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Background and purpose: Focal therapies are a promising approach to treat prostate cancer (PCa) more
precisely instead of conventional whole gland treatment. Nowadays, multiparametric MRI (mpMRI) is
routinely used for gross tumor volume (GTV) delineation. The aim of our study was to compare PSMA-
PET/CT and mpMRI for the delineation of intraprostatic tumor burden by using whole mount histopathol-
ogy as a reference standard.
Material and methods: 17 prospectively enrolled patients with primary PCa underwent [68Ga-]PSMA-11
PET/CT and mpMRI before radical prostatectomy. PSMA-PET/CT, mpMRI and histopathology of the
resected specimens were co-registered. Two teams of experts generated GTV contours for mpMRI and
PET, respectively. The imaging was validated on a lesion level and slice by slice in quadrants based on
the distribution of PCa in histopathology. Overall, 772 quadrants were analyzed with 414 being true pos-
itive for tumor (53.6%).
Results: Median tumor volumes were 10.4 ml for GTV-histo, 10.8 ml for PSMA-PET and 4.5 ml for mpMRI.
Median tumor volume in mpMRI was significant (p < 0.05) smaller than GTV-PET and GTV-histo, respec-
tively. The sensitivity and specificity were 86% and 87% for PSMA-PET, 58% and 94% for mpMRI and 91%
and 84% for their GTV-union. In 133 quadrants PSMA-PET/CT correctly identified tumor where mpMRI
found none. MpMRI identified 19 true positive quadrants exclusively.
Conclusion: Our investigation demonstrates an increased consensus of PSMA-PET with histopathology
compared to mpMRI for intraprostatic GTV delineation, especially with a higher sensitivity.
Additionally mpMRI contours underestimate tumor volume significantly. Thus PSMA-PET may be a com-
plementary augmentation for GTV delineation in focal therapies.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 141 (2019) 214–219
Conventionally the whole prostate is irradiated with a homoge-
neous dose to the entire gland in patients with primary prostate
cancer (PCa) [1]. Even though an escalation of radiation dose is
known to benefit tumor response, escalation to the whole prostate
is not feasible due to toxicity [2,3]. This can lead to pivotal lesions
lacking a proper dose and response [4]. For this reason local recur-
rences often arise at the primary location of malignant lesions
[4,5]. The concept of focal therapies in PCa was implemented to
tackle this challenge and is currently subject to extensive research
(e.g. the FLAME trail (NCT01168479) and the PIVOTALBoost trial)
[6,7]. In an era of high-precision radiotherapy this strategy relies
on a sensitive detection of significant malignant lesions and their
extension to allow proper patient selection and optimal treatment.
At present, mpMRI is the gold standard for staging and gross tumor
volume (GTV) delineation for radiotherapy treatment planning in
PCa. However, it is limited by a complex interpretation with pitfalls
and may underestimate the true tumor mass [8–10]. As intrapro-
static GTV delineation remains controversial in mpMRI, the imple-
mentation of alternative diagnostic imaging approaches is
warranted. Prostate Specific Membrane Antigen (PSMA) has been
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found to be selectively overexpressed in PCa cells and can be traced
by radio-labelled peptide ligands, e.g. [68Ga-]PSMA-11 in positron
emission tomography (PET) [11]. PSMA-PET/CT is already on the
verge of being established as the gold standard for restaging in
recurrent PCa after surgery [12,13]. However, its potential to guide
therapies in a first line diagnostic setting needs to be investigated
more thoroughly. Concordantly to others, our group already postu-
lated the superiority of PSMA-PET [14]. The aim of this study is to
compare the performance of mpMRI and PSMA-PET/CT in intrapro-
static GTV delineation on a slice by slice- and lesion-level using
co-registered whole mount histopathology after surgery as the
standard of reference and to discuss the consequences for focal
radiation therapy.
Methods

