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A B S T R A C T

Implementation of advanced imaging techniques like multiparametric magnetic resonance imaging (mpMRI) or Positron Emission Tomography (PET) in radiation
therapy (RT) planning of patients with primary prostate cancer demands several preconditions: accurate staging of the extraprostatic and intraprostatic tumor mass,
robust delineation of the intraprostatic gross tumor volume (GTV) and a reproducible characterization of the prostate cancer’s biological properties. In the current
review we searched for the currently available imaging techniques and we discussed their ability to fulfill these preconditions.

We found that current pretreatment imaging was mainly performed with mpMRI and/or Prostate-specific membrane antigen PET imaging. Both techniques
offered an accurate detection of the extraprostatic and intraprostatic tumor burden and had a major impact on RT concepts. However, some studies postulated that
mpMRI and PSMA PET had complementary information for intraprostatic GTV detection. Moreover, interobserver differences for intraprostatic tumor delineation
based on mpMRI were observed. It is currently unclear whether PET based GTV delineation underlies also interobserver heterogeneity. Further research is warranted
to answer whether multimodal imaging is able to visualize biological processes related to prostate cancer pathophysiology and radiation resistance.

1. Introduction

In the last decade, improvement in advanced medical imaging
techniques such as multiparametric magnetic resonance imaging
(mpMRI) or Positron Emission Tomography (PET) enabled the depic-
tion of anatomic and functional properties of intraprostatic lesions,
lymph node metastases and distant metastases in patients with primary
prostate cancer (PCa). However, the implementation of these techni-
ques in radiation therapy (RT) planning for primary PCa progresses
only slowly.

Current guidelines for patients with primary PCa [1] recommend a
risk-adapted staging procedure taking into account the patients’ pre-
ference and comorbidity. MpMRI should be used for local staging in
patients with intermediate- and high-risk PCa, whilst at least cross-
sectional abdominopelvic imaging and bone scan are recommended for
metastatic screening.

In patients with primary PCa conventional RT techniques aim at
delivering a homogeneous dose to the entire prostatic gland without
considering the localization of imaging defined intraprostatic tumour
mass. Evidence from PCa dose-escalation studies suggests an improved
tumour control based on this RT dose increase [2–4]. However, an
unlimited dose escalation to the whole prostatic gland is limited by
radiation damage occurring to neighboring organs at risk [5]. Likewise,
strategies to escalate the RT dose to the gross tumor volume (GTV)
within the prostate have been proposed [6]. One major issue for every
single focal therapy regimen is the accurate detection and delineation
of the GTV by implementation of the appropriate imaging technique.
Most of the studies used mpMRI to guide focal RT dose escalation by
external beam RT (EBRT) or brachytherapy (high-dose or low-dose rate
BT) [6]. Current advances in PET imaging showed very encouraging
results in identifying the GTV within the prostate [7–9] and some stu-
dies postulated that the combined use of mpMRI and PET information
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achieves the best results in GTV detection and delineation [7,10].
For patients with primary PCa risk stratification is mandatory to

select suitable treatment options. The National Comprehensive Cancer
Network (NCCN; available from: www.nccn.org) risk-classification
system implements clinical T stage (cT stage), Gleason score, and initial
prostate-specific antigen (iPSA) levels. All of them have been shown to
be independent risk factors of biochemical failure (BF) after definitive
RT [11]. However, predicting the final outcome through models can be
impeded due to patient heterogeneity [12], making detection of more
robust risk-factors a necessity. In current practice, features from
modern imaging data have impact on cT stage by defining the tumour
localization. However, first studies postulated that features extracted
from MRI [13,14] or PET [15] data may help to characterize the in-
traprostatic GTV in terms of biological aggressiveness, improving pa-
tients‘ risk stratification. Imaging features allow non-invasive PCa
characterization, enabled through longitudinal observations at multiple
time-points during treatment [16]. Adding to that, the implementation
of modern imaging for GTV characterization may account for in-
tratumoral heterogeneity in PCa [17].

Modern imaging techniques must fulfill several preconditions to
support radiation oncologists in treatment planning: accurate staging of
the extraprostatic and intraprostatic tumor mass, robust delineation of
the intraprostatic GTV and a reproducible characterization of the PCa’s
biological properties. In this review we discussed whether the currently
available imaging techniques, emphasizing on mpMRI and Prostate-
specific membrane antigen (PSMA) PET, are able to fulfill these pre-
conditions.

