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Prostate cancer is the most frequently diagnosed cancer in men in the Western world 
and the second most common cancer in men worldwide[1-3]. In 2018, prostate cancer 
accounted for 14% of the global cancer incidence (21% in the Netherlands), with 1.3 
million new cases detected (12.600 new cases in the Netherlands). Prostate cancer 
survival rates appear favourable compared to other common types of cancer (e.g. lung, 
colon). For patients with localized prostate cancer (i.e. disease confined to the prostate 
gland), the 10-year disease-specific survival is estimated at 91-99%[4-6]. In patients with 
primary metastasised prostate cancer, however, overall survival is reduced to a median 
42 months[7]. Prostate cancer accounts for 350.000 anual deaths worldwide, making it 
the second most common cause of cancer-related mortality in the Western World[1-3]. 
Given the markedly different prognosis of various stages of prostate cancer, accurate 
risk-stratification of the disease is essential for appropriate patient management. 
Therapeutic intervention must be performed timely, but sensibly, balancing potential 
overtreatment versus effective eradication of the disease. 

Risk-stratification in primary prostate cancer 

Prostate cancer is typically suspected based on an elevated serum prostate-specific 
antigen (PSA) and/or an abnormal digital rectal examination. The final diagnosis relies 
on histopathologic evaluation of prostate tissue biopsies, in which prostatic carcinoma 
is classified into five grades of malignancy based on the architectural growth pattern 
of the tumour (the Gleason score/ISUP classification)[8]. Upon these routine clinical 
parameters, the European Association of Urology prostate cancer risk categories are 
defined, see Table 1[9]. 

Table 1: European Association of Urology prostate cancer risk groups[9]

Prostate cancer risk categories
Low-risk Intermediate-risk High-risk

PSA <10 ng/mL PSA 10-20 ng/mL PSA >20 ng/mL any PSA
Gleason score 6  
(ISUP grade 1)

Gleason score 7  
(ISUP grade 2/3)

Gleason score >7  
(ISUP grade 4/5)

Any Gleason score (any 
ISUP grade)

Clinical T1-2a Clinical T2b Clinical T2c Clinical T3-4 or N+

Patients with a low risk of disease progression beyond the prostate gland may not 
require active treatment and can be offered active surveillance instead – saving 
them potential side-effects of active treatment, such as incontinence, impotence, or 
proctitis. In patients with intermediate and high-risk prostate cancer, active treatment is 
advised (in case of a life-expectancy of 10 years or more). Established radical treatment 
options include surgical removal of the prostate (radical prostatectomy), external-
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14 | Introduction

beam radiotherapy or brachytherapy (selected cases only). These local treatments are 
curative by intention, eradicating the tumour to prevent development of metastases. 
Accurate information on the local tumour stage and potential metastatic dissemination 
is important when treating primary prostate cancer, as it considerably affects disease 
prognosis and treatment planning (see below)[9].

Local tumour staging

The distinction between organ-confined disease (tumour-stage 1-2) and locally 
advanced disease (T-stage 3-4) is of specific interest when treating primary prostate 
cancer. Locally-advanced prostate cancer is defined as cancer extension beyond the 
prostatic capsule (T3a), into the seminal vesicle (T3b) or into the bladder or rectum 
(T4), see Table 2[10]. These advanced tumour stages include an independent risk factor 
for the development of metastases and disease recurrence after treatment[9, 11]. As 
such, the presence of locally advanced disease warrants performing an extended pelvic 
lymph node dissection (ePLND) to detect lymph node metastases[12, 13].

When opting for external-beam radiotherapy, the local tumour stage guides decisions 
on radiation dose, radiation field and adjuvant therapies[12, 14]. Brachytherapy is not 
considered a treatment option for locally advanced tumours. When choosing radical 
prostatectomy, extra-prostatic tumour extension precludes a nerve-sparing surgical 
approach (on the affected prostate lobe). Nerve-sparing surgery entails the preservation 
of the neurovascular bundles running dorsolateral to the prostate. It results in improved 
postoperative erectile function, as well as urinary continence in the first months after 
surgery[12-15]. In case of extra-prostatic extension, however, close surgical preparation 
to the prostate increases the risk of an irradical tumour resection (i.e. positive surgical 
margins on histopathologic analysis)[12, 13, 15]. 

For assessing the tumour stage, routine diagnostic parameters (digital rectal exami-
nation, PSA level, and histopathological results) alone are insufficient[16]. Predictive 
nomograms have been developed that combine these clinical parameters and provide 
a more reliable estimate of local tumour extent[17-19]. Alternatively, the use of mul-
tiparametric magnetic resonance imaging (mpMRI) is suggested[12]. 

Local tumour staging with multiparametric MRI 

MRI is an imaging technique which applies a strong magnetic field to align (a proportion) 
of the protons from water molecules within that field. This proton alignment can be 
deranged by using non-ionizing radiofrequency radiation (excitation of protons). 
As the protons relax, both the density of protons within a tissue and the speed of 
realignment to the magnetic field can be measured by radiofrequency signals of the 
protons (‘echo’). These measurements can be converted into images, generating the 
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anatomical T1 and T2 MRI sequences[20]. In addition to these conventional MR images, 
functional imaging sequences are available (hence, multiparametric MRI). Examples 
include diffusion-weighted imaging (with the calculation of apparent diffusion maps) 
and dynamic contrast-enhanced MRI. These functional images provide information 
on tissue density, microvascular blood flow and vessel permeability. The anatomic 
information provided by mpMRI is unmatched by other imaging modalities, making 
it the current standard for imaging of local prostate cancer. The functional sequences 
are merely used for detection of cancer; the more high-resolution T2 (and T1) images 
are most useful for staging the primary tumour. 

Table 2: Clinical Tumour Node Metastasis (TNM) classification of prostate cancer[10]

Primary 
Tumour

 Definition

Tx Primary tumour cannot be assessed
T0 No evidence of primary tumour
T1 Clinically inapparent tumour that is not palpable

T1a Tumour incidental histological finding in 5% or less of tissue resected
T1b Tumour incidental histological finding in more than 5% of tissue resected
T1c Tumour identified by needle biopsy

T2 Tumour that is palpable and confined within the prostate
T2a Tumour involves one half of one lobe or less
T2b Tumour involves more than half of one lobe, but not both lobes
T2c Tumour involves both lobes

T3 Tumour extends through the prostatic capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumour invades seminal vesicle(s)

T4
Tumour is fixed or invades adjacent structures other than seminal vesicles: external 

sphincter, rectum, levator muscles, and/or pelvic wall

Regional 
Lymph Nodes

Definition

Nx Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Regional lymph node metastasis

Distant 
Metastasis

Definition

M0 No distant metastasis
M1 Distant metastasis

M1a Non-regional lymph node(s)
M1b Bone(s)
M1c Other site(s)
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mpMRI offers adequate sensitivity to detect primary prostate cancer (sensitivity 91%, 
95%CI 83-95%), though its specificity is poor (37%, 95%CI 29-46%)[21]. Nowadays, 
clinical guidelines recommend to perform mpMRI in all patients with an elevated PSA 
prior to prostate biopsy, allowing targeted biopsies of image-detected lesions[9]. The 
accuracy of tumour staging with mpMRI is much more variable: in a recent meta-analysis, 
the sensitivity of mpMRI for T3 tumours reached 61% only (95%CI 54-67%; specificity 
0.88, 95%CI 0.85-0.91)[22]. Hence, the true added value of mpMRI for staging primary 
prostate cancer is still to be established. 

Detection of lymph node metastases in primary prostate cancer

The presence of pelvic lymph node metastases (N1) is associated with systemic metas-
tases and negatively correlated with survival[23]. Detection of such metastases is 
important for patient follow-up and prognosis, but does not directly imply a change of 
management to palliative, systemic treatment. Patients with lymph node involvement, 
detected intra-operatively through histopathological analysis of frozen sections, still 
benefit from local treatment (radical prostatectomy)[9, 24]. Similar results were found 
in patients with preoperatively (imaging) detected lymph node involvement, although 
the evidence is less conclusive[25-27]. 

Until today, extended pelvic lymph node dissection (ePLND) remains the only accurate 
technique to assess regional lymph node spread. It is an invasive procedure, with 
perioperative complications reported in up to 20% of patients (e.g. lymphocele, deep 
venous thrombosis, longer hospital stay)[28]. Meanwhile, evidence regarding the 
therapeutic benefit of ePLND is lacking[29, 30]. Non-invasive detection of lymph node 
metastases, through conventional imaging studies, has been problematic. Detection 
with CT and MRI relies on morphologic abnormalities, i.e. abnormal size of lymph nodes 
(e.g. >6-10 mm). However, 80% of lymph node metastases in prostate cancer are smaller 
than 8 mm. Consequently, the sensitivity of CT and MRI for lymph node metastases is 
low (42% for CT, 95%CI 26-56%; 39% for MRI, 95%CI 22-56%)[31]. 

Detection of distant metastases in primary prostate cancer

Distant metastases (M1) are detected in 4-16% of the patients with prostate cancer at 
primary presentation and imply the disease is beyond cure[32-34]. Most frequent sites 
of metastases include lymph nodes outside of the pelvis (stage M1a) and bone (M1b). 
In case of distant metastases, palliative systemic treatment may be initiated (androgen 
deprivation therapy, with or without docetaxel or abiraterone[35, 36]). Local interven-
tions should be discarded, or given in combination with adequate systemic treatment, 
as demonstrated recently[32, 37]. 
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For the identification of bone metastases, 99mTechnetium bone scan have been used 
most widely. Its sensitivity for bone metastases appeared moderate on a patient level 
(79%, 95%CI 0.73-0.83), but poor on a lesional level (59%, 95%CI 0.55-0.63). Moreover, 
the specificity of the technique (82% on a patient level; 75% on lesion level) is precarious, 
given the low prevalence of bone metastases overall[38]. 

To improve detection of both lymph node and bone metastases in prostate cancer, 
novel imaging techniques have been introduced. Examples include radiolabelled 
choline (11C-choline; 18F-methylcholine) or natrium-fluorine (18F-NaF) Positron-Emission 
Tomography (see below) and diffusion-weighted whole-body MRI. These techniques 
improved diagnostic accuracy[38, 39], but did not replace conventional diagnostic stud-
ies, as lacking sensitivity remained an issue[9]. Recently, a new family of radiotracers have 
been introduced, potentially offering superior detection of metastases: radiolabelled 
Prostate-Specific Membrane Antigen [9, 40-43].

Prostate-Specific Membrane Antigen Positron-Emission Tomography

Positron-Emission Tomography (PET) is an imaging modality using positron emitting 
isotopes (beta decay), such as 18F-Fluoride and 68Gallium. Upon decay of the isotope, 
the emitted positron travels through the surrounding tissue until it reacts with an 
electron. The positively and negatively charged elements annihilate and produce two 
gamma-photons (511 keV) which move in opposite direction of each another and can 
be detected by the ring-shaped PET scanner. To synthesize a diagnostic PET-tracer, the 
isotope is bound to a biological compound. This compound, the radiopharmaceutical, 
is intravenously injected into patients. 

The classical example of a radiopharmaceutical is 18Fluorine-labelled fluorodeoxyglucose 
(FDG), a radiolabelled sugar-analogue, enabling visualisation of tissues with increased 
metabolism (e.g. tumours). Prostate tumours are characterised by relatively low 
metabolic activity, however, resulting in low sensitivity of radiolabelled FDG imaging. 

Alternatively, radiotracers that bind to the Prostate-Specific Membrane Antigen (PSMA) 
have received attention recently. PSMA is a class II trans-membrane glycoprotein, which 
is strongly expressed on malignant prostate cells, yet hardly on benign prostate cells 
(nor on benign prostate hyperplasia). Moreover, PSMA-expression is found to correlate 
with higher tumour grades and risk of disease progression[44, 45]. Physiological 
expression of PSMA is observed in salivary and lacrimal glands, liver, kidneys, and 
duodenum (Figure 1). 

The function of PSMA is incompletely understood, but centres around the folate 
metabolism and transportation (the official gene name of PSMA being folate hydrolase 
1, FOLH1). The extra-membranous part of PSMA may hydrolyse glutamated folates 
released by dying tumour cells. The created folate may be taken up by healthy prostate 
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cancer cells, facilitating further cell proliferation[46]. PSMA expression is almost exclusive 
to the human race. The genetic base for PSMA was formed by a gene duplication 22 
million years ago. However, the protein is only found to be actively expressed 6-7 
million years ago – just after the human species separated from chimpanzees[46, 
47]. The importance of PSMA expression on prostate cancer growth is illustrated in 
animal models, using mice with recombinant human PSMA expression. Half the mice 
bearing PSMA were found to develop prostate cancer over time, whereas no cancer 
was observed in the wild-type mice[48]. 

Most experience with PSMA-based imaging has been acquired in patients with 
biochemically recurrent disease after initial treatment with curative intent. Highly 
promising sensitivity has been demonstrated for both lymph node and distant 
metastases (see below)[43]. So far, 68Gallium (68Ga) labelled PSMA tracers (68Ga-PSMA-
HBED-CC) have been mostly applied, as straight-forward isotope production and 
radio-synthesis enabled wide-spread availability of the tracer. Alternatively, 18Fluorine 
labelled PSMA tracers are available, most prominently 18F-DCFPyL (2-(3-(1-carboxy-5-
[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl)-ureido)-pentanedioic acid)[49, 50] 
and 18F-PSMA-1007[51]. Due to a shorter positron range and higher positron yield, the 
18F-radionuclide provides a higher PET-image resolution compared to 68Ga (Table 3). This 
may improve detection of small (lymph node) metastases[40]. Moreover, 18Fluorine is a 
cyclotron-product with a longer half-life (Table 3), which allows large-scale production 
and commercial distribution. In theory, such may reduce the cost of a tracer – although 
final pricing is dependent on many factors. 

Figure 1: PSMA PET/CT scan (18F-DCFPyL) of a patient with recurrent prostate cancer after radical 
prostatectomy, showing physiological tracer uptake in the salivary glands, kidney, duodenum, and 
urinary tract. A local recurrence and potential bone metastases are visible. Left-right: Maximum-intensity 
projections (PET), coronal CT image, coronal PET, and fusion PET/CT slices.
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Few studies have yet evaluated PSMA PET in primary staging and all focus on 68Ga-PSMA 
PET/CT. Most of these studies were retrospective and involved limited numbers of 
patients, explaining the wide range of reported sensitivity for lymph node metastases 
(33-99%). The observed specificity was consistently high (>90%)[52]. For 18F-DCFPyL, 
no series have been published for primary prostate cancer. 

Staging of recurrent prostate cancer

Between 28-53% of the patients treated with curative intent for localized prostate cancer 
develop a biochemical recurrence of disease[12]. Biochemically recurrent prostate 
cancer is defined as two consecutive PSA values ≥0.2 ng/mL after radical prostatectomy, 
or any PSA increase of 2.0 ng/mL above the nadir after radiotherapy[53-55]. Therapeutic 
options for recurrent prostate cancer include salvage radiotherapy or salvage radical 
prostatectomy, focal therapy, salvage lymph-node dissection, stereotactic metastasis-
directed radiotherapy, or the initiation of systemic treatment[12]. To select the most 
effective treatment, accurate localisation of the site(s) of recurrence is important.

