps that are easy to read. Provided enough high-quality data become
available, deep learning technology could be used to aid in interpretation (26). Lastly,
for clinical use, there should be standardization in interpretation and reporting.
Various research groups working on prostate ultrasound are working hard to take the
abovementioned steps. Collaboration, standardized imaging protocols for all mpUS
modalities, and adequate correlation with pathology are necessary. However, conducting
such trials and developing such complex technology requires industry support. Finally,
it requires that the scientific community is not only critical of its limitations, but also
open to its merits. Some argue that the advent of MRI has made research into other
imaging modalities redundant. Unarguably MRI is at the forefront of the transition
towards image-guided diagnostics and therapeutics in prostate cancer. MRI is currently
the most useful and the most widely investigated prostate cancer imaging tool. However,
there is also a risk of overestimation of its worth due to optimistic reporting of results
and extrapolation of results achieved in expert centres to the wider clinical setting
(27). There is plenty of room to also investigate other imaging strategies that show
potential and have distinct clinical advantages, such as mpUS. Ultrasound allows realtime imaging at higher resolutions and frame-rates than other imaging modalities (28).
Further advantages are: wide experience in the urological community, relatively low
cost and time consumption, portability, compatibility with ferromagnetic biopsy or FT
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equipment, and the fact that no nephrotoxic contrast agents or harmful radiation are
used. This means that if mpUS would be developed further into a well-performing and
practical imaging tool, it could fit many niches around MRI. For instance, depending
on performance, it could serve as a portable, low-cost ‘office-based’ alternative to MRI
for triage, biopsy targeting or tumour monitoring. MRI-mpUS fusion could yield
highly accurate biopsy procedures where tumour localization and adequate targeting is
confirmed real-time with mpUS, and additional suspect foci can be identified during
the biopsy procedure. Lastly, it could be a powerful way to guide focal therapy because it
would allow real-time tumour targeting (maybe including MRI-mpUS fusion) and safe
real-time ablation zone monitoring using ultrasound contrast.
An interesting future perspective of contrast ultrasound is molecular imaging
through targeted microbubbles (29). Current ultrasound contrast agents are gas-filled
phospholipid microbubbles that remain intravascular for several minutes and are highly
visible with ultrasound (29). Targeted microbubbles have been created that incorporate
antibodies in their shell that attach selectively to molecules that are overexpressed in
tumours (29). The first phase 0 trial in humans with PCa using vascular endothelial
growth factor 2-targeted microbubbles has demonstrated feasibility and a good safety
profile (30). The accumulation of targeted microbubbles within the vasculature of
the tumour through selective binding holds potential not only for improved PCa
detection, but also for therapeutics (31). Microbubbles oscillate when insonofied at
certain frequencies. Microbubbles oscillating close to the vascular endothelium cause
transient pore formation, which facilitates drug uptake in the tissues. Through this
mechanism, enhanced drug delivery selectively to the diseased tissue can be achieved by
aiming ultrasound pulses at the tumour after co-administration of systemic drugs and
(targeted) microbubbles (31). The prospect is to deliver a higher dose to the tumour
with a lower systemic dose and, therefore, lower systemic side effects. Site-specific
drug delivery might be further enhanced by putting the therapeutic agent inside the
(targeted) microbubbles and destroying the bubbles at the delivery site with a strong
acoustic pulse. This technique has been demonstrated in animal models and anecdotally
in case reports regarding hepatic and pancreatic cancer (31, 32).
Artificial Intelligence (AI), especially deep learning is currently highly anticipated for
use in medical imaging. Investment in companies developing AI-based medical imaging
solutions was 580 million USD in 2018, more than double the amount in 2017 (33).
The current interest is sparked by improvements in computational power, the rise of big
data in general and the development of advanced neural network architectures (34). An
artificial neural network consists of information-processing nodes analogous to neurons,
structured in layers: the input layer, several layers of hidden nodes, and finally an output
layer (Figure 1). The number and function of the hidden layers vary between different
neural network types. Key to the development of the neural network is that the weight
and function of the hidden layers is adjusted by training the algorithm with data, so
that the output becomes increasingly more accurate (26, 34). Convolutional Neural
Networks (CNN’s) resemble how the human brain processes visual information and
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seem the most promising for medical image analysis (26, 34). AI can aid in a number of
tasks relevant to prostate imaging, including: segmentation, biopsy target delineation,
identification of yet-unknown suspicious imaging features, and image classification or
computer-aided diagnosis (13, 26, 34-36).
For prostate MRI, several groups have compared the results of deep learning analysis
with prostatectomy and biopsy pathology, reporting AUCs between 84-90% (36, 37).
A similar performance between 8 radiologists and a deep learning algorithm has been
demonstrated in an extended systematic + targeted biopsy dataset of 250 patients: 8892% sensitivity and 48-50% specificity (35). These results were achieved in small cohorts,
overfitting and external validity are, therefore, a problem and it remains questionable
whether such results can currently be generalized and prospectively achieved. Most
likely, the first step will be AI pointing out suspicious areas to aid human interpretation
in a similar way that CUDI is currently proposed to aid in the interpretation of prostate
CEUS (38-40).