Study design and patient population

In this study 20 patients were prospectively enrolled with
histopathologically proven primary adenocarcinoma of the pros-
tate and a [68Ga-]PSMA-11 PET/CT scan before prostatectomy.
Exclusion criteria were a previous transurethral resection of the
prostate and neoadjuvant deprivation therapy. Three patients were
excluded in the current analysis because mpMRI was not manda-
tory in the study protocol and only performed in 17 patients. The
median time difference between PSMA-PET/CT and mpMRI scan
was 35 days (range: 0–199 days). The median age was 67 years
and the median PSA was 17.4 (ng/ml). Informed written consent
was obtained from all patients and the ethics committee approved
this study. An interim analysis of seven patients had already been
published by our group [14]. Further information on the patients
and their respective characteristics is given in Table 1.
PSMA-PET/CT

The protocol of the radiolabeling of [68Ga-]PSMA-11 has been
previously described in Zamboglou et al. [15]. A whole body
PSMA-PET/CT scan was performed one hour after the injection of
the radiotracer. Three different Philips scanners were used in this
study: GEMINI TF TOF 64 (8 Patients), GEMINI TF 16 Big Bore (6
Patients) and Vereos (3 Patients). All scanners attained the require-
ments of the imaging guidelines proposed by the European Associ-
Table 1
Patient characteristics and GTV-histo: Column 1–5 lists patient characteristics. Please not
resected prostate und lymph nodes. Patient 1–7 were included in the mentioned previous s
prostate volume was delineated on CT.

Patient # Age (years) PSA (ng/ml) TNM

1 67 6.1 pT3a pN0 cM0
2 61 10.6 pT2c pN0 cM0
3 52 51.1 pT3b pN1 cM0
4 60 49.0 pT2c pN1 cM0
5 73 25.5 pT2c pN0 cM0
6 59 9.2 pT2c pN0 cM0
7 74 8.8 pT2c pN0 cM0
8 74 15.0 pT2c pN0 cM0
9 51 17.4 pT3a pN0 cM0
10 48 23.0 pT3b pN1 cM0
11 76 20.7 pT2c pN0 cM0
12 59 15.8 pT3b pN1 cM0
13 73 40.0 pT3a pN1 cM0
14 53 16.3 pT3a pN0 cM0
15 72 28.9 pT3b pN1 cM0
16 70 16.0 pT3a pN0 cM0
17 67 218.0 pT3b pN0 cM0
Median 67 17.4
Min 48 6.01
Max 76 218.0
ation of Nuclear Medicine (EANM) and acquired EANM Research
Ltd. (EARL) accreditation during acquisition. Images were modified
to decay corrected injected activity per kg body weight (SUV
[g/ml]). Two experienced nuclear physicians delineated the GTV
in consensus (GTV-PET) under blind conditions in iPLAN (RT image
4.7.7; BrainLAB, Germany). The minimum and maximum voxel val-
ues were set from 0 to 5 SUV. The presence of PCa on PET images
was defined as mono- or multifocal uptake greater than adjacent
background in more than one slice. Anatomical orientation was
provided by the CT scans. The prostate volume on CT was delin-
eated by an experienced reader.
MpMRI

Multiparametric MRI of the prostate was performed at 3 Tesla
in 13 Patients (10 patients were examined with a TrioTim, Siemens
Germany, 2 patients were examined with a Magnetom Vida,
Siemens, Germany, and 1 patient was examined with a Skyra,
Siemens, Germany). In 4 patients, mpMRI was performed at 1.5
Tesla (3 patients were examined with an Aera, Siemens, Germany
and 1 patient was examined with an Avanto, Siemens, Germany).
In all patients, triplanar (axial, coronal, sagittal) T2 weighted turbo
spin echo sequences (TE range axial images: 102–119 ms, TR range
axial images: 3570–9400 ms, with 5500 ms for all patients at the
3 T Trio Tim) and axial echo planar imaging diffusion weighted
imaging (low b-value 0 or 50 s/mm2 for all patients, high b-value
800 s/mm2 for 14 patients and 1000 s/mm2 for 3 patients) was part
of the MRI protocol. ADC (apparent diffusion coefficient) maps
were calculated for the diffusion weighted sequence. No endorectal
coils were employed.