The ability of CT or bone scan to detect recurrent prostate cancer lesions is poor 
(detection rates <14%)[56]. Other radiotracers, like 18F-Choline PET/CT offers improved 
sensitivity overall (86%, 95%CI 83-88)[57], but its use is limited in patients with PSA 
values <2.0 ng/mL [58, 59]. Currently, a large body of evidence support the superiority 
of PSMA PET for localising biochemical recurrent disease. In a recent meta-analysis of 
4790 patients, 68Ga-PSMA exposed lesions suspect for prostate cancer (i.e. a ‘positive 
scan’) in 45% of the patients with a PSA value <0.5 ng/mL. In patients with a PSA ≥2.0 

Table 3: Physical differences and practical considerations for 18Fluorine and 68Gallium labelled PET diag-
nostics

Characteristic 18Fluorine 68Gallium
Radioactive half-life 110 min

+ distribution of tracer possible 
+ delayed imaging after patient 

administration

68 min

+ lower radiation burden to relatives

Positron energy 0.65 MeV

+ higher image resolution 
+ lower radiation burden, despite 

half-life

1.90 MeV

Isotope production cyclotron 68Germanium/68Gallium generator

+ commercially available, practical 
set-up

Scalability well scalable  restricted to generator capacity 
(2-4 patients per generator daily)

Investment 
(estimates)

1-3 million EUR 
(cyclotron)

50.000 EUR per generator  
(~2 generators needed per year)
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20 | Introduction

ng/mL, 95% of the scans revealed evidence of prostate cancer recurrence. In a first 
comparative study, Dietlein et al. found a higher sensitivity with 18F-DCFPyL (88%) 
compared to 68Ga-PSMA (66%, p=0.042) in patients with low PSA values (0.5-3.5 ng/
mL)[60]. Staging of biochemically recurrent disease is yet the only indication for PSMA 
PET that is officially recommended in current clinical guidelines (EAU guidelines)[12]. 

Staging of metastatic prostate cancer

In patients with metastatic prostate cancer, imaging has primarily been used to follow 
disease progression. Hereto, bone and CT scan are typically sufficient. However, there 
is a rising interest for local treatment of individual lesions (oligometastases-directed 
treatment), which requires more precise delineation of cancer spread. PSMA PET may 
be valuable in this setting, as it detects more lesions compared to bone and CT scan. 
Additionally, PSMA expression is found to correlate with the malignant potential of 
prostate cancer cells (see above). Therefore, PSMA-uptake may not only be used to 
localise prostate cancer metastases, but also allow characterisation of the lesions in 
vivo. Hence, PSMA-uptake might provide an imaging biomarker to predict disease 
progression and monitor response to treatment. 

AIM AND OUTLINE OF THE THESIS 

Given the importance of accurate imaging studies in patients with prostate cancer, this 
thesis focusses on two promising modalities: multiparametric MRI and 18F-DCFPyL PET/
CT. To promote appropriate use of the imaging techniques, both clinical and technical 
validation studies are performed in various stages of the disease.

PART 1

Chapter 1 of this thesis presents a multicentre evaluation of the diagnostic accuracy of 
mpMRI for local staging in daily clinical practice. Additionally, we evaluate the effect of 
increasing radiologic experience on diagnostic outcomes. The added value of mpMRI in 
combination with other clinical parameters (clinical tumour stage, Gleason score, PSA) is 
assessed in Chapter 2. In Chapter 3, we study the clinical impact of mpMRI in patients 
undergoing radical prostatectomy, by comparing the proportion of positive surgical 
margins (irradical tumour dissection) in patients with and without preoperative imaging. 

PART 2

Upon clinical introduction of new radiotracers, it is important to know a tracer’s bio-
logical properties and evaluate the impact of various image-acquisition parameters 
on diagnostic results. In PART 2, we aim to provide the technical ground-work for 
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clinical use of 18F-DCFPyL PET/CT. Chapter 4 describes the uptake of 18F-DCFPyL and 
other prostate cancer radiotracers in healthy tissues. Knowledge on tracer uptake in 
healthy tissues is relevant for PET reading, since only the lesions with a tracer uptake 
distinct from the background are characterised as potentially malignant. In Chapter 
5 the impact of various image-reconstruction methods for 18F-DCFPyL PET is analysed 
in terms of lesions detection and interobserver variability. 

To allow the use of 18F-DCFPyL uptake as an imaging-biomarker, quantitative analysis 
of 18F-DCFPyL PET is desired. To this end, simplified methods for quantification of 
18F-DCFPyL uptake in prostate cancer lesions are validated in Chapter 6. These simplified 
methods can be used to follow patients over time (monitor response to treatment), yet 
hereto it is important to understand the physiologic variation in tracer uptake within 
patients. Hence, a test-retest study is performed in Chapter 7, assessing the repeatability 
of 18F-DCFPyL uptake quantification. Chapter 8 elaborates on the findings of the 
previous chapters, by appling the simplified methods to patients with metastasized 
prostate cancer (high-volume disease). 

PART 3

In Part 3 the clinical utility of 18F-DCFPyL PET/CT is studied. Chapter 9 describes a 
multicentre estimation of the lesion detection rate with 18F-DCFPyL PET/CT in patients 
with biochemical recurrent prostate cancer. The definition of recurrent prostate cancer 
after curative local treatment is currently based on PSA measurements. Especially for 
patients treated with radiotherapy, these diagnostic PSA threshold may have become 
too stringent, as the promising sensitivity of PSMA PET/CT may allow earlier detection 
of prostate cancer recurrences. This hypothesis is evaluated in Chapter 10.
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AbstrAct

Purpose: To estimate the diagnostic accuracy of multiparametric MRI (mpMRI) for 
the detection of locally advanced prostate cancer (T-stage 3-4) prior to radical 
prostatectomy, in a multicenter cohort representing daily clinical practice. Additionally, 
the radiologic learning curve for the detection of locally advanced disease is evaluated. 

Methods: Pre-operative mpMRI findings of 430 patients (2012-2016) were compared to 
pathology results following radical prostatectomy. The diagnostic accuracy (sensitivity, 
specificity, PPV, NPV) for the detection of locally advanced disease was calculated and 
compared for all years separately, to evaluate the presence of a radiological learning 
curve. 

Results: Of all 137 patients with locally advanced disease, 62 patients were pre-
operatively detected with mpMRI (sensitivity 45.3% (95% CI 36.9-53.6%), specificity 
75.8% (CI 70.9-80.7%), PPV 46.6% (CI 38.1-55.1%), and NPV 74.7% (CI 69.8-79.7%). 
The diagnostic accuracy did not improve significantly over time (sensitivity p=0.12; 
specificity p=0.57).

Conclusions: In daily clinical practice, the diagnostic accuracy of mpMRI for the detection 
of locally advanced prostate cancer remains limited. It therefore seems questionable 
whether mpMRI is adequate to guide pre-operative decision making. No significant 
radiologic learning curve for the detection of locally advance disease was observed.
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IntroductIon

Prostate cancer (PCa) is the most common cancer in men of older age in Western coun-
tries [1]. Accurate staging of the primary tumour is of vital importance, as the distinction 
between organ-confined disease (T-stage 1-2) versus locally advanced tumours (T3-4) 
influences both prognosis [2] and treatment planning [3].

The main therapeutic approaches for PCa include radical prostatectomy and radio-
therapy [3]. When considering a radical prostatectomy, the presence of locally advanced 
disease warrants a concomitant extended pelvic lymph node dissection (ePLND), as 
there is an increased risk of lymph node metastasis [3-5]. Additionally, local tumour 
stage guides surgical planning regarding the preservation of the neurovascular bundle. 
Nerve-sparing surgery is generally restricted to patients with organ-confined disease. 
Extension of PCa outside the prostatic capsule requires dissection of the neurovascular 
bundle, for nerve-sparing surgery would increase the risk of positive surgical margins [3, 
4, 6]. The assessment of the local tumour stage is similarly important when radiotherapy 
is chosen as treatment and guides decisions on radiation dose, radiation template and 
adjuvant therapies [3, 7].

For assessment of the local tumour stage, routine diagnostics (i.e. digital rectal exami-
nation, serum prostate-specific antigen (PSA) level, transrectal ultrasound, and biopsy 
Gleason score [3, 8]) are insufficient [9]. When combining these clinical parameters into 
predictive nomograms (e.g. the Partin Tables) staging accuracy increases, but remains 
imperfect [10, 11].

To overcome this diagnostic shortcoming, multi-parametric magnetic resonance imag-
ing (mpMRI) is increasingly deployed. mpMRI is an imaging technique that combines 
different (functional) imaging sequences, generating improved detection and localiza-
tion of malignant lesions. Although mpMRI presents promising detection of PCa [12], 
accurate assessment of the tumour stage is still imperfect. In a recent meta-analysis, 
the sensitivity of mpMRI for overall T3 detection reached 61% only (95% CI 54-67%)[13].

A concern regarding mpMRI is the considerable inter-observer variability [14, 15]. This 
problem might be due to different experience of radiologists with mpMRI, as a marked 
radiologic learning curve was demonstrated [16-19]. The presence of such learning 
curve however, is studied mainly for primary detection of PCa. Research specifically 
evaluating the existence of a radiological learning curve for correct staging of PCa is 
scare, focusing mainly on endorectal MRI [18]. In the cited meta-analysis, the effect of 
radiologists’ experience on diagnostic accuracy was evaluated, but the results were 
inconclusive [13].

In this study, we aimed to estimate the diagnostic accuracy of mpMRI for the detection 
of locally advanced PCa stages (pT3-4) prior to radical prostatectomy, in a multicenter, 
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real-life clinical cohort of patients. We additionally assessed the diagnostic accuracy 
over time, evaluating the existence of a radiologic learning curve. 

MAtErIAL And MEtHods

subjects

For this study 430 concurrent patients were retrospectively analysed. Inclusion criteria 
were histologically confirmed prostate adenocarcinoma, for which a robot-assisted 
laparoscopic radical prostatectomy (RARP) and pre-operative mpMRI were performed. 
Both MRI acquisitions made before or after prostate biopsy were considered eligible 
for inclusion, as in both scenarios staging information is provided. The indication to 
perform a RARP as well as a mpMRI were made according to the locally valid clinical 
guidelines [3, 20]. These guidelines recommend mpMRI for intermediate and high risk 
patients [3] and when ‘clinically relevant for therapy planning’ – explicitly mentioning 
decisions regarding nerve-sparing surgery [20]. In what exact scenarios a mpMRI is 
clinically relevant is left to the urologists’ discretion. 

Patients were included from 2012 until 2016, in three hospitals in the Netherlands (VU 
University Medical Center, Amsterdam; Maasstad Ziekenhuis, Rotterdam; Meander 
Medisch Centrum, Amersfoort). For all participants, demographic and clinical data were 
retrieved (e.g. age, clinical stage, prostate biopsy results and recent PSA). 

Imaging protocol and analysis

All institutions used 3 Tesla MRI scanners (GE®, Siemens®). The imaging protocol included 
T1-weighted, T2-weighted, Diffusion Weighed, and Dynamic Contrast Enhanced 
imaging. No endorectal coils were used. Per hospital, mpMRI interpretation was done 
by two to three radiologists dedicated to prostate mpMRI reading. As our series report 
on staging in daily clinical practice, the radiologists were not blinded to available 
clinical information and revisions of mpMRI acquisitions from referred patients were not 
standardly performed. During the course of this study the use of standardized reporting 
for mpMRI became in use (PI-RADS v1 [21]; PI-RADS v2 [22]), providing guidelines for 
assigning rT3-4 stages on mpMRI. 

Pathologic analysis

RARP specimens were processed according to clinical routine [3] in the participating 
hospitals by dedicated uro-pathologists. No centralized review of the analyses was 
performed. Specimens were fixated with formaldehyde (10%) and the apex and base 
removed. The mid part of the specimen was cut perpendicular to the urethra in 4 mm 
slices; the apex and base were cut in sagittal fashion. The resulting slices were processed 
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after sectioning in quadrants. Pathology reporting included histopathologic cancer 
type, Gleason score, and explicit notation of the presence or absence of any form of 
local tumour advancement (pT3a, pT3b, pT4).

statistics

Overall detection of malignancy was calculated (sensitivity). When a PI-RADS classifi-
cation was given, scores 4 and 5 were considered a positive test result. Radiological 
T-stage (rT) based on mpMRI was compared to the pathological T-stage (pT). Sensitivity, 
specificity, positive predicting value (PPV), and negative predicting value (NPV) of mp-
MRI were calculated for locally advanced disease (pT3-4). To examine if the accuracy of 
mpMRI was different in patients with a high risk of locally advanced disease, all patients 
with a Gleason score ≥8 and/or a PSA of ≥20 ng/mL were identified. The diagnostic 
accuracy in this high-risk group was compared to the accuracy in the lower risk group 
(Gleason score 6-7; PSA less than 20 ng/mL). 

Lastly, the diagnostic accuracy was analysed for all years (2012 to 2016) separately, to 
evaluate the presence of a radiological learning curve. To overcome small sample sizes 
per year, an extra analysis of diagnostic accuracy based on the first and second half of 
the inclusions per hospital was performed. Differences in diagnostic performance were 
checked for statistical significance (p<0.05) using the χ2-test.

rEsuLts

An overview of the patients’ characteristics is presented in Table 1. A PI-RADS classifica-
tion was given in 60.0% of all cases (rising from 0% in 2012, to 65.1% in 2016). Pathology 
analysis following radical prostatectomy revealed extra-prostatic extension (pT3a) in 
76 (18%) patients, seminal vesical invasion in 57 (13%) patients and advancement of 
the tumour into adjacent structures (pT4) in 4 (1%) patients.

The presence of malignancy was correctly detected by mpMRI in n=358 patients 
(sensitivity 84.0%, CI 80.6-87.5%). In Table 2, the findings on pre-operative mpMRI (rT) 
and concurrent RARP pathology results (pT) are depicted. 

mpMRI detected 62 out of 137 patients with locally advanced disease (pT3-4), resulting 
in a sensitivity of 45.3% (CI 36.9-53.6%), specificity 75.8% (CI 70.9-80.7%), PPV 46.6% (CI 
38.1-55.1%), and NPV of 74.7% (CI 69.8-79.7%). Sensitivity in the group with high-risk 
of locally advanced disease (n=133) was 49.2% (CI 36.4-61.9%) versus 42.3% (CI 31.4-
53.3%) in the lower risk group (n=297) (p=0.49). Specificity was 73.0% (CI 62.9-83.1%) 
and 76.3% (CI 70.6-82.0) respectively.
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table 1: Characteristics of included patients. Median and interquartile ranges

Patient characteristics and Pathology results
Age (years) 66 (61 - 69)

PSA (ng/mL) 9.2 (6.2 - 14.9)
prostate volume (mL) 48 (37 - 65)

number of biopsy cores 8 (8 - 10)
% of positive biopsy cores 49.1

n (%)
Gleason score 6 156 (36)

(biopsy) 7 182 (42)
8 59 (14)
9 27 (6)

10 5 (1)

n (%)
Pathology pT0 4 (1)

(prostatectomy specimens) pT2a 40 (9)
pT2b 9 (2)
pT2c 240 (56)
pT3a 76 (18)
pT3b 57 (13
pT4 4 (1)

table 2: Cross-tabulation of pathological tumour stage (pT) and radiological tumour stage (rT) for 430 
patients undergoing mpMRI and robot assisted radical prostatectomy (RARP). 

Indicated in red are cases of radiologic understaging, with potential oncologic hazard. Indicated in green 
are cases with radiologic overstaging, influencing the decision to perform nerve-sparing surgery.

pathological tumour-stage

pT0 pT2
pT3
total pT3a pT3b pT4 Total

ra
di

ol
og

ic
al

 t
um

ou
r-

st
ag

e

rT0 / rTx 2 56 12 9 3 0 70
0% 13% 3% 2% 1% 0% 16%

rT2 2 162 59 32 27 4 227
0% 38% 14% 7% 6% 1% 53%

rT3 total 0 70 62 x x 0 132
0% 16% 14% 0% 31%

rT3a 0 68 x 33 16 0 117
0% 16% 8% 4% 0% 27%

rT3b 0 2 x 2 11 0 15
0% 0% 0% 3% 0% 3%

rT4 0 1 0 0 0 0 1
0% 0% 0% 0% 0% 0% 0%

Total 4 289 133 76 57 4 430
1% 67% 31% 18% 13% 1% 100%
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Radiologic understaging (i.e. the failure to detect locally advanced disease) occurred 
in n=75 cases (54.7% of all patients with pT3-4). In n=30 of these patients no ePLND 
was performed (21.9% all patients with pT3-4) and in n=41 patients complete nerve 
preservation was performed (29.9% of all pT3-4). This reveals the potential under 
treatment associated with incorrect radiologic staging. Radiologic overstaging (incorrect 
detection of locally advanced disease) was present in n=70 cases (23.9% of patients 
with pT0-2). In n=16 of these cases no form of nerve-sparing was performed (5.5% of 
all patients with organ-confined disease), revealing potential overtreatment.