Hidden layers
Input layer

Output layer

Benign
Low-grade PCa
High-grade PCa

Figure 1. schematic architecture of an artificial neural network classifying imaging data. Information flow is from left to
right. Medical images are presented to the input layer. Features are processed by the hidden layers, each node combining
the result of all previous nodes with varying weights. The output layer finally provides a probabilistic classification, for
instance into benign, low-grade and high-grade PCa (Prostate Cancer).
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Acquiring adequate data for training AI for medical image analysis is a major challenge.
Especially classification tasks, such as tumour identification, require large amounts of
annotated data (34). For the prostate this means hundreds, if not thousands of images
with accurately matched pathology results. These training sets should represent the full
complexity of imaging encountered in clinical practice: anatomical variation, noise and
artefacts, varying scanner manufacturers and types, varying acquisition protocols etc.
The databanks required for the development of powerful deep learning algorithms for
PCa detection will, therefore, most likely be dependent on large-scale collaboration
between industry, clinicians and research institutions.
Although microbubble theranostics and automated PCa image interpretation may seem
futuristic, the transition to image guided PCa diagnosis and therapy is happening now.
Undoubtedly the future of PCa care will become increasingly based on the improving
imaging abilities to detect, localize and monitor tumours, and precisely direct a biopsy
or ablative energy. The urologic community dedicated to providing this refined PCa care
that patients deserve will have to embrace the technology and be at the forefront of its
further development.
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Summary
Prostate Cancer (PCa) is the most common non-cutaneous malignancy in western men,
yet traditional PCa diagnostics and therapies treat PCa as if it were invisible. Systematic
biopsies mainly use ultrasound to guide the needle to different prostate regions, and
sparsely for tumour detection. When PCa is found, traditionally the whole gland is
treated irrespective of tumour spread within the prostate. This landscape is changing
due to the rise of multiparametric Magnetic Resonance Imaging (mpMRI) which allows
good, but not perfect PCa visualization.
Several developments are also taking place in prostate ultrasound. Contrast Enhanced
Ultrasound (CEUS) and ultrasound elastography allow visualization of the altered
vascularization and tissue stiffness associated with PCa, respectively. Chapter 2
describes the technology, applications and performance of these ultrasound modalities.
Furthermore, it describes computer-aided quantitative analysis of ultrasound imaging
and the developments in combining the ultrasound modalities into multiparametric
UltraSound (mpUS).
Prostate biopsies remain useful for PCa imaging validation; one of the main goals of
PCa imaging research is to develop an imaging-targeted biopsy pathway to overcome the
limitations of systematic biopsies (missing and undergrading clinically significant PCa
(csPCa), while unnecessarily detecting insignificant PCa). Chapter 3 describes a study in
which CEUS, with and without quantitative analysis, was compared with biopsy results
of 82 men. With quantitative analysis 73% of biopsy locations were unsuspicious, 5.6%
of which in fact contained a csPCa focus. On the per-patient level, a sensitivity and
specificity of 91% and 56% for csPCa detection was reached, respectively. Chapter 4
describes a study protocol in which the csPCa detection rate of three biopsy strategies are
compared in the same men: 1) CEUS and quantitative Contrast Ultrasound Dispersion
Imaging (CUDI)-targeted biopsy cores, 2) MRI-targeted biopsies and 3) systematic
biopsies. This study has since been completed showing a per-patient csPCa detection
rate of 39%, 29% and 28% for systematic, MRI-targeted and CEUS/CUDI targeted
biopsies, respectively.
