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INTRODUCTION 
Prostate cancer (PCa) is the second leading cause of cancer-
related mortality and the most frequently diagnosed male malig-
nant disease among men in the Nordic countries. Due to the 
introduction of prostate-specific-antigen (PSA) testing there has 
been a dramatic increase in the incidence of newly diagnosed PCa 
over the last 20-30 years. PCa is now detected at earlier stages 
causing stage-migration. The lifetime risk of a man being diag-
nosed with PCa is approx. 17% (one in six), but only 3-4% (one in 
thirty) will die of the disease supporting the fact that the majority 
of men with PCa never develop a clinical significant disease that 
will affect their morbidity or mortality [1]. However, despite 

earlier detection of PCa, the mortality rate in Scandinavia has 
remained virtually unchanged and is one of the highest in the 
world. Thus, the manifestation of PCa ranges from indolent to 
highly aggressive disease. Due to this high variation in PCa pro-
gression, the diagnosis and subsequent treatment planning can 
be challenging. Active surveillance, surgery and radiation therapy 
are standard treatment options for men with localised or locally 
advanced disease. There is seldom just one right treatment choice 
and since surgery and radiation therapy may imply greater side 
effects such as impotence, incontinence and/or radiation damage 
to the bladder or rectum, it is essential to determine the exact 
tumour localisation, aggression and stage for optimal clinical 
management and therapy selection.  

The current diagnostic approach with PSA testing and digital 
rectal examination followed by transrectal ultrasound biopsies 
lacks in both sensitivity and specificity in PCa detection and offers 
limited information about the aggressiveness and stage of the 
cancer. Recent scientific work supports the rapidly growing use of 
multiparametric magnetic resonance imaging (mp-MRI) as the 
most sensitive and specific imaging tool for detection, lesion 
characterisation and staging of PCa. Its use may improve many 
aspects of PCa management, from initial detection of significant 
tumours using mp-MRI-guided biopsies to evaluation of biological 
aggressiveness and accurate staging which can facilitate appro-
priate treatment selection. However, the experience with mp-MRI 
in PCa management in Denmark has been very limited. Therefore, 
we carried out this PhD project based on three original studies to 
evaluate the use of mp-MRI in detection, assessment of biological 
aggression and staging of PCa in a Danish setup with limited 
experience in mp-MRI prostate diagnostics. The aim was to assess 
whether mp-MRI could 1) improve the overall detection rate of 
clinically significant PCa previously missed by transrectal ultra-
sound biopsies, 2) identify patients with extracapsular tumour 
extension and 3) categorize the histopathological aggressiveness 
based on diffusion-weighted imaging. 

BACKGROUND 
Diagnosis of prostate cancer (PCa) 
PCa is suspected by elevated PSA and/or an abnormal digital 
rectal examination (DRE) and the diagnosis is made by transrectal 
ultrasound-guided biopsies (TRUS-bx) [2].  

PSA 
PSA is a natural enzyme that is produced almost exclusively by the 
prostatic epithelial cells and is used as a serum marker for PCa. 
However, PSA is organ-specific, but not cancer-specific, as benign 
conditions such as benign prostatic hypertrophy (BPH), prostatitis 
and other urinary symptoms may cause elevated PSA levels. 

Multiparametric MRI in detection and staging of 
prostate cancer 

Lars Boesen 
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There is no absolute PSA cut-off level that indicates PCa and there 
is no PSA level below which a man is guaranteed not to have PCa, 
although the risk of PCa is associated with higher levels of PSA [3]. 
Traditionally, a threshold level ≥4 ng/ml has been established as 
suspicious of PCa that trigger biopsies. However, at this cut-off 
level only about 1/3 men with elevated levels will in fact have 
cancer and "normal" levels may falsely exclude the presence of 
cancer, supporting the fact that PSA cannot be used to diagnose 
or exclude PCa [4–8]. The PSA level is also used in risk stratifica-
tion of newly diagnosed PCa patients, included into predictive 
staging nomograms and for monitoring treatment response [2].  

Digital rectal examination (DRE) 
DRE is a fundamental part of the clinical examination of the pa-
tient where PCa feels hard and irregular when a tumour is palpa-
ble. The majority (70-75%) of PCa lesions are located in the pe-
ripheral zone and are therefore theoretically palpable over a 
certain size [9]. Still 25% of the tumours are located in the transi-
tional zone, which cannot be reached by DRE due to the anatomi-
cal location. In addition, as PCa is now detected at earlier stages 
and at smaller tumour volumes, the number of palpable tumours 
is strongly reduced. This makes DRE lack in both sensitivity and 
specificity [10–13]. However, suspicious findings at DRE is a pre-
dictor for more pathologically aggressive prostate cancer [14,15] 
and is a strong indicator for performing prostate biopsies, as it 
allows for identification of 18% of men with PCa at "normal" PSA 
levels [15]. DRE is traditionally used for clinical tumour staging (cT 
category), for risk stratification and included into predictive stag-
ing nomograms.  

Transrectal ultrasound (TRUS) and TRUS-bx 
Transrectal ultrasound (TRUS) is the standard imaging modality 
for evaluating the prostate. As gold standard, the diagnosis of PCa 
is made by histological examination of 10-12 TRUS-bx cores from 
standard zones in the prostate [16]. The role of prostate biopsies 
has changed over the past decades from pure cancer detection to 
be an essential part of clinical management. TRUS is ideal for 
determining prostate gland volume and guiding the biopsy nee-
dle, but lacks in both sensitivity and specificity for detection and 
staging of PCa [16,17]. Most PCa lesions, if visualised on TRUS, 
appear hypo-echoic compared to the normal peripheral zone. 
However, PCa lesions are often difficult to see, as more than 40-
50% of the cancerous lesions are iso-echoic [17,18] and cannot be 
identified. In addition, evaluation of the transitional zone on TRUS 
is very limited due to the heterogenic appearance often caused 
by BPH making detection of anteriorly located tumours particu-
larly difficult. Therefore, there is a high risk that a tumour is either 
being missed or the most aggressive part of the tumour is not hit 
by the systematic standard biopsies (Figure 1a+b). This may lead 
to either repeated biopsies (re-biopsy) or an incorrect Gleason 
score (GS) and risk stratification. Conversely, multiple biopsies 
may hit a small clinically insignificant PCa micro-focus by chance 
and contribute to over-detection and increase the risk of over-
treatment (Figure 1c). 

Figure 1: Standard TRUS-bx is a) missing a significant tumour (dark red area), b) 

missing the most aggressive part of the tumour (dark red area) and c) an insignificant 
tumour (pink area) is hit by chance by the systematic biopsies. 

Patients with persistent suspicion of PCa after TRUS-bx with nega-
tive findings pose a significant clinical problem due to the high 
false-negative rates of 20-30% [7,19–21]. This means that up to 
30% of the patients with a normal TRUS-bx will in fact have can-
cer. To overcome this, patients with negative TRUS-bx often 
undergo several repeated biopsy procedures that will increase 
both biopsy-related costs and may contribute to increased anxi-
ety and morbidity (e.g. infectious complications) among patients. 
Furthermore, multiple biopsies can cause inflammation and scar 
tissue that may hamper and complicate any subsequent surgical 
intervention if PCa is diagnosed. The detection rate at first TRUS 
re-biopsy is 10-22% [7,22] depending on the initial biopsy tech-
nique with decreasing rates at repeated procedures. Still a signifi-
cant number of cancers are missed [20]. In order to increase the 
detection rate by TRUS-bx and to overcome the absence of target 
identification, some groups have extended the number of cores 
[23] and others are moving towards saturation biopsy techniques 
[24]. This approach may lead to an increased overall detection 
rate, but it may also increase the risk of detecting small insignifi-
cant well-differentiated tumours that potentially lead to unneces-
sary treatment [19,25,26]. The limitations of TRUS-bx have led to
an intense need for an image modality that can improve the 
detection rate of clinically significant PCa without increasing the 
number of diagnosed insignificant tumours and optimally de-
crease the number of unnecessary biopsy sessions and cores. The 
prostate now remains the only solid organ where the diagnosis is 
made by “blind” biopsies scattered throughout the organ.

Grading PCa using Gleason score (GS) 
The histopathological aggressiveness of PCa is graded by the GS 
[27,28]. The cancerous tissue is graded on a scale from 1-5 ac-
cording to the histopathological arrangement and appearance of 
the cancerous cells. This discrepancy between the normal and 
cancerous tissue reflects the aggressiveness of the cancer (Figure 
2). 

Figure 2: The modified Gleason grading system currently used for histopathological 

grading [29]. In lower Gleason grade 1 and 2, the cancerous tissue closely resembles 

normal prostatic tissue and the disparity increases with higher Gleason grades. 

(Reprinted with permission from the publisher). 

As more than one class of Gleason grade can be present in the 
biopsy tissue, a composite GS (ranging from 2-10) combining ‘the 
dominant’ and ‘the highest grade’ is assigned. A Gleason grade ≥3 
or a GS ≥6 is the cellular pattern most often used as the distinc-
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tion of cancerous tissue. The GS assigned after radical prostatec-
tomy differs as it is the sum of ‘the most dominant’ and ‘the 
second most dominant’ Gleason grade. The GS is strongly related 
to the clinical behaviour of the tumour and is a prognostic factor 
for treatment response. High GS implies increased tumour ag-
gressiveness and increased risk of local and distant tumour spread 
with a worse prognosis [30–32]. Thus, it has been proposed to 
divide the GS into risk groups according to the risk of progression 
and metastasis [33]. However, the pre-therapeutic risk assess-
ment of a patient with newly diagnosed PCa is based on the GS 
from TRUS-bx, which can be inaccurate due to sampling error, 
confirmed by the fact that the GS is upgraded in every third pa-
tient following radical prostatectomy [34]. Incorrect GS at biopsy 
may lead to incorrect risk stratification and possible over- or 
under-treatment. Furthermore, the reporting of GS has changed 
over time with broadening of the Gleason grade 4 criteria [35] in 
order to improve the correlation between biopsy and radical 
prostatectomy Gleason scores and to better stratify patients to 
predict clinical outcomes. This has resulted in a significant up-
grade of tumour GS and made it difficult to compare pathological 
data over time.  

Clinical staging of PCa 
Clinical staging of PCa is based on the TNM classification [36]. The 
clinical tumour (cT) stage is based on 4 main categories (cT1-T4) 
with subgroups, describing the local extent of the tumour (Figure 
3).  

Figure 3: Clinical staging of PCa (cT1-T4) with subgroups.  
(Source: http://www.prostatecancercentre.com/whatis.html). 

The prognosis and treatment selection of PCa is strongly related 
to cT stage at diagnosis. Especially, the distinction between local-
ised (cT1-cT2) PCa and locally advanced disease (cT3-cT4) is es-
sential when planning treatment strategies. DRE and TRUS are 
traditionally used for clinical staging of PCa. However, as DRE and 
TRUS lack in both sensitivity and specificity and often underesti-
mate the size and stage of the cancer [16], the prediction of extra 
prostatic tumour extension (EPE) has low accuracy [37,38]. PSA 
also has limited accuracy in PCa staging as there is a significant 
overlap between PSA levels and tumour stage [39–41]. Neverthe-
less, the clinical results from DRE, TRUS-bx findings (including GS) 
and PSA values are used to stratify patients into risk groups 
(D'Amico)[42,43] (Table 1). 

cT stage Gleason score PSA 

Low risk cT1-T2a ≤6 <10 

Intermediate risk cT2b 7 10-20

High risk ≥cT2c ≥8 >20

Table 1: D'Amico risk groups based on cT stage, Gleason score and PSA. 

The development of nomograms have increased the diagnostic 
accuracy of predicting EPE at final pathology and recurrence after 
prostatectomy [44–46]. However, the results are based on a 
statistical prediction integrating the known intrinsic sampling 
error of TRUS-bx and do not incorporate visual anatomic imaging 
that provides individual information about localisation, side and 
possible level of EPE. 

Overall, PSA, DRE and TRUS-bx have several limitations regarding 
detection (Table 2), lesion characterisation and staging of PCa and 
there is a need for clinicians to base the therapeutic decision on 
more accurate imaging techniques. 

Limitations for PCa detection 

PSA A threshold of 4 ng/ml may miss significant cancer at 
lower values 

Low specificity leading to many unnecessary biopsies 

DRE Low sensitivity as most tumours are non-palpable 

TRUS-bx Low/moderate sensitivity and specificity for PCa 
detection 

Risk of missing significant tumours 

Risk of diagnosing insignificant tumours 

Multiple non-targeted biopsies are required 

Repeated biopsy procedures are necessary 
Increased risk of infectious complications and in-
flammation with multiple biopsies 
Possible sampling error leading to incorrect diagnosis 
of tumour volume, extent and GS 

Under-sampling of the anterior region 

Table 2: Main limitation with the current diagnostic modalities for PCa detection. 