In Figure 1, the diagnostic accuracy of mpMRI for the detection of locally advanced 
disease is presented for all study years separately (radiologic learning curve). Over time, 
a negative trend was observed, although the differences in diagnostic accuracy were 
not statistically significant (sensitivity per year p=0.12, specificity per year p=0.57; 
sensitivity per half sample p=0.61).

Figure 1: The number of included mpMRI procedures between 2012 and 2016 and the radiologic detection 
of locally advanced disease (pT3-4). 

2012 2013 2014 2015 2016 overall
N 21 47 89 189 84 430

Prevalence of pT3-4 a 19% 26% 34% 31% 38% 32%

Detection of pT3-4
Sensitivity 0% 58% 57% 46% 34% 45%
Specificity 71% 83% 80% 72% 79% 75%

PPV 0% 54% 59% 42% 50% 47%
NPV 75% 85% 78% 74% 66% 74%

Accuracy 57% 77% 72% 63% 62% 66%
a The observed variation in prevalence of pT3 was not statistically significant (p=0.39).
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dIscussIon 

The preoperative assessment of local tumour stage affects important therapeutic deci-
sions regarding radicality of the surgical procedure (i.e. a wide or less wide excision 
around the prostate; the performance of an ePLND) and the ability to preserve struc-
tures that relate to functional outcomes (i.e. to perform nerve-sparing surgery or not). 

In our extensive, multicentre cohort, the accuracy of mpMRI for local tumour staging 
was evaluated. The reference standard was the pathology report following RARP. 
Intriguingly, more than half of the cases (55%) with locally advanced disease (pT3-4) 
remained undetected by preoperative mpMRI (see Table 2). Conversely, if mpMRI 
indicated locally advanced disease, in more than half of the cases these results proved 
to be falsely positive, as pathological examination showed organ-confined disease. 
We observed no significant increase in diagnostic accuracy, when confining the use 
of mpMRI to patients with high risk of locally advanced disease only. 

Our results are in line with those observed in the review by De Rooij et al. [13] and 
taking together, it appears questionable whether mpMRI is adequate to guide 
therapeutic decision making. Moreover, mpMRI does not seem superior in predicting 
locally advanced disease compared to routine clinical parameters such as those used 
in the Partin tables [11]. There may be a role for mpMRI when results are combined 
with clinical parameters, as a recent study showed some increased accuracy for such 
combination (not a predefined nomogram) [23]. Future research might clarify if the 
incorporation of mpMRI to the established nomograms could increase diagnostic  
confidence.

Novel insights of this study include the clinical impact of erroneous staging and the 
evaluation of a radiologic learning effect. Radiologic understaging potentially impairs 
oncologic outcomes, as patients might not receive the indicated ePLND, or might be 
operated with a possibly hazardous nerve-sparing approach. We have shown that in a 
third of all patients with locally advanced disease, radiologic understaging might have 
contributed to a form of undertreatment. 

Radiologic overstaging, on the other hand, leads to patients unnecessarily being 
withheld nerve-sparing surgery, causing impaired potency and urinary continence. In 
our cohort, for 16 men with organ-confined disease this form of overtreatment seemed 
present (6% of all patients with organ-confined disease).

The above mentioned numbers should be interpreted cautiously. Due to the retrospec-
tive nature of our study, causality cannot be proven. Furthermore, no complete insight 
into surgical decision making was present. For example, the choice to not perform an 
ePLND could have been caused by radiologic understaging, but patient factors outside 
the scope of this study may also have been the reason to omit an ePLND (e.g. a techni-
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cally unfeasible procedure). The true extent of undertreatment, caused by inaccurate 
mpMRI findings, might therefore have been more limited.

The same applies the identified patients with potential overtreatment. We cannot 
know whether all of these patients would have opted for a nerve-sparing approach, 
if pre-operative radiologic staging would have been correct. Pre-operative erectile 
function, for example, may have been absent, rendering nerve-sparing surgery futile.

In our cohort, no radiological learning curve could be observed. Despite the rising experi-
ence with mpMRI and increasing number of performed procedures, the sensitivity for 
locally advanced disease did not improve over the years. In previous reports as well, 
the number of included procedures had no influence on diagnostic accuracy [13], chal-
lenging the presumed gain of concentrating mpMRI to a limited number of hospitals. 

Although our sample size was substantial (430 patients), one might question whether 
137 patients with locally advanced disease divided over different hospitals, over multiple 
years’ time, were sufficient to facilitate learning. It is important to realize however, that 
radiologists were exposed to more mpMRI studies than included in this analysis (i.e. 
also radiotherapy patients are staged with mpMRI). Besides, the included centers are 
all recognized reference centers for PCa care, meaning that these numbers comprise 
the realistic clinical volumes in present-day oncologic care. 

In this study, we examined the existence of a radiologic learning curve on a hospital level.  
We cannot formally exclude the possibility that a learning curve was present for 
individual radiologists, as no strict, prospective protocol was followed. However, it is 
frequently stated that mpMRI should be confined to expert centers [3, 24], implying 
general hospital level learning. As individual radiologists may change employment, 
the evaluation of a learning curve irrespective of changes in individual expertise is 
warranted. 

Our study has some additional limitations. The available information on the radiologists 
performing mpMRI interpretation was limited. In the included hospitals, prostate 
mpMRI is strictly reviewed by dedicated radiologists. Although this is widespread 
practice, we cannot formally exclude the possibility that less experienced radiologists 
have occasionally reviewed scans in referring centers. Standardly performing a central 
revision of the mpMRI images might have overcome such imperfection, but is not in 
line with current clinical practice. 

Another point is the impact of the rising number of scans on clinical work-flow. We 
hypothesized that such increase would lead to more radiologic experience and thereby 
to higher diagnostic accuracy. However, we do not know the available time radiologists 
were given to review all scans. Given the marked rise in number of scans, the available 
time per scan could have been comprised, possibly offsetting a potential learning effect.
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The strength of our analysis lies in the fair representation of clinical reality in present-day 
oncologic centers. If the volumes, methods and interpretation of mpMRI acquisitions 
in these acknowledged reference centers do not lead to accurate results, it seems 
challenging to ensure widespread value of the imaging technique. 

concLusIons

In this multicentre, real-life clinical cohort of patients, the diagnostic accuracy of mpMRI 
for the detection of locally advanced PCa stages was limited. It therefore remains ques-
tionable whether the diagnostic accuracy of mpMRI is sufficient to guide therapeutic 
decision making. Additionally, no significant radiologic learning curve for the detection 
of locally advance disease was observed.
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AbstrAct

Introduction and objectives: As a single diagnostic modality, multiparametric MRI 
(mpMRI) has imperfect accuracy to detect locally advanced prostate cancer (T-stages 
3-4). In this study we evaluate if combining mpMRI with preoperative nomograms 
(MSKCC and Partin) improves the prediction of locally advanced tumours. 

Materials and methods: Preoperative mpMRI results of 430 robot-assisted radical 
prostatectomy patients were analysed. MSKCC and Partin nomogram score predicting 
extra-prostatic growth were calculated. Logistic regression analysis was performed, 
combining the nomogram prediction scores with mpMRI results. The diagnostic value 
of the combined models was evaluated by creating receiver operator characteristics 
(ROC) curves and comparing the area under the curve (AUC). 

Results: mpMRI was a significant predictor of locally advanced disease in addition to 
both the MSKCC and Partin nomogram, despite its low sensitivity (45.3%). However, 
overall predictive accuracy increased by only 1% when mpMRI was added to the MSKCC 
nomogram (AUC MSKCC 0.73 vs. MSKCC+mpMRI 0.74). Predictive accuracy for the Partin 
Tables increased 4% (AUC Partin 0.62 vs. Partin+mpMRI 0.66).

Conclusion: The addition of mpMRI to the preoperative MSKCC and Partin nomograms 
did not increase diagnostic accuracy for the prediction of locally advanced prostate 
cancer.
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IntroductIon

Accurate staging of primary prostate cancer (PCa) is essential, for the distinction 
between organ confined cancer (T-stage 1-2) and locally advanced disease (T3-4) 
influences both prognosis[1] and treatment planning[2]. For instance, the presence 
of locally advanced disease excludes the possibility of nerve-sparing surgery (on the 
affected prostate lobe), as such procedure increases the risk of a positive surgical mar-
gins[2-4]. Moreover, locally advanced tumours warrant the performance of a concomi-
tant extended pelvic lymph node dissection (ePLND)[2, 3]. Similarly, when choosing 
radiotherapy, the local tumour stage guides decisions on radiation dose, radiation field 
and adjuvant therapies[2, 5]. 

For assessing the tumour stage, routine diagnostic parameters (i.e. digital rectal exami-
nation, serum prostate-specific antigen (PSA) level, and prostate biopsy results) alone 
are insufficient[6]. Combining clinical parameters into nomograms, however, was shown 
to provide a more reliable prediction of locally advanced disease[7-9]. Therefore, the 
use of these predictive nomograms is currently recommended by clinical guidelines[2]. 
Two frequently used and externally validated nomograms include the Memorial Sloan 
Kettering Cancer Center (MSKCC) nomogram[8] and the Partin tables[9]. 

In addition to routine diagnostics and nomograms, the use of preoperative multipara-
metric magnetic resonance imaging (mpMRI) is increasing. mpMRI is an imaging tech-
nique that combines different (functional) imaging sequences to improve detection 
and localization of malignant lesions. The technique shows promising accuracy for the 
detection of prostate cancer[10, 11], but the assessment of the tumour stage is still 
imperfect. In a recent meta-analysis, the sensitivity of mpMRI for T3 tumours was 61% 
only (95% CI 54 -67%)[12]. 

Although mpMRI as stand-alone modality seems insufficient for accurate staging, it 
might still improve diagnostic accuracy in combination with other available clinical 
parameters. In the present study we combined mpMRI findings with the MSKCC nomo-
gram and Partin tables to predict locally advanced disease and estimated the added 
diagnostic value of mpMRI for staging. 

PAtIEnts And MEtHods

Patients

A previously described research cohort was analysed, consisting of 430 concurrent 
patients with confirmed prostate adenocarcinoma for which a robot-assisted laparo-
scopic radical prostatectomy (RARP) and a preoperative mpMRI was performed[13]. 
Patients were included between 2012 and 2016, in three Dutch hospitals (Amsterdam 
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University Medical centers [VU University Medical Center], Amsterdam; Maasstad 
Ziekenhuis, Rotterdam; Meander Medisch Centrum, Amersfoort). 

Imaging protocol and radiologic accuracy

A detailed description of the imaging protocol can be found in the previous report on 
the diagnostic accuracy of mpMRI in this cohort[13]. In short, 3T MRI scanners were 
used without endorectal coils. Per hospital, the MR images were interpreted clinically 
by two to three radiologists, dedicated to prostate MRI interpretation. If patients 
were referred to the participating centers of this study and MRI studies were already 
attained, no revision by the centres’ own radiologists took place. The radiologic T-stage 
was based on the exact T-stage reported by the radiologist or based on the MRI report 
describing the presence or absence of extra-capsular extension. Radiologic T-stage was 
compared to the pathologic T-stage (pT) following RARP (reference standard). Locally 
advanced disease (pT3-4) was present in 137 of 430 patients (31.9%), for which mpMRI 
had a sensitivity of 45.3% (95% CI 36.9 – 53.6%), specificity 75.8% (CI 70.9 – 80.7%), PPV 
46.6% (CI 38.1 – 55.1%), and NPV 74.7% (CI 69.8 – 79.7%)[13]. 

nomograms

The clinical and preoperative pathology data needed to use the MSKCC nomogram 
and Partin Tables were retrieved. An overview of the included parameters of both 
nomograms is presented in Table 1. The MSKCC risk score (%) for extra-capsular exten-

table 1: Overview of the parameters included in the MSKCC nomogram and Partin table

Included clinical parameters Input to the model
MSKCC nomogram Partin Tables

Preoperative PSA (ng/mL) (continuous) 0 - 4.0 
4.1 - 6.1 

6.1 - 10.0 
> 10.0 

Biopsy Gleason score Primary grade >3 2-6
Secondary grade >3 3+4

4+3 – 8
9-10

Biopsy cores (number) Neg. cores (continuous) not included
Pos. cores (continuous)

Clinical Stage T2a T1c
T2b T2a
T2c T2b / T2c
T3+
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sion (T3a) was calculated using the online published regression coefficients[14]; the 
Partin risk score (%) for extra-capsular extension was based on the regression model 
as provided by the Partin research group[15].

statistical analysis

Continuous variables were summarized by their medians and interquartile ranges. 
Categorical variables were presented as percentages. Both pathologic outcomes (pT) 
and mpMRI results (rT) were classified as either organ-confined disease (T0-2) or locally 
advanced disease (T3-4), and treated as binary variable. The significance level was set 
at p<0.05.

Binary logistic regression analysis was performed for the MSKCC nomogram, Partin 
tables and mpMRI results separately (univariable analysis). The mpMRI results were 
then step-wise included to the logistic regression with the MSKCC nomogram as base 
(multivariable analysis). A similar procedure was performed for the regression with the 
Partin table as base. Likelihood-ratio tests were performed to analyse if the addition of 
mpMRI results yielded significantly increased accuracy. 

Receiver operating characteristic (ROC) curves were created for the MSKCC nomogram, 
Partin tables and mpMRI results, as well as the combinations MSKCC + mpMRI and 
Partin + mpMRI (using the predicted probabilities of the multivariable analyses). The 
different areas under the curves (AUC) of all models were compared.

rEsults

Patient characteristics are displayed in Table 2. The MSKCC risk scores for extra-prostatic 
extension ranged from 26.0 to 100% (median 64.4%). The Partin risk scores could not be 
calculated for patients with clinically staged T3 tumours (n=25). For the remaining patients, 
the risk estimates for extra-prostatic growth ranged from 7.5 to 48.1% (median 31.1%).

The MSKCC nomogram, Partin tables and mpMRI results were all significant predictors 
of locally advanced disease in univariable analysis, see Table 3. In multivariable analysis, 
mpMRI remained a significant predictor in addition to both the MSKCC nomogram and 
Partin tables, see Table 4.

ROC curves for mpMRI, MSKCC and Partin tables, as well as the combinations MSKCC 
+ mpMRI and Partin + mpMRI are displayed in Figures 1 and 2. The AUC of the mpMRI 
results (AUC 0.61) was similar to the AUC of the Partin tables (0.62), but lower than the 
AUC of the MSKCC nomogram (0.73; outside the 95% CI). Combining the nomograms 
with mpMRI results increased diagnostic accuracy marginally (AUC MSKCC + mpMRI 
0.74; AUC Partin + mpMRI 0.66).
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dIscussIon 

Accurate staging of the local tumour in primary prostate care remains a challenging 
diagnostic matter. The recent AUA statement on mpMRI for PCa notes that there is 
‘currently insufficient evidence to recommend MRI for screening, staging’. Yet, it also 
states that ‘MRI before selecting definitive therapy can be beneficial for men with a 
presumed clinically localized prostatic adenocarcinoma’[16]. In our previous report, 
we found unsatisfactory accuracy of mpMRI for local staging as stand-alone diagnostic 
modality[13]. Here, we provide an analysis of the added value of mpMRI when combined 
with clinical prediction models, i.e. staging nomograms.