A team of one board-certified radiologist, trained in the inter-
pretation of prostate MRI and one radiation oncologist with expe-
rience in the interpretation of prostate MRI, delineated all areas
suspicious for significant tumor in the axial T2 weighted sequence
in consensus (GTV-MRI). At the time of interpretation, both T2
weighted images and diffusion weighted images (including ADC
maps) were available to the readers but they were blinded to the
histopathological information. The readers applied standardized
imaging criteria (PI-RADSv2, prostate imaging: reporting and data
system) to evaluate tumor extent [16]. Lesions with a PI-RADS cat-
egory �3 were considered positive. Additionally the prostate vol-
ume on T2w-MR images was contoured by an experienced
e that the pT, pN and the Gleason score were assigned postoperatively based on the
tudy [14]. Column 6–7 report GTV-histo and PCa as percentage of prostate tissue. The

Gleason score GTV-histo (ml) PCa (% of prostate tissue)

3+4 (7a) 11.0 25.9
3+4 (7a) 5.6 17.2
5+4 (9) 24.5 42.2
3+4 (7a) 19.8 28.7
3+4 (7a) 2.8 3.9
4+3 (7b) 3.2 6.3
3+4 (7a) 1.6 2.4
3+4 (7a) 2.1 2.7
4+3 (7b) 4.2 12.0
4+3 (7b) 18.8 44.8
4+3 (7b) 9.7 21.6
4+5 (9) 15.9 58
4+5 (9) 20.5 47.7
4+4 (8) 6.7 17.2
4+4 (8) 19.9 17.0
4+3 (7b) 10.4 9.8
4+4 (8) 103.0 59.1
7b 10.4 17.2
7a 1.60 2.4
9 103.0 59.1
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reader. The prostate was delineated on MRI and CT (from PSMA
PET/CT), because the histology was registered on an ex vivo CT.
This might have overestimated GTV-histo at the expense of GTV-
MRI. GTV-MRI was adjusted (GTV-MRI-adj) by the divided prostate
volume coefficient to match GTV-histo and GTV-PET.

GTV �MRI � adj ¼ GTV �MRI � Volume of prostate CT
Volume of prostate MRI

Each patient was adjusted individually (Supplementary
Table 1).
Pathology

After resection, the prostate was marked with tissue marking
dyes and was agarose fixated within a customized localizer. Subse-
quently, the localizer was scanned in an ex vivo CT. The resected
prostate was sliced perpendicularly to the urethra in the same
angle as the ex vivo CT by using an in-house cutting device. Conse-
quently, the slices of the ex vivo CT were consonant with
histopathological slices. Two experienced pathologists delineated
malignant areas on each H&E stained whole-mount slice. These
histopathology sections including PCa GTV delineations were digi-
tized and manually matched to the ex vivo CT in MITK (MITK
Workbench 2014.10.00). The GTV contours on ex vivo CT slices
were automatically interpolated in MITK to obtain GTV-histo
(Table 1) [17].
Co-registration

PSMA-PET/CT, mpMRI images and histopathology were co-
registered in line with our published in-house protocols [14]. To
view the histopathology delineation on the same spatial frame -
the in vivo CT from PSMA-PET scans - a spatial correspondence
between ex vivo and in vivo CT was established. For this purpose,
reproducible anatomic landmarks were verified and a careful non-
rigid deformation was performed. After this sub-registration step,
the CT, including the segmentations, were imported into Eclipse
v15.1 (Varian). Subsequently, the other two imaging modalities
Fig. 1. Co-registration: This figure depicts the co-registration process based on patient
Gleason 4+4 tumor in the indicated areas (black). PSMA-PET was registered hardware ba
onto the in vivo CT as well. Though histopathology was sub-registered to an ex vivo CT of
MRI in red and histopathology in black. The prostate (green) was separated into four eq
PSMA-PET (hardware-based registration) and T2w-MRI (mutual
information registration between T2w and CT images) and their
contours were automatically aligned onto the in vivo CT in Eclipse
(Fig. 1). A manual correction based on anatomic landmarks in the
pelvis was performed whenever necessary.
Slice by slice analysis

The analysis was conducted slice by slice and quadrant-based
from apex to base (Fig. 1). Sensitivity and specificity was deter-
mined for each imaging modality, subsequently GTV-union and
GTV-intersection were derived. GTV-union is defined as the
merged contours of PSMA-PET and mpMRI. The GTV-intersection
is the conjunction of GTV-PET and GTV-MRI. In order to account
for errors in image co-registration, only lesions extending more
than 3 mm into another quadrant were counted as tumor positive
lesions in that quadrant.
Statistical analysis

Statistical analysis was performed with Prism 7 for Windows
(GraphPad Software, La Jolla California US) and Microsoft Excel
2010 (Microsoft, Redmond, USA). Pairwise comparison was per-
formed with Wilcoxon test, the threshold for significance was
p < 0.05.