MRI OF THE PROSTATE 
MRI of the prostate is performed on either a 1.5 or 3.0 Tesla MRI 
scanner combined with a pelvic-phased-array coil (PPA-coil) 
placed over the pelvis with or without an endorectal coil (ERC) 
depending on the clinical situation. The use of an ERC can en-
hance image quality, as it is located in the rectum just posterior to 
the prostate gland as well as fixate the prostate during the ex-
amination, which might reduce motion artefacts. However, the 
disadvantages of the ERC are increased scan time, increased costs 
and reduced patient compliance due to the location of the coil in 
the rectum. The additional image quality of the ERC is valuable on 
1.5 T MRI, whereas it is more questionable on 3.0 T. Due to the 
increased spatial resolution (the ability to separate two dense 
structures from each other) and the increased signal-to-noise 
ratio on 3.0 T MRI, the majority of prostatic MRI examinations can 
be performed with acceptable image quality without an ERC. 
Although, studies have shown improved image quality and diag-
nostic performance with an ERC at 3.0 T [47,48], the topic is still 
under debate and several centres reserve the use of an ERC only 
for staging purposes if possible extra-prostatic disease is decisive 
for the treatment plan. The European Society of Urogenital Radi-
ology's (ESUR) MR prostate guidelines states that the use of an 
ERC is optional for detection and preferable for staging at 3.0 T 
MRI [49]. 
The MRI image quality is also depending on patient preparation. 
The administration of an oedema prior to the examination and an 
injection of an intestinal spasmolyticum may diminish rectal 
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peristaltic motion and reduce the intra-luminal air that may cause 
artefacts on MRI.  

Multiparametric MRI (mp-MRI) 
The development of mp-MRI offers new possibilities in detection, 
lesion characterisation and staging of PCa due to its high resolu-
tion and soft-tissue contrast. Published data [49–53] supports the 
rapidly growing use of mp-MRI as the most sensitive and specific 
diagnostic imaging modality for PCa management. Mp-MRI can 
provide information about the morphological, metabolic and 
cellular changes in the prostate as well as characterise tissue 
vascularity and correlate it to tumour aggressiveness (Gleason 
score) [54,55]. 

Multiparametric MRI sequences 
Mp-MRI includes high-resolution anatomical T2-weighted (T2W) 
and T1-weighted (T1W) images in combination with one or more 
functional MRI techniques such as diffusion-weighted imaging 
(DWI) and dynamic contrast enhanced (DCE) imaging  [49]. Proton 
MR-spectroscopic imaging (MRSI) can be used in addition to the 
other MRI techniques and responds to the changes in tissue 
metabolism that typically occurs in PCa. It can be used to distin-
guish cancer from benign tissue [56] and provide information 
about lesion aggressiveness [57]. However, MRSI is technically 
challenging and requires high expertise and longer scan time 
often combined with the use of an ERC, so many centres do not 
incorporate MRSI in their standard protocol. The ESUR MR pros-
tate guidelines do not list MRSI as a requirement for prostate 
examination, which is why it is not included in the mp-MRI proto-
col used in this PhD study.   

T1-weighted imaging (T1W)  
T1W imaging is used in conjunction with T2W imaging to detect 
post-biopsy haemorrhage and to evaluate the contour of the 
prostate and the neurovascular bundles. T1W imaging cannot be 
used to assess the intra-prostatic zonal anatomy due to its low 
spatial resolution. Post-biopsy haemorrhage can mimic PCa on 
T2W imaging, as both cancerous lesions and haemorrhage can 
appear as dark hypo-intense areas. It has been reported to occur 
in 28-95% of patients [58–60]. However, only haemorrhage will 
appear as an area with high signal intensity on T1W imaging and 
can be used to rule out false- positive findings on T2W imaging 
[59] (Figure 4a+b).

Figure 4: Peripheral zone haemorrhage (white arrows) causing a) hypo-intense areas 
on axial T2W imaging and b) high signal intensity on pre-contrast axial T1W imaging. 
T1W coronal imaging with increased field of view (c) reveals an enlarged lymph node 
by the left iliac vessels (thick white arrow).  

It has been shown that the extent of haemorrhage is lower in a 
PCa lesion than in the adjacent benign tissue [58] and the pres-
ence of "the excluded haemorrhage sign" on T1W imaging in 
conjunction with an area of homogenous low signal intensity on 
T2W imaging is highly accurate for PCa detection [60]. In addition, 
T1W imaging with increased field of view can also be used to 
detect enlarged lymph nodes or signs of metastatic disease in the 
pelvic region (Figure 4c).   

T2-weighted imaging (T2W) 
High-resolution T2W imaging is the cornerstone in every prostate 
MRI. T2W imaging with high spatial resolution provides a good 
overview of the prostatic zonal anatomy and it allows for detec-
tion, localisation and staging of PCa. The peripheral zone often 
appears with high signal intensity due to the high content of 
water in the glandular tissue opposed to the transitional- and 
central zone that often have lower signal intensity (Figure 5). The 
transitional- and central zone is often referred in combination as 
“the central gland”, as the two zones may be difficult to distin-
guish on MRI. However, awareness about the location and ap-
pearance of the central zone is important as its manifestation 
may imitate PCa resulting in a false-positive reading on MRI 
(Figure 5b). However, PCa may rarely occur in the central zone, 
but when it does, it is typically more aggressive [61]. 

Figure 5: Normal prostate anatomy. T2W images show the peripheral zone (PZ) and 
transitional zone (TZ) in the a) axial and c) coronal plane. Axial T2W image at the 
prostatic base (b) shows the central zone (white arrow) as a hypo- intense area 
surrounding the ejaculatory ducts.   

The prostatic capsule appears as a thin fibro-muscular fringe of 
lower signal intensity surrounding the prostate. PCa in the pe-
ripheral zone typically appears as a round or oval area of low 
signal intensity in contrast to the higher signal intensity from the 
homogeneous benign peripheral zone [62,63] (Figure 6). How-
ever, some PCa lesions can be iso-intense on T2W imaging and 
cannot be seen. 

Figure 6: T2W imaging of a PCa lesion in the left peripheral zone (white arrow) on a) 
axial b) sagittal and c) coronal view. (Source [52]. Reprinted with permission from 
the publisher).   

PCa occurring in the transitional zone is not as distinctly outlined 
as it often has lower and mixed signal intensities due to BPH 
nodules that may interfere with interpretation and mimic PCa. An 
area of homogeneous low signal intensity and usually anteriorly 
located with a lenticular shape are features of PCa occurring in 
the transitional zone [64] (Figure 7). 
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Figure 7: Axial T2W image of a PCa lesion in the right anterior part of the prostate 
(white arrow). 

It has been shown that the degree of signal intensity on T2W 
imaging is related to the Gleason score as cancers with a Gleason 
grade 4 or 5 tend to be more hypo-intense than Gleason grade 3 
[65]. Also the growth pattern of the cancer may affect the ap-
pearance where “sparse” tumours with increased intermixed 
benign prostatic tissue appear more like "normal" peripheral zone 
than more dense tumours [66]. Moreover, there are several 
benign conditions in the prostate (e.g. haemorrhage, atrophy, 
BPH, calcifications and prostatitis) that also can appear as an area 
of low signal intensity on T2W imaging causing false-positive 
readings. A meta-analysis reported an overall sensitivity and 
specificity of 0.57-0.62 and 0.74-0.78 for PCa localisation using 
T2W imaging alone [67]. Due to this moderate sensitivity and 
specificity, T2W imaging should be combined with additional 
functional MRI techniques such as DWI and DCE imaging to in-
crease the diagnostic performance. 

PCa staging is accompanied by determination of possible EPE (T3-
T4 disease). T2W imaging is the dominant MRI modality for as-
sessment of extracapsular extension (ECE) and seminal vesicle 
invasion (SVI), where direct signs of ECE can be visualised as 
tumour growth outside the prostatic capsule and into the peri-
prostatic tissue. Secondary, indirect signs of ECE include bulging 
or loss of capsule, neurovascular bundle-thickening, capsular - 
irregularity, thickening or retraction, obliteration of the recto-
prostatic angle and abutment of tumour. Similarly, signs of semi-
nal vesicle invasion (SVI) include expansion of tumour from the 
prostatic base into the SV, with low T2W-signal intensity in the 
lumen, filling in of angle and possible concomitant enhancement 
(DCE imaging) and/or impeded diffusion (DWI) [49,68–71] (Figure 
8) 

Figure 8: T2W imaging of PCa (white arrows) in a) the right peripheral zone with 
direct sign of extracapsular extension and b+c) tumour involvement of the seminal 
vesicles.  

Diffusion-weighted imaging (DWI) 
DWI is a non-invasive functional MRI technique that assesses 
changes in diffusion of water molecules due to microscopic struc-
tural changes. By applying different diffusion-weighted gradients 
(b-values) to the water protons in the tissue, DWI generates 
different signal intensities that quantify the movement of free 
water molecules. Normal prostatic tissue, especially the periph-
eral zone, contains glandular structures where water molecules 
can move freely without restriction. PCa often depletes the glan-
dular structures and contains more tightly packed cells causing 
restricted diffusion. Changes in diffusion are reflected in changes 
in the signal intensity on DWI where areas with restricted diffu-
sion will be bright on DWI. DWI is usually performed with differ-
ent b-values where low b-values (0-100) predominantly represent 

a signal decay caused by the perfusion in the tissue, whereas 
higher b-values represent water movement in the extra- and 
intracellular compartment [72] . The use of DWI provides both 
qualitative and quantitative information about the tissue cellular-
ity and structure that can be used for lesion detection and charac-
terisation. Therefore, a qualitative assessment of an area with 
high signal intensity on high b-value DWI often represents an area 
with restricted diffusion caused by tightly packed cells. The ap-
parent diffusion coefficient (ADC) is calculated based on the signal 
intensity changes of at least two b-values to quantitative asses 
the degree of diffusion restriction. The calculation of ADC is per-
formed using build-in software in the MRI scanner or workstation. 
An ADCmap is generated based on the ADC value in each voxel of 
the prostate. Restriction of diffusion causes a reduction in the 
ADC value and is dark on the ADCmap [72,73]. 
PCa typically has higher cellular density and restricted diffusion 
compared to the surrounding normal tissue. Therefore, PCa le-
sions are often bright on high b-value DWI and dark on the AD-
Cmap with lower ADCtumour values [73–76]. Thus, DWI can help 
in the differentiation between malignant and benign prostatic 
tissue and the use of DWI in the diagnosis of PCa has been proven 
to add sensitivity and especially specificity to T2W imaging alone 
[67,77] (Figure 9). 

Figure 9: DWI of PCa in the left peripheral zone (white arrow) on a) axial b1400 b) 
axial ADCmap corresponding to the same tumour in Figure 6. (Source [52]. Reprinted 
with permission from the publisher). 

Studies have shown an inverse correlation between the mean 
ADCtumour value calculated from the cancerous lesion on the 
ADCmap and the GS [55,78–82] signifying that ADCtumour values 
can be used as a non-invasive marker of tumour aggression. 
Attempts have been made to define specific cut-off values to 
separate malignant from benign tissue and to further differenti-
ate between GS groups. However, due to different study meth-
odologies with different b-values, different MRI equipment and 
field strengths along with patient variability between studies, a 
wide range and inconsistency in mean ADCtumour values have 
been reported [78,80,83,84]. Furthermore, there is a considerable 
overlap between ADC values from malignant and benign tissue 
[85,86] and a wide variability depending on the zonal origin 
[87,88]. Thus, there is no consensus on absolute ADCtumour cut-
off values corresponding to different GS.  

Dynamic contrast enhanced MRI (DCE-MRI) 
DCE-MRI utilises the fact that malignant and benign prostatic 
tissues often have different contrast enhancement profiles. DCE-
MRI analysis is based on changes in the pharmacokinetic features 
of the tissue mainly due to angiogenesis. DCE-MRI consists of a 
series of fast high-temporal (the ability to make fast and accurate 
images in rapid succession) T1W images before, during and after 
a rapid intravenous injection of a gadolinium-based contrast 
agent. The prostatic tissue is generally highly vascularised, making 
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a simple assessment of pre- and post-contrast images inadequate 
for PCa characterisation [89]. PCa often induces angiogenesis and 
increased vascular permeability compared to normal prostatic 
tissue [90,91] resulting in a high and early contrast enhancement 
peak (increased enhancement) followed by a rapid washout of 
the contrast [92–95] (Figure 10).  