In our cohort of 430 RARP patients, the observed AUCs of the MSKCC (0.73) and Partin 
(0.62) nomograms for the prediction of non-organ confined disease are in line with pre-
viously reported AUCs for these models [14, 17-21] and indicate fair (MSKCC) to limited 
(Partin) diagnostic accuracy. mpMRI appeared to provide a significant addition to the 
nomograms in multivariable analysis, yet the AUC of the combined models increased 
with only 1% (MSKCC + mpMRI) and 4% (Partin + mpMRI) (absolute percentages). Bal-
ancing the limited added diagnostic accuracy against the costs and patient discomfort 
related to performing mpMRI, it remains doubtful whether mpMRI should be included 
in the standard diagnostic work-up prior to radical treatment in current clinical practice.

table 2: Characteristics of 430 patients who underwent a robot assisted radical prostatectomy and 
preoperative multiparametric MRI. Median and interquartile ranges.

Patient characteristics and Pathology results
Age (years) 66 (61 - 69)

PSA (ng/mL) 9.2 (6.2 - 14.9)
prostate volume (mL) 48 (37 - 65)

number of biopsy cores 8 (8 - 10)
% of positive biopsy cores 49.1

Gleason score Biopsy results, n (%) RARP results, n (%)
6 156 (36) 88 (21)
7 182 (42) 266 (62)
8 59 (14) 38 (9)
9 27 (6) 32 (8)

10 5 (1) 2 (0)

Tumour-stage Radiologic T-stage, n (%) RARP T-stage, n (%)
T0 70 (16) 4 (1)
T2 227 (53) 289 (67)

T3a 117 (27) 76 (18)
T3b 15 (3) 57 (13)
T4 1 (0) 4 (1)
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table 3: Univariable analysis of the MSKCC nomogram score, Partin table score, and mpMRI results 
(radiologic T3-4) predicting locally advanced disease (pathologic T3-4)

parameter odds ratio 95% cI p-value
MSKCC score (per %) 1.06 1.05 1.08 <0.01
Partin score (per %) 1.04 1.02 1.06 <0.01

Radiologic T3-4 2.58 1.68 3.97 <0.01

table 4: Multivariable analysis of the MSKCC nomogram and mpMRI results (radiologic T3-4) and the Partin 
Table and mpMRI results, predicting locally advanced disease (pathologic T3-4)

parameter odds ratio 95% cI p-value
MSKCC score (per %) 1.06 1.04 1.08 <0.01

Radiologic T3-4 1.9 1.20 3.04 0.01

Partin score (per %) 1.04 1.01 1.06 <0.01
Radiologic T3-4 2.13 1.34 3.40 <0.01

Figure 1: Receiver operating characteristics (ROC) curves and Area Under the Curve (AUC) for the MSKCC 
nomogram, the combined MSKCC+mpMRI model and the mpMRI results (radiologic T3-4), predicting 
locally advanced disease (pathologic T3-4).

predictor Auc 95%cI p-value
MSKCC 0.73 0.67 0.78 <0.01

MSKCC+mpMRI 0.74 0.69 0.79 <0.01
Radiologic T3-4 0.61 0.55 0.66 <0.01
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In the few previous studies that combined mpMRI with staging nomograms, the tumour 
sub-stages were investigated separately (e.g. separating T3a from T3b)[18-20]. However, 
as described in the EAU guidelines, sub-staging is secondary to the distinction between 
locally advanced (T3-4) and organ-confined disease (T0-2), for this distinction influences 
treatment[2]. In the present study, the dichotomization in locally advanced versus 
organ-confined disease was followed, to evaluate the true clinical value of mpMRI. 

Our results are in line with the recent report by Weaver et al. [19], which found limited 
additional value of mpMRI over the MSKCC nomogram. There are some methodological 
differences, however. First, the sample size of our study is considerably larger (n=430 
vs. n=237 respectively). Second, extra-capsular extension was noted in only 16% of 
men undergoing mpMRI in the study by Weaver et al., which is little compared to our 
series (31%)[13] and that of others (29%; 29.3%)[18, 20]. This might have hampered the 

Figure 2: Receiver operating curves (ROC) curves and Area Under the Curve (AUC) for the Partin tables, 
the combined Partin+mpMRI model and the mpMRI results (radiologic T3-4), predicting locally advanced 
disease (pathologic T3-4).

predictor Auc 95% cI p-value
Partin 0.62 0.57 0.68 <0.01

Partin+mpMRI 0.66 0.60 0.71 <0.01
Radiologic T3-4 0.59a 0.53 0.65 0.03
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study of Weaver et al. to accurately assess the diagnostic value of mpMRI. Lastly, Weaver 
et al. classified mpMRI outcomes as positive when either extra-capsular extension or 
a PI-RADS 5 lesion was detected. However, the PI-RADS scores are not intended as a 
staging parameter. Furthermore, it may overlap with variables already included in the 
nomogram (e.g. the biopsy Gleason score, the number of positive biopsy cores)[22, 
23]. As such, we choose to solely regard radiologic T-stage in this study (in accordance 
with other previous studies).

In the extensive report by Morlacco et al.[20] the AUC for the prediction of extra-prostatic 
growth increased from 0.61 to 0.73 when mpMRI results were added to the Partin 
tables. Clearly, this was a high-risk group of patients, with 39% having a Gleason score 
≥8 and 49% pT3-4 on final pathology. The authors note that the accuracy of mpMRI for 
the detection of locally advanced disease stages is better in intermediate to high risk 
patients[21], possibly increasing the added value of mpMRI for staging in their study. 

Feng et al.[18] provide the only previous analysis of mpMRI in combination with both the 
MSKCC nomogram and the Partin tables (n=112). The reported AUCs of the MSKCC and 
Partin models were 0.86 and 0.85 respectively, rising to 0.92 and 0.94 when combined 
with mpMRI results. Although statistically significant, discussion remains whether the 
observed added value by Feng et al. truly justifies the use MRI and its related costs and 
patients’ discomfort – especially considering the outstanding accuracy of mpMRI in this 
study (sensitivity 85.4%), which is not universally achieved. 

Our study has several limitations. The staging accuracy (sensitivity 45.3%) of our mpMRI 
procedures appears on the lower side of earlier published studies[12]. Radiologic (in)
experience or the absence of re-evaluation by specialized radiologists potentially 
contributed to lower diagnostic accuracy, although this remains topic of discussion[12, 
13]. Tay et al.[24] compared the added value of specialist-reviewed versus non-specialist 
reviewed mpMRI to existing clinical parameters (not to predefined nomograms). They 
showed that non-specialist reviewed mpMRI added little diagnostic certainty to the 
clinical parameters (AUC rising from 0.69 to 0.72), whereas specialists-reviewed mpMRI 
did improve diagnostic accuracy (AUC rising to 0.90). 

It remains to be answered whether more specialization of radiologists allows for mean-
ingful added diagnostic value of mpMRI to preoperative nomograms. Indeed, it might 
be argued that the slight increase in accuracy attained with non-specialized radiolo-
gists in this study should prompt further investigation with specialized interpreters. 
However, in the cited study by Feng et al., all mpMRI scans were reviewed by a single 
highly specialized radiologist and the added value remained limited (discussed above). 
The value of our report lies in the fair representation of daily clinical practice and cur-
rent radiologic experience in contemporary urologic reference centers. In this scenario, 
mpMRI offers limited additional value over the staging nomograms. 
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The inclusion criteria for this study were a preoperative mpMRI, as well a radical pros-
tatectomy. Inherently, this includes some selection bias. It is possible that in the case of 
clear radiologic evidence for locally advanced disease, some urologists might have had 
a preference to opt for radiation therapy instead of surgery. This would lead to poorer 
mpMRI outcomes in our radical prostatectomy group, as only the patients with less 
clear radiologic results might have been included. However, the evaluation of mpMRI 
accuracy in RARP patients remains the only way to compare the imaging technique to 
pathology results (i.e. the golden standard). Moreover, the accuracy of mpMRI is espe-
cially relevant in patients prior to scheduled surgery, as (radiologic) staging influences 
decisions on nerve-sparing techniques in this group. 

conclusIon

In this study, multiparametric MRI results were combined with the preoperative MSKCC 
and Partin nomograms to predict the presence of locally advanced prostate cancer. 
We found that the addition of mpMRI does not improve prediction of pathologic stage 
compared to the nomograms alone.
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AbstrAct

Introduction: To optimize functional outcomes after robot-assisted radical prostatectomy 
(RARP), surgical preservation of the neurovascular bundle is desired. However, nerve-
sparing surgery (NSS) is only feasible in the absence of extraprostatic tumour extension 
(T-stage 3) to avoid the risk of positive surgical margins (PSM). Multiparametric 
magnetic-resonance imaging (MRI) is increasingly performed for primary prostate 
cancer and provides information on local tumour stage. In this study we evaluated 
whether the availability of information from MRI influenced the incidence of PSM. 

Methods: A total of 523 patients undergoing RARP for localized prostate cancer in a 
single Dutch reference centre for prostate cancer surgery were retrospectively evaluated 
(2013-2017). Patient characteristics and postoperative outcomes were retrieved. Patients 
were stratified according to the presence of a preoperative MRI. The incidence of PSM 
and proportion of patients receiving NSS was analysed using Chi-square tests and 
logistic regression analysis. 

Results: N=139 of 523 (26.6%) patients had a preoperative MRI scan available. Patients 
with MRI had identical preoperative characteristics compared to the patients without 
MRI, except for a higher percentage of patients having a prostate-specific antigen 
value ≥20ng/mL (20.1% versus 9.4%, p=0.004). PSM were present in 107/384 (27.9%) 
patients without MRI compared to 36/139 (25.9%) patients with a MRI scan before 
surgery (p=0.66). Unilateral NSS was performed more often in the MRI group (26.6% 
vs. 11.7%), but NSS on both sides was more frequently performed in patients without 
MRI (57.6% versus 69.8%)(p<0.001). MRI was not associated with PSM in multivariate 
analysis (p=0.265).

Conclusion: Preoperative mpMRI imaging was not associated with lower rates of positive 
surgical margins in patients undergoing RARP for localized prostate cancer.
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IntroductIon

Robot-assisted radical prostatectomy (RARP) remains a cornerstone in the treatment 
of organ-confined prostate cancer.[1, 2] The oncological efficacy of this procedure 
is well established and is reflected by tumour-negative surgical margins (R0) and an 
immeasurable prostate-specific antigen (PSA) level on follow-up.[3] 

A substantial proportion of patients experiences unfavourable functional outcomes after 
RARP, such as erectile dysfunction and urinary incontinence. To improve postsurgical 
outcomes, preservation of the neurovascular bundles (NVB) is performed. The NVBs 
are located on the dorsolateral aspect of the prostate and run from the autonomic 
plexus to the penile corpus cavernosa and (possibly) the external sphincter complex.
[4] Close dissection on the prostate, to spare the NVBs, may result in inadvertent entry 
of the prostatic tissue, leading to a positive surgical margin (PSM). This risk is especially 
present in patients with extra-capsular tumour growth (T-stage 3). Hence, adequate 
preoperative staging of the prostatic tumour and a patient tailored approach are 
essential.[5] 

In addition to nomograms that use serum-PSA, biopsy Gleason score and clinical tumour 
stage to calculate the risk of extracapsular extension (ECE, T-stage 3a) and seminal vesicle 
invasion (SVI, T-stage 3b) many urologists incorporate preoperative multiparametric MRI 
(further referred to as MRI) in their surgical planning of radical prostatectomy.[6] For 
now, MRI is the most accurate imaging modality to assess local prostate cancer stage, 
yet its sensitivity for T3 tumours is limited.[7] 

Ideally, preoperative MRI provides the urologist with accurate information on the risk 
of ECE and/or SVI. When organ-confined prostate cancer is reported on MRI (radiologic 
T2), a nerve sparing approach is feasible. When MRI indicates ECE or SVI, many urologists 
refrain from NSS. Due to the suboptimal detection of ECE and SVI by MRI, the effect of 
preoperative MRI on the prevalence of PSM is still unclear and its use for local staging 
not considered standard.[2, 8] Given the unknown surgical benefit of performing 
preoperative MRI, despite previous research on the subject, the objective of this study 
was to analyse the effect of MRI on the postoperative surgical margin rate in a large 
cohort of patients treated with RARP. 

PAtIEnts And MEtHods

Patient selection

For this study 523 patients undergoing RARP for primary localized prostate cancer 
between January 1st 2013 and December 31th 2017 in a single Dutch reference centre 
for prostate cancer surgery were retrospectively evaluated. For all participants, patient 
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and preoperative variables, treatment and surgical planning and postoperative vari-
ables and outcomes were assessed.

Two groups were identified: patients with and without a preoperative MRI. MRI could 
have been performed for reasons of biopsy planning in case of an elevated PSA level 
or specifically for staging purposes. The indication to perform preoperative MRI was 
made in the referring hospitals at the discretion of the treating urologists, following their 
local diagnostic routines as well as according to clinical guidelines.[2] These guidelines 
state MRI may be used for staging (especially for intermediate and high-risk patient) 
and can help guide decisions regarding nerve-sparing surgery. 

Imaging protocol and analysis

MRI’s were made in the referring hospitals and included T1-weighted, T2-weighted, 
diffusion weighed, and dynamic contrast-enhanced imaging. No endorectal coils were 
used. Per centre, a selected group of radiologists dedicated to prostate MRI reading, 
reviewed the scans. The radiologists were not blinded to available clinical information 
and no central revision of MRI acquisitions was performed. The radiologic T-stage (rT) 
was based on the exact T-stage reported by the radiologist or based on the MRI report 
describing the presence or absence of extra-capsular extension. During the course 
of this study the use of standardized reporting for MRI became in use (PI-RADS v1 
[9]; PI-RADS v2 [10]), though only providing basic guidelines for assigning radiologic 
tumour stage. 

Two urologists performed the RARP in the reference centre, both having vast experience 
with RARP (>500 performed procedures each). The decision to perform NSS was made 
per prostate lobe individually and based on <cT3, low-volume ISUP score 3 disease, 
and the absence of radiological capsular penetration (rT2) on MRI. 

Pathological analysis

RARP specimens were processed according to clinical routine and reviewed by 
dedicated uro-pathologists. Histopathologic cancer type, Gleason score, and pathologic 
T-stage were assessed. All specimens were fixated in formaldehyde (10%) directly after 
surgery. To allow adequate assessment of tumour presence in the surgical margins, the 
entire surface of the specimens was inked and the apex and base (bladder neck) were 
removed. The mid part of the specimen was cut perpendicular to the urethra in 4mm 
slices. The apex and base parts were cut in a sagittal fashion.[2] 

statistical analysis

Baseline characteristics of all patients were collected and presented in Table 1. Baseline 
characteristics (prostate volume, PSA value, clinical and pathological tumour stage, 
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Gleason score [ISUP classification] and lymph-node status) were compared between 
the patients with or without preoperative MRI. Postoperative outcomes, including 
the primary outcome of PSM and the rate of NSS, were displayed for patients with or 
without a preoperative MRI. 