2. Materials and methods

A search of the PubMed database for the period from January 1,
2010 to July 30, 2018 was conducted. The following search strategy
was applied ‘‘(imaging [tw] OR MRI[tw] OR magnetic resonance ima-
ging[tw] OR PET[tw] OR positron emission tomography[tw]) AND
prostate[tw] OR prostatic[tw])’’. Only papers reporting on treatment
naïve patients were included. The included papers needed to be avail-
able as full published manuscripts and had to be written in English. Full
text versions of the eligible papers were retrieved and reviewed in-
cluding manual searching of the bibliographies for other applicable
papers.

3. Results

3.1. Metastatic screening

The depiction of the systemic tumour burden is crucial, greatly af-
fecting therapeutic decision and stratifies: local therapy (prostate and/
or pelvic lymph nodes) versus oligometastatic directed therapy versus
systemic therapy. The sensitivities and specificities for detecting ex-
traprostatic PCa in multimodal imaging are summarized in Table 1.

3.1.1. MpMR
MpMRI for staging of patients with primary PCa normally consists

of T1w and T2w imaging in combination with one or two additional
methods such as diffusion (DWI) MRI or dynamic contrast enhanced
(DCE) MRI. DWI depictures the membrane integrity and tissue cellu-
larity and is quantified by the Apparent Diffusion Coefficient (ADC),
representing the diffusion coefficient of water molecules in the tissue.
DCE-MRI reflects the density and permeability of tumour infiltrating
micro-vessels. Some studies used MR-spectroscopy as an additional part
of mpMRI protocols. Staging of lymph node metastases in patients with
primary PCa is still heavily relying on anatomical MRI sequences (T1w
and T2w). However, malignant lymph nodes may be normal sized and
non-metastatic lymph nodes may be enlarged due to reactive hyper-
plasia. Likewise, a meta-analysis reported a pooled sensitivity of 0.39
and a pooled specificity for 0.82 for MRI in lymph node staging [18]

using histology as the gold-standard. The addition of DWI-MRI may
improve the sensitivity as well as the specificity for lymph node de-
tection [19]. Harisinghani et al. showed that MRI with paramagnetic
nanoparticels improved the sensitivity from 0.35 to 0.91 compared to
conventional MRI [20].

Staging of bone metastases with MRI can be done either by whole-
body MRI or by axial skeleton images and is mainly performed with
T1w or DWI [21]. A recent meta-analysis by Who et al. [21] included
ten studies that used MRI for the detection of bone metastasis in pa-
tients with PCa showing a pooled sensitivity of 0.96 and a specificity
0.98. Lecouvet et al. compared MRI with bone scintigraphy in 66 pa-
tients with high-risk PCa and reported a change in treatment plan in
22% of the patients due to MR findings. The authors also analyzed the
economic impact and observed variability among different countries
with a trend for higher costs for MR imaging [22].

3.1.2. Psma Pet/Ct
PSMA is a type II membrane glycoprotein which is expressed at

levels that are up to several thousand-fold in PCa tissue than in benign
prostatic tissue. Salivary glands, kidneys and proximal small intestine
exhibit high PSMA-expression which however does not impair image
interpretation [23]. Additionally, PSMA expression may increase as
tumor grade and castrate resistance increases [24]. It should be men-
tioned that Mannweiler et al. observed an inhomogeneous PSMA ex-
pression by immunostaining of primary PCa lesions identifying that, 6
from 51 intraprostatic lesions had no to low PSMA expression [25].
Today, mainly small molecule PSMA ligands with urea-based binding
motif are labeled with 68Ga- or 18F- for clinical practice [8,15,26–31].

First studies analyzed the value of PSMA PET/CT in detection of
lymph nodes metastases in patients with primary PCa [32,33]. Maurer
et al. compared the performance of 68Ga-PSMA-11 PET/CT for lymph
node detection with conventional cross sectional imaging using histo-
pathological evaluation as the reference and reported sensitivities 0.66
and 0.44 and specificities of 0.99 and 0.85 for PSMA PET and con-
ventional imaging, respectively. Furthermore, the authors could show
that even lesions with 2 mm can be detected with PSMA PET [34].
Leeuwen et al. observed a similar sensitivity (0.64) and specificity
(0.95) for lymph node detection by comparing 68Ga-PSMA-11 PET/CT
with histology reference [35]. Using also histology as the reference
Öbek et al. reported lower sensitivity (0.54) and specificity (0.86) for
68Ga-PSMA-11 PET/CT [36]. Mix et al. performed 111In-PSMA-617-
guided lymphadenectomy with the use of a gamma probe. Ex situ
analysis at the level of single lymph nodes revealed that 111In-PSMA-
617 had excellent ability to discriminate between malignant and non-
malignant LN in six patients with PCa (sensitivity 0.92 and specificity
0.99) [37]. A recent study by Rischpler et al. identified PSMA uptake in
ganglia as an important pitfall due to similar imaging characteristics
with malignant lymph nodes [38].