Besides biopsies, radical prostatectomy specimens provide an excellent ground truth
for PCa imaging development since it provides more complete information on tumour
presence, aggressiveness, size and spread. Correlating pre-operative MRI or ultrasound
imaging to post-operative pathology results is difficult due to shrinking, deformation and
plane selection and angulation issues. Chapter 5 describes a method to match imaging
and pathology by surface-based registration, or ‘fusion’ of 3D models of both imaging
and pathology. It leads to automated and, therefore, user-independent matching with an
error margin within the range of a pathology slice thickness (4mm).
The abovementioned quantitative analysis works by extracting parameters from the
ultrasound recordings that may be invisible to the naked-eye. These parameters can then
be combined into a classification algorithm (suspicious vs non-suspicious). In Chapter 6,
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various contrast perfusion and dispersion related parameters were extracted from the preoperative CEUS recordings of 19 patients, and matched with prostatectomy specimens.
Machine learning analysis led to the identification of an optimal combination of
parameters that best predicted pixel-based PCa presence. By excluding pixels based on a
measure of confidence of classification, a negative predictive value of 90% was reached
without discarding a single prostate region.
In chapter 7, 5 observers rated the pre-operative CEUS and CUDI images of 133
patients scheduled for prostatectomy. The results were compared with the prostatectomy
specimens using the abovementioned 3D-registration method. Results show a moderate
sensitivity and specificity with an average area under the receiver operator characteristiccurve of 0.78 to detect csPCa. CUDI performed similarly to CEUS despite consisting
of only a single colour-coded map instead of a video.
Alongside improving imaging abilities, focal therapy (FT) has emerged as a new
high-interest field of PCa therapy. Focal therapy aims to minimize treatment sideeffects associated with traditional whole-gland treatments (e.g. erectile dysfunction,
incontinence, urinary and bowel urgency) by ablating only the areas of the prostate that
contain (significant) PCa. Imaging is thus required for tumour localization, treatment
guidance and follow-up. Chapter 8 describes a Delphi consensus project in which
leaders in FT research joined to establish standardized definitions for FT research. This
will help the field obtain comparable and poolable data, which is important in a rapidly
evolving field with many new technologies under development.
Irreversible electroporation (IRE) is one of the new FT technologies. During IRE,
electrical current running between strategically placed needles kills prostate (cancer)
cells by creating pores in the cell membrane. Chapter 9 provides a description of imaging
findings (CEUS and MRI) following IRE. Most importantly, it describes the relation
between the ablation zone on imaging and post-IRE radical prostatectomy pathology.
Future research on ultrasound imaging will have to focus on further developing and
optimally integrating the different ultrasound modalities. Such mpUS should preferably
be in 3D, allowing fast whole gland scanning instead of the current plane-per-plane
acquisition process. Acquisition, interpretation and reporting should be easy and
standardized. Artificial Intelligence is currently a hot-topic within medical imaging
and it can play a role in many of the challenges along the path of developing mpUS.
For instance, machine learning can aid in parameter identification, integration and
interpretation of images. Large trials with accurate imaging to pathology matching and
industry support are necessary to take these steps. Only then can mpUS become a viable
tool for detection and localization of PCa. Either stand-alone, or besides MRI during
for instance MR-mpUS fusion biopsies or FT procedures. Here, the inherent advantages
of ultrasound (quick, cost-effective, portable, compatible with ferromagnetic biopsy/FT
equipment) could make a real difference.