Figure 10: DCE-MRI of PCa in the left peripheral zone corresponding to the same 
tumour in Figure 6 + Figure 9. The a) dynamic contrast enhanced T1W image and the 
c) corresponding DCE colour map show early focal contrast enhancement in the 
tumour (red area). b) The dynamic DCE-curve L3 (blue) is a typical malignant curve 
(curve type 3) with a high peak, rapid early enhancement (high wash-in rate) and 
early wash-out. The DCE-curve L4 (yellow) is from a non-malignant region with no
early wash-out (curve type 1). (Source [52]. Reprinted with permission from the 
publisher).

There are several methods to describe the pharmacokinetic fea-
tures in the tissue. Qualitatively by a visual characterisation of the 
enhancement curves, quantitatively by applying complex phar-
macokinetic models to determine the contrast exchange rate 
between different cellular compartments or semi-quantitative by 
calculating various kinetic parameters of the enhancement curves 
- wash-in/wash-out rate, time to peak etc. In addition, various 
post-processing software tools are used to analyse and describe 
the DCE-MRI including overlaid colourised enhancement maps 
that can be used to identify pathological changes and PCa. A 
detailed description of the  analysis of DCE-MRI can be read in the
review by Verma et al.[94].

Previous studies have verified that DCE-MRI in conjunction with 
other MRI modalities can increase the diagnostic accuracy of PCa 
detection [94,96–98] and may even improve the detection of ECE 
[99]. The use of DCE-MRI primarily adds sensitivity to the mp-MRI 
performance and is essential for detection of local recurrence 
[100–104]. However, a recent study by Baur et al. [105] found 
that DCE-MRI did not add significant value to the detection of 
PCa. DCE-MRI lack in specificity as benign conditions, such as 
hyper-vascularised BPH nodules and prostatitis can mimic patho-
logical enhancement patterns [94,106]. Thus, DCE-MRI is best 
analysed in conjunction with other MRI modalities such as T2W 
imaging and DWI to achieve optimum sensitivity and specificity 
for PCa assessment. 

Clinical guidelines and Prostate Imaging Reporting and Data 
System (PIRADS): 
The basic principle of a scoring system for mp-MRI readings is to 
identify abnormal regions and grade each region according to the 
degree of suspicion of PCa based on the appearance on the mp-
MRI. However, prostate mp-MRI interpretation is challenging and 
has a steep learning curve where experienced readers are signifi-
cantly more accurate than non-experienced readers [107–109]. 
The diagnostic accuracy of mp-MRI differs among previously 
published studies [110–113] partly due to different study proto-
cols, diagnostic criteria, MRI equipment and expertise, which 
have led to a debate about mp-MRI’s readiness for routine use 

[114]. Mp-MRI has been criticised for the lack of standardisation 
and a uniform scoring system. Clinical guidelines [49] have there-
fore recently been published to promulgate high-quality mp-MRI 
acquisition and evaluation. The guidelines are based on literature 
evidence and consensus expert opinions from prostate MRI ex-
perts from ESUR and include clinical indications for mp-MRI and a 
structured uniform Prostate Imaging Reporting and Data System 
(PIRADS) to standardise prostatic mp-MRI readings.  
The PIRADS classification is a scoring system for prostate mp-MRI 
similar to the BIRADS for breast imaging. It is based on the five-
point Likert scale and should include 1) a graphic prostate scheme 
with 16-27 regions 2) a separate PIRADS score for each individual 
lesion and 3) a max. diameter measure of the largest lesion. All 
MRI modalities - e.g. T2W, DWI and DCE imaging – are scored 
independently (1-5) on a five-point scale for each suspicious 
lesion within the prostate and the summation of all individual 
scores (ranging 3-15 for 3 modalities) constitute the PIRADS 
summation score. In addition, each lesion is given a final overall 
score (ranging 1-5) according to the probability of clinically signifi-
cant PCa being present (Table 3).  

Score Criteria SI=signal intensity 

T2W imaging for peripheral zone 
1 Uniform high SI 

2 Linear, wedge-shaped or geographic area of low SI, usually not 
well-demarked 

3 Intermediate appearances not in categories 1/2 or 4/5 

4 Discrete, homogeneous low-signal focus/mass confined to the 
prostate 

5 Discrete, homogeneous low SI focus with ECE/invasive behav-
iour or mass effect on the capsule (bulging), or broad (>1.5 cm) 
contact with the surface 

T2W imaging for transitional zone 
1 Heterogeneous transition zone adenoma with well-defined 

margins: “organised chaos” 

2 Areas of more homogeneous low SI, however, well-marginated, 
originating from the transitional zone/BPH 

3 Intermediate appearances not in categories 1/2 or 4/5 

4 Areas of homogeneous low SI, ill defined: “erased charcoal 
drawing sign” 

5 Same as 4, but involving the anterior fibro-muscular stroma 
sometimes extending into the anterior horn of the peripheral 
zone, usually lenticular or water-drop shaped 

Diffusion-weighted imaging  (high b-value images ~ ≥b800) 
1 No reduction in ADC compared to normal glandular tissue. No 

increase in SI on high b-value images 

2 Diffuse hyper SI on high  -value images with low ADC; no focal 
features, linear, triangular or geographical features allowed 

3 Intermediate appearances not in categories 1/2 or 4/5 

4 Focal area(s) of reduced ADC but iso-intense SI on high b-value 
image 

5 Focal area/mass of hyper SI on the high b-value images with 
reduced ADC 

Dynamic contrast enhanced imaging 
1 Type 1 enhancement curve 

2 Type 2 enhancement curve 

3 Type 3 enhancement curve 

+1 Focal enhancing lesion with curve types 2-3 

+1 Asymmetric lesion or lesion at an unusual place 
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Overall final score 
1 Clinically significant disease is highly unlikely to be present 

2 Clinically significant disease is unlikely to be present 

3 Clinically significant disease is equivocal 

4 Clinically significant disease is likely to be present 

5 Clinically significant disease is highly likely to be present 

Table 3: PIRADS classification for T2W, DWI and DCE imaging [49]. Since there is 
considerable different anatomical appearance between the peripheral- and transi-
tional zone on T2W imaging, different PIRADS criteria are applied for the two zones. 
Illustrative examples of the PIRADS criteria for the MRI modalities are seen in 
reference [115,116].  

Extra prostatic tumour extension (EPE)  
In addition to the PIRADS classification, each lesion should also be 
assessed for possible EPE. The ESUR MR prostate guidelines list a 
table of mp-MRI findings with a corresponding risk score stratified 
into different EPE criteria with concomitant tumour characteris-
tics/findings (Table 4). 

Criteria Findings Score 

Extracapsular 
extension 

Abutment 1 

(ECE) Irregularity 3 
Neurovascular bundle thickening 4 
Bulge, loss of capsule 4 
Measurable extracapsular disease 5 

Seminal vesicles Expansion 1 
(SVI) Low T2 signal 2 

Filling in of angle 3 
Enhancement and impeded diffusion 4 

Distal sphincter Adjacent tumour 3 
Effacement of low signal sphincter 
muscle 

3 

Abnormal enhancement extending into 
sphincter 

4 

Bladder neck Adjacent tumour 2 
Loss of low T2 signal in bladder muscle 3 
Abnormal enhancement extending into 
bladder neck 

4 

Table 4: EPE risk scoring of extra prostatic extension [49].

ECE and/or SVI corresponds to locally advanced T3-disease and 
invasion into the bladder neck, external distal sphincter, rectum 
and/or side of the pelvic wall are considered T4-disease, although 
only the first two T4-findings are included in the ESUR EPE risk 
scoring. 
Anatomical T2W imaging is the dominant MRI modality for EPE 
assessment. However, some of the categories (e.g. SVI) also in-
clude findings on functional imaging (enhancement and impeded 
diffusion ~ risk score 4). It is recommended that suspicion of EPE 
should be given an overall score ranging 1-5 according to the 
probability of EPE being present. Therefore, the five-point scale is 
considered a continuum of risk with higher scores corresponding 
to higher risk of EPE. However, not all categories include the total 
scoring range 1-5 and e.g. functional imaging findings are not 
included in the assessment of ECE. Previous studies show that 
functional imaging may improve detection of ECE [99,117,118], 
especially for less experienced readers [108]. Therefore, the 
interpretation and overall impression of possible ECE may be 
influenced by personal opinion when incorporating functional 
imaging finding. 

Overall, the combination of morphological T2W imaging with 
functional sequences in a multiparametric approach, preferably 
on a high-field MRI (e.g. 3T) with or without an endorectal coil 
depending on the clinical situation, has shown that mp-MRI can 
increase the diagnostic accuracy in detection, characterisation 
and staging of PCa  [97,119–123]. Thus, mp-MRI has the ability to 
change the management of PCa [51]. 

OBJECTIVES AND HYPOTHESIS 

The main objective of this PhD study is to investigate the use of 
multiparametric MRI in detection and staging of PCa in a Danish 
setup and to assess if multiparametric MRI can 

- Improve the overall detection rate of clinically significant PCa
previously missed by transrectal ultrasound biopsies 

- Identify patients with extracapsular tumour extension and

- Categorize the histopathological aggressiveness based on diffu-
sion-weighted imaging.

The secondary purpose is to gain experience in the use of multi-
parametric MRI for PCa management in Denmark. This experience 
may form the basis for the future – using multiparametric MRI as 
a diagnostic adjunct in selected patients, as practiced at interna-
tional leading PCa MRI centres. 

This thesis is based on the following hypotheses: 

1. Multiparametric MRI can improve the detection rate of clini-
cally significant PCa in patients with persistent suspicion after
TRUS-bx with negative findings by adding multiparametric MRI-
targeted biopsies towards suspicious lesions.

2. Multiparametric MRI-targeted biopsies allow for a more accu-
rate Gleason grading.

3. Multiparametric MRI is an accurate diagnostic technique in 
determining PCa clinical tumour stage and ECE at final pathology.

4. Multiparametric MRI with diffusion-weighted imaging can be 
used to assess the Gleason score of PCa tumours.

The use of multiparametric MRI in detection of metastasis (lymph 
nodes or bone) and potential recurrence - locally or distant - falls 
outside the scope of this thesis. 

SPECIFIC PART 

This thesis is based on 3 original studies using mp-MRI as a diag-
nostic tool in the detection, assessment of biological aggression 
and staging of PCa. Each study is introduced with introductory 
remarks and described briefly in the following part and in more 
detail in the individual manuscripts in the appendix. 

All studies were approved by the Local Committee for Health 
Research Ethics (No.H-1-2011-066) and the Danish Data Protec-
tion Agency and were conducted as single institutional studies. 
The studies were registered at Clinicaltrials.gov 
(No.NCT01640262). All patients were included prospectively and 
written informed consent was provided. 
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The mp-MRI examination protocol was the same for all patients in 
all three studies using two 3.0 T MRI scanners (Achieva/Ingenia, 
Philips Healthcare, Best, the Netherlands) with a PPA-coil (Philips 
Healthcare, Best, the Netherlands) positioned over the pelvis. If 
tolerated, a 1 mg intramuscular Glucagon (Glucagen®, Novo Nord-
isk, Bagsvaerd, Denmark) injection combined with a 1 mg Hyos-
cinbutylbromid (Buscopan®, Boehringer Ingelheim, Ingelheim am 
Rhein, Germany) intravenous injection were administered to the 
patients to reduce peristaltic motion. Tri-planar T2W images from 
below the prostatic apex to above the seminal vesicles were 
obtained. In addition, axial DWI including 4 b-values (b0, b100, 
b800 and b1400) along with reconstruction of the corresponding 
ADCmap (b-values 100 and 800), together with DCE images be-
fore, during and after intravenous administration of 15 ml gad-
oterate meglumine (Dotarem 279.3 mg/ml, Guerbet, Roissy CDG, 
France) were performed. The contrast agent was administered 
using a power injector (MedRad, Warrendale, Pennsylvania, USA) 
followed by a 20 ml saline flush injection at a flow rate of 2.5 
ml/s. For imaging parameters see Table 5. 