Differences in patient and tumour characteristics, as well as outcome measures were 
analysed using the chi-square test with a significance level of 0.05. In order to analyse 
the possible influence of the preoperative MRI on the percentage of PSM additionally 
logistic regression analysis and stratified analyses were done. The stratified analysis 
clustered patients by pathological T-stage and ISUP score. The multivariable analyses 
included all patient and tumour characteristics displayed in the baseline table. The 
significance level of multivariable analysis was set at a two-tailed p-value of 0.05 and 
factors were entered in the multivariable analysis on clinical grounds using an ENTER 
model. Statistical analyses were performed in PASW Statistics, version 25 (SPSS inc., 
Chicago, IL).

rEsults

Preoperative variables (table 1)

Of 523 consecutive patients, 139 (26.6%) had a preoperative MRI, whereas 384 (73.4%) 
did not. Analysis of preoperative variables showed a higher percentage of patients with 
a PSA ≥20 ng/mL in the MRI group (20.1% versus 9.4%, p=0.004). Prostate volume, clinical 
T-stage, ISUP grade did not differ between the two groups.

reporting of MrI (table 2)

Half of the MRI’s (52.5%) were performed for staging purposes. PIRADS coding system 
was not yet reported for half of the MRI scans (56.1%). MRI raised the suspicion of 
radiologic T3a or rT3b in 18.7% of patients.

operative and postoperative variables (table 3)

Pelvic lymph-node resection was performed more often in the MRI group compared 
to the non MRI group (50.4% versus 32.6%, p<0.001). Pathological Gleason score, 
pathological tumour stage (pT), and pN status were not significantly different between 
the imaging and non-imaging group. Unilateral NSS was performed more often in the 
MRI group (26.6% versus 11.7%), but NSS on both sides was more frequently performed 
in patients without MRI (57.6% versus 69.8%)(p<0.001). Therefore the percentage of 
patients with any form of NSS was not higher in the MRI group compared to the group 
without MRI (84.2% versus 81.5% respectively, p=0.482).
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table 1: Overview of the parameters included in the MSKCC nomogram and Partin table

no MrI MrI p-value
N % n %

Age <60 85 22.1% 30 21.6% 0.993
60 - 70 229 59.6% 83 59.7%
70 - 80 70 18.2% 26 18.7%

BMI <30 187 48.7% 62 44.6% 0.059
≥30 50 13.0% 10 7.2%

missing 147 38.3% 67 48.2%
ISUP 1 110 28.6% 41 29.5% 0.422

2 157 40.9% 52 37.4%
3 47 12.2% 14 10.1%
4 49 12.8% 26 18.7%
5 21 5.5% 6 4.3%

cT status cT1 330 85.9% 115 82.7% 0.218
cT2 53 13.8% 22 15.8%
cT3 1 0.3% 2 1.4%

prostate vol <40cc 185 48.2% 58 41.7% 0.445
40-80cc 166 43.2% 67 48.2%
>80cc 24 6.3% 10 7.2%

iPSA 0-10 237 61.7% 72 51.8% 0.004
10-20 111 28.9% 39 28.1%
≥20 36 9.4% 28 20.1%

BMI; body mass index, ISUP; international society of urological pathology, iPSA; initial prostate specific antigen

table 2: Outcomes of preoperative mpMRI

n %
MRI type diagnostic 57 41.0%

staging 73 52.5%
missing 9 6.5%

rT stage rT0 20 14.4%
rT2 88 63.4%

rT3a 23 16.5%
rT3b 3 2.2%

missing 5 3.6%
PIRADS 1 2 1.4%

2 4 2.9%
3 7 5.0%
4 27 19.4%
5 21 15.1%

missing 78 56.1%

MRI; Magnetic Resonance Imaging, PIRADS; Prostate Imaging Reporting and Data System
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surgical margins and preoperative imaging (table 3 and 4)

PSM occurred in 107/384 (27.9%) patients without MRI before RARP, compared to 36/139 
(25.9%) patients who did have an MRI scan before surgery (p=0.656).

In patients with pT3 disease specifically (n=124), preoperative MRI was available in 40 
patients (31.4%). Also in this group, preoperative MRI did not affect PSM rate (44.0% in 
patients without MRI versus 42.5% with MRI, p=0.871). Other stratified analysis (data 
not shown) in which patients were further divided in cT, pT and ISUP categories did 
not show any significant differences in the relative amount of PSM. 34.6% (n=9/26) of 
patients with rT3 on MRI had a PSM compared to 23.9% (n=27/113) of patients without 
a MRI suspected for rT3 (p=0.589). 

table 3: Postoperative outcomes of patients with or without preoperative mpMRI

no MrI MrI
n % n %

PLND yes 125 32.6% 70 50.4% <0.001
pathological ISUP 1 46 12.0% 18 13.0% 0.853

2 181 47.1% 66 47.8%
3 87 22.7% 28 20.3%
4 38 9.9% 17 12.3%
5 32 8.3% 9 6.5%

pT status pT2 294 76.8% 97 69.8% 0.261
pT3 84 21.9% 40 28.8%
pT4 5 1.3% 2 1.4%

pN status N+ 17 4.4% 4 2.9% 0.425
PSM PSM+ 107 27.9% 36 25.9% 0.656
NSS no ns 71 18.5% 22 15.8% <0.001

bilateral ns 268 69.8% 80 57.6%
unilateral ns 45 11.7% 37 26.6%

PLND; pelvic lymph node dissection, ISUP; international society of urological pathology, PSM; positive surgical margin, 
NSS; nerve sparing surgery, ns; nerve sparing

In multivariable analysis, factors associated with increased incidence of PSM were 
higher ISUP score (p=0.013), higher initial PSA (p=<0.001), pT-stage (p=0.015) and a 
low prostate volume (p=0.005). MRI was not associated with PSM rate in multivariate 
analysis (p=0.355), see Table 4.
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dIscussIon 

In this large series of patients undergoing RARP, preoperative MRI did not lower PSM 
rate as compared to patients who did not receive MRI. PSM rates were 27.9% versus 
25.9% in patients with or without a preoperative MRI, respectively (p=0.656). Patients 
with and without preoperative imaging were (largely) comparable with respect to 
baseline and tumour characteristics. Variables of influence on PSM rate in multivariable 
analysis were higher iPSA levels, higher ISUP category, pT-stage, and a low volume of the 
prostate. Preoperative MRI does not seem to alter the PSM rate in patients undergoing 
RARP for localized prostate cancer.

A recently published meta-analysis reported on the influence of preoperative MRI on the 
surgical decision-making process before RARP[8], including eight cohort studies and one 
randomized controlled trial.[11] The pooled analysis did not show any effect of MRI on 
PSM rates. The included articles showed that MRI led to a change in surgical plan in 35% of 
all patients. This included a wider surgical resection in 21% of patients, as MRI apparently 
indicated (risk of) ECE that was not suggested based on mere clinical variables. In 16% of 
patients more extensive NSS was preferred after MRI. However, one could question the 
ability of MRI - with low sensitivity for ECE - to confidently exclude the possibility of ECE. 

If surgical planning changed due to the application of MRI, this turned to be correct for 
77% of patients. In contrary, for 23% of patients in which the surgical planning changed 
due to MRI, this led to inadvertent NVB removal (in patients with pT2 disease) or to NSS 
in those with pT3 or higher disease. The rate of PSM in our study (27.3%) shows the 

table 4: Assessment of the influence of mpMRI on PSM in a multivariable analysis

p Exp(b) cI
Lower Upper

PSA <10 (ref ) .000
10-20 .374 1.251 .764 2.048
≥20 .000 4.057 2.117 7.776

Pathological ISUP 1 (ref ) .013
2 .313 1.502 .682 3.311
3 .629 1.242 .515 3.000
4 .019 3.147 1.206 8.212
5 .014 3.641 1.295 10.235

Pathological stage pT2 (ref ) .015
pT3 .021 1.840 1.098 3.083
pT4 .044 11.036 1.063 114.573

Volume <40cc .005
40-80cc (ref ) .004 1.925 1.233 3.006

>80cc .366 .619 .218 1.752
preoperative MRI yes .355 .793 .485 1.297
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tendency to underestimate the risk of ECE, and in our series a preoperative MRI does not 
lower the percentage of PSM. The only RCT that analysed the influence of MRI on PSM 
found only a positive effect on PSM incidence in clinical T1c prostate cancer.[11] These 
low-risk patients are typically scheduled for NSS, potential ECE on MRI may therefore 
more directly change surgical planning (wider dissection) in this group.  

In high-risk patients (i.e. patients with cT2c or higher), urologists are likely not to opt 
for NSS anyway. Hence, MRI would not have further improved PSM rates. In our study 
MRI before RARP did not lower PSM in patients with cT1c prostate cancer. 

Given the problematic staging accuracy of MRI as stand-alone modality, multiple studies 
have analyzed whether MRI could serve as an addition to clinical nomograms. This is of 
interest, given that MRI is increasingly available prior to prostate biopsy (not for staging 
specifically). Various reports found better performance of clinical nomograms after 
addition of MRI[12-14]. The overall diagnostic gain with the addition of MRI appears to 
be limited, however. Other studies found no diagnostic benefit at all.[15, 16] No studies 
have yet investigated the effect of using nomograms incorporating MRI on the incidence 
of PSM. Given the dubious clinical added value of such combined nomograms, no large 
effect on PSM is to be expected.

Limitations of the present analysis are the methodological issues related to a non-
randomized comparison with risk of selection bias. However, our population did not 
show important significant differences between the two groups, except for a small 
percentage of patients with higher iPSA in the MRI group (that was corrected for in 
multivariable analysis). Given these findings, the decision to perform MRI seemed to 
be rather arbitrary, which can be explained by the absent of clear guidelines on the 
subject. MRI acquisitions in this study were performed in non-specialized MRI centres, 
outside of the reference hospital. In these hospitals it is practice that the MRI scans are 
analysed by a limited number of radiologist, dedicated to the technique, yet we do 
not have in-depth information on the local experience and performance. Further, our 
retrospective analysis lacks a complete insight into the decision-making regarding the 
extent of NSS per individual patient, which would have been of added value to study 
the effect of the available MRI scans. 

Lastly, this study’s inclusion criteria were a preoperative MRI as well a radical prostatec-
tomy. Inherently, this comprises some form of selection and potentially underestimation 
of the benefit of MRI in primary prostate cancer overall. For example, in the presence of 
clear radiologic evidence of locally advanced tumour growth, some referring centres 
might have had a preference to treat patients with radiation therapy instead of surgery. 
If RARP would have been performed in these cases, without having a pre-operative 
MRI, this may have resulted in higher incidences of PSM. 

Chapter3_bernard.indd   61 8-4-2020   09:05:44



62 | Chapter 3

conclusIon

In this large series of patients undergoing RARP for prostate cancer, preoperative MRI 
was not associated with lower PSM rates as compared to patients who did not have 
preoperative MRI.
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AbstrAct

Introduction: Positron Emission Tomography (PET) is increasingly used for prostate 
cancer (PCa) diagnostics. Important PCa radiotracers include 68Ga-Prostate-Specific 
Membrane Antigen HBED-CC (68Ga-PSMA), 18F-DCFPyL, 18F-fluoromethylcholine 
(18F-FCH) and 18F-dihydrotestosterone (18F-FDHT). Knowledge on the variability of tracer 
uptake in healthy tissues is important for accurate PET interpretation, since malignancy 
is suspected only if the uptake of a lesion contrasts with its background. Therefore, the 
aim of this study was to quantify uptake variability of PCa tracers in healthy tissues and 
identify stable reference regions for PET interpretation. 

Methods: A total of n=232 PCa PET/CT scans from multiple hospitals was analysed, 
including n=87 68Ga-PSMA scans; n=50 18F-DCFPyL scans; n=68 18F-FCH scans and n=27 
18F-FDHT scans. Tracer uptake was assessed in the blood pool, lung, liver, bone marrow 
and muscle – using several Standardized Uptake Values (SUVmax, SUVmean, SUVpeak). 
Variability in uptake between patients was analysed using the Coefficient of Variation 
(COV%). For all tracers, SUV reference ranges (95th percentiles) were calculated, which 
could be applicable as image-based Quality Control for future PET acquisitions. 

Results: For 68Ga-PSMA, the lowest uptake variability was observed in the blood pool 
(COV 19.9%), which was significantly more stable than all other tissues (COV 29.8-35.2%, 
p=0.001-0.024). For 18F-DCFPyL, lowest variability was observed in the blood pool and 
liver (COV 14.4% and 21.7%, p=0.001-0.003). The least variable 18F-FCH uptake was 
observed in the liver, blood pool and bone marrow (COV 16.8-24.2%, p=0.001-0.012). 
For 18F-FDHT, low uptake variability was observed in all tissues, except the lung (COV 
14.6-23.6%, p=0.001-0.040). The different SUV-types had limited effect on variability 
(COVs within 3 percentage points).

Conclusion: In this multicentre analysis, healthy tissues with limited uptake variability 
were identified, which may serve as reference regions for PCa PET interpretation. These 
reference regions include the blood pool for 68Ga-PSMA and 18F-DCFPyL, and the liver for 
18F-FCH and 18F-FDHT. Healthy tissue SUV reference ranges are presented and applicable 
as image-based Quality Control.
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IntroductIon

Prostate cancer (PCa) is the most common cancer in men in the Western world[1, 2]. 
Positron Emission Tomography (PET) imaging is increasingly used for PCa diagnostics, as 
it enables early lesion detection and molecular characterization of lesions in vivo. Several 
PET radiotracers for PCa imaging have been developed, among which 68Ga-Prostate-
Specific Membrane Antigen HBED-CC (68Ga-PSMA), 18F-DCFPyL, 18F-fluoromethylcholine 
(18F-FCH) and 18F-dihydrotestosterone (18F-FDHT). 

68Ga-PSMA, 18F-DCFPyL and 18F-FCH are widely used diagnostic radiotracers, offering 
superior lesion detection compared to conventional imaging modalities (CT, MRI, bone-
scan)[3, 4]. Both 68Ga-PSMA and 18F-DCFPyL are ligands targeting the Prostate-Specific 
Membrane Antigen, a type 2 membrane glycoprotein significantly overexpressed by 
malignant prostate cells[5]. 18F-FCH enables visualisation of PCa lesions for choline 
is a precursor of cell membrane phospholipids and its uptake is upregulated in PCa 
cells[6]. 18F-FDHT is a radiolabelled analogue of dihydrotestosterone, directly binding 
the androgen receptor (AR). The AR is crucial for PCa growth and AR targeted therapies 
are mainstays in PCa treatment. 18F-FDHT might enable monitoring of AR directed 
treatment and predict treatment response[7]. 

In clinical practice, PET-images are assessed qualitatively as well as semi-quantitatively. 
For qualitative evaluation, tracer uptake of suspected tumours is visually compared to 
the background (i.e. surrounding tissue or a reference region). Semi-quantitative analysis 
is typically performed using the Standardized Uptake Value (SUV), which provides a 
(simplified) measure of tracer accumulation in a region of interest. SUV is defined as the 
tissue’s radioactivity concentration, normalized to the injected dose per distribution 
volume (body weight, lean body mass or body-surface area)[8]. For both visual and 
SUV-based analysis, only the lesions with tracer uptake distinct from the background 
are characterised as potentially malignant. High variability of healthy tissue uptake 
between patients hampers reliable interpretation of suspected lesions, as the contrast 
between lesions and healthy tissues would be variable. 

Therefore, the aim of this study was to define the interpatient variability of 68Ga-
PSMA, 18F-DCFPyL, 18F-FCH, and 18F-FDHT uptake in healthy tissues and identify stable 
reference regions for PET interpretation. This knowledge is especially relevant, given 
the recent initiatives to standardize PET interpretation by using uptake in healthy 
tissues as thresholds to characterise malignancy (e.g. the PET Response Criteria in Solid 
Tumour (PERCIST)[9] and the Prostate Cancer Molecular Imaging Standardized Evaluation 
(PROMISE) for PSMA PET[10]).

Additionally, this study will provide reference ranges for healthy tissue SUV (population 
SUV ranges). These may be used as image-based Quality Control (QC) for future PET 
acquisitions, as a SUV outside this range points to image-acquisition imperfections. 
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MEtHods

design

This is a centralized analysis of multicentre data, evaluating 68Ga-PSMA, 18F-DCFPyL, 
18F-FCH and 18F-FDHT PET/CT-scans. Participating centers included the Amsterdam 
University Medical Centers (Academic Medical Center and VU University Medical 
Center, the Netherlands), Memorial Sloan Kettering Cancer Center (MSKCC, New York, 
USA), University Medical Center Utrecht (the Netherlands), and Sint Antonius Hospital 
(Nieuwegein, the Netherlands).

The study has been approved by the institutional review board of the Amsterdam 
Medical Centers and the need for written informed consent was waived (review number 
2017.075).

PEt-images

For 68Ga-PMSA and 18F-FCH, all centers were asked to send up to 35 of their most 
recent, consecutively performed clinical PET examinations. As 18F-DCFPyL scans were 
only available in a single centre, 50 consecutive scans from this centre were obtained 
to ensure an adequate sample size. No patient inclusion criteria were deployed; PET 
examinations for any stage of PCa were eligible. 18F-FDHT scans are not routinely 
performed in clinical practice yet. Therefore, scans from a previous prospective research 
cohort were analysed [11]. 