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Nederlandse Samenvatting
Prostaatkanker (PCa) is de meest voorkomende niet-cutane maligniteit bij westerse
mannen. Wij gaan er bij traditionele diagnostiek en behandelingen van prostaatkanker
van uit dat prostaattumoren onzichtbaar zijn voor medische beeldvorming. Bij
systematische biopsieën gebruiken wij echografie met name om de naald naar bepaalde
prostaatregio’s te geleiden en weinig tot niet voor tumor detectie. Wanneer prostaatkanker
wordt gevonden, wordt traditioneel de hele prostaat behandeld, ongeacht waar de tumor
zich binnen de prostaat bevindt. Dit landschap is aan het veranderen door de opkomst
van multiparametrisch Magnetic Resonance Imaging (mpMRI). Deze maakt nu een
goede, maar niet perfecte visualisatie van prostaatkanker mogelijk.
Op het gebied van prostaatechografie vinden er ook verschillende ontwikkelingen plaats.
Contrast versterkte echografie (Contrast Enhanced Ultrasound-CEUS) en elastografie
maken verschillende eigenschappen van prostaattumoren zichtbaar: de veranderde
vascularisatie en de veranderde weefselstijfheid. Hoofdstuk 2 beschrijft de werking, het
gebruik en de prestaties van deze nieuwe echotechnieken. Daarnaast beschrijft het hoe
computer-geassisteerde kwantitatieve analyse kan helpen bij de interpretatie en integratie
van de verschillende nieuwe echotechnieken, om zo multiparameter echografie (mpUS)
te vormen.
Prostaatbiopten worden vaak gebruikt als gouden standaard in onderzoek naar
beeldvorming bij prostaatkanker. Eén van de hoofddoelen van dit onderzoek is het
ontwikkelen van een gerichte biopsie methode, om zo de beperkingen en complicaties
van systematische biopten te omzeilen (het missen en ondergraderen van significante
prostaatkanker, en het onnodig detecteren van onbeduidende PCa). Hoofdstuk 3
beschrijft een studie waarin CEUS met en zonder kwantitatieve analyse wordt vergeleken
met de biopsieresultaten bij 82 mannen. Met gebruik van de kwantitatieve analyse was
73% van de biopsielocaties niet-suspect, 5,6% bevatte toch significante prostaatkanker.
In de per-patiënt analyse werd een sensitiviteit en specificiteit van respectievelijk
91% en 56% voor de detectie van significant prostaatkanker bereikt. Hoofdstuk
4 beschrijft vervolgens een studieprotocol waarbij binnen één groep patiënten, de
prostaatkankerdetectie van 3 biopsie strategieën wordt vergeleken: 1) CEUS en Contrast
Ultrasound Dispersion Imaging (CUDI)-gerichte biopten, 2) MRI-gerichte biopten en
3) systematische biopten. Deze studie is inmiddels uitgevoerd en laat een per-patiënt
significant prostaatkankerdetectie van 39%, 29% en 28% zien, voor respectievelijk
systematische biopten, MRI-gerichte biopten en CEUS/CUDI-gerichte biopten.
Studies die prostatectomie preparaten gebruiken als gouden standaard zijn onontbeerlijk
voor de ontwikkeling van prostaatkanker beeldvorming, omdat het meer complete
informatie geeft over de aanwezigheid, agressiviteit en verspreiding van tumoren binnen
de prostaat. Het correleren van preoperatieve MRI of echografie met postoperatieve
pathologieresultaten is moeilijk. Dit komt doordat het prepraat krimpt tijdens fixatie,
vervorming door de echosonde, arbitraire selectie van het juiste vlak binnen de prostaat
en wisselende oriëntatie van de vlakken op beeldvorming en bij de pathologie. Hoofdstuk
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5 beschrijft een methode om beeldvorming en pathologie te correleren door middel van
registratie, of ‘fusie’ van 3D modellen van zowel de beeldvorming als de pathologie. Dit
maakt geautomatiseerde en daarmee gebruikersonafhankelijke correlatie mogelijk met
een foutmarge in de orde van grootte van de gebruikelijke plakdikte van de pathologie
(4 mm).
Bij kwantitatieve analyse worden (met het blote oog niet-zichtbare) parameters uit
de echografieopnames geëxtraheerd. Deze kunnen worden gecombineerd voor een
classificatie-algoritme dat prostaatregio’s indeelt in verdacht of niet-verdacht. In
hoofdstuk 6 worden verschillende perfusie- en dispersie gerelateerde parameters uit
preoperatieve CEUS-opnames van 19 patiënten geëxtraheerd en vergeleken met