Results

In a slice-based analysis 193 slices from 17 patients were ana-
lyzed (mean 11.4 slices per patient) with a quadrant-based
method. Thus, 772 quadrants were evaluated. According to GTV-
histo 414 quadrants (53.6%) contained tumor tissue. Taking true
positive and negative quadrants into account PSMA-PET diagnosed
668 quadrants (86.5%) correct whilst mpMRI correctly identified
577 (74.7%). By comparing only GTV-histo positive quadrants,
133 quadrants were identified true positive by PSMA-PET/CT in
which mpMRI was false negative. In contrast to that, mpMRI exclu-
sively detected GTV-histo in 19 quadrants (Fig. 2).
6, a 59 year old patient with a PSA of 9.2 ng/ml. Histopathology demonstrated a
sed to the in vivo CT. Everything else, T2w mpMRI and ex vivo CT, were registered
the resected prostates first. On the in vivo CT GTV-PET is contoured in yellow, GTV-
ual quadrants illustrated in purple.



Fig. 2. Venn diagram: Each circle represents the set of tumor positive quadrants of
an imaging modality or histopathology. GTV-histo is visualized in black as ground
truth. The overlap of tumor positive detection rates of PSMA-PET, mpMRI and
histopathology are illustrated. PSMA-PET identified 133 quadrants which were true
positive where mpMRI detected none. In contrast, mpMRI alone detected tumor in
19 quadrants in which PSMA-PET was false negative. In 223 quadrants both scans
concordantly detected tumor lesions found in histopathology. 13 quadrants were
false negative in both modalities. Overall 39 quadrants containing tumor tissue
were missed. 33 quadrants in PET and 10 quadrants in MRI were false positive.
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The quadrant-based sensitivity and specificity as well as their
GTV-union and GTV-intersection were calculated for each modal-
ity. The sensitivity and specificity for GTV-PET were 86% and 87%
respectively and for mpMRI 58% and 94%. The GTV-union of
mpMRI and PSMA-PET/CT achieved the highest sensitivity (91%)
and lowest specificity (84%), whereas their intersection had the
lowest sensitivity (54%) and highest specificity (96%). The sensitiv-
ity and specificity per patient refer to inter-patient variability and
are listed in Supplementary Table 2. Once the 4 patients with a 1.5
Tesla scan were excluded the sensitivity for GTV-MRI rose to 61%.

In a lesion-based analysis the median volume of GTV-histo was
10.4 ml (Range: 1.6–103 ml), in PSMA-PET/CT 10.8 ml (range: 0.7–
101.4 ml) and in mpMRI 4.5 ml (range: 0.7–58.7 ml). Tumor vol-
ume in mpMRI was statistically significant smaller than GTV-
histo (p = 0.0042) and tumor volume in PET (p = 0.0052), respec-
tively. In spite of that, no significant difference was observed
between PSMA-PET and GTV-histo (p = 0.59) (Fig. 3). The median
Fig. 3. Significance: This figure depicts the GTV in ml delineated on each imaging
modality. Each item and its vertical extension depict the median tumor volume and
the interquartile ranges of the respective GTVs. ‘ns’ is defined as not significant
(p > 0.05) and ‘‘**” as significant (p < 0.05).
GTV-MRI-adj was 4.8 ml (range: 0.6–73.8 ml) which was still sta-
tistically significant (p > 0.05) smaller than GTV-histo (Supplemen-
tary Table 1).