Only static, whole-body images were used (mid-thighs to skull vertex). All scans 
were corrected for decay, scatter, and random coincidences. Photon attenuation was 
performed using low-dose CT (120-140 kV, 30-80mA). Imaging was performed with 
standard Time-of-Flight PET/CT scanners from Philips Healthcare®, the Netherlands/
USA (Ingenuity; Gemini TOF); Siemens Healthineers®, Germany (Biograph 40); and 
General Electric®, USA (Discovery 710). All centers, except for the MSKCC, used European 
Association of Nuclear Medicine Research Ltd (EARL) accredited scanners, ensuring 
harmonized quantification. Standard, vendor-provided image-reconstructions were 
used, that were calibrated to meet the EARL recommendations[12]. An overview of the 
applied reconstruction parameters is presented in Supplementary Table 1.

data collection

All PET-images were gathered in the Amsterdam UMC and analysed using in-house 
developed software (ACCURATE-tool[13]). Because automated (DICOM-derived) 
acquisition information is error-prone, clinical documentation was retrieved and used 
for analysis (e.g. patient’s length, weight; total injected dose and calibration time; 
injection time; starting time of PET-scan)[8]. 
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Tracer uptake was measured in the blood pool (ascending aorta); lung (apically and 
basally); liver; bone marrow (thoracic vertebra and lumbar vertebra); and muscle (m. 
erector spinae). Measurements were performed using fixed sized volumes of interest 
(VOIs), shaped according to previous recommendations[11], see Table 1. Blood pool 
activity concentrations are known to be quite low and hence might be more subject 
to image noise. Therefore, three different VOIs were analysed to find the optimal 
measurements and avoid VOI-dependent variability in SUV. 

For all VOIs, SUVmax (maximum SUV value within the VOI), SUVmean (mean SUV within 
the VOI) and SUVpeak (mean SUV within a 12mm diameter sphere positioned within 
the VOI to yield the highest value) were generated. All SUVs (SUVmax/mean/peak) were 
normalized to body weight, lean body mass and body-surface area. See Supplementary 
Text for the applied equations[8].

table 1: VOI characteristics

VOI name Volume specifications Volume cm3 a

Aorta 2x2 2 voxels squared, 1 slice  (0.26 - 0.40) 
Aorta 3x3 3 voxels squared, 1 slice  (0.58 - 0.88) 
Aorta 5 slides 2x2 2 voxels squared, in 5 consecutive slices  (1.28 - 1.96) 
Lung-apically 3 cm diameter sphere, right lung  (14.04 - 14.07)
Lung-basally 3 cm diameter sphere, right lung  (14.04 - 14.07)
Liver 3 cm diameter sphere, right upper quadrant  (14.04 - 14.07)
Thoracic vertebra 2 cm diameter sphere, bone marrow  (4.13 - 4.17)
Lumbar vertebra 2 cm diameter sphere, bone marrow  (4.13 - 4.17)
Muscle 2 cm diameter sphere, m. erector spinae  (4.13 - 4.17)

a Volume metrics vary due to inter-scanner differences (mostly for voxel based measures).

data Management and statistical Analysis

All data were congregated per tracer and checked for inaccuracies (e.g. unrealistic 
patient weight, erroneous scan times). For quality control, scan acquisition efficiency 
rates were calculated (total image-detected activity / injected dose at start scan). 
Acquisitions with aberrant efficiency rates were reviewed for inaccuracies in clinical data 
or technical errors. Extreme SUVs of individual patients (z-value >3) were identified. VOI 
misplacements were corrected, persisting outliers were not included for further analysis. 
To further ensure image-quality and comparability, we assessed the institutional intra-
VOI Coefficients of Variation (COV%) in the liver, akin the EARL harmonization procedure 
(SD / mean of the pixel values within the VOI)[14].

For all SUVs the averages and 95th percentiles (mean ±1.96*SD) were calculated, which 
provides the reference ranges for image-based QC. Normality was assessed visually 
using histogram analyses and Q-Q plots. Variability in SUV was analysed using COV% 
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and differences were analysed using Levene’s F-test with Holms-Bonferroni corrected 
post-hoc analysis. 

Statistical analyses were performed with IBM SPSS 22.0.

rEsults

Patient and scan results

In total, PET images of n=252 PCa patients were available for evaluation. N=20 scans 
were excluded due to acquisition imperfections (e.g. PET-CT mismatch / excessive 
patient movement; image-artefacts; missing scan information). The final analysis 
included n=87 68Ga-PSMA scans (3 centers); n=50 18F-DCFPyL scan (1 centre); n=68 
18F-FCH scan (2 centers); and n=27 scan 18F-FDHT scans (2 centers). Overall, patients were 
scanned at low PSA levels (<10 ng/mL), with the exception of the patients in the 18F-FDHT 
research cohort (median PSA 28.5ng/mL). The use of Androgen Deprivation Therapy 
(ADT) at the time of the scan was more prevalent in the 18F-FCH and 18F-FDHT group 
(49% and 100% respectively) than in the PSMA cohorts (68Ga-PSMA 33%; 18F-DCFPyL 
7%). Patients’ characteristics and scan data are presented in Table 2.

table 2: Patient demographics and scan characteristics. Median values and inter-quartile ranges
68Ga-PsMA 18F-dcFPyl 18F-FcH 18F-FdHt

Patient characteristics
Number of patients 87 50 68 27

Age (years) 70 (65-75) 71 (66-76) 70 (65-74) 67 (64-69)
Recent PSA (ng/mL) 4.7 (1.0-16.0) 7.2 (2.8-17.6) 9.1 (3.7-39.3) 28.5 (5.6-112.8)

Gleason score 7 7 7 8
Androgen deprivation 

treatment
33%

8%
48% 100%

Scan characteristics
Originating hospitals AMC; UMCU;  

St.Antonius
VUmc VUmc; UMCU VUmc; MSKCC

Inclusion years 2016, 2017 2017, 2018 2013-2017 2015, 2016
Administered dosage 

(MBq)
139.6  

 (120.2-156.5)
311.2 

 (301.6-318.8)
280.2  

 (194.0-355.5)
240.3  

 (229.9-311.6)
Uptake time (minutes) 65  

 (57-74)
120  

 (117-123)
39  

 (32-45)
45  

 (45-47)

The average scanner efficiency rate for 68Ga-PSMA was 75% (95% CI 59-91%; COV 10.7%); 
18F-DCFPyL 74% (95% CI 58-95%; COV 11.2%); 18F-FCH 88% (95% CI 69-108%; COV 9.9%); 
18F-FDHT 83% (95% CI 73-93%; COV 6.2%). All intra-VOI COV% (liver) remained under 
the 15% threshold[12] (COV% range 6.1-13.3%).
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Healthy tissue tracer uptake Variability 
68Ga-PSMA: Healthy tissue SUV and variability are presented in Table 3A. Tracer 
uptake in the blood pool showed the lowest uptake variability between patients and 
was significantly more stable than the uptake in other tissues (difference in COV%, 
p=0.001-0.024). Only minor differences in variability were observed using different 
normalizations factors (average COVs were within 1.0 percentage point [pp] of each 
other). Similarly, the differences in variability between SUVmax/mean/peak were small 
(COVs within 2.0pp). Therefore, only SUVmax and SUVmean normalized to body-weight 
are presented, as these SUVs are clinically most frequently used. 

table 3: Healthy tissue uptake of PCa PET tracers. Average SUV and 95% population reference ranges, in 
order of uptake variability (COV, based on SUVmax).

(A) 68Ga-PsMA suVmax suVmean COV
Blood pool 1.33 1.08

 (0.81-1.85)  (0.64-1.52) 19.9%
Lung apically 1.05 0.56

 (0.44-1.66)  (0.2-0.91) 29.8%*
Muscle 0.94 0.50

 (0.37-1.51)  (0.14-0.86) 30.8%*
Liver 6.41 4.78

 (2.41-10.4)  (1.61-7.96) 31.8%*
Th. Vertebra 1.25 0.69

 (0.44-2.05)  (0.25-1.13) 33.0%*
Lum. Vertebra 1.24 0.67

 (0.39-2.09)  (0.16-1.17) 35.0%*
Lung basally 1.36 0.73

 (0.42-2.3)  (0.27-1.19) 35.2%*

(b)  18F-dcFPyl suVmax suVmean COV
Blood pool 1.12 1.01

 (0.81-1.44)  (0.74-1.27) 14.4%
Liver 6.84 5.92

 (3.93-9.75)  (3.31-8.53) 21.7%
Th. Vertebra 1.06 0.75

 (0.49-1.62)  (0.33-1.16) 27.2%*
Lung apically 0.64 0.44

 (0.28-1)  (0.19-0.68) 28.5%*
Lung basally 0.78 0.50

 (0.31-1.25)  (0.25-0.76) 31.0%*
Lum. Vertebra 1.07 0.77

 (0.39-1.75)  (0.28-1.26) 32.3%*
Muscle 0.79 0.55

 (0.26-1.33)  (0.14-0.97) 34.5%*

Table 3 continues on next page.
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An illustration of the heterogeneity in 68Ga-PSMA uptake in the liver is presented in 
Figure 1, showing patients with tracer uptake 1.2 SD above and below the population 
average.

18F-DCFPyL: Tracer uptake in the blood pool showed the lowest variability and was 
significantly more stable than the uptake in other tissues (difference in COV%, p=0.001-
0.003), except for the uptake in the liver (p=0.078), see Table 3B. Similar to 68Ga-PSMA, 
different normalizations factors and SUV types had limited effect on variability (average 
COV within 2.0pp and 1.0pp respectively).

18F-FCH: Liver uptake showed significantly less variability than the uptake in lung and 
muscle tissue (p=0.001-0.012), but not compared to the blood pool or bone marrow 

table 3: Continued.

(c) 18F-FcH suVmax suVmean COV
Liver 10.84 9.17

 (7.27-14.42)  (6.11-12.23) 16.8%
Th. Vertebra 3.68 2.78

 (2.22-5.13)  (1.64-3.93) 20.2%
Blood pool 0.75 0.63

 (0.42-1.08)  (0.34-0.91) 22.5%
Lum. Vertebra 3.13 2.33

 (1.65-4.62)  (1.13-3.53) 24.2%
Lung apically 1.03 0.64

 (0.46-1.6)  (0.23-1.05) 28.2%*
Muscle 1.72 1.25

 (0.66-2.78)  (0.33-2.16) 31.4%*
Lung basally 1.48 0.95

 (0.56-2.4)  (0.4-1.5) 31.6%*

(d)  18F-FdHt suVmax suVmean COV
Liver 5.12 4.10

 (3.65-7.08)  (2.83-6.06) 14.6%
Blood pool 5.24 4.71

 (3.06-7.2)  (2.45-6.67) 21.2%
Th. Vertebra 1.95 1.36

 (1.12-3.91)  (0.86-3.32) 21.6%
Muscle 1.14 0.76

 (0.62-3.1)  (0.47-2.72) 23.1%
Lum. Vertebra 2.18 1.60

 (1.17-4.14)  (0.89-3.56) 23.6%
Lung basally 1.61 1.00

 (0.71-3.57)  (0.51-2.96) 28.6%*
Lung apically 1.36 0.90

(0.31-3.32) (0.26-2.86) 39.3%*

* Significantly different from the least variable tissue
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(p>0.17), see Table 3C. The COV% of different SUV normalization factors and SUV types 
were within 1.0pp and 2.0pp respectively. 

18F-FDHT: Tracer uptake in the liver was least variable, though only significantly different 
to the uptake in the lung (p=0.001-0.040), see Table 3D. Variability (COV%) between dif-
ferent SUV normalization factors and SUV type was within 3.0pp and 2.0pp respectively.

Table 4 provides a summary per tracer of the tissues with least variable tracer uptake, 
which might serve as reference region for interpatient analysis.

Figure 1: Heterogeneity of 68Ga-PSMA uptake in the liver. (A) Patient with liver uptake 1.2SD above the 
population average (SUVmean 6.82; SUVmax 8.96). (B) Patient with liver uptake 1.2SD below average 
(SUVmean 2.78; SUVmax 3.62). Images with identical SUV-scaling.

table 4: Summary table – Suggested healthy tissues for interpatient analysis

reference region VoI Alternative reference
68Ga-PSMA Blood pool 3x3 voxel, 1 slide
18F-DCFPyL Blood pool 3x3 voxel, 1 slide Liver

18F-FCH Liver 3 cm sphere
Blood pool;  

bone marrow

18F-FDHT Liver 3 cm sphere
Blood pool; bone 
marrow; muscle
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Figure 2: Analysis of the uptake variability in the suggested reference regions per institute and PET/CT 
system vendor. Averages and SD. (A) 68Ga-PSMA, blood pool (B) 18F-FCH, liver (C) 18F-FDHT, liver.
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blood Pool Volumes-of-Interests (VoIs)

The different blood pool measurements had limited influence on variability (average 
COV within 3.0pp). We choose the 3x3 VOI for uptake variability analysis, as it slightly 
outperformed the 2x2 VOI in terms of stability, and is more practical compared to the 
multi-slide 2x2 VOI. 

differences in Variability between Institutes and PEt/ct system Vendors

To assess differences in SUV variability between the different institutes and PET/CT 
system vendors, we calculated the institutional and scanner averages for the suggested 
reference regions (see Figure 2). Upper and lower thresholds for inter-institutional 
recovery coefficients were computed, in analogy to the EARL procedure guidelines 
(total sample average as base)[15]. All institutional SUV averages were within the given 
limits. No significant differences were observed in variability between the institutes or 
vendors (Figure 2).

Influence of Adt on tracer uptake Variability

ADT has been shown to affect the expression of PSMA[16-18]. Hence, we separately 
analysed healthy tissue uptake for patients using ADT and those not using ADT. For 68Ga-
PSMA, blood pool uptake was higher for ADT users than in non-ADT users (SUVmax 1.46 
versus 1.27 respectively, p=0.002), yet the variability was equal (COV 19.4% and 18.8%, 
p=0.84), see Figure 3. For 18F-FCH, SUVmax of the liver was 11.4 in the ADT group versus 
10.4 in de non-ADT group (p=0.03), without differences in variability (COV 16.9% versus 
COV 15.9%, p=0.52). The 18F-DCFPyL and 18F-FHDT cohorts did not include a meaningful 
number of ADT and non-ADT users respectively, to allow similar analyses (Table 2).

Figure 3: Analysis of uptake variability, stratified by ADT use. Averages and SD. (A) 68Ga-PSMA uptake in 
the blood pool: difference ADT to no ADT, p=0.002; difference in variability, p=0.84. Uptake in the liver: 
difference ADT to no ADT, p=0.47; difference in variability, p=0.99. (B) 18F-FCH uptake in the blood pool: 
difference ADT to no ADT, p=0.29; difference in variability, p=0.29. Uptake in the liver: difference ADT to no 
ADT, p=0.03; difference in variability, p=0.52.

A B
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dIscussIon 

Knowledge on variability of tracer uptake in healthy tissues is crucial for clinical PET inter-
pretation. In this multicentre analysis, n=232 PCa PET scans were evaluated and uptake 
variability of 68Ga-PSMA, 18F-DCFPyL, 18F-FCH, and 18F-FDHT was assessed in healthy tissues. 
For all tracers, tissues with stable tracer uptake were identified and suggested as refer-
ence regions (Table 4). As a secondary outcome, SUV reference ranges are presented for 
image-based QC. Any SUV outside these ranges should prompt careful evaluation of the 
image quality of the PET examinations. We additionally observed stable scan acquisition 
efficiencies (COV 6.6-11.2%), which could therefore also be used for image-based QC.