prostatectomie preparaten. Door middel van machine learning wordt de optimale
combinatie van parameters geïdentificeerd die per pixel het best de aanwezigheid van
prostaatkanker kan voorspellen. Door alleen pixels mee te nemen in de analyse, die met
een bepaalde mate van zekerheid geclassificeerd kunnen worden, wordt een negatief
voorspellende waarde van 90% bereikt. Ondanks de exclusie van onzekere pixels valt
hierbij geen enkele prostaatregio buiten de analyse.
In Hoofdstuk 7 beoordelen 5 waarnemers de preoperatieve CEUS- en multiparameter
CUDI-beelden van 133 patiënten die gepland stonden voor radicale prostatectomie. De
interpretaties van de beelden worden vergeleken met de prostatectomie preparaten met
behulp van de eerdergenoemde 3D-registratiemethode. De resultaten tonen een redelijke
sensitiviteit en specificiteit met een gemiddelde oppervlakte onder de ‘receiver operator
characteristic’-curve van 0,78 voor de detectie van klinisch significante prostaatkanker.
Met CUDI worden vergelijkbare resultaten behaald als met CEUS, ondanks dat CUDI
uit een enkel kleur-gecodeerd kaartje van de prostaat bestaat in plaats van een video.
Met het verbeteren van de beeldvormingsmogelijkheden heeft focale therapie (FT) zich
ontwikkeld tot een nieuw hot-topic binnen onderzoek naar prostaatkankerbehandelingen.
Focale therapie is gericht op het minimaliseren van de bijwerkingen die horen bij de
traditionele behandelingen van de gehele prostaat (bijv. erectiestoornissen, incontinentie,
loze aandrang voor urine en ontlasting), door alleen dat gebied van de prostaat te
behandelen waar de (significante) tumor zich bevindt. Beeldvorming is hierbij dus vereist
voor tumorlokalisatie, geleiding tijdens de behandelprocedure en follow-up. Hoofdstuk
8 beschrijft een Delphi consensusproject waarin experts binnen het FT-onderzoeksveld
gezamenlijk gestandaardiseerde definities hebben opgesteld om te gebruiken binnen FTonderzoek. Dit helpt om goed vergelijkbare data te verkrijgen welke samengevoegd kan
worden in grotere databases, hetgeen erg belangrijk is in een dergelijk snel evoluerend
veld, waarin zoveel verschillende nieuwe technologieën in ontwikkeling zijn.
‘Irreversible Electroporation’ (IRE) is één van die nieuwe focale behandelmethoden.
Tussen strategisch geplaatste naalden loopt hierbij een electrische stroom die gaatjes in
de celmembraan van prostaat(kanker)cellen veroorzaakt. Hierdoor gaan deze cellen ten
gronde. Hoofdstuk 9 geeft een beschrijving van bevindingen met beeldvorming (CEUS
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en MRI) na IRE-behandelingen. De patiënten in deze studie ondergingen enkele weken
na de IRE-behandeling ook een prostatectomie. Zo kon de relatie tussen de grootte van
de ablatiezone op de beeldvorming na IRE, en de werkelijke grootte zoals gemeten op
het prostatectomie preparaat onderzocht worden.
Toekomstig onderzoek naar prostaatechografie zal zich moeten richten op de verdere
ontwikkeling en optimale integratie van de verschillende echotechnieken. MpUS moet
bij voorkeur in 3D zijn. Dit maakt het mogelijk om in korte tijd de hele prostaat te
scannen, in tegenstelling tot de huidige 2D vlak-voor-vlak methode. Het opnemen van
de beelden, de interpretatie en rapportage moeten eenvoudig en gestandaardiseerd zijn.
Artificial Intelligence is een hot-topic binnen medische beeldvorming en het kan ook
een rol spelen in de verschillende stappen in de ontwikkeling van een mpUS. Machine
learning kan, onder andere, helpen bij het identificeren en integreren van de beste
parameters en de interpretatie van de beelden. Grote studies met accurate pathologiebeeldvorming correlatie en ondersteuning vanuit de industrie zijn voor die ontwikkeling
noodzakelijk. Alleen dan kan mpUS een levensvatbaar hulpmiddel worden voor detectie
en lokalisatie van PCa. Op zichzelf, of naast MRI tijdens bijvoorbeeld MR-mpUS
fusiebiopten of FT-procedures. Hierbij kunnen de inherente voordelen van echografie
(snel, kosteneffectief, makkelijk verplaatsbaar, compatibel met ferromagnetische biopsie/
FT-apparatuur) een belangrijk verschil maken.
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AMC Graduate School Portfolio
Presentations