For the detection of bone metastases, PSMA PET has a higher sen-
sitivity (0.99 vs. 0.87) and specificity (0.88 vs. 0.61) [39] and detects
on average double the number of lesions than standard bone scinti-
graphy [40]. However, a review by Sheikhbahaei et al. noted that due
to pathological bone remodeling and increased vascularity false posi-
tive PSMA PET findings may occur in benign bone disease such as Pa-
get’s disease. Additionally, several case reports reported on the in-
cidental detection of synchronous primary and metastatic lesions from
other malignancies like multiple myeloma or tumors of the gastro-
intestinal tract [41].

A prospective multicenter study reported that 68Ga-PSMA-11 PET/
CT led to a change in management intend in 21% of the patients with
primary [42]. Dewes et al. observed a change of overall RT concept in
33% of the patients with primary PCa using 68Ga-PSMA-11 PET/CT.
The authors performed additional RT of the pelvic lymph nodes in 25%
of the patients due to findings in PSMA PET [43]. Schiller et al. deli-
neated a clinical target volume according to the Radiation Therapy
Oncology Group guidelines to cover the pelvic lymphatics in 25 patients
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with high-risk PCa who underwent 68Ga-PSMA-11 PET/CT before RT.
The authors observed that 35.7% of the PSMA PET positive lymph
nodes were not covered by the RT field in these patients [44].

3.1.3. PET-tracers other than PSMA-ligands
Several PET tracers have been investigated for staging of patients

with primary PCa. The most commonly used radiotracer for oncologic
imaging is 2-deoxy-2-(18F)fluoro-D-glucose (FDG) but it is of limited
utility in PCa patients due to low glucose metabolism in PCa lesions
[45,46]. PET/CT using [11C]- and [18F]-labelled choline derivates were
widely used for staging of primary PCa [47]. However, a meta-analysis
by Evangelista et al. [48] and a recent study by Selnaes et al. [49]
reported for choline PET/CT and also for 18-F-Fluciclovine PET/CT a
low sensitivity (< 0.5) in detection of metastases from primary PCa.

Mosavi et al. compared whole-body DWI- MRI with 18F-NaF PET/CT
for detection of bone metastases in patients with high-risk PCa re-
porting a higher sensitivity but a lower specificity for PET [50]. Neu-
roendocrine transformation occurs in advanced PCa and the usage of
68Ga-DOTATOC PET examinations for characterization on neuroendo-
crine differentiation was proposed [51].

3.2. Detection, delineation and characterization of intraprostatic lesions

The implementation of modern imaging techniques for local staging
of PCa should meet several preconditions:

High sensitivity and specificity in detection of intraprostatic GTV
Robust delineation of intraprostatic GTV
Characterization of the biological properties of intraprostatic GTV

3.2.1. MpMRI
MpMRI detects intraprostatic PCa with high accuracy if anatomical

and functional MRI information is combined from T2w-, DCE- and DWI-
MRI. Using the combination of all three sequences two meta-analyses
reported pooled sensitivities and specificities as high as 74–89% and
73–88% for the detection of intraprostatic lesions (1.5 or 3 Tesla MRI
systems) [52,53]. De Rooji et al. observed differences in pooled sensi-
tivities and specificities between studies using prostatectomy (69% and
93%) or studies using biopsy (76% and 86%) as the reference standard
[52].

MpMRI has poor sensitivity in small (< 0.5 ml) PCa lesions [54],
low-grade PCa as well as T-zone involvement and suffers from false-
positive rates in benign prostatic hyperplasia [55]. A confounding
factor in tumor detection with mpMRI, is the presence of post-biopsy or
post-fiducial marker insertion hematoma (especially in T2w and DCE)
and changes induced by androgen deprivation therapy [56].