Pulse 
se-
quence 

TR 
(ms) 

TE 
(ms) 

FA 
(°) 

FOV 
(cm) ACQ matrix 

Num-
ber of 
slices 

Thick-
ness 
(mm) 

Axial DWI,  b= 
0,100,800, 1400 
s/mm2  

SE-EPI 
4697 / 
4916 

81 / 
76 

90 18x18 
116x118 / 
116x118 

18/25 4 

Axial T2w  SE-TSE 
3129 / 
4228 

90 90 
16x16 / 
18x18 

248x239 / 
248x239 

20/31 3 

Sagittal T2w  SE-TSE 
3083 / 
4223 

90 90 
16x16 / 
16x20 

248x242 / 
268x326 

20/31 3 

Coronal T2w  SE-TSE 
3361 / 
4510 

90 90 19x19 
252x249 / 
424x423 

20 3 

Coronal T1w  SE-TSE 
675 / 
714 

20 / 
15 

90 
40x48 / 
44x30 

540x589 / 
408x280 

36/41 3.6 / 6 

Axial 3d DCE  
FFE-3d-
TFE 

5.7 / 10 
2.8 / 
5 

12 18x16 
128x111 / 
256x221 

18 4 / 4.5 

SE = spin echo, EPI = echo planar imaging, TSE = turbo spin echo, TFE = turbo field 
echo, FFE = fast field echo, TR = repetition time, TE = echo time, FA = flip angle, ACQ 
matrix = acquisition matrix.  

Table 5 : Sequence parameters for 3.0 Tesla Achieva/Ingenia multiparametric MRI 
with PPA-coil. 

Study I: Early experience with multiparametric magnetic reso-
nance imaging-targeted biopsies under visual transrectal ultra-
sound guidance in patients suspicious for prostate cancer un-
dergoing repeated biopsy 

Introductory remarks 
It is evident that TRUS-bx for PCa detection is prone to sampling 
error [7,19,20], most often caused by the absence of a target 
identification. To overcome the lack in sensitivity and specificity 
for TRUS-bx, patients with prior negative TRUS-bx findings and 
persistent suspicion of PCa frequently undergo several repeated 
biopsy (re-biopsy) procedures, and still a significant number of 
cancers are missed [20]. Similarly, the GS from TRUS-bx can be 
inaccurate, confirmed by the fact that the GS is upgraded in every 
third patient following radical prostatectomy. These limitations in 
TRUS-bx have led to an intense need for a way to improve the 
detection and localisation of clinically significant PCa. As previ-
ously stated, mp-MRI of the prostate seems to have the potential 
to solve the  problem [49–53,124]. Studies show that it is feasible 
to target biopsies towards the most aggressive part of suspicious 
lesions seen on mp-MRI and thereby improve the detection rate 
of clinically significant PCa [125–131] and achieve a more accu-
rate Gleason grading [54,132]. However, mp-MRI has never been 

applied at our institution for PCa detection and for guiding tar-
geted biopsies towards mp-MRI-suspicious lesions prior to this 
study. The patient population and results represent our first initial 
experience with this new technique. 

Aim 
To investigate the detection rate of PCa by mp-MRI-targeted 
biopsies in patients with prior negative TRUS-bx findings without 
preceded experience for this and to evaluate the clinical signifi-
cance of the detected cancers.  

Material and methods 
Patients scheduled for repeated biopsies were prospectively 
enrolled. Inclusion criteria required that all patients had a history 
of negative TRUS-bx findings and a persistent suspicion of PCa 
based on either PSA value, an abnormal DRE or a previous ab-
normal TRUS-image. The exclusion criteria were patients previ-
ously diagnosed with PCa or contraindication to mp-MRI (pace-
maker, magnetic implants, severe claustrophobia, previous 
moderate or severe reaction to gadolinium-based contrast media, 
impaired renal function with GFR<30 ml/min). Mp-MRI was per-
formed prior to the biopsies and analysed for suspicious lesions. 
All identified lesions were registered on a 18-region prostate 
diagram (Figure 11)and scored according to the PIRADS classifica-
tion given a sum of scores (ranging 3-15) [49].  

Figure 11: The prostate is divided into 12 posterior and 6 anterior regions. (Re-
printed with permission from the publisher [133,134]). 

Additionally, each lesion was classified overall on a Likert five-
point scale according to the probability of clinically significant 
malignancy being present. The PIRADS and Likert scores were 
separately divided into 3 risk groups (high, moderate and low) 
according to suspicion of PCa. 
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Initially, all patients underwent repeated standard TRUS-bx (10 
cores) (Figure 12) blinded to any mp-MRI findings.  

Figure 12: Axial and sagittal scheme of our standard ten TRUS-biopsy cores per-
formed with an end-fire probe. The biopsy cores extend approximately 17-20 mm 
from the prostatic rectal surface into the prostate. The biopsies are taken from a) 
base – lateral/medial b) mid-gland – lateral and c) apex – lateral/medial. (Modified 
and reprinted with permission from the publisher [135]). 

The standard biopsies were followed by visual mp-MRI-targeted 
biopsies (mp-MRI-bx) under TRUS-guidance of any mp-MRI-
suspicious lesion considered not to be hit on the systematic TRUS-
bx (Figure 13). 

Figure 13: Mp-MRI (T2W, DWI and DCE imaging) shows a tumour suspicious region 
in the anterior part of the prostate (white arrows) that is considered not to be hit by 
the systematic TRUS-bx. The region is hypo-intense on T2W imaging, dark on the 
ADCmap (ADCtumour value 855 (×10-6mm2/sec)) and bright on the DWI-b1400 
indicating a solid tumour mass. The corresponding DCE colour map shows focal 
enhancement in the region (red area) and the dynamic DCE-curve (P1) is a typical 
malignant (type 3) curve with rapid early enhancement and early wash-out. The DCE-
curve (P2) is from a non-malignant region. The region was classified as high suspicion 
of prostate cancer (PIRADS summation score 5-5-5, overall Likert score 5). 

Main results 
Eighty-three patients with a median of 2(1-5) prior negative TRUS-
bx sessions and median PSA of 11(2-97) underwent mp-MRI be-
fore re-biopsy. PCa was found in 39/83 (47%) patients using 
TRUS- and mp-MRI-bx. There was a total of 156 identified lesions 
ranging from low to highly suspicious giving a median of 2 (0-5) 
per patient. Biopsies were positive for PCa in 52/156 (33%) mp-
MRI identified lesions and mp-MRI identified at least one lesion 

with some degree of suspicion in all 39 patients diagnosed with 
PCa. Both the PIRADS summation score and the overall Likert 
classification showed a high correlation with biopsy results 
(p<0.0001). Five patients (13%) had cancer detected only on mp-
MRI-bx outside the systematic biopsy areas (p=0.025) and an-
other 7 patients (21%) had an overall GS upgrade of at least one 
grade (p=0.037) based on the mp-MRI-bx. Secondary PCa lesions 
not visible on mp-MRI were detected by TRUS-bx in 6/39 PCa 
patients. All secondary lesions were GS 6(3+3) tumour foci in 5-
10% of the biopsy core. No patients had a GS upgrade based on 
positive TRUS-bx from non-visible lesions on mp-MRI. Two pa-
tients had insignificant PCa detected providing an overall detec-
tion rate of clinically significant PCa of 45% (37/83 patients) 
among which 27% (10/37) harboured high-grade (GS ≥ 8) cancer. 

Conclusion 
Multiparametric MRI before repeated biopsy even without pre-
ceded experience can improve the detection rate of clinically 
significant PCa by combining standard TRUS-bx with mp-MRI-
targeted biopsies under visual TRUS-guidance and it allows for a 
more accurate Gleason grading. 

Study II: Prostate cancer staging with extracapsular extension 
risk scoring using multiparametric MRI: a correlation with histo-
pathology 

Introductory remarks 
Local staging of PCa plays an important role in treatment planning 
and prediction of prognosis. It is evident that DRE and TRUS do 
not have the ability to correctly localise and stage the extension 
of the cancer, thus prediction of ECE has low accuracy [2,37,38]. 
Radical prostatectomy (RP) provides great disease control for 
patients with localised PCa (cT1-T2), while RP for locally advanced 
disease (cT3) remains controversial [2,136]. Preoperative accurate 
knowledge of tumour stage and possible ECE are crucial in achiev-
ing the best surgical, oncological and functional result. Mp-MRI 
has emerged as a sensitive and specific image modality for PCa 
staging and prediction of ECE at final pathology [51]. However, 
the diagnostic accuracy differs among studies 
[107,111,113,137,138]. Previous studies (including study I in this 
thesis) have validated the PIRADS classification for PCa detection 
and localisation using both targeted biopsies [139–141] and RP 
specimen [142] as standard reference, but the ESUR MR prostate 
guidelines also recommend a five-point risk scoring for possible 
EPE. This study represents our experience using the ESUR MR 
prostate guidelines scoring of extra prostatic disease focusing on 
ECE risk scoring in the preoperative evaluation of PCa staging. 

Aim 
To evaluate the diagnostic accuracy of preoperative multi-
parametric MRI with ECE risk scoring in the assessment of pros-
tate cancer tumour stage and prediction of ECE at final pathology. 

Material and methods 
Patients with clinically localised PCa (cT1-T2) determined by DRE 
and/or TRUS and scheduled for RP were prospectively enrolled. 
All patients underwent mp-MRI (T2W, DWI and DCE imaging) 
prior to RP and all lesions were evaluated according to the ESUR 
MR prostate guidelines' PIRADS classification and scoring of extra 
prostatic disease focusing on the ECE criteria. The images were 
evaluated by two readers with different experience in mp-MRI 
interpretation. An mp-MRI T-stage (cTMRI) and an ECE risk score 
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were assigned. Additionally, suspicion of ECE was dichotomised 
into either organ-confined (OC) disease or ECE based on tumour 
characteristics and personal opinion incorporating functional 
imaging findings. All patients underwent RP and the histopa-
thological results served as standard reference and were com-
pared to the mp-MRI findings in the assessment of T-stage and 
ECE. 

Results 
Eighty-seven patients with median age 65 (range 47-74) and a 
median PSA 11 (range 4.6-45) underwent mp-MRI before RP. The 
correlation between cTMRI and pT showed a spearman rho corre-
lation of 0.658 (p<0.001) and 0.306 (p=0.004) with a weighted 
kappa of 0.585 [CI 0.44;0.73] and 0.22 [CI 0.09;0.35] for reader A 
and reader B, respectively. The prevalence of ECE after RP was 
31/87 (36%). ECE risk scoring showed an AUC of 0.65-0.86 on the 
ROC-curve for both readers and a sensitivity, specificity and diag-
nostic accuracy of 81% [CI 63;93],78% [CI 66;88] and 79% at the 
best cut-off level (risk score≥4) for the most experienced reader. 
When tumour characteristics were influenced by personal opinion 
and functional imaging, the sensitivity, specificity and diagnostic 
accuracy for prediction of ECE changed to 74% [CI 55;88], 88% [CI 
76;95] and 83% for reader A and 61% [CI 0.42;0.78], 77% [CI 
0.64;0.87] and 71% for reader B, respectively. 

Conclusion 
Multiparametric MRI with ECE risk scoring by a dedicated reader 
is an accurate diagnostic technique in determining prostate can-
cer tumour stage and ECE at final pathology.  

Study III: Apparent diffusion coefficient ratio correlates signifi-
cantly with prostate cancer Gleason score at final pathology 

Introductory remarks 
The histopathological aggressiveness of PCa is graded by the GS 
and is strongly related to the tumours’ clinical behaviour. High GS 
implies increased tumour aggressiveness and risk of local and 
distant tumour spread with a worse prognosis. However, the 
majority of men diagnosed with PCa often harbour a non-
aggressive low GS tumour focus that seldom develops into a 
clinical disease that will affect the morbidity or mortality. The GS 
from TRUS-bx that is used for pre-therapeutic classification of 
tumour aggressiveness can be inaccurate due to sampling error. 
Incorrect GS at biopsy may lead to incorrect risk stratification and 
possible over- or under-treatment. Thus, there is a need to im-
prove the pre-therapeutic assessment of true GS. Previous studies 
show that cancerous tissue has lower DWI-calculated ADCtumour 
values than benign prostatic tissue (ADCbenign) and that there is 
a negative correlation with the GS. However, there is an inconsis-
tency due to different study methodologies with a wide variability 
in reported ADCtumour values corresponding to different GS. To 
overcome some of this variability, we hypothesise that the AD-
Cratio (defined as the ADCtumour divided by the ADCbenign 
value) might be more useful and predictive in determining true 
GS, as it may level out some of the variation. This study repre-
sents our experience using ADC measurements (ADCtumour and 
ADCratio) in the assessment of the GS.  

Aim 
To evaluate the association between the ADCtumour and the 
ADCratio calculated from pre-operative diffusion-weighted MRI 

with the GS at final pathology and to determine the best parame-
ter for this. 