Year

ECTS

The 20th European symposium on Contrast Ultrasound Imaging 2015, Rotterdam
(extended poster presentation): Contrast Enhanced Ultrasound Parametric Imaging for the
detection of Prostate Cancer.
TV appearance: Omroep Max-Tijd voor meldpunt (Live TV 23-1-2015): Nieuwe methode
voor diagnose prostaatkanker.
Engineering and Urology Society 2015, New-Orleans (poster presentation): 3D TRUS
Reconstruction Based on Perpendicular 2D Sweep Videos.
Engineering and Urology Society 2015, New-Orleans (poster presentation): Feasibility of
transabdominal dynamic contrast-enhanced ultrasound imaging of the prostate
AUA 2015, New-Orleans (poster presentation): Contrast Enhanced Ultrasound Parametric
Imaging for the detection of Prostate Cancer.
Focal Therapy and Imaging 2015, Noordwijk (invited speaker): What is the value of mpUS?
Focal Therapy and Imaging 2015, Noordwijk (leading Delphi-consensus meeting):
Standardization of definitions in Focal Therapy
European Section of Urological Imaging 2015, Barcelona (invited speaker): Do we need
PIRADS for Multiparametric Ultrasound?
EAU 2016, München (poster presentation): Standardization of Definitions in Focal Therapy
for Prostate Cancer: a Delphi consensus project
AMC-VUmc reference sessions: 22-11-16:
Can Multiparametric Ultrasound become a useful tool for the urologist?
European Section of Urological Imaging 2016, Milan (invited speaker): Multiparametric
Ultrasound: what holds us back?

2015

0.5

2015

0.5

2015

0.5

2015

0.5

2015

0.5

2015
2015

0.5
0.5

2015

0.5

2016

0.5

2016

0.5

2016

0.5

Attended (inter)national conferences, seminars, masterclasses
European Association of Urology Annual Congress, Stockholm 2014
20th European Symposium on Ultrasound Contrast Imaging, Rotterdam 2015
European Association of Urology Annual Congress, Madrid 2015
Annual meeting of the American Urological Association, New Orleans 2015
Engineering and Urology Society 2015 New Orleans
8th symposium on Focal Therapy and Imaging, Noordwijk 2015 (faculty member)
Mirrors of Medicine: Prostate Cancer, Amsterdam 2015
Annual Meeting of the Radiological Society of North America, Chicago 2015
European Section of Urological Imaging, Barcelona 2015 (faculty member)
Regional Prostate Cancer Discussion 2016, Amsterdam 2016
Meet the expert – dr. Eleni Efstathiou, Amsterdam 2016
European Association of Urology Annual Congress, München 2016
Nederlandse Vereniging voor Urologie voorjaarsveradering 2016
36th Congress of the Société Internationale d’Urologie, Buenos Aires 2016
European Section of Urological Imaging, Milan 2016 (faculty member)
Multidisciplinary European Meeting on Urological Cancers, Milan 2016
22nd European Symposium on Ultrasound Contrast Imaging, Rotterdam 2017
17th-19th EAU Review, Zeist The Netherlands
AMC and VUmc Reference Sessions
AMC Urology department Journal Club