Furthermore, mpMR image interpretation for PCa diagnosis is reported
to result in substantial inter-reader variability [57] which impacts in-
traprostatic tumour delineation [58,59]. In a study by Steenbergen
et al. six teams of delineators contoured the intraprostatic tumour vo-
lume in 20 patients based on mpMRI information and used prosta-
tectomy as the reference. The interobserver agreement between deli-
neations of the teams and the pathologist was only moderate (kappa
0.45 ± 0.16) and one dominant lesion in the central zone was missed
by all teams [58]. Rischke et al. could prove that a DWI-MRI based
GTV-delineation resulted in higher intraobserver variability compared
to DCE- or T2w-based approaches [60]. To standardize the evaluation
and reporting of mpMRI of the prostate an updated version of the
Prostate Imaging Reporting and Data System (PI-RADSv2) was released
[61]. In the new PI-RADS v2 the dominant sequence to detect PCa in
the peripheral zone is DWI. For PCa detection in the transition zone
T2w is the most important sequence, whereas DCE-MRI has been at-
tributed a minor role in both locations. A study by Venderink et al.,
defined intraprostatic lesions according to PI-RADSv2 and performed
direct in-bore MRI-guided biopsies in patients with clinically suspicious
PCa and detected increased PCa detection rates in patients with higher
PI-RADv2 scores [62]. Furthermore, several studies discovered that
patients with higher PI-RADSv2 lesions are more likely to have high-
grade PCa (defined by Gleason score ≥ 7a (3 + 4)) [63,64]. Another
approach to increase the robustness of mpMRI-based detection and
delineation of intraprostatic tumour lesions is the implementation of
computer-aided methods (CADs) [65]. Viswanath et al. observed that
PCa lesions in the central gland and in the peripheral zone have sig-
nificantly differing textural quantitative imaging signatures on T2w-
MRI [66]. Several groups implemented algorithms with deep learning
architecture to improve CAD in PCa detection [67,68]. Algohary et al.
proposed that radiomic features extracted from T2- and ADC-MRI can
distinguish between malignant and normal regions in the prostate
(defined by biopsy) [69]. Wang et al. compared deep learning with
deep convolutional neural network and a non-deep learning algorithm
(SIFT image feature and bag-of-word) to distinguish pathologically
confirmed PCa patients from non-malignant conditions and reported
significant higher AUC values (0.84 vs 0.7) for the deep learning ap-
proach [70].

Notably, as mpMRI is not able to fully exhibit intraprostatic tumour
amount it is still debated whether it is able to identify to most ag-
gressive lesions. Three studies examined whether local recurrences of
PCa after primary radiation therapy (RT) occur at the primary tumour
side using pre and post treatment MRI in a limited number of patients.
All of them observed that local recurrences after RT mostly occurred at
the side of the primary MR-visible tumour [71–73]. Quivrin et al. ret-
rospectively defined the intraprostatic GTV based on MRI in 66 PCa

Table 1
Sensitivity and specificity for detection of lymph node and bone metastases.

Study Patients Technique Sensitivity Specificity

I Lymph node metastases
Hovels et al. [18] 628 (meta-analysis) MRI*** 0.39 0.82
Harisinghani et al. [20] 80 MRI with paramagnetic nanoparticels 0.91 0.98
Vallini et al. [19] 26 DWI - MRI 0.85 0.9
Maurer et al. [34] 130 68Ga-PSMA-11 0.66 0.99
Van Leuwen et al. [35] 30 68Ga-PSMA-11 0.64 0.95
Öbek et al. [36] 51 68Ga-PSMA-11 0.54 0.86
Jilg et al.* [106] 30 68Ga-PSMA-11 0.81 1

II Bone metastases**

Study Patients Technique Sensitivity Specificity
Who et al. [21] 1031 (metaanalysis) MRI*** 0.96 0.98
Pyka et al. [39] 126 68Ga-PSMA-11 0.99 0.88

Please note:
* The study by Jilg et al. was performed in patients with rising PSA after prostatectomy.
** No histology reference was used in the studies considering bone metastases.
*** MRI technique was not further specified.
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patients treated with low-dose brachytherapy and showed that the dose
distribution within the GTV had a predictive value on PSA bounce after
brachytherapy [74]. Zamboglou et al. delineated retrospectively the
intraprostatic GTV based on mpMRI in patients with primary EBRT for
PCa. The study could show that the dose distribution within the ima-
ging-defined GTV correlates better with the biochemical recurrent free
survival than the RT dose delivered to the rest of the prostatic gland
[75].

Therefore, the ability of mpMRI to characterize the aggressiveness
of the intraprostatic GTV requires further investigation. An accurate
and precise characterization of the GTV would improve the risk stra-
tification of PCa patients and would allow for an individualization of RT
procedures (e.g. dose de- and/or escalation in certain GTV sub-volumes
according to imaging information). One important approach is the
correlation of features extracted from imaging with parameters de-
duced from histology reference. Gibbs et al. reported a significant
correlation between cell density and ADC values [76]. Donati et al.
demonstrated that the ADCmean is an independent predictor of tumor
aggressiveness in terms of Gleason score [13]. Likewise, Casares-Magaz
et al. introduced a tumour control probability (TCP) model for RT of
PCa using information from ADC [77]. Another approach is to correlate
imaging derived features with the outcome after therapy. Two studies
reported that the intraprostatic tumour extent and extracapsular disease
defined by mpMRI correlates with the outcome after primary RT for
prostate cancer [78,79]. Another study could prove that texture fea-
tures (e.g. Haralick features) on T2w-MRI are associated with bio-
chemical recurrence after RT for PCa [80]. Song et al. observed a sig-
nificant increase of ADC values in PCa lesions during RT and proposed
the usage of DWI MRI as a potential imaging biomarker for monitoring
therapeutic response [81].