Material and methods 
Patients with clinically localised PCa scheduled for RP were pro-
spectively enrolled from study II. Diffusion-weighted MRI was 
performed prior to RP as part of the diagnostic workup in study II 
and mean ADCtumour values on the ADCmap from all identified 
malignant tumours were measured. All patients underwent RP 
and all tumour foci ≥5 mm in the longest dimension were out-
lined by the pathologist on a cross-sectional diagram and selected 
for comparison with mp-MRI. Using the histopathological map as 
a reference, the ADCbenign value was obtained from a non-
cancerous area to calculate the ADCratio. The ADC measurements 
were correlated with the GS from each selected tumour foci from 
the prostatectomy specimen.  

Results 
Seventy-one patients with a median age of 65 (range 47-73) and a 
median PSA of 10.6 (range 4.6-46) underwent mp-MRI before RP. 
There were a total of 104 (peripheral zone=53, transitional 
zone=51) separate tumour foci identified on histopathology and 
were selected for comparison. There was a statistical significant 
difference (p<0.001) between mean ADCtumour and mean 
ADCbenign values and between mean ADCtumour values of tu-
mours originating in either the peripheral- or transitional zone. 
There was no significant difference (p=0.194) in mean ADCratio 
between the two zones. 
The association between ADC measurements and GS showed a 
significantly negative correlation (p<0.001) with spearman rho for 
ADCtumour (-0.421) and ADCratio (-0.649), respectively. There 
was a statistically significant difference between both ADC meas-
urements and the GS groups for all tumours (p<0.001). The dif-
ference remained significant for mean ADCratio when stratified 
by zonal origin, but not for mean ADCtumour for tumours located 
in the transitional zone (p=0.46). ROC-curve analysis showed an 
overall AUC of 0.73 (ADCtumour) to 0.80 (ADCratio) in discrimi-
nating Gleason 6 from Gleason ≥ 7(3+4) tumours. The AUC re-
mained virtually unchanged at 0.72 (ADCtumour), but increased 
to 0.90 (ADCratio) when discriminating Gleason ≤ 7(3+4) from 
Gleason ≥ 7(4+3). 

Conclusion 
Preoperative ADC measurements showed a significant correlation 
with tumour GS at final pathology. The ADCratio demonstrated 
the best correlation compared to the ADCtumour and radically 
improved accuracy in discriminating GS ≤ 7(3+4) from GS ≥ 7(4+3) 
tumours. 

DISCUSSION 

This PhD thesis evaluates the use of mp-MRI in the detection, 
assessment of biological aggression and staging of PCa in a Danish 
setup. In this section, the main study results will be discussed and 
compared to previous research with a reflection on clinical use, 
general limitations and finally future perspectives. More detailed 
discussions of specific study results and limitations are part of the 
main articles in the appendix. 

Detection: Initial diagnosis and prostate biopsy 
The indication for performing prostate biopsies is driven by non-
specific and non-sensitive tests such as elevated PSA and/or an 
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abnormal DRE assuming that the patient might have PCa. As TRUS 
also lacks in both sensitivity and specificity in PCa detection, 10-
12 "screening" biopsy cores are taken systematically from the 
peripheral zone scattered throughout the prostate hoping to hit 
the possible cancer, including the most aggressive part. The accu-
racy of TRUS-bx in PCa detection varies widely between studies, 
especially due to inter-operator variation, various biopsy tech-
niques and often a poor discrimination of a specific PCa target on 
TRUS. The low diagnostic yield of TRUS-bx often leads to repeated 
biopsy sessions.  
In study I, we demonstrated  that pre-biopsy mp-MRI for detec-
tion of PCa in patients with prior negative TRUS-bx findings can 
improve the overall detection rate by adding mp-MRI-bx under 
visual TRUS-guidance to standard TRUS-bx even without preceded 
experience for doing this. We found an overall PCa-detection rate 
of 47% (39/83) in patients with a median of 2 prior negative 
TRUS-bx sessions among which 26% (10/39) harboured high-
grade PCa (GS≥8). According to the literature, the detection rate 
at first TRUS re-biopsy is 10-22% [7,22] depending on the initial 
biopsy technique with decreasing rates at repeated procedures. 
Only two patients had insignificant PCa providing an overall de-
tection rate of clinically significant PCa of 45% (37/83 patients). 
We concluded that suspicious lesions seen on mp-MRI can be 
targeted by biopsies and improve the detection rate of clinically 
significant PCa, which is in line with previous studies [125–131]. In 
our setting, 5/39 (13%) patients had PCa detected only by mp-
MRI-bx and another 7/34 (21%) patients had an overall GS up-
grade cumulating to a total of 12/39 (31%) newly diagnosed PCa 
patients that may have had their prognosis and treatment man-
agement altered due to the use of mp-MRI as an adjunct to TRUS-
bx. 
There are different ways of performing targeted biopsies of mp-
MRI-suspicious lesions. In study I we used visual fusion with cog-
nitive targeting, where the mp-MRI-suspicious lesions are visually 
matched and registered on the corresponding axial TRUS-image 
based on zonal anatomy and tissue landmarks. The physician 
performing the TRUS uses the mp-MRI findings to select an ap-
propriate TRUS-region for a targeted biopsy. The overall PCa 
detection rate in study I is in accordance with previous findings as 
outlined in the review by Lawrentschuk et al. [127], although they 
find a higher proportion of PCa detected purely by the mp-MRI-
targeted biopsy cores. Our high PCa detection rate of 41% (34/83) 
using standard end-fire biopsies alone can be explained by the 
fact that not all patients included in the study had the initial 
TRUS-bx performed at our institution. Patients are often referred 
to our department for repeated biopsies, as TRUS-bx is limited to 
a very few highly experienced operators using an end-fire biopsy 
probe unlike many of the referring departments where TRUS-bx is 
practiced widely by all urologists using a side-fire probe. The end-
fire probe allows for better sampling of the lateral and apical 
regions of the prostate at standard biopsies where PCa often 
resides [143] (Figure 12) Mp-MRI-bx is particularly good at detect-
ing anteriorly located tumours that are frequently missed by 
TRUS-bx [144–146], which is confirmed in this study where more 
than 70% of the mp-MRI PCa-positive lesions were located in the 
anterior or apical region (Figure 1study I). It is our experience that 
the end-fire biopsy needle is essential for targeting mp-MRI-
suspicious lesions as it enters the prostatic surface more perpen-
dicularly and penetrates deeper and more anteriorly into the 
prostate facilitating better sampling of the apical and anterior 
regions. This is confirmed in a recent study by Ploussard et al. 
[147] showing increased detection rate of PCa in highly-suspicious 
MRI lesions using an end-fire- compared to a side-fire-approach.

However, despite a rather surprisingly high PCa detection rate at 
standard endfire TRUS-bx, we still found a significant improve-
ment in the detection rate (p=0.025) and GS upgrading (p=0.037) 
by adding mp-MRI-bx as an adjunct to our standard TRUS-bx. 

Visual translation of the mp-MRI image onto the greyscale TRUS-
image cannot always be accurate. In eight mp-MRI-suspicious 
lesions (Figure 2study I), we experienced that the targeted mp-
MRI-bx were negative for PCa compared to the standard cores 
obtained from the same prostatic region. This could be caused by 
the intentional dispersion of the two biopsies, but it is more likely 
caused by translation error. There will be a margin of error, when 
the operator has to visually correlate the mp-MRI image onto a 
real-time 2D TRUS image and translate it all into a 3D representa-
tion of the prostate, especially if the prostate is large or the lesion 
is located anteriorly [124]. Methods for improving the accuracy of 
the targeted biopsies have recently been developed. Fusion soft-
ware has enabled a co-registration between the mp-MRI data and 
real-time TRUS imaging. Fusion of the two modalities (MR-TRUS) 
allows a lesion that is marked on the mp-MRI to be transferred 
onto the real-time TRUS images and identified during the TRUS-
procedure. Mp-MRI-bx can then be targeted towards the marked 
lesion [115,126,132,139,148–153] with potentially increased 
accuracy.  
Using TRUS as guidance for mp-MRI-bx, either cognitive- or soft-
ware-based, gives the operator the advantage of adding mp-MRI-
bx to the systematic standard biopsies, which is still the recom-
mended standard approach [2]. However, there will always be a 
possible misregistration, when combining two image modalities. 
In-bore direct MRI-guided biopsies within the MRI suite is possi-
ble due to the development of increased speed in MRI imaging, 
MRI compatible instruments and advanced visualisation software 
with tools to guide and verify needle placement. Several studies 
have been published using both 1.5 T [154,155] and 3.0 T 
[128,156–160] MRI with good results and summarised in a recent 
review by Overduin et al. [161]. Using in-bore mp-MRI-bx, Ham-
brock et al. [156] found a PCa detection rate of 59% among which 
93% cancers were clinically significant in a patients cohort with 2 
previous negative TRUS-bx sessions using an average of 4 biopsy 
cores per patient. Similar results were later confirmed by the 
same group [128] and also investigated in men without previous 
prostate biopsies [159].  
Although, performing biopsies directly in the MRI suite seems to 
be the most accurate technique, the biopsy procedure can be 
time-consuming, as well as the diagnostic MRI and the biopsy 
procedure need to be performed in two different sessions. Some 
also report that the biopsy device has limited reach, especially 
towards the base of the prostate [162].      

The diagnostic performance of mp-MRI in PCa detection and 
localisation is depending on the tumour size, GS, histological 
architecture and location [163]. Low-volume (<0.5 ml) and low-
grade (GS 6) tumours are less likely to be identified compared to 
higher grade (GS≥7) and larger tumours [164–166], whereas 
detection of tumours ≥1 ml does not seem to be affected by the 
GS [164]. Thus, mp-MRI is not as sensitive in detecting insignifi-
cant PCa. Therefore, if only identified mp-MRI-suspicious lesions 
are targeted by biopsies, the chance of detecting insignificant PCa 
foci is reduced. Haffner et al.[135] compared this "targeted-only" 
strategy against extended systematic TRUS-bx (12 cores) for 
detection of significant PCa in 555 patients undergoing initial 
biopsy and used the same targeted-biopsy technique with vis-
ual/cognitive mp-MRI/TRUS-fusion as we did in study I. By using 
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this "targeted-only" biopsy approach, only 63% of the referred 
patients with clinical suspicion of PCa required subsequent biop-
sies using a mean of 3.8 cores per patient (compared to 12 stan-
dard cores). In addition, the diagnosis of 13% insignificant cancers 
was avoided. These findings were recently confirmed by Pokorny 
et al. [159] in 223 consecutive biopsy-naive men with elevated 
PSA showing that the mp-MRI "targeted-only" approach can 
reduce the detection of low-risk PCa and reduce the number of 
men requiring biopsy while improving the overall detection rate 
of intermediate/high-risk PCa. 
The location of the PCa lesion affects the sensitivity and specific-
ity of mp-MRI. Transitional-zone tumours are more difficult to 
identify, as reported by Delongchamps et al. [167] where sensitiv-
ity and specificity decreased from 80% and 97% in the peripheral 
zone, to 53% and 83% in the transition zone. In addition, sparse 
tumours where PCa growth is intermixed with normal tissue can 
also limit the diagnostic performance of mp-MRI in detection of 
PCa [66].  