Year
2014
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016
2016
2016
2017
2014-16
2014-16
2014-16

ECTS
1.25
0.25
1.25
1.0
0.25
0.5
0.1
1.0
0.25
0.1
0.1
1.25
0.5
1.0
0.25
0.75
0.5
0.3
1.2
1.0
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Graduate School Courses
AMC graduate school: BROK (Basiscursus Regelgeving Klinisch Onderzoek)
AMC graduate school: The AMC World of Science
AMC graduate school: Entrepreneurship in Health and Life Sciences
AMC graduate school: Practical Biostatistics
EAU Course: Prostate biopsies

Year
2014
2015
2014
2016
2014

ECTS
0.9
0.7
1.5
1.1
0.1

Other
Medical Business Masterclass, organizing committee
Board member AMC PhD organization “APROVE”
Guideline panel member - World Federation of Ultrasound in Medicine and Biology –
Guidelines on Prostate Elastography
Reviewer Engineering and Urology Society 2015, New Orleans – Best reviewer award
The 7th Annual PhD Science Night: Science to Success: how to stand out from the crowd
Reviewer for European Radiology, BMC Urology, British Radiology, World Journal of
Urology

Year
2014
2015 - 16
2015
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4
1
1

2015
2016
2015-17

0.5
2
0.5
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Multiparametric Dynamic Contrast-Enhanced Ultrasound Classification of Prostate
Cancer.
Wildeboer R, Postema A, Demi L, Kuenen M, Wijkstra H, Mischi M. Eur
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Contrast-enhanced Ultrasound Angiogenesis Imaging by Mutual Information Analysis
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Irreversible electroporation for the treatment of localized prostate cancer: a summary
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Scheltema MJV, Postema AW, Buijs M, Engelbrecht M, De Bruijn DM, De
Reijke TM, Laguna-Pes MP, De la Rosette JJMCH. Diagn Interv Radiol.
2017;23(5):365-370

•

Use of Contrast-Enhanced Ultrasound in the Assessment of Uterine Fibroids: A
Feasibility Study.
Stoelinga B, Dooper AMC, Juffermans LJM, Postema AW, Wijkstra H,
Brölmann HAM, Huirne JAF. Ultrasound Med Biol. 2018;44(8):1901-1909.

•

Accurate validation of ultrasound imaging of prostate cancer: a review of challenges in
registration of imaging and histopathology.
Wildeboer RR, van Sloun RJG, Postema AW, Mannaerts CK, Gayet M, Beerlage
HP, Wijkstra H, Mischi M. J Ultrasound. 2018;21(3):197-207.

•

Contrast-enhanced ultrasound tractography for 3D vascular imaging of the prostate.
Van Sloun RJG, Demi L, Schalk SG, Caresio C, Mannaerts C, Postema AW,
Molinari F, van der Linden HC, Huang P, Wijkstra H, Mischi M. Sci Rep.
2018;8(1):14640.
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•

Multiparametric ultrasound: evaluation of greyscale, shear wave elastography and
contrast-enhanced ultrasound for prostate cancer detection and localization in
correlation to radical prostatectomy specimens.
Mannaerts CK, Wildeboer RR, Postema AW, Hagemann J, Budäus L, Tilki D,
Mischi M, Wijkstra H, Salomon G. BMC Urol. 2018 Nov 8;18(1):98

•

Deep Learning for Real-time, Automatic, and Scanner-adapted Prostate (Zone)
Segmentation of Transrectal Ultrasound, for Example, Magnetic Resonance Imagingtransrectal Ultrasound Fusion Prostate Biopsy.
Van Sloun RJG, Wildeboer RR, Mannaerts CK, Postema AW, Gayet M, Beerlage
HP, Salomon G, Wijkstra H, Mischi M. Eur Urol Focus. 2019 Apr 23. [Epub
ahead of print]