First prospective studies reported outcomes after mpMRI-guided
focal RT for patients with primary PCa. A Spanish Phase II study per-
formed RT dose escalation by MRI-transrectal ultrasound fusion HDR
BT [82]. Dose escalation on intraprostatic GTV was feasible in 14/15
patients and with a median follow-up of 18 months no patient devel-
oped gastrointestinal/genitourinary toxicities ≥3. Recently, a rando-
mized, multicenter Phase III study (FLAME trial) reported toxicity
outcomes after a median follow-up of 55 month in 571 patients [83].
The standard treatment arm received a dose to the entire prostate of
77 Gy in 35 fractions. The dose-escalated treatment arm received 77 Gy
in 35 fractions to the entire prostate, including an integrated boost up
to 95 Gy to the MRI defined PCa. Prevalence rates for both gastro-
intestinal and genitourethral side effects were not significantly different
across treatment groups. Additionally, several retrospective analyses
underlined the feasibility of MRI-guided focal RT using stereotactic
body RT, intensity modulated RT (IMRT) or BT [6].

3.2.2. psma pet/ct
Lopci et al. performed 68Ga-PSMA-11 PET/CT in patients with

previous negative mpMRI findings or contraindications for mpMRI
imaging and intraprostatic PSMA uptake was found in 25 of 45 patients.
However, PCa was found by PET guided fusion biopsy in 11 of these 25
patients [84]. Eight studies investigated the potential implication of

PSMA PET/CT in intraprostatic tumor localization using prostatectomy
as the reference (Table 2). There is a broad heterogeneity with regard to
data acquisition (e.g. registration techniques between histology and
imaging information, included patient cohorts and the used PET tracer)
and data analysis (e.g. level of correlation between imaging and his-
tology information). The median sensitivities, specificities and ROC-
AUC values for all studies were 0.71 (range: 0.49–0.92), 0.92 (range:
81–97) and 0.83 (range: 0.83–0.84), respectively.

In the studies mentioned in table 2 the detection and delineation of
intraprostatic GTVs was mainly performed manually by experienced
readers. In a voxel-level correlation between PSMA PET and histology
using receiver operating characteristic (ROC) analyses a threshold of
30% of SUVmax within the prostate for GTV-delineation is useful to
reach a sensitivity ≥0.9 [8]. Two other studies used different thresh-
olds for PSMA-based GTV-delineation (40% and 50% of SUVmax within
the prostate), respectively [85,86]. To the best of our knowledge no
interobserver variation analysis for PSMA PET based GTV-delineation
in the prostate was performed until now. Furthermore, no CAD ap-
proach was introduced for PSMA PET based PCa detection or delinea-
tion.

The correlation of PSMA PET signal with the Gleason score is cur-
rently debatable. A recent work by Bravaccini et al. found a strong
correlation between PSMA signal (immunohistochemistry) in biopsy
cores and prostatectomy specimen with the corresponding Gleason
scores and PSA serum levels. In Gleason pattern 3 vs. Gleason pattern 4
and 5, PSMA sensitivity and specificity were 0.84 and 0.95 [87].
Hoffmann et al. compared 68Ga-PSMA-11 PET signal with Gleason score
in biopsy cores derived from TRUS-guided biopsies and reported that
the PSMA signal allows to distinguish between Gleason score 7a and 7b
tumours [88]. This observation was supported by Rhee et al. using
prostatectomy as the reference [30]. Rowe et al. used prostatectomy as
the reference and detected a positive correlation between 18F-DCFBC
uptake in tumors with Gleason score (ρ > 0.65 and p < 0.05) [15].
On the contrary, three studies using prostatectomy as the reference did
not observed a significant correlation between 68Ga-PSMA-11 PSMA
signal and Gleason score [8,27,28].

There is lack in clinical experience regarding PSMA PET-guided
focal RT (Fig. 2). However, Zamboglou et al. performed an IMRT
planning study simulating a dose escalation on PSMA PET derived
targets while calculating the tumor control probability based on the
dose distribution within the registered histological information (TCP-
histo). We could demonstrate that PSMA PET guided RT dose escalation
considering the FLAME trial protocol [89] was feasible in ten of ten
patients. Furthermore, TCP-histo was significant higher in the dose
escalation arm compared to the conventionally fractionated arm (70%
vs. 96%, p < 0.01) without increased risk of normal tissue toxicity
[90].