PCa aggressiveness and ADC measurements 
The GS is the most widely used method of grading the histopa-
thological aggressiveness of PCa and it is the most important 
prognostic factor for treatment response. Several predictive and 
prognostic tools for risk stratification and counselling have been 
introduced for optimal clinical management and therapy selection 
[42,46,168–174]. However, they are all based on the GS from 
TRUS-bx, which can be substantially discordant with the true GS 
verified after radical prostatectomy. This lack of ability to confi-
dently identify low-grade tumours at biopsy is one of the reasons 
for the current issue with overtreatment.  Hence, improving the 
pre-therapeutic assessment of GS may increase the accuracy of 
the predictive and prognostic tools and improve the risk stratifica-
tion when planning individualised treatment strategies.  
In study III, we demonstrated that preoperative DWI-calculated 
ADC measurements (ADCtumour value and ADCratio) showed a 
significant correlation with tumour GS at final pathology. As re-
ported by others [55,78], we also found that decreasing mean 
ADCtumour values were associated with higher GS groups. A 
retrospective study by Hambrock et al. [79] found a significant 
inverse correlation between ADCtumour values and GS for tu-
mours originating in the peripheral zone and Jung et al. [81] 
showed that the same holds true for transitional zone tumours. 
When comparing previous studies, a wide range in mean ADCtu-
mour values has been reported [78–81,84] with a substantial 
overlap corresponding to different GS groups. To overcome some 
this variability, we hypothesised that the ADCratio might be more 
useful and predictive in determining true GS, as it may level out 
some of the variation since the ADCratio is not only related to the 
ADCtumor value, but also to the individual prostate’s unique 
signal characteristics. We found that decreasing mean ADCratio 
values (increased difference between ADCtumour and ADCbe-
nign) were associated with higher GS groups and demonstrated a 
superior correlation to GS compared to the ADCtumour value. 
Previous studies have had similar results calculating the prostate 
ADCratio for better correlation with GS. Vargas et al. [80] found a 
significant inverse correlation with GS using both ADCtumour 
value and ADCratio and Thörmer et al.[175] showed a high dis-
criminatory power (AUC=0.90) of normalised ADC (equivalent to 
ADCratio) between low- and intermediate/high-risk cancer. This 
was recently confirmed by Lebovici et al. [176] concluding that 
the ADCratio may be more predictive of tumour grade than analy-
sis based on ADCtumour values alone. However, the study was 
relatively small (n=22 patients) and had prostate biopsies as 

reference standard. Conversely, Rosenkrantz et al.[177] did not 
find any benefit of using normalised ADC compared to the 
ADCtumour value in terms of AUC for differentiating benign from 
malignant tissue in the peripheral zone. 
Mp-MRI using DWI-calculated ADCmaps may improve patient 
management by targeting biopsies towards areas suspicious of 
harbouring the most aggressive part of the tumour and thereby 
improving prediction of true GS to facilitate better risk stratifica-
tion. Although not addressed as a specific endpoint in study I, we 
found that 7/34 (21%) PCa patients had an overall GS upgrade 
due to the use of additional mp-MRI-bx. The GS was upgraded 
from low- to intermediate/high-grade cancer in 5/7 patients. 
Similarly, a prospective study by Siddiqui et al. [132] including 582 
patients showed an overall GS upgrade in 32% using additional 
mp-MRI-bx. The targeted biopsies detected 67% more GS ≥7 (4 + 
3) tumours than systematic TRUS-bx alone and missed 36% of GS 
≤7 (3 + 4) tumours, thus increasing the detection ratio of
high/low-grade cancer. However, definitive pathology from RP
was not available. Using DWI/ADC-guided biopsies, Hambrock et
al. [54] correctly identified true GS at final pathology in 88% com-
pared to 55% using standard TRUS-bx. The risk of DWI/ADC-
guided biopsies mistakenly underscored an area with a Gleason 
grade 4- or 5 component, as a Gleason grade 3, was less than 5%.
The ADCmap may also facilitate PCa detection and localisation.
Watanabe et al. [178] used the ADCmap and ADCtumour value to
prospectively stratify 1448 consecutive biopsy-naive patients into
two groups (with or without low ADC lesions). All patients under-
went systematic biopsies and the low ADC-lesion group had addi-
tional targeted biopsies of the low ADC lesions. The PCa detection
rate was highest in the targeted biopsy group and PPV of the mp-
MRI findings was 70%-90% depending on anatomical lesion loca-
tion.
A great benefit in improving the pre-therapeutic assessment of
GS is the ability to separate low-risk (GS 6) from intermedi-
ate/high-risk (GS≥7) cancer. We found an overall AUC of 0.75 for
the ADCtumour value in differentiating low-risk GS 6 tumours 
from intermediate-/high-risk GS ≥ 7(3+4) tumours. This lies within
the AUC levels (0.72-0.76) reported by others [78,179], although 
higher AUC values have been reported [79]. The AUC increased to
0.81 for the ADCratio indicating improved accuracy. This ability to
discriminate low-risk from intermediate/high-risk tumours is 
important in a clinical situation, as it is often decisive of the 
treatment selection. As more and more PCa patients are detected 
in an earlier stage, there will be an increase in both significant and 
insignificant tumours. A major challenge is to correctly assess the 
aggressiveness of the cancer to determine appropriate treatment
to prevent morbidity and mortality. Patients with localised pros-
tate cancer with low tumour burden may be candidates for active
surveillance (AS) depending on the clinical situation. AS includes 
close monitoring with PSA, DRE and repeated biopsies. This regi-
men is to avoid over-treatment of cancers that are found to be 
insignificant at diagnosis and therefore not likely will affect pa-
tient morbidity and mortality. It is crucial that these patients are 
staged and risk-stratified correctly, so tumour characteristics are 
not underestimated, and patients with more advanced disease 
mistakenly are put in AS instead of having active treatment. Mp-
MRI with ADC measurements can be used to asses PCa aggres-
siveness as an adjunct to other clinical parameters such as PSA 
kinetics and tumour stage in the selection and follow-up of pa-
tients undergoing AS regimens [82,180–183]. Furthermore, mp-
MRI can be incorporated into nomograms and improve the pre-
diction of insignificant cancer [184]. Mp-MRI may reveal early
signs of clinically significant disease and poor prognostic features 
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such as larger tumour volumes or high-grade tumours, especially 
in the anterior region [185], potentially missed by TRUS-bx [183]. 
Additional targeted biopsies towards the suspicious regions can 
be performed along with a possible re-evaluation of the treat-
ment plan. Conversely, a normal/low suspicious mp-MRI can 
confirm the absence of significant PCa, due to its high negative 
predictive value, thus AS can be implemented. AS is traditionally 
reserved for patients without Gleason grade 4- or 5 tumours. 
However, it has been addressed that because of the increased 
reporting of Gleason grade 4 since the ISUP GS modification in 
2005 [27], a low percentage of Gleason grade 4 should not neces-
sarily lead to immediate exclusion of the AS regimen [186]. This, 
combined with the recent findings showing low-volume Gleason 
grade 4 on needle biopsy is associated with low-risk tumour at 
radical prostatectomy [187], makes the differentiation between 
GS 7(3+4) and GS 7(4+3) clinical important. In study III, the overall 
AUC of the ADCtumour value did not change when discriminating 
between GS ≤ 7(3+4) and GS ≥ 7(4+3). However, the AUC of the 
ADCratio changed radically to 0.90 indicating a high clinical value 
of this ADC parameter.  
Although, we found a significant difference between the mean 
ADC measurements and the GS groups in study III, there was still 
a considerable overlap between the groups. Due to this hetero-
geneity, a definite cut-off value for separating the GS groups 
could not be made. DWI largely reflects the average amount of 
"fluid" within the tissue as an indirect "glandular ratio". However, 
the GS is also influenced by other factors such as cellularity, glan-
dular/cell size and shape, the appearance of the inter-glandular 
space and other intermixed histological components, which are 
included in the overall pathological assessment of the GS. More-
over, the aggressiveness of PCa is not only determined by its 
histological GS. Other factors such as PSA, tumour volume, loca-
tion and extension including possible EPE have to be taken into 
account in risk stratification of the patients. Thus, clinical staging 
of PCa plays an essential part when planning patient-tailored 
management      

Clinical staging of PCa 
Radical prostatectomy (RP) provides great disease control for 
patients with localised PCa (cT1-T2), while RP for locally advanced 
disease (cT3) remains controversial [16,188]. Preoperative accu-
rate knowledge of tumour stage and possible ECE is crucial in 
achieving the best surgical, oncological and functional result. The 
pre-therapeutic local staging of PCa and prediction of ECE by DRE 
and TRUS have low accuracy [37,38]. Accurate pre-therapeutic 
staging of PCa implies appropriate estimation of tumour volume, 
location and possible EPE. The diagnostic accuracy of mp-MRI 
staging differs among previous studies [107,111,113,137,138] 
partly due to different study protocols, diagnostic criteria, MRI 
equipment and expertise. In study II, we found a significant corre-
lation between the tumour stage estimated by mp-MRI (cTMRI) 
and the pathological specimen pT) for the most experienced 
reader with a Spearman rho=0.658 (p<0.001) and moderate to 
good agreement using weighted kappa=0.585. Complete agree-
ment between cTMRI and the pathological stage is difficult to 
obtain, as mp-MRI does not identify all the small dispersed insig-
nificant tumour foci that frequently are present within the pros-
tate and are incorporated into the overall evaluation and report-
ing of the pathological stage. This can easily cause a discrepancy 
between a T2a/T2b stage identified on mp-MRI and a T2c stage 
reported at pathology for organ-confined (OC) tumours. However, 
the exact stage differentiation among OC tumours is of less im-
portance, as patients with OC disease often can receive poten-

tially curative surgery regardless of the T2-stage. In contrast, the 
treatment selection of PCa strongly relies on the identification of 
patients with ECE. 
In study II, we demonstrated that multiparametric MRI with ECE 
risk scoring by a dedicated reader is an accurate diagnostic tech-
nique in determining tumour stage and ECE at final pathology. 
The prevalence of ECE at histopathology was 36% in patients with 
pre-therapeutic clinically localised PCa confirming the fact that 
DRE and TRUS often underestimate the tumour extension and 
stage. Mp-MRI using both ECE risk scoring and personal opinion 
for prediction of ECE at final pathology showed a diagnostic accu-
racy of 79-83% with a sensitivity and specificity ranging between 
74-81% and 78-88% for the most experienced reader. These 
findings are in accordance with previous studies. A meta-analysis 
from 2002, covering a time period of 17 years by Engelbrecht et
al. [110] that also included studies conducted in the early period 
of prostate MRI, reported a combined sensitivity and specificity of
71% in distinguishing between T2- and T3-disease on 1.5 T MRI
systems. More recent studies at 3.0 T ERC MRI from experienced 
prostate-MRI experts report higher rates with sensitivity and 
specificity of 80-88% and 95-100%, respectively [47,189]. Al-
though, we did not directly measure tumour volume in study II,
other studies have found a good correlation between the esti-
mated tumour volume on mp-MRI and the tumour volume from
the radical prostatectomy specimen, especially for tumours ≥0.5
ml [164,190–192]. Identifying the "index" tumour in particularly
has a prognostic significance [193,194]. Clinicians commonly use 
PSA levels, clinical stage - determined by DRE and/or TRUS - and 
biopsy GS combined in nomograms to predict pT stage at RP. We 
did not compare preoperative mp-MRI against predictive nomo-
grams in study II, as the objective was to evaluate the diagnostic
accuracy, as a single parameter in the assessment of tumour
stage and prediction of ECE using the ECE risk score. However,
mp-MRI has been found to perform significantly better than 
nomograms, DRE and TRUS in visualising the intra-prostatic tu-
mour localisation and possible ECE including predicting the final
pT-stage [44,137,184,195–198].
In recent years, mp-MRI has emerged as the most sensitive and 
specific imaging tool for PCa staging [51]. T2W imaging is the 
dominant MRI modality for staging and EPE evaluation due to its 
high spatial resolution for anatomical assessment. However, the 
use of functional imaging, e.g. DCE-MRI in conjunction with T2W
imaging may improve staging performance [99], especially for less 
experienced readers [108]. This is also confirmed in our study II,
where inclusion of personal opinion and functional imaging find-
ings to T2W ECE tumour characteristics gave a slight increase in 
the diagnostic accuracy for prediction of ECE for both readers.
Accurate staging and assessment of EPE using DWI is challenging 
due to lower spatial resolution and increased risk of image arte-
facts compared to T2W imaging. However, higher diagnostic
accuracy in the diagnosis of SVI using DWI in conjunction with 
T2W imaging have been reported [199,200]. Similarly, recent
studies have reported higher diagnostic accuracy using DWI at 3.0
T MRI in conjunction with T2W imaging regarding the diagnosis of
ECE, compared to T2W imaging alone [117,118]. Thus, mp-MRI
with T2W, DWI and DCE imaging is recommended in the ESUR MR
prostate guidelines for staging [49].
Besides PCa lesion location and staging, mp-MRI can also provide 
additional information regarding prostate size, presence of a
median lobe or the occurrence of larger vessels surrounding the 
prostate for patients undergoing RP. Improved staging perform-
ance may also reveal possible tumour involvement of the 
neurovascular bundles (NVB) and aid in the selection of patients 
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suitable for NVB preservation or a wider local resection [201,202]. 
In addition to local staging, regional lymph nodes and part of the 
pelvic bones can also be evaluated on the mp-MRI images de-
pending on the MRI field of view. 