•

Multiparametric Ultrasound for Prostate Cancer Detection and Localization:
Correlation of B-mode, Shear Wave Elastography and Contrast Enhanced Ultrasound
with Radical Prostatectomy Specimens.
Mannaerts CK, Wildeboer RR, Remmers S, van Kollenburg RAA, Kajtazovic
A, Hagemann J, Postema AW, van Sloun RJG, Roobol M, Tilki D, Mischi M,
Wijkstra H, Salomon G. J Urol. 2019;202(6):1166-73

•

Detection of clinically significant prostate cancer in biopsy-naïve men: direct
comparison of systematic biopsy, multiparametric MRI- and contrast ultrasound
dispersion imaging-targeted biopsy.
Mannaerts CK, Engelbrecht MRW, Postema AW, van Kollenburg RAA, Hoeks
CMA, Savci-Heijink CD, van Sloun RJG, Wildeboer RR, de Reijke TM, Mischi
M, Wijkstra H. BJUI Int. 2020 Apr 21. [Epub ahead of print]

•

Contrast Enhanced Ultrasound with dispersion analysis for the localization of prostate
cancer – correlation with radical prostatectomy specimens
Postema AW, Gayet M, van Sloun RJG, Wildeboer RR, Mannaerts CKM, SavciHeijink CD, Schalk SG, Kajtazovic A, van der Poel H, Mulders PFA, Beerlage
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Book chapters
•
Contrast-Enhanced Ultrasound (CEUS) and Elastographic imaging
Idzenga T, Truong H, Wijkstra H, Postema AW, Mischi M, De la Rosette
JJMCH, Trabulsi EJ. In: Rastinehad AR, Siegel DN, Pinto PA, Wood BJ, editors.
Interventional Urology. Cham, Switzerland: Springer International Publishing;
2016. p. 125-38
•

Technical aspects of TransRectal UltraSound (TRUS)
Idzenga T, Postema AW, De la Rosette JJMCH, Wijkstra H. In: Sanchez-Salas
R, Desai M, editors Image Guided Therapies for Prostate and Kidney Cancers.
Montréal, Canada: Société International d’Urologie; 2016. p.89-95

•

Contrast Enhanced TRUS
Postema AW, Idzenga T, de la Rosette JJMCH, Wijkstra H. In: Sanchez-Salas
R, Desai M, editors Image Guided Therapies for Prostate and Kidney Cancers.
Montréal, Canada: Société International d’Urologie; 2016. p. 95-100

•

Ultrasound of the Prostate
Pieters BR, Schalk SG, Postema AW, Wijkstra H. In: Song WY, Tanderup K,
Pieters BR, editors. Emerging Technologies in Brachytherapy. Abingdon, UK:
Taylor and Francis Inc.; 2017. p. 213-232

•

Multiparametric Transrectal Ultrasound Biopsy
Postema AW, Walz J, De la Rosette JJMCH, Wijkstra H. In: Polascik TJ, editor.
Imaging and Focal Therapy of Early Prostate Cancer, 2nd ed. Cham, Switzerland:
Springer International Publishing; 2017. p. 251-263

•

Determining Focal Therapy Failure and Salvage Options
De Reijke TM, Postema AW, Jones JS. In: Polascik TJ, editor. Imaging and
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Abstracts and presentations (first author/presenter only)
•
The 20th European symposium on Contrast Ultrasound Imaging 2015, Rotterdam
(extended poster presentation): Contrast Enhanced Ultrasound Parametric Imaging
for the detection of Prostate Cancer.
Postema AW, Frinking PJA, Smeenge M, De Reijke TM, De la Rosette JJMCH,
Tranquart F, Wijkstra H.
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Postema AW.
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Parametric Imaging for the detection of Prostate Cancer.
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Tranquart F, Wijkstra H.
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Postema AW.
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Postema AW.
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Focal Therapy for Prostate Cancer: a Delphi consensus project
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JJMCH.

•

ESUI 2016, Milan (presentation): Multiparametric Ultrasound, what holds us
back?
Postema AW.
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