3.2.3. Combined use of PSMA PET and mpMRI
Combing information from mpMRI and PSMA PET might offer

complementary information in PCa detection overcoming the limitation
of each single technique to identify the entire intraprostatic tumour
amount. In a first study by Zamboglou et al. the authors compared

Table 2
Correlation studies between PSMA PET and histopathology after radical prostatectomy.

Study Patients Tracer Registration PET vs histology Analysis Sensitivity Specificity ROC-AUC

Fendler et al. [26] 21 68Ga-PSMA-11 no 6 segments 0.67 0.97 0.84
Eiber et al. [27] 53 68Ga-PSMA-11 no 6 segments 0.64 0.94 0.83
Rahbar et al. [28] 6 68Ga-PSMA-11 No 22 segments 0.92 0.92
Zamboglou et al. [29] 11 68Ga-PSMA-11 Ex-vivo CT, manual registration 48 segments 0.75 0.87
Zamboglou et al. [8] 9 68Ga-PSMA-11 Ex-vivo CT, multiple registration steps Voxel-level 0.83
Rhee et al. [30] 20 68Ga-PSMA-11 Deformable registration 27 segments 0.49 0.95
Berger et al. [112] 50 68Ga-PSMA-11 no 8 segments 0.81 0.85
Kesch et al. [31] 10 18F-PSMA-1007 no 38 segments 0.71 0.81
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mpMRI and 68Ga-PSMA-11 for intraprostatic GTV-delineation and we
found only 40% overlap between GTV-MRI and GTV-PET. Furthermore,
the laterality on mpMRI, PSMA PET and histopathology after TRUS-
biopsy was similar in only 47% of the patients. The GTVs based on
PSMA PET were significantly larger than the GTVs based on mpMRI
[91]. Tulsyan et al. compared 68Ga-PSMA-11 with mpMRI for staging of
high-risk PCa patients and observed similar results (concordance in
52.7% of patients) [92]. In contrast Giesel et al. reported a high con-
cordance in tumour extension between PSMA PET (delineated by 50%
of SUVmax) and mpMRI (T2w and DWI) [85]. Table 3 summarizes
studies which performed intra-individual comparisons between PSMA
PET/CT, mpMRI and histopathology after prostatectomy using again
different approaches not only in data acquisition, but also in data
analysis. For all studies the median sensitivities/specificities for PSMA
PET and mpMRI were 0.71 (range: 0.49–0.75)/0.87 (range: 0.81–0.95)
and 0.65 (range: 0.43–0.86)/0.82 (range: 0.64–0.94), respectively.

Thalgott et al. compared Ga-PSMA-11 PET/MRI findings to pre-
operative staging nomograms in PCa patients using histopathology as
the reference [93]. Considering extracapsular disease and seminal ve-
sicle invasion combined PET/MR imaging yielded the highest

sensitivity compared to the MSKCC nomogram and the Partin tables.
Using hybrid PET/MR Eiber et al. indicated, that mpMRI and 68Ga-

PSMA-11 PSMA may offer complementary information in PCa detec-
tion. The sensitivity increased to 0.76 when both imaging methods were
combined. The authors divided the prostate into sextants and observed

Fig. 1. A clinical example of PSMA PET guided IMRT in a patient with positive lymph nodes. A 74 year old patient presented with primary PCa: Gleason 9 (4 + 5),
initial PSA 15 ng/ml and cT3b stadium. The patient had 60% chance for lymph node involvement according to MSKCC nomogram. PSMA PET/CT revealed one
lymph node in the left (left picture) and one lymph node in the right pelvis (not shown). The patient had neoadjuvant ADT in combination with IMRT and IGRT:
76 Gy to the prostate, 45 Gy to the pelvic lymph nodes and a sequential boost to the 2 PET positive lymph nodes with up to 54 Gy. In the right picture the dose wash
representation of the IMRT plan is shown.

Fig. 2. A clinical example for IMRT dose escalation
on multimodal defined intraprostatic lesions. In A
and B axialT2-MRI and PSMA PET images are shown
with PCa in the right lobe of a 72 year old patient
with intermediate risk PCa according to NCCN. The
patient received PSMA planning PET/CT and
mpMRI imaging after insertion of fiducial markers.
Using image-guided RT (IGRT) and IMRT (rapid-arc)
we delivered 74 Gy (1.85 Gy per fraction) to the
prostatic gland and a simultaneous integrated boost
(SiB) of 80 Gy (2 Gy per fraction) to the PTV union
which was created based on addition of GTV-PET
and GTV-MRI. In C the dose wash presentation of
the respective RT plan is shown. In the lower row
the dose volume histogram (DVH) of the plan is
presented for bladder, rectum and the target struc-
tures. Abbreviations: PTV = planning target vo-
lume, GTV = gross tumour volume.