Mp-MRI scoring using PIRADS and ECE risk scoring 
Different interpretative approaches for mp-MRI have been evalu-
ated in the literature [203]. For instance, Pinto et. al. [148] sug-
gested that each MRI modality is characterised as either positive 
or negative in a binary approach where the summation of positive 
sequences graded the suspicion of PCa. Others have often used a 
variation of the five-point Likert scale to give an overall impres-
sion of the level of suspicion [190]. Recently, the PIRADS classifi-
cation [49] was developed to provide a structured uniform algo-
rithm for mp-MRI prostate interpretation and reporting. The 
PIRADS score can either be reported as the summation of all 
individual scores (ranging 3-15) or converted into an overall final 
score (ranging 1-5) similar to the Likert five-point scale. In study I, 
we used both the PIRADS summation score and the overall Likert 
scoring system to analyse suspicious lesions and found a highly 
significant correlation between positive biopsies and lesion suspi-
cion on mp-MRI (p<0.001). All but one low-suspicious PCa lesion 
and all missed secondary PCa lesions on mp-MRI were GS 6(3+3). 
These findings underline the potential value of using pre-biopsy 
mp-MRI to increase the detection rate of clinically significant PCa 
previously missed by standard TRUS-bx and to stratify the pa-
tients and lesions according to suspicion on mp-MRI using both 
the PIRADS summation score and the overall five-point Likert 
scale. The clinical value of the PIRADS summation score is vali-
dated in a recent prospective study by Portalez et al. [139] in a 
contemporary patient cohort in relation to repeated prostate 
biopsies. Using PIRADS summation score≥9 as threshold, the 
authors report a sensitivity and specificity of 69% and 92%, re-
spectively, and more interestingly a negative predictive value 
(NPV) of 95%. This high NPV can predict the absence of cancer 
with high confidence and thereby possibly reduce the number of 
unnecessary repeated biopsies in patients with low PIRADS 
scores. In study I, we validated both the PIRADS summation score 
and overall Likert score according to biopsy results. Rosenkrantz 
et al. [142] recently confirmed the good diagnostic performance 
in PCa localisation in a retrospective analysis using both scoring 
systems with RP specimen as reference standard, although the 
performance was better with Likert scoring for transitional tu-
mours. Other groups have also validated the PIRADS classification 
for lesion detection and characterisation and found a good asso-
ciation between suspicion on mp-MRI and PCa [105,115,204]. In 
the PIRADS summation score, all mp-MRI modality scores are 
weighted equally. However, not all modalities are always equal in 
determining the presence of clinically significant PCa. For in-
stance, DWI has been reported to be the best sequence for lesion 
detection in the peripheral zone [205] and conversely T2W imag-
ing in the transitional zone [144].  Thus, there may be a "dominat-
ing" modality depending on the location of the lesion. Therefore, 
an overall final score ranging 1-5 (equivalent to the overall Likert 
score) that includes the interpretation of all individual scores, but 
driven by the dominant modality might better represent the "true 
suspicion score". Furthermore, there is an on-going debate about 
the necessity of including DCE imaging in the recommended 
minimum requirements in the ESUR MR prostate guidelines for 
PCa detection, as it may not add significant value to T2W imaging 
and DWI [105] to improve transitional zone cancer detection and 
localisation compared to T2W imaging alone [144]. Furthermore, 
DCE imaging is not as reliable for detecting transitional zone 

tumours, as there is a significant overlap with hyper-vascular BPH 
findings [85]. However, DCE imaging seems to have the ability to 
aid in the differentiating between the normal central zone and 
PCa based on the enhancement curves [206], as the appearance 
of the central zone on T2W imaging and DWI have many features 
that may mimic PCa. Moreover, DCE imaging is still recommended 
for staging purposes and it is essential for detection of local recur-
rence [49].  
The ESUR MR prostate guidelines also recommend scoring of 
extraprostatic disease on a five-point risk scoring scale. In study II, 
we validated this risk scoring focusing on ECE corresponding to 
locally advanced T3a-disease. Although, the ESUR MR prostate 
guidelines also recommend individual scoring of SVI (T3b) and 
bladder neck/distal sphincter involvement (T4-disease), we did 
not include these parameters in our study, as we considered the a 
priori probability of any patient in our population with clinically 
localised PCa having SVI, distal sphincter- or bladder neck in-
volvement to be too low to validate a five-point risk scoring scale.   
The ECE risk scoring in study II showed an AUC of 0.65-0.86 on the 
ROC-curve indicating a high clinical value for the experienced 
reader with a sensitivity, specificity and diagnostic accuracy of 
81%, 78% and 79% at the optimal risk score cut-off level ≥4. 
When using a five-point scale, the ECE score is considered a con-
tinuum of risk with higher scores corresponding to higher risk of 
ECE. As the ECE risk scoring in the guidelines only evaluates tu-
mour characteristics on T2W imaging and assigning a preopera-
tive cTMRI staging requires a definitive decision on possible ECE 
and SVI, the suspicion of ECE was dichotomised into either organ-
confined disease or ECE based on the established ECE-tumour 
characteristics and personal opinion incorporating functional 
imaging (DWI and DCE imaging) findings. By doing this, the diag-
nostic accuracy increased for both readers (71%-83%) and 
changed sensitivity and specificity to 74% and 88% for the most 
experienced reader and 61% and 77% for the less experienced 
reader in predicting ECE at final pathology.  
The sensitivity and specificity of the mp-MRI reading can be af-
fected by the way the physician weigh the image findings, espe-
cially when deciding on possible ECE in the equivocal cases. Until 
recently, RP was restricted to patients with localised PCa while 
patients with high suspicion of ECE and/or SVI were referred for 
radiation therapy. This might influence the physician to value high 
specificity with a low number of false-positive readings, so no 
patients with equivocal mp-MRI findings would be ruled out of 
possible curative surgery. However, there has been an increasing 
interest in performing RP in selected patients with locally ad-
vanced T3 disease with good results [207–210]. This may increase 
the interest in high-sensitive mp-MRI readings in order to direct 
the surgeon to the site of possible ECE to avoid positive surgical 
margins. Therefore, the mp-MRI ECE risk score threshold for ECE 
might be altered depending on the clinical situation. Further-
more, previous studies show that mp-MRI findings can be com-
bined with clinical findings and nomograms and increase the 
overall pre-therapeutic diagnostic staging accuracy [44,184].  
The reader performance of two readers with different experience 
in mp-MRI prostate interpretation was evaluated in study II. 
Overall, the most experienced reader A had a significantly higher 
performance than reader B in the assessment of ECE using both 
ECE risk scoring and personal opinion and was more accurate in 
predicting the pathological stage. Furthermore, our results indi-
cate that the overall interpretation of possible ECE in our hands 
should not only rely on the ESUR MR prostate guidelines' ECE risk 
scoring in its current form, but whenever possible also incorpo-
rate functional imaging, especially for less experienced readers. It 
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is evident, that mp-MRI interpretation has a considerable learning 
curve and is a specialised task that requires substantial dedication 
and experience to allow for acceptable diagnostic results 
[107,211]. It has been proven that the diagnostic accuracy in 
detection of PCa increase significantly [212] through a dedicated 
prostate mp-MRI-reader education program and the difference in 
diagnostic accuracy between the readers in our study II indicates 
that the same also applies to our mp-MRI staging performance. 

Limitations 
Not all patients are suitable for mp-MRI due to absolute/relative 
contraindications such as a non-MRI compatible pacemakers, 
magnetic implants, severe claustrophobia as well as previous 
moderate or severe reactions to gadolinium-based contrast me-
dia for DCE-MRI imaging. Also very large patients may not fit 
inside the MRI tube. In our studies, we used a PPA coil positioned 
over the pelvis and lower abdomen. In some patients with signifi-
cant abdominal obesity, we experienced movement artefacts 
caused by the synchronised respiratory movement of the PPA-
coil. The use of an additional ERC could possibly be advantageous 
in these cases. High-quality images can only be obtained if the 
patient is able to lie perfectly still while the images are being 
recorded. Peristaltic rectal motion and intra-luminal rectal air 
may cause movement artefacts, but can be reduced by the ad-
ministration of an oedema prior to the examination and/or an 
injection of an intestinal spasmolyticum. The presence of a hip 
replacement or other metallic objects near the prostate can also 
cause severe artefacts, especially on DWI.  

Each MRI modality - T2W, DWI and DCE imaging - has its own 
clinical value and limitations and should be viewed as complimen-
tary to each other to balance sensitivity and specificity for optimal 
interpretation. Hypo-intense signals on T2W imaging in the pe-
ripheral zone can be caused by various benign conditions such as 
prostatitis, atrophy or supporting tissue and even the appearance 
of the central zone at the base of the prostate. The addition of 
DCE imaging and DWI to T2W imaging adds sensitivity and speci-
ficity to PCa detection and lesion characterisation. BPH nodules in 
the transitional zone can have almost identical appearances as 
PCa lesions with hypo-intensity, restricted diffusion and early 
enhancement. Asymmetry, unusual topography and homogenous 
low signal on T2W imaging are signs of PCa. However, sparse 
tumours with fine low-density trabeculae infiltrating benign 
prostatic tissue can hardly be distinguished from healthy tissue 
regardless of the use of additional functional imaging. In tumour 
staging, the ability to detect minimal ECE is often limited. Staging 
accuracy and determination of ECE require high spatial resolution 
[47,49,213], which is why the use of an ERC is recommended by 
the ESUR MR prostate guidelines [49] as part of the optimal re-
quirements. However, with a tendency towards more aggressive 
surgical treatment of locally advanced T3-disease, the exact dif-
ferentiation between organ-confound PCa and minimal ECE 
probably becomes less important, unless it is a matter of neuro-
vascular bundle preservation.  

Another major limitation with mp-MRI is the presence of post-
biopsy haemorrhage, that can compromise the examination 
performance [59] and may persist for up to 6-8 weeks or even 
longer [58,214]. The exact timeframe of how long the post-biopsy 
changes persist is not accurately known and is probably highly 
individual from one patient to another. A general consensus on 
the time interval between biopsy and mp-MRI has therefore not 
been reached. Moreover, one retrospective study suggests not to 

wait as the haemorrhagic changes do not influence on staging 
performance [215]. Nevertheless, the ESUR MR prostate guide-
lines recommend that the time interval generally should be at 
least 3-6 weeks and preliminary T1W imaging should be done to 
exclude biopsy- related haemorrhage [49]. If significant haemor-
rhage is present and interferes with examination performance, 
the patient can then be re-scheduled. However, even though it 
probably does not alter the final outcome, it is often not feasible 
in a clinical situation to wait several weeks to months for a staging 
mp-MRI in a high-risk PCa patient before deciding on the defini-
tive treatment plan.  

Conclusion 
Mp-MRI prior to repeated biopsies can improve the detection 
rate of clinically significant PCa and allows for a more accurate GS 
by combining standard TRUS-bx with mp-MRI-targeted biopsies 
under visual TRUS-guidance. Mp-MRI can provide valuable infor-
mation about the histopathological aggressiveness of a PCa lesion 
and the tumour stage with possible ECE can be assessed in the 
pre-therapeutic setting providing important additional informa-
tion for optimal patient-tailored treatment planning. 

FUTURE PERSPECTIVES 

The role of mp-MRI in our department is rapidly evolving. Clearly, 
standard TRUS-bx will continue to miss tumours outside the 
standard biopsy regions and the issue of possible GS under-
grading will still be evident. Our gained experience in mp-MRI 
diagnostics by performing this thesis and studies has now 
changed our diagnostic approach for patients referred for re-
peated biopsies. Mp-MRI findings are increasingly relied upon and 
a diagnostic mp-MRI is performed in all patients with prior nega-
tive TRUS-bx and continuous suspicion of PCa. Then additional 
mp-MRI-bx' of suspicious lesions are performed either in a "tar-
geted-only" approach or added to our standard 10-core TRUS-bx 
protocol depending on the clinical situation. In study I, we experi-
enced that some PCa lesions were seen on mp-MRI and scored as 
moderate/high-suspicious regions, but the lesions were missed 
on the targeted mp-MRI-bx and hit on standard TRUS-bx. We 
suspect it could be caused by misregistration with visual/cognitive 
fusion and we are now running a prospective study using soft-
ware-based mp-MRI/TRUS-fusion biopsies to see if it can increase 
the accuracy of the mp-MRI-bx, as reported by others comparing 
the two techniques [126,216,217].  