A total number of 32 lesions were confirmed by the patholo-
gists. Almost every patient had an index lesion defined as the lar-
gest tumor focus with a minimum diameter of 5 mm. All of them
were spotted in both imaging modalities (besides patient 16). 9
patients had unifocal lesions, ranging from 1.6 ml to 24.5 ml, all
being identified on mpMRI as well as PSMA-PET/CT. Multifocal
PCa was found in 8 patients of whom one patient (patient 16)
had only very small microlesions. This patient had been excluded
from lesion analyses because he would not have been considered
for focal radiotherapy approaches. The remaining 7 patients had
overall 23 lesions (range: 2–7 lesions) in histopathology. PSMA-
PET identified 13 lesions while mpMRI found 11. Both scans
detected 16 lesions complementary (Table 2).
Discussion

Nowadays, mpMRI is used as a gold standard for primary stag-
ing, biopsy guidance and focal radiation therapy planning of pri-
mary PCa [1]. Its application is nevertheless controversial for the
exact determination of tumor burden. In a recent study Johnson
et al. correlated lesions in a 3 T mpMRI with whole mount pathol-
ogy in 588 patients [10]. The mpMRI identified 65% of clinically sig-
nificant tumor lesions. In addition, 23% of the solitary and 7% of the
multifocal significant lesions being missed had a GS �4+3 assigned
[10]. Incomplete coverage of intraprostatic tumor burden may
explain the findings of a recent study by Peters et al. [18]. 30
patients with low to intermediate risk PCa received 19 Gray using
High-Dose-Rate Brachytherapy to lesions visible on mpMRI
expanded by a 5 mm margin. However, 7/9 patients had intrapro-
static recurrences out of the radiation field [18,19]. In direct com-
parison with mpMRI, PSMA-PET has been proposed as an
appropriate alternative for more exact tumor volume delineation
in previous studies and the results concur with our investigation
(Table 3) [20–25].

In the seven studies of Table 3 the methods used for image pro-
cessing and interpretation vary widely and yet certain tendencies
may be observed. The specificity of PSMA-PET (Range: 0.71–0.95)
inclines to be quite similar to the specificity of mpMRI (Range:
0.64–0.94). The sensitivity of PSMA-PET ranges from 0.49 to 0.89
and is in most cases higher than the corresponding sensitivity of
mpMRI. Only in the study of Kesch et al. the sensitivity of PSMA-
PET is lower than the sensitivity of mpMRI (0.71 vs. 0.86) [23]. In
our study, PSMA-PET detected real tumor in 133 more quadrants
(17.23%) where mpMRI identified none. On the contrary, all the
index lesions were spotted on PSMA-PET and mpMRI, respectively,
and both imaging modalities had only a poor (mpMRI) and moder-
ate (PSMA-PET) performance in detection of secondary lesions.
Thus, the increased sensitivity of PSMA-PET seems to rely on the
detection of tumor volume. The median GTV in histopathology
(10.4 ml) was significantly larger than the median delineated vol-
ume of malignant lesions in mpMRI (4.5 ml) with a median differ-
ence of 5.5 ml. In contrast, no significant (p > 0.05) difference was
observed between GTV-PET (median: 10.8 ml) and GTV-histo.
These findings suggest that the mpMRI underestimates the tumor
burden compared to PSMA-PET. Even smaller tumor volumes were
contoured in mpMRI by van Schie et al. (median: 0.69–3.6 ml) [26].
An option to improve sensitivity of GTV-MRI might be the adaption
of a safety margin in terms of a clinical target volume (CTV). We
applied a 3 mm margin in analogy to the PIVOTALBoost trail
(Supplementary Table 1) [27]. Sensitivity rose to 80% and GTV-
MRI volume to a median of 11.9 ml. But the true CTV expansion



Table 2
Lesion analysis: Lesions were divided in unifocal (n = 9), multifocal (n = 7), index and secondary lesions and the total number is stated at the bottom. The columns list the numbers
of lesions detected in histopathology (as a ground truth), mpMRI, PSMA-PET and the union of both. Patient 16 was excluded from lesion analysis due to multifocal microlesions.
The index lesion was defined as the largest lesion per patient with a minimum diameter of 5 mm.

Lesions Histopathology mpMRI PSMA-PET mpMRI+PSMA-PET

Unifocal (9 patients) 9 9 9 9
Multifocal (7 patients) 23 11 13 16
� Index 7 7 7 7
� Secondary 16 4 6 9

In total 32 20 22 25

Table 3
Corresponding studies: This table shows the accuracy determined in 7 different studies comparing PSMA-PET, mpMRI and whole-mount histopathology. It is noteworthy that
these studies were performed with various methods.