Table 3
Correlation studies between PSMA PET, mpMRI and histopathology after ra-
dical prostatectomy.

Study PSMA PET mpMRI

Sensitivity Specificity Sensitivity Specificity

Eiber et al. [27] 0.64 0.94 0.43–0.58* 0.82–98*

Zamboglou et al. [29] 0.75 0.87 0.7 0.82
Rhee et al. [30] 0.49 0.95 0.44 0.94
Berger et al. [112] 0.81 0.85 0.65 0.83
Kesch et al. [31] 0.71 0.81 0.86 0.64

* Different Youden thresholds were used for analysis. All studies used an
mpMRI protocol including: T2w-, DCE-, and DWI-MRI.
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that in 19% of the sextants, PET imaging detected PCa with a negative
result in mpMRI. Conversely, mpMRI was positive with negative PSMA
PET imaging in 13% of sextants [27]. Zamboglou et al. reported an
increase in sensitivity up to 0.82 when GTV-union (addition between
GTV-PET and GTV-MRI) was considered [29]. The use of GTV-inter-
section (intersection volume between GTV-MRI and GV-PET) increased
the specificity to 99%. Accordingly, Rhee et al. stated that not all le-
sions in histopathology were positive by both: PSMA PET and mpMRI
[30].

Whether mpMRI and PSMA PET offer complementary information
in GTV characterization remains unclear. A work from the group in
Freiburg showed that in patients with multifocal PCa each lesion with
the highest SUV (max and mean) had also the lowest ADC (min and
mean) and was always the largest lesion in histology [29]. A similar
observation was reported by Domachevsky et al. [94], whereas Rowe
et al. [15] and Rhee et al. [31] observed only a moderate, inverse
correlation between ADC and SUV values.

Currently, clinical data from the implementation of focal RT ap-
proaches guided by combined PSMA PET and mpMRI information are
lacking. Zamboglou et al. performed a planning study simulating focal
IMRT dose escalation according to two published protocols [95]. The
TCP was calculated based on the dose distribution in the registered
histological information and the focal dose escalation was guided by
PSMA PET, mpMRI or the combination of both. Boosting on combined
PSMA PET and mpMRI information resulted in significantly increased
TCP values without increased risk for normal tissue toxicity in most of
the plans.

3.2.4. PET-tracers other than PSMA-ligands
The role of 11C and 18F choline PETCT in the diagnosis of primary

PCa is controversially discussed as some studies have shown a low
sensitivity for detection of primary PCa, whereas other studies reported
a higher sensitivity [96–98]. In a planning study Chang et al. compared
mpMRI with [11C] choline-PET/CT for GTV-delineation based on his-
tology reference and postulated a superiority of choline PET/CT [99].
However, more recent data showed that 11C choline PET/CT failed to
distinguish between PCa and non-PCa tissue in the prostate [100,101].
Especially benign lesions in the prostate (e.g. BPH nodules, in-
flammatory lesions) can yield high Choline uptake [102]. A study by
Hoffmann et al. compared 68Ga-PSMA-11 PSMA PET/CT with 18F
choline PETCT using biopsies as the reference and reported higher
sensitivity and specificity for PSMA PET in discrimination of Gleason 7a
and 7b tumours [88].

Another potential target receptor for PET-based imaging in patients
with primary PCa is the gastrin releasing peptide receptor which can be
targeted by 68Ga-labeled antagonists [9,103] and a first in human study
demonstrated a sensitivity of 0.88 and a specificity of 0.81 for PCa
detection with prostatectomy as reference [103]. A recently published
study by Jambor et al. compared 18F- anti-1-amino-3-18F-fluor-
ocyclobutane-1-carboxylic acid (FACBC) PET with mpMRI in detection
of primary PCa based on histology reference after operation. The au-
thors stated that 18F-FACBC imaging significantly correlated with
Gleason score but failed to outperform mpMRI [104].

4. Discussion

Initial staging of patients with primary PCa has a major impact on
further RT procedures and may lead either to treatment intensification
(e.g. extended RT fields to the pelvic lymph nodes or to oligometastases,
initiation of ADT) or to change of the entire treatment setting (from
curative to palliative treatment concept). Likewise, imaging should
offer high sensitivity as well as high specificity in order to avoid under-
or overtreatment. In regard to bone metastases PSMA PET seems to
offer currently the best results in terms of cost effectiveness and diag-
nostic performance. Notably, current literature on the role of PSMA
PET/CT in diagnosis of bone metastases lacks histopathological