The future impact of PCa patients is predicted to increase rapidly 
within the next decade. As the post-war "baby boomer" genera-
tion continues to age, the incidence of PCa is expected to more 
than double within the next decades. The positive results of mp-
MRI in PCa management have raised the question, whether mp-
MRI can be used as a screening test before initial biopsy to in-
crease the detection of aggressive significant PCa while reducing 
overdetection and possible overtreatment of insignificant PCa foci 
[125,218]. Several studies of men with no previous biopsies com-
paring a mp-MRI "targeted-only" approach to a standard TRUS-bx 
regimen have recently been published [126,135,178,216,219]. A 
summarised conclusion of these studies shows a promising ten-
dency to decrease the overall detection rate of PCa, but with an 
increased detection of high-grade cancers using fewer biopsy 
cores and a decreased detection rate of insignificant tumours. 
However, mp-MRI is not always cancer-specific and prostate 
biopsies are still necessary to confirm the presence of PCa in an 



DANISH MEDICAL JOURNAL    16 

abnormal lesion. Nevertheless, the continuous development of 
the mp-MRI techniques and experience in our department facili-
tate the future use of mp-MRI as an integrated part in deciding 
whether or not to perform prostate biopsies at all and where it 
should be targeted to confirm the diagnosis and hit the most 
aggressive part of the tumour. It could be the beginning towards 
the end of blind prostate biopsies [220]. However, mp-MRI-bx 
may still miss cancer foci and unnecessary targeted biopsies may 
be conducted due to false-positive mp-MRI readings. The cost-
effectiveness of the diagnostic mp-MRI and the additional use of 
mp-MRI-bx in our department have not yet been calculated. 
Nonetheless, an image-based mp-MRI-strategy seems to improve 
patient quality of life by reducing overdiagnosis and overtreat-
ment at comparable costs as the currents standard TRUS-bx 
approach [221].   
A major clinical issue in PCa management is accurate risk stratifi-
cation of newly diagnosed PCa patients and correctly determining 
if the patient harbours an aggressive cancer that needs active 
treatment or an insignificant cancer that may be managed by AS. 
The use of mp-MRI for staging purposes is anticipated to become 
a more integrated part in the clinical decision-making process at 
our institution. As mp-MRI has shown promising results in detect-
ing significant PCa missed by TRUS-bx in men diagnosed with low-
risk PCa eligible for AS [222–226], patients considered eligible for 
AS in our institution will increasingly undergo mp-MRI  to either 
confirm the absence of significant PCa or to identify additional 
suspicious lesions for targeted biopsies. In addition, mp-MRI can 
be repeated and compared over time as a possible non-invasive 
alternative to repeated biopsies if necessary. Conversely, newly 
diagnosed PCa patients with high-risk disease who are considered 
suitable for RP now undergo a staging mp-MRI at our institution 
to confirm eligibility for surgery and to provide valuable addi-
tional information for optimal surgical planning. Mp-MRI findings 
can then be combined with clinical findings and nomograms to 
increase the overall pre-therapeutic diagnostic staging accuracy. 
However, even though study II showed that mp-MRI with ECE risk 
scoring evaluated by a dedicated reader is an accurate diagnostic 
technique in determining tumour stage and ECE at final pathol-
ogy, further studies are needed to investigate whether functional 
imaging should be included in the ECE risk scoring scale and if so, 
how to weigh the individual findings in order to further increase 
the diagnostic accuracy of the scoring system. 
Study III showed that both ADC measurements correlated signifi-
cantly with the tumour GS at final pathology, but the ADCratio 
demonstrated the best correlation especially in discriminating GS 
≤ 7(3+4) from GS ≥ 7(4+3) tumours. The next step would be to 
analyse the ADCratio performance in a true prospective setting by 
calculating the ADCbenign value prior to surgery without the 
histopathological map as guidance and with the risk of incorpo-
rating small invisible tumour foci. This would be more in line with 
the workflow in clinical practice. In addition, the inclusion of a 
second reader to evaluate the inter-observer variation would 
further explore the diagnostic performance of the ADC measure-
ments.     

Lack of experience and standardisation combined with technically 
unsuitable equipment and lack of functional imaging are reasons 
why there previously has been a large variation in the prostate 
MRI readings among different centres. It is evident that mp-MRI 
interpretation is a specialised task that requires substantial dedi-
cation and experience preferably assembled in a centre of excel-
lence. Then, in addition to PCa detection, other specific questions 
such as exact tumour location, staging, signs of high biological 

aggressiveness and possible preservation of NVB at surgery can 
be addressed in close collaboration between urologists, radiolo-
gists, oncologists and pathologists in a multidisciplinary team 
(MDT) environment to support the clinician’s needs. The MDT 
approach is important, as there are several differential diagnostic 
conditions in the prostate that may influence the readings as well 
as the interpretation of the images may be altered depending on 
the clinical situation to either value high-sensitive or high-specific 
readings. Furthermore, the interpretation of mp-MRI has a con-
siderable learning curve and education with high-volume read-
ings, conduction of clinical trials comparing results in a close 
collaboration between radiologists, urologists and pathologists 
providing feedback to the diagnostic readings based on the clini-
cal and pathological results. A dedicated prostate mp-MRI educa-
tion program to support mp-MRI readers and technologists inter-
pretatively and technically with certification through reference 
centres is needed to apply mp-MRI in clinical practice and allow 
for acceptable diagnostic results.  

The constant improvement of mp-MRI and the on-going de-
velopment of structured MR prostate guidelines will continuously 
improve the management of PCa patients at our institution. The 
prostate mp-MRI technique has now been established at our 
institution, as a first step with the implementation of this PhD 
project. However, mp-MRI in Denmark is still a new area of re-
search and a new available imaging modality in the clinical prac-
tice. The objectives for the future are now to define its specific 
role in the management of PCa through the continuous develop-
ment of high- quality acquisitions and readings with clinician-
tailored structured reporting in good, fast and simple diagnostic 
mp-MRI protocols developed for each clinical indication (tumour 
detection, staging or node and bone) as recommended by the 
ESUR MR prostate guidelines.  

Abbreviations and Acronyms 

PSA Prostate specific antigen 
DRE  Digital rectal examination 
TRUS Transrectal ultrasound 
TRUS-bx Transrectal ultrasound guided biopsies 
PCa Prostate cancer 
EPE Extra prostatic tumour extension 
RP Radical prostatectomy 
cT Clinical tumour stage 
NVB Neurovascular bundle 
MRI Magnetic resonance imaging 
Mp-MRI Multiparametric MRI 
ESUR European Society of Urogenital Radiology 
PIRADS Prostate imaging reporting and data system 
BIRADS Breast imaging reporting and data system  
T1W T1-weighted  
T2W T2-weighted  
DWI Diffusion-weighted imaging 
ADC Apparent diffusion coefficient 
DCE Dynamic contrast enhanced  
MRSI Magnetic resonance spectroscopic imaging 
GFR Glomerular filtration rate 
OC Organ-confined 
ECE Extra capsular extension 
SVI Seminal vesicle invasion 
GS Gleason score 
ISUP International Society of Urological Pathology 
PZ Peripheral zone 
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TZ Transitional zone 
CZ Central zone 
AUC Area under the curve 
MDT Multi-disciplinary team 
BPH Benign prostate hypertrophy 
Re-biopsy Repeated biopsy 
PPA-coil Pelvic-phased-array coil 
ERC Endo-rectal coil 
AS Active surveillance 
PPV Positive predictive value 
NPV Negative predictive value 

SUMMARY 

Background: 
Prostate cancer (PCa) is the second leading cause of cancer-
related mortality and the most frequently diagnosed male malig-
nant disease among men in the Nordic countries. The manifesta-
tion of PCa ranges from indolent to highly aggressive disease and 
due to this high variation in PCa progression, the diagnosis and 
subsequent treatment planning can be challenging. The current 
diagnostic approach with PSA testing and digital rectal examina-
tion followed by transrectal ultrasound biopsies (TRUS-bx) lack in 
both sensitivity and specificity in PCa detection and offers limited 
information about the aggressiveness and stage of the cancer. 
Scientific work supports the rapidly growing use of multiparamet-
ric magnetic resonance imaging (mp-MRI) as the most sensitive 
and specific imaging tool for detection, lesion characterisation 
and staging of PCa. However, the experience with mp-MRI in PCa 
management in Denmark has been very limited. Therefore, we 
carried out this PhD project based on 3 original studies to evalu-
ate the use of mp-MRI in detection, assessment of biological 
aggression and staging of PCa in a Danish setup with limited 
experience in mp-MRI prostate diagnostics. The aim was to assess 
whether mp-MRI could 1) improve the overall detection rate of 
clinically significant PCa previously missed by transrectal ultra-
sound biopsies, 2) identify patients with extracapsular tumour 
extension and 3) categorize the histopathological aggressiveness 
based on diffusion-weighted imaging. 

Material and methods 
Study I included patients with a history of negative TRUS-bx and 
persistent suspicion of PCa scheduled for repeated biopsies. Mp-
MRI was performed prior to the biopsies and analysed for suspi-
cious lesions. All lesions were scored according to the PIRADS 
classification from the European Society of Urogenital Radiology's 
(ESUR) MR prostate guidelines. The lesions were given a sum of 
scores (ranging 3-15) and classified overall on a Likert five-point 
scale according to the probability of clinically significant malig-
nancy being present. All patients underwent systematic TRUS-bx 
(10 cores) and visual mp-MRI-targeted biopsies (mp-MRI-bx) 
under TRUS-guidance of any mp-MRI-suspicious lesion not hit on 
systematic TRUS-bx.  
Study II included patients with clinically localised PCa (cT1-T2) 
determined by digital rectal examination and/or TRUS and sched-
uled for radical prostatectomy (RP). Mp-MRI was performed prior 
to RP and all lesions were evaluated according to the PIRADS 
classification and the extracapsular extension (ECE) risk scoring 
from the ESUR MR prostate guidelines. The images were evalu-
ated by two readers with different experience in mp-MRI inter-
pretation. An mp-MRI T-stage (cTMRI) and an ECE risk score were 
assigned. Additionally, suspicion of ECE was dichotomised into 

either organ-confined disease or ECE based on tumour character-
istics and personal opinion incorporating functional imaging find-
ings. The RP histopathological results served as standard refer-
ence. 
Study III included patients from study II, where mean ADCtumour 
values from all malignant tumour foci ≥5 mm identified on histo-
pathology were measured on the corresponding diffusion-
weighted imaging ADCmap. An ADCbenign value was obtained 
from a non-cancerous area using the histopathological map as a 
reference to calculate the ADCratio (ADCtumor divided by 
ADCbenign). The ADC measurements (ADCtumour and ADCratio 
values) were correlated with the Gleason score (GS) from each 
tumour foci. 

Results: 
Eighty-three patients were included in study I. PCa was found in 
39/83 (47%) and both the PIRADS summation score and the over-
all Likert classification showed a high correlation with biopsy 
results (p<0.0001). Five patients (13%) had PCa detected only on 
mp-MRI-bx outside the systematic biopsy areas (p=0.025) and 
another 7 patients (21%) had an overall GS upgrade of at least 
one grade (p=0.037) based on the mp-MRI-bx. Clinical significant 
PCa was found in 37/39 patients according to the Epstein criteria 
(2004). 
Eighty-seven patients were included in study II and underwent 
mp-MRI before RP. The correlation between cTMRI and pT 
showed a spearman rho correlation of 0.658 (p<0.001) and 0.306 
(p=0.004) with a weighted kappa of 0.585 [CI 0.44;0.73] and 0.22 
[CI 0.09;0.35] for reader A and reader B, respectively. The preva-
lence of ECE after RP was 31/87 (36%). ECE risk scoring showed an 
AUC of 0.65-0.86 on the ROC-curve for readers and a sensitivity, 
specificity and diagnostic accuracy of 81% [CI 63;93],78% [CI 
66;88] and 79% at the best cut-off level (risk score≥4) for the 
most experienced reader. When tumour characteristics were 
influenced by personal opinion and functional imaging, the sensi-
tivity, specificity and diagnostic accuracy for prediction of ECE 
changed to 74% [CI 55;88], 88% [CI 76;95] and 83% for reader A 
and 61% [CI 0.42;0.78], 77% [CI 0.64;0.87] and 71% for reader B, 
respectively. 
Seventy-one patients were included in study III. The association 
between ADC measurements and GS showed a significantly nega-
tive correlation (p<0.001) with spearman rho for ADCtumour (-
0.421) and ADCratio (-0.649), respectively. There was a statistical 
significant difference between both ADC measurements and the 
GS groups for all tumours (p<0.001). ROC-curve analysis showed 
an overall AUC of 0.73 (ADCtumour) to 0.80 (ADCratio) in dis-
criminating GS 6 from GS ≥ 7(3+4) tumours. The AUC remained 
virtually unchanged at 0.72 (ADCtumour), but increased to 0.90 
(ADCratio) when discriminating GS ≤ 7(3+4) from GS ≥ 7(4+3). 

Conclusion: 
Mp-MRI prior to repeated biopsies can improve the detection 

rate of clinically significant prostate cancer and allow for a more 
accurate GS by combining standard TRUS-bx with mp-MRI-
targeted biopsies under visual TRUS-guidance. Mp-MRI can pro-
vide valuable information about the histopathological aggressive-
ness of a PCa lesion and the tumour stage with possible ECE can 
be assessed in the pre-therapeutic setting providing important 
additional information for optimal patient-tailored treatment 
planning. 
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