Visual assessment of PET images is hampered by interpatient variability, but also by 
interobserver variability, as evaluation of lesions is done at the discretion of the indi-
vidual reader. To standardize PET reading, uptake values of healthy tissues are proposed 
as thresholds to characterise measurable lesions and determine therapeutic response 
(e.g. 18F-FDG uptake in the liver in the PERCIST criteria[9]; uptake in the liver, blood 
pool and mediastinum in the Deauville score for malignant lymphoma[19]). Clearly, 
the validity of these thresholds depended on the uptake variability of the reference 
region between patients. 

In our study, the blood pool was identified as reliable reference region for both 68Ga-
PSMA and 18F-DCFPyL. However, stable uptake in the liver was only observed for 18F-
DCFPyL. These findings are important, since both the blood pool and liver are proposed 
reference regions in the recent PROMISE protocol for PSMA PET interpretation[10]. Our 
analysis supports the use of blood pool uptake, but causes concern regarding the use of 
liver uptake for 68Ga-PSMA PET interpretation. Furthermore, the PROMISE protocol sug-
gests to use the spleen as a reference region for tracers with a liver-dominant excretion 
(i.e. 18F-PSMA-1007). We argue for a careful validation of this reference region for 18F-
PSMA-1007 first, given the observed variability of PSMA tracer uptake in many organs.

To the best of our knowledge, no prior studies have been performed that explicitly 
analysed healthy tissue uptake variability of 68Ga-PSMA, 18F-FCH, or 18F-FDHT. For 68Ga-
PSMA, prior biodistribution studies (including some statistical measures of spread) are 
available and reveal higher SUVs in the blood pool and liver than were observed in the 
present study[19-21]. The comparison of results in difficult, however, as the previous 
evaluations included only single-centre data and the reported SUVs vary widely 
(e.g. blood pool SUVmax 1.8–4.3)[19-21]. Furthermore, no inter-institutional scanner 
calibration (e.g. EARL harmonization) is reported and the applied VOI shapes are variable 
and vaguely described. These limitations and varying results strengthen the need for a 
centralized analysis of multicentre, cross-calibrated data, as was performed in this study. 

It remains unclear what causes the interpatient variability in 68Ga-PSMA uptake in the 
liver. It has been demonstrated that the liver expresses a PSMA-like protein, which might 
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bind 68Ga-PSMA[22]. Alternatively, 68Ga-PSMA has some hepatobiliary excretion and its 
uptake might therefore be subject to metabolic differences between patients[21, 23]. 

Our results on 18F-DCFPyL are in line with the report by Li et al.[24], demonstrating stable 
uptake in the liver. Furthermore, Li et al. showed that a 3 cm spherical VOI performed 
equally to whole-organ assessment and that lean-body mass is not superior to body 
weight for SUV normalization – all in agreement with our findings. In addition to Li et 
al., we observed high stability of uptake in the blood pool. Moreover, our results are 
based on PET acquisitions made at 120 minutes post injection, which currently seems 
the optimal time interval[25, 26], whereas Li et al. included PET images acquired at 60 
min post-injection.

Recently, PSMA tracers have attracted much attention for PCa diagnostics, as they offer 
superior diagnostic accuracy[27, 28]. However, 18F-FCH PET/CT is still recommended 
by current clinical guidelines[29] and is used in many clinics and ongoing trials[30, 31]. 
Additionally, 18F-FCH is used for indications besides PCa[32]. Our results may aid scan 
interpretation for any indication, although external validity might be hampered by our 
inherently male population. For 18F-FDHT, relatively limited variability was observed. 
Although promising, these results should be interpreted cautiously. Only a limited 
number of scans was analysed, which were all performed within a stringent research 
protocol. ‘Real-life’ clinical results might be more volatile.

To identify reliable and practical uptake measurements, different VOIs were evaluated 
within individual organs. For the lung, most stable results were obtained in the apex, 
although the results were still inferior to other tissues. The variability of basal lung 
measurements is likely caused by breathing artefacts and the proximity of the liver (high 
uptake). No differences in variability were observed in bone marrow uptake between 
thoracic and lumbar vertebrae, even though occult bone metastases are most frequent 
in the lower spine[33]. In this study, we preferred fixed sized VOIs over whole-organ 
assessment, since such VOIs are clinically more practical and the assessed tissues were 
expected to be largely homogenous. 

Our study has several limitations. Even if PET acquisitions are made in accordance to the 
EARL harmonization protocol, residual differences in SUV can occur[15]. In our study, 
small dissimilarities between institutes were present (Figure 2), yet the variability of 
SUV within each centre was equal. By performing a multicentre evaluation, we intended 
to produce outcomes that may be generalized and foster standardization of PCa PET 
analysis, allowing meaningful exchange of results. Further, only interpatient variability 
was assessed. Day-to-day uptake variability within patients (intra-patient variability) 
was not evaluated. Intra-patient variability hampers longitudinal disease evaluation 
and assessment of treatment response, as changes in tumour uptake relative to the 
background would be volatile. Moreover, oncologic treatment could affect healthy 
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tissues uptake, making intra-patient interpretation even more complex. To evaluate 
interpatient variability, robust test-retest analyses of healthy tissue uptake are desired; 
results for 18F-DCFPyL are expected shortly. 

conclusIons

In this multicentre analysis, healthy tissue uptake of 68Ga-PSMA, 18F-DCFPyL, 18F-FCH 
and 18F-FDHT was evaluated. Healthy tissues with limited uptake variability were identi-
fied, which may serve as reference regions for image interpretation. Reliable reference 
regions include the blood pool for 68Ga-PSMA and 18F-DCFPyL, and the liver for 18F-FCH 
and 18F-FDHT. 

Additionally, SUV reference ranges and scan acquisition efficiency rates are provided 
for each tracer to be used for image-based QC.
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supplementary text: Applied equations

 
Standardised Uptake Values were calculated as follows*: 

              ACvoi (kBq/mL) a

 total tracer activity (MBq) / Body Weight (kg) b

a AC, activity concentration; VOI, Volume-Of-Interest

b Body Weight (BW) can be replaced by Lean Body Mass (LBM) or Body-Surface Area 
(BSA), for which the following formulas were used: 

LBM = 1.10*weight - 128.0*(weight/height)2

BSA = 0.007184*weight0.425*height0.725

* Boellaard R, Oyen WJ, Hoekstra CJ, et al. The Netherlands protocol for standardisation 
and quantification of FDG whole body PET studies in multi-centre trials. Eur J Nucl Med 
Mol Imaging. 2008;35:2320-2333.

SUV =
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AbstrAct

Introduction: Biochemically recurrent prostate cancer (BCR) is the main indication to 
perform prostate-specific membrane antigen positron emission tomography/computed 
tomography (PSMA PET/CT). However, localizing a BCR with PSMA PET/CT remains 
challenging in patients with low prostate-specific antigen (PSA) values. Here, we studied 
the impact of advanced PET image-reconstruction methods on BCR localization and 
interobserver agreement with 18F-DCFPyL PET/CT scans in patients with BCR and low 
PSA values. 

Methods: Twenty-four patients with BCR and a PSA <2.0 ng/mL were included. PET 
images were reconstructed with 4mm voxels and 2mm voxels, both with and without 
point-spread-functions (PSF). All scans were interpreted by four nuclear medicine 
physicians. Additionally, PET examinations of five patients with primary prostate cancer 
and confirmed absence of lymph node metastases (following lymph node dissection) 
were included, to assess the risk of introducing false-positive findings when using 
advanced reconstructions. BCR localization rates (scan positivity) were calculated based 
on consensus among our readers (≥three readers regarding a scan positive for BCR), 
as well as the individual scan interpretations of the readers. 

Results: In the consensus analysis, BCR localization rates were not higher using advanced 
reconstruction methods (62.5-66.7%) compared to the 4mm reconstruction (62.5%). 
Based on individual readings, however, more scans were positive using the 2mm (74.0%, 
95% CI 65.0-82.9%)(p=0.027) and 2mm+PSF reconstruction (75.0%, 95% CI 66.2-83.8%)
(p=0.014) compared to the 4mm reconstruction (65.6%, 95% CI 56.0-75.3%). A higher 
number of lesions was detected on the 2mm (median 2 lesions, interquartile range 1-3) 
compared to 4mm scans (median 1, interquartile range 0-3; p=0.008). The advanced 
reconstructions methods did not increase interobserver agreement (80.6-84.7%), 
compared to the 4mm scans (75.7%, p=0.08-0.25). In the patients with primary PCa, an 
equal number of false-positive lesions was observed among the different reconstruction 
methods (overall n=13).

Conclusion: Applying advanced image-reconstructions for 18F-DCFPyL PET/CT scans 
did not increase BCR localization in patients with BCR and low PSA values (reader 
consensus). Yet, the increased number of positive individual readings may imply that 
further development of image-reconstruction methods holds potential to improve 
BCR localization. No improved interobserver agreement was observed with advanced 
reconstruction compared to standard 4mm reconstructions.
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IntroductIon

Prostate cancer (PCa) is the most common cancer in men in the Western world[1, 2]. 
Since the introduction of tracers that bind the prostate-specific membrane antigen 
(PSMA), Positron emission tomography/computed tomography (PET/CT) is increasingly 
used for PCa diagnostics. PSMA is a class II trans-membrane glycoprotein that provides 
a valuable target for radiolabelled imaging, as it is significantly overexpressed in 
malignant prostate cells[3]. 

Currently, the main indication for PSMA PET imaging is the localization of biochemically 
recurrent prostate cancer (BCR) after initial therapy with curative intent[4]. BCR is 
defined by two consecutive prostate-specific Antigen (PSA) values ≥0.2 ng/mL after 
radical prostatectomy, or any PSA 2.0ng/mL above the nadir after radiation therapy[5, 
6]. Early lesion localization of BCR is desired for directing further treatment, which might 
include targeted radiotherapy or surgery[6]. For the localization of BCR, [68Gallium] 
labelled PSMA tracers ([68Ga]PSMA-HBED-CC) appear promising[4, 7, 8]. Alternatively, 
[18Fluorine] labelled PSMA tracers have been developed, most notably 18F-DCFPyL[9, 10] 
and 18F-PSMA-1007[11]. Due to a shorter positron range and higher positron yield, the 
18F-radionuclide provides a higher PET-image resolution than [68Ga], which may improve 
detection of small metastases[4]. Indeed, 18F-DCFPyL PET/CT revealed enhanced 
localization of BCR compared to [68Ga]PSMA PET/CT in first clinical analyses[12, 13]. 

PET acquisitions can be reconstructed using various image-reconstruction methods. 
Typically, images are created with a voxel size of around 4mm[14-16]. However, modern 
PET technique and reconstruction algorithms allow images with a higher resolution, 
resulting in voxels of 2mm. Additionally, reconstruction algorithms may include point-
spread-functions (PSF), which could increase the spatial resolution and signal-to-noise 
ratio[17, 18]. For PSMA PET, these advanced image-reconstruction methods may 
influence the detection of (small) lesions suspicious for BCR – especially when using 
a 18F-labelled tracer. This may be especially relevant for patients with BCR and a low 
PSA (<2.0ng/mL), in whom lesion detection with PSMA PET could still be improved 
(localization rates 11-80%)[7, 12, 15]. Hence, the aim of this study was to evaluate if 
advanced PET image-reconstructions for 18F-DCFPyL PET/CT affect lesion detection in 
patients with BCR and low PSA values.

Limited information is available regarding the interobserver agreement of PSMA PET 
interpretation, which is a prerequisite for the acceptance of any imaging technique. 
Therefore, this study additionally assessed the interobserver agreement on 18F-DCFPyL 
PET/CT interpretation and studied the effect of different image-reconstructions on 
agreement. For this assessment we included the proposed standardized interpretation 
systems PSMA-Reporting and Data System (PSMA-RADS)[19] and Prostate Cancer 
Molecular Imaging Standardized Evaluation (PROMISE)[20]. 
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MEtHods

design

This is a comparative analysis of different image-reconstructions (4mm, 2mm, and PSF 
reconstructions) for 18F-DCFPyL PET/CT scans in patients with BCR, using single-centre 
data interpreted by four nuclear physicians from different centres. 

The study has been approved by the institutional review board of the Amsterdam 
Medical Centers and the need for written informed consent was waived (review number 
2018.453).

Patient Population 

Twenty-four consecutive patients were retrospectively included from a single centre 
(Amsterdam University Medical Centers, VU University). Inclusion criteria were: (1) newly 
detected BCR after radical prostatectomy; (2) current PSA of <2.0ng/mL; (3) availability of 
a 18F-DCFPyL PET/CT scan. Patients were excluded if they received androgen deprivation 
therapy or other oncological treatment at the time of the 18F-DCFPyL PET/CT scan.

Histologic verification of PSMA PET findings for BCR (e.g. through histological biopsy) 
is often difficult and therefore scarcely performed. Advanced image-reconstructions 
may offer early detection of PCa lesions, but might also result in false-positive 
findings. To assess the (added) risk of false-positive findings when using advanced 
reconstructions, we additionally included five primary PCa patients. Inclusion criteria 
for these patients were (1) histologically confirmed PCa (2) treated with radical 
prostatectomy in combination with extended lymph node dissection; (3) availability 
of a pre-operative 18F-DCFPyL PET/CT scan; (4) confirmed absence of lymph node 
metastases on histopathological examination. Given the absence of nodal metastases, 
any suspect lymph node detected with 18F-DCFPyL PET/CT (any reconstruction) was 
considered a false-positive result. 

Imaging Protocol and Image-reconstruction Methods

Routine clinical PET examinations were obtained from the Amsterdam UMC and 
included a low-dose CT scan (30mAs, 120kV). 18F-DCFPyL was synthesized under GMP 
conditions at our own department (Radionuclide Center, Amsterdam UMC), using the 
precursor of ABX (ABX GmbH®, Germany). The median administered dose of 18F-DCFPyL 
was 314.4 MBq (range 257.7-328.6 MBq), with a median uptake time of 120 minutes 
(range 99-142). No diuretics were administered prior to the scan. Imaging was performed 
with a hybrid Philips Ingenuity TF scanner (Philips Healthcare®, the Netherlands/USA)
(crystal size 4x4x22 mm3; 18 cm axial field-of-view; system sensitivity 7.3 cps kBq−1)[21, 
22]. The scan trajectory included mid-thighs to skull vertex (4 minutes per bed position, 
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50% overlap). Images were corrected for decay, scatter, and random coincidences; 
photon attenuation was performed using low-dose CT. 

The default BLOB-based Ordered-Subsets Expectations Maximization with Time-of-
Flight reconstruction algorithm was used (3 iterations; 33 subsets)[23]. For every PET 
examination (for the patients with BCR and primary PCa alike), images with 4x4x4 
mm voxels, as well as 2x2x2 mm voxels were reconstructed (matrix size 144×144, 
slice thickness 4mm; matrix size 288x288, slice thickness 2mm). Both these 4mm and 
2mm reconstructions were subsequently performed including PSF. The reconstruction 
methods are referred to as 4mm, 4mm+PSF, 2mm, 2mm+PSF. An illustration of the four 
image-reconstructions is presented in Figure 1.

Figure 1: Example of the four image-reconstruction methods from a single patient. Maximum intensity 
projections and axial slides (identical scaling).