reference.
For lymph node staging in patients with primary PCa MR lym-

phangiography using nanoparticels led to remarkably high sensitivities
(> 0.9) [105]. Although PSMA PET has higher sensitivities in detection
of lymph node metastases compared to conventional imaging, micro-
scopic disease or affected small volume lymph nodes are potentially
missed by PET imaging and thus a negative finding in PSMA PET is not
able to rule out metastatic spread within lymph nodes [106]. Further-
more, the study of Thalgott et al. stated that the MSKCC nomogram had
a higher concordance with the nodal status in histology than PSMA
PET/MRI findings [93]. In our opinion, the use of PSMA PET/CT or
mpMRI should therefore not result in an omission of nomogram trig-
gered RT volumes. However, the usage of modern image techniques
may enable a directed RT dose escalation to the positive regions or
areas (Fig. 1). A current trial (MAGNIFY, NCT03223064, clinicaltrials.
org) is recruiting patients in order to compare the accuracy of lymph
node staging between 68Ga-PSMA PET and MR lymphangiography with
Ferumoxtran-10.

In general both mpMRI and PSMA PET/CT offer acceptable per-
formance for intraprostatic GTV detection and delineation. However,
these imaging techniques seem to deliver complementary information
as the sensitivity increases when both mpMRI and PSMA PET were
combined. Furthermore, IMRT dose escalation on multimodal defined
GTVs seems to be feasible and reached the highest TCP values without
increase in toxicity. Future studies should identify those patient popu-
lations in which a combined use of PSMA PET and mpMRI adds clinical
value. In the meanwhile, the combined use of PSMA PET and mpMRI
for GTV-delineation is a potential solution to ensure the best ther-
apeutic ratio. It should be mentioned that bowel and bladder motion
may lead to a movement of the prostate between acquisitions of dif-
ferent imaging modalities. Therefore, exact co-registration of MRI with
PET/CT image data is difficult, which can cause a mismatch of the
delineated GTVs. Hybrid PET/MRI systems offer a simultaneous ac-
quisition of the image data and likewise account for this issue.

Several studies reported on interobserver variabilities when in-
traprostatic GTV was delineated based on mpMRI demonstrating the
need for contouring guidelines. CADs may also help to solve this pro-
blem but are yet not implemented in clinical routine. For PSMA PET
several semiautomatic approaches for GTV-delineation based on
SUVmax values (30–50%) within the prostate have been proposed and
to the best of our knowledge no CAD for PSMA PET GTV-delineation is
available. Future studies should address more deeply on how to contour
the intraprostatic GTV based on the currently available imaging mod-
alities.

There is growing evidence that features extracted from mpMRI or
PSMA PET/CT may correlate with the biological properties of the in-
traprostatic GTV. It remains unclear if the combined use may improve
GTV characterization. Additionally, there are still no conclusive data on
which histopathological parameters should be used to define the tu-
mour aggressiveness. Two studies hypothesized that outcome for pa-
tients with primary PCa may be related mainly to the volume and
Gleason score of the largest cancer in the prostate [107,108]. It should
be mentioned that the lesion with the highest Gleason score may not
always be the most relevant for prognosis. Haffner et al. depicted that
even a Gleason 6 (3 + 3) lesion may be eventually lethal [109] and De-
Colle et al. could show that the ex-vivo yH2AX radiosensitivity of PCa
probes is not correlating with the Gleason score, the prostate specific
antigen (PSA) serum levels and the tumour stage [110]. Thus, we be-
lieve that further research is warranted to improve GTV characteriza-
tion. Connecting imaging data features with features (e.g. genomics or
proteomics) from the corresponding tissue may help to account for
interpatient tumor heterogeneity and thus help to characterize the in-
traprostatic GTV in order to improve risk stratification systems. Recent
advances in RT delivery systems like the MR-Linac may enable the
depiction of longitudinal, biological changes of the tumor biology
during RT based on functional MR images [111]. Mapping and

C. Zamboglou et al. Physics and Imaging in Radiation Oncology 8 (2018) 8–16

13

http://clinicaltrials.org
http://clinicaltrials.org


quantifying these changes has the potential to alter the use of adaptive
RT planning and to enable more personalized RT approaches for pa-
tients with primary PCa.

In conclusion, multimodal imaging using mpMRI and PSMA PET
detects the extraprostatic and intraprostatic tumor burden with a high
sensitivity and specificity and has a major impact on RT concepts for
patients with primary PCa. It should be mentioned that PSMA PET and
mpMRI may offer complementary information for intraprostatic GTV
delineation. Furthermore, only moderate interobserver agreement was
reported for MRI-based intraprostatic GTV delineation and the im-
plementation of CADs to increase its robustness has not reached the
clinical routine yet. Further research is warranted to answer whether
multimodal imaging is able to visualize functional and biological pro-
cesses related to PCa pathophysiology and radiation resistance.
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