PSMA-PET MRI GTV-union

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

Our study 0.86 0.87 0.58 0.94 0.91 0.84
Eiber et al. [20] 0.64 0.94 0.43/0.58* 0.82/0.98* 0.76 0.97
Rhee et al. [21] 0.49 0.95 0.44 0.94
Berger et al. [22]** 0.81 0.85 0.65 0.83
Kesch et al. [23]y 0.71 0.81 0.86 0.64 0.81 0.81
Chen et al. [24] 0.89 0.71 0.76 0.88 0.89 0.96
Hicks et al. [25]# 0.42 0.79 0.67 0.71

* Eiber et al. used reported two diagnostic values based on Youden-selected thresholds.
** Berger et al. only included index lesion in their analyses.
y Kesch et al. used 18F-PSMA-1007-PET/CT as radiotracer.
# Hicks et al. performed a PSMA-PET/MRI scan. Accuracy was determined on a raw stringent approach meaning that tumor foci were detected in the same region.

218 PSMA-PET versus mpMRI for prostate cancer definition
required to improve MRI’s sensitivity is still unknown and further
studies are warranted.

It is vital to consider that conspicuous low sensitivities for GTV-
PET were observed in two patients (Patient 7 = 0.14; Patient
16 = 0.27). This may be caused by heterogeneous PSMA expression
which has been observed by Mannweiler et al., performing
immunostaining [28]. Another explanation might be the low vol-
ume of patient 7 (1.6 ml) and the multifocal microlesions of patient
16 (Supplementary Table 1). Also Donato et al. observed that some
low volume (0.35 ml and 0.72 ml) and GS 4+3 tumors were not
seen on PSMA-PET (n = 2) [29].

Since mpMRI identified tumor burden in 19 additional quad-
rants exclusively (2.46%), the combined usage of mpMRI and
PSMA-PET (GTV-union) further augments sensitivity than PSMA-
PET scan alone. Donato et al. reported similar findings regarding
the detection of lesions though. 15.9% were solely seen on PSMA-
PET while 7.9% were only seen on mpMRI [29]. The combination
of PSMA-PET/CT and mpMRI is highlighted by Eiber et al. as well
[20]. Our study confirms the recommendation since GTV-union is
slight but significant (p < 0.05) better than GTV-PET alone. Taken
together, the simultaneous usage of PSMA-PET and mpMRI will
remain an appropriate method until patients with a low sensitivity
on PSMA-PET can be accurately identified by clinical surrogate
parameters before imaging.

Our study is limited to a patient cohort undergoing prostatec-
tomy with intermediate- and high-risk PCa according to D’Amico’s
risk criteria [30]. But especially these patients warrant new treat-
ment modalities due to inadequate treatment outcomes with free-
dom of biochemical relapse of 60–90% at five years after whole-
gland radiotherapy [31–33]. However, low risk patients are also a
suitable for ultra-focal therapies as an alternative to active surveil-
lance [18]. The accuracy of PSMA-PET should, therefore, be further
evaluated in this patient group. Even though our study only
included 17 patients, reporting can be justified by considering
the labor-intensive processing required for each patient. Further-
more, the co-registration of whole-mount specimen, PET and
mpMRI images only cause minimal misalignment. Ex vivo CT scans
from the resected prostates were registered on the in vivo CT of the
PSMA-PET/CT, favoring PSMA-PET thereby. This concern was tack-
led by the application of an established co-registration protocol
and a quadrant-based analysis. Additionally, the GTV-MRI-adj
was adjusted by the prostate volume coefficient of mpMRI and
CT to out rule overestimation of GTV-histo in correspondence to
GTV-MRI. Another factor that might be a disadvantage for mpMRI
is the use of 1.5 Tesla MRIs on 4 patients and the heterogeneous
imaging protocols used for mpMRI acquisition. However, when
patients examined in 1.5 Tesla scanners were excluded, mpMRI’s
sensitivity increased only slightly to 60%.

In conclusion, PSMA-PET showed improved performance for
intraprostatic GTV delineation compared to mpMRI based on vali-
dation with histopathology as standard of reference. Thus, PSMA-
PET could be implemented as an add-on to mpMRI in focal radio-
therapy concepts for patients with primary prostate cancer
enabling more personalized treatment planning.
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