Image Interpretation

Scan interpretation was performed independently by four nuclear medicine physicians 
from different institutes (DO, MW, SS, JK), all with ample experience in 18F-DCFPyL PET 
scan reading (>200 scans). All scans were anonymized and presented in a random order 
during 5 reading sessions over several months’ time. The readers were blinded to clinical 
data, except for the indication of the scan (primary staging or BCR). Specifically, the 
readers were unaware that the patients scanned for primary staging all had a confirmed 
negative lymph node status. 
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The readers assessed whether suspicious lesions were present in the prostate bed, 
lymph nodes, bone or visceral organs (routine clinical evaluation); they considered a 
scan ‘positive’ if at least one lesion suggestive of BCR was detected. For all individual 
lesions, a Likert score was given to assess readers’ diagnostic confidence (1=PCa very 
unlikely; 2=PCa unlikely; 3=unclear/PCa possible; 4=PCa likely; 5=PCa very likely). In the 
first 12 BCR patients and the 5 primary PCa patients, the readers were additionally asked 
to characterise all lesions using the standardized classifications systems PSMA-RADS[19] 
and PROMISE[20]. In short, the PSMA-RADS identifies five categories (PSMA-RADS 1-2 
‘benign’; PSMA-RADS 3 ‘equivocal’; PSMA-RADS 4-5 ‘likely PCa’) based on PSMA uptake 
as well as a list of predefined findings on conventional imaging[19]. In the PROMISE 
system, lesions are given an ‘expression score’ (i.e. tracer uptake is equal or higher than 
the blood pool, liver or salivary glands). With these scores, flowcharts can be consulted 
to classify a lesion as ‘positive’, ‘equivocal’ of ‘negative’[20]. 

statistical Analysis

Numerical variables were summarized with their means, median values and ranges; 
categorical variables with proportions (%), including 95% confidence intervals (CI). The 
four interpretations of the readers were gathered per scan. Final scan positivity was 
based on the existence of a consensus among the readers, which was defined as at least 
three readers detecting one or more lesions suggestive of BCR. The scan positivity rates 
of advanced reconstructed were compared to the 4mm reconstruction method (‘clinical 
standard’). Additionally, the scan positivity rate and the average number of detected 
lesions were calculated per reconstruction method, based on all individual readings. 
Differences between reconstruction methods (individual readings) were compared in 
a repeated measures analysis using generalized linear mixed models (binary logistic 
model [scan positivity rate] and Poisson loglinear model [number of lesions], with the 
observers as within-subject variable and the reconstruction methods as fixed effect). For 
the primary staging scans, only the individual readings were assessed, as the question 
here was how frequent false-positive findings are reported by individual readers.

To assess interobserver variability, the proportion of agreement was calculated[24]. 
Differences in agreement per reconstruction method were analysed with the 
generalized linear mixed models as described above. Significance level was set at 
p=0.05. Statistical modelling was performed with STATA © version 14.
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rEsults

bcr localization rates

The included patients with BCR had a median PSA value of 0.7 ng/mL (Table 1). Based on 
the consensus scores, no substantial differences were observed in the scan positivity rate 
of advanced reconstruction methods compared to the 4mm scans (Table 2). However, 
based on individual readings, more scans were positive using the 2mm (74.0%, CI 
65.0-82.9%)(p=0.027) and 2mm+PSF reconstruction (75.0%, CI 66.2-83.8%)(p=0.014) 
compared to the 4mm reconstruction (65.6%, CI 56.0-75.3%). A higher number of lesions 
was detected on the 2mm (median 2 lesions, interquartile range 1-3) compared to 4mm 
scans (median 1, interquartile range 0-3; p=0.008) (Table 2).

table 2: Localization of BCR. Scan positivity rate; number of detected lesions

recon-
struction

localization rate number of detected lesions
Consensus 

analysis 
(≥3 readers)

95% CI
Individual 
readings

95% CI mean median IQR

4mm
15/24  

(62.5%)
(41.6-83.4%)

63/96  
(65.6%)

(56.0-75.3%) 2.2 1 (0-3)

4mm+PSF
15/24  

(62.5%)
(41.6-83.4%)

63/96  
(65.6%)

(56.0-75.3%) 2.1 1 (0-3)

2mm
16/24  

(66.7%)
(46.3-87.0%)

71/96 * 
(74.0%)

(65.0-82.9%)  2.8 * 2 (1-3)

2mm+PSF
16/24  

(66.7%)
(46.3-87.0%)

72/96 * 
(75.0%)

(66.2-83.8%) 2.4 1 (0-3)

* Significantly different from the 4mm reconstruction
95% CI = 95% confidence interval
IQR = interquartile range

table 1: Patient and scan characteristics

bcr (n=24) Primary staging (n=5)
median range median range

Age (years) 67 61-77 63 55-69
PSA (ng/mL) 0.7 0.4-1.9 8.7 7.2-26.8

Gleason score a 7 6-9 7 7-8
Tumour stage a 3a 2a-4 3a -

Injected dose (MBq) 314.3 257.7-328.6 318.8 299.0-325.9
Uptake time (minutes) 120 99-142 123 117-164

Inclusion period Nov 2017 - Oct 2018 Nov 2017 - Feb 2018
a Based on prostatectomy specimens
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table 4: Interobserver agreement scores, including 95%-confidence intervals

Reconstruc-
tion

Complete 
agreement a

Proportional agreement
 Overall Positive agreement Negative agreement

4mm 14/24 (58.3%) 78.5% (69.8 - 85.7%) 83.6% (73.2 - 91.1%) 68.7% (51.9 - 82.5%)
4mm+PSF 16/24 (66.7%) 82.6% (74.4 - 89.1%) 86.8% (77.0 - 93.5%) 74.7% (58.4 - 87.2%)
2mm 16/24 (66.7%) 82.6% (74.4 - 89.1%) 88.3% (79.4 - 94.3%) 66.7% (47.1 - 82.8%)
2mm+PSF 18/24 (75.0%) 84.7% (76.8 - 90.8%) 89.8% (81.4 - 95.3%) 69.4% (49.5 - 85.2%)

a Equal interpretation (either positive or negative) of a scan by all four reader

Most scans were positive due to suspicious lymph nodes (38.8% of all scans) or recur-
rences in the prostate bed (27.6%) (Table 3). The extra positive scan interpretations 
(individual readings) with the 2mm and 2mm+PSF reconstructions mostly included 
additional identification of lesions in the prostate bed (n=7 out of 13 scan evaluations 
that were positive only with the 2mm or 2mm+PSF reconstruction). See Figure 2 for 
illustrations.

table 3: Number of scan evaluations including one or more lesion(s), per anatomic location. Total number 
of lesions detected, per anatomic location.

location N scan evaluations total N lesions 
Prostate bed 106 (27.6%) 106 (13.0%)
Lymph nodes 149 (38.8%) 454 (55.8%)

Bone 91 (23.7%) 241 (29.6%)
visceral 7 (1.8%) 7 (0.9%)

other / missing 3 (0.8%) 6 (0.7%)
no detected lesions 120 (31.3%)

Interobserver Agreement of bcr scans

The advanced scan reconstructions did not significantly enhance interobserver agree-
ment in this study (proportional agreement of 82.6-84.7% with the advanced recon-
structions versus 78.5% with 4mm reconstructions) (Table 4). The positive agreement 
(83.6-89.8%) was higher than the negative agreement (66.7-74.7%) in all reconstruc-
tions (Table 4).

Primary staging 

In total, n=13 suspicious observations outside the prostate were described in any of the 
individual scan interpretations. In one patient, a single suspicious left femur bone lesion 
was described by three readers, in all four image-reconstructions (n=12 observations). 
The single other detected lesion involved a suspect lymph node, observed only by one 
reader, in a 4mm+PSF scan. For both patients, the PSA levels after radical prostatectomy 
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Figure 2: (A,B,C) Illustration of additional detection of local recurrences in three patients on 2mm scans 
(left) compared to 4mm scan (right).

remained undetectable, suggesting that the observed lesions comprised false-positive 
results (current PSA follow-up 14 months and 10 months, respectively). All other scans 
were negative for metastatic PCa. 

lesion characterization using standardized classification systems

An overview of the scores of individual lesions is given in Table 5. The PSMA-RADS score 
was equal to the Likert score in 86.8% of all lesions (452/521). The PROMISE conclusion 
was equal to the Likert score in 91.4% of lesions (476/521) when the PROMISE score 
‘equivocal’ and Likert score 3 were interpreted as positive (the PROMISE protocol hardly 
appoints equivocal scores). Different scores were primarily observed for lesions with 
a Likert score 1-3. Of all lesions with a Likert score 1-2 (PCa unlikely), 26.3% (10/38 
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lesions) were scored positive using PROMISE and 57.9% (22/38) scored equivocal using 
PSMA-RADS. Of all lesions with a Likert score 3 (PCa possible), 67.6% (50/74 lesions) 
had a positive PROMISE outcome and 24.3% (18/74) had a positive PSMA-RADS score. 

If scan positivity was only based on the PSMA-RADS (i.e. score 4-5 ‘positive’), instead of 
the readers’ routine clinical evaluation, n=2 individual scan interpretations would be 
different (1.0% of the first 12 BCR scans; both evaluations would become positive). If 
scan-positivity was based on the PROMISE protocol, n=7 scan interpretations would 
be different (3.6%; n=2 scans would be positive, n=5 scans negative). 

In one primary staging scan, a false-positive bone lesion was observed (see above). The 
lesion was mostly rated equivocal on the Likert scale (8 of 12 ratings was ‘3’) as well as the 
PSMA-RADS (7 of 12 ratings ‘3’). Yet, using PROMISE, all 12 lesions were rated positive.

table 5: Lesion characterization using different interpretations protocols. Total numbers. (Likert and PSMA-
RADS categories 1-2 and 4-5 are taken together, i.e. PCa unlikely, PCa likely).

likert score (n) PsMA-rAds ProMIsE
1-2 3A-D 4-5 negative equivocal positive

1-2: PCa unlikely  
(n=38 a) 

15 22 0 25 1 11

3: unclear/PCa possible  
(n=74 b) 

2 53 18 22 2 50

4-5: PCa likely  
(n=409)

1 24 384 10 0 399

a 1 missing PSMA-RADS and PROMISE score; b 1 missing PSMA-RADS score

Interobserver Agreement of lesion characterization

All lesions that were described by two or more readers were identified. To avoid dou-
ble counting of lesions in multiple image-reconstructions, only the 2mm scans were 
analysed (most available lesions). N=31 lesions were identified (n=16 by four readers, 
n=8 by three readers, n=7 by 2 readers; total readings n=102). The proportion of overall 
agreement was 84.9% (CI 76.4-91.3%) using the Likert scale; 83.3% (CI 74.5-90.1%) with 
PSMA-RADS; and 93.7% (CI 87.0-97.6%) with PROMISE. The proportional agreement for 
the ‘expression score’, used in PROMISE, was 42.9% (CI 32.9-53.2%).

dIscussIon 

In this study, different image-reconstruction methods for 18F-DCFPyL PET/CT scans were 
evaluated in terms of lesion detection and interobserver agreement, in patients with 
BCR and low PSA values. Based on reader consensus, no higher BCR localization rates 
were observed when using the advanced images reconstructions (2mm) compared to 
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standard scans (4mm). The proportional interobserver agreement was higher with the 
advanced reconstruction methods (82.6-84.7%) compared to the 4mm scans (78.5%), 
but results were not statistically different (Table 4). 

In clinical practice, PSMA PET scans are most often evaluated by a single, individual 
reader. When looking at the individual scan interpretations, the 2mm or 2mm+PSF 
reconstruction resulted in 8-9% more positive scan evaluations (absolute %), with 
an increased number of detected lesions (Table 2). Taken altogether, our data do not 
support a strong recommendation for any advanced reconstruction over the standard 
4mm reconstruction. Yet, the increased number of positive individual readings may 
imply that further development of image reconstruction methods holds potential 
to improve BCR localization. It should be noted, that for every individual patient four 
different scans were created (four reconstructions). This limited the number of individual 
patients we could include, and thus the statistical power to detect differences in lesion 
detection. As such, our results may rather be considered as hypothesis generating, 
pointing towards increased resolution PSMA PET scans (2mm) to enhance diagnostics.

For the individual patient, increased BCR localization may be clinically relevant, as PSMA 
PET outcomes influence therapeutic decisions regarding salvage local interventions, 
metastases-directed therapy, or the initiation of systemic treatment[6, 25, 26]. It should 
be highlighted, however, that improved detection of lesions alone does not necessarily 
improve patient outcomes. There is an evident need to assess the effect of PSMA 
PET-based treatment on clinical outcomes (e.g. time to start androgen deprivation 
therapy, progression-free survival, overall survival)[6, 27]. We believe these prospective 
evaluations may incorporate the use of advanced reconstruction methods.

The scan positivity rate with 4mm scans observed in this study (63% in the consensus 
analysis; 66% based on individual interpretations) is in line with previous results using 
[68Ga]PSMA PET/CT for patients with similar PSA values[7, 15]. The prior study on 
18F-DCFPyL PET/CT by Dietlein et al. [12], used an advanced reconstruction method was 
as well (2-3mm voxels, including PSF). It reported a comparable scan positivity rate as 
was found in our study with the 2mm+PSF scans for patients with similar PSA values 
(67% in consensus analysis; 75% based on individual readings).

An important limitation of many studies on PSMA PET for BCR is the lack of histopatho-
logic confirmation of PSMA PET results[7, 12, 15]. PSMA PET detected lesions are often 
smaller than 1 cm, making biopsy procedures difficult and burdensome for patients. 
Without knowing the exact number of PCa metastases, the true diagnostic accuracy 
of PMSA PET cannot be assessed, however (neither for regular scans, nor for advanced 
image-reconstructions). To estimate the (added) risk on false-positive findings when 
using advanced image-reconstructions, we included patients with confirmed absence 
of lymph node metastases. No increase in false-positive findings was observed in these 
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patients when applying the advanced reconstructions. Although these outcomes are 
encouraging, it should be stressed that these result are only based on a small number 
of primary PCa patients. True histologic verification of additionally detected lesions 
with advanced image-reconstructions in our patients with BCR was not performed. 

If histological confirmation is not possible, clinical follow-up can provide another means 
to confirm the nature of detected lesions. Although the follow-up period of this study 
is limited (often less than one year), some clinical observations are worth mentioning. 
In one patient, many (>5) bone metastases were suspected by all readers, in all image-
reconstructions. These lesions were again reported on bone scintigraphy 2 months 
later, substantiating the metastatic nature of these lesions. In two other patients, the 
detected lesions (a local recurrence and a suspicious bone lesion, respectively) were 
confirmed on follow-up 18F-DCFPyL PET/CT scans afterwards. Further, one patient 
received radiation therapy targeted on a local recurrence in the prostate bed, which 
resulted in a substantial PSA decrease. This lesion was described by all readers on 
the 2mm scans, but missed by one on a 4mm scan. Another patient received routine, 
‘blind’ radiotherapy on the prostate bed (the clinical PET interpretation was negative), 
followed by an immediate PSA decrease. In our study, a local recurrence was suspected 
in this patient on a 2mm scan. Clearly, these clinical observations come with many 
limitations of its own. However, together with the results in the primary staging scans, 
it may substantiate the validity of our findings – in the absence of a golden standard. 

In our patients with BCR and low PSA values, we anticipated mainly detection of small 
lesions, which is thought to be enhanced by PSF[17, 21]. No improved diagnostic 
results were observed when using PSF, however. In this first evaluation of PSF for BCR 
localization, we have used only the standard PSF reconstruction settings. Potentially, 
further development may improve diagnostic outcomes, for it has been demonstrated 
that PSF benefits from thorough optimization of all reconstruction parameters to 
balance contrast recovery versus the induction of noise[18]. 

The interobserver agreement in this study appears generally satisfactory, although the 
relatively lower negative agreement scores (67-75%) might imply that dual reading 
(of negative scans) is still advisable[16]. The use of standardized reading protocols 
had limited effect on scan interpretation (‘positive’ or ‘negative’), as may be expected 
when the observer agreement is already satisfactory. On a lesion level, using the 
PROMISE protocol resulted in many positive (i.e. malignant) classifications (Table 
4). The interobserver agreement for the proposed ‘expression score’ was low (43%), 
however, which causes concern regarding the many positive classifications. Our readers 
reported to feel uncomfortable with some positive classifications using PROMISE. 
This was illustrated by the false-positive findings in the primary PCa patients: all these 
lesions were rated ‘equivocal’ on routine clinical interpretation, but rated ‘positive’ using 
PROMISE. Recently, Yin et al. presented follow-up data on ‘equivocal lesions’ (PSMA-
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RADS 3). In line with our experience, they conclude that clinically dubious lesions are 
‘truly indeterminate’ and certainly not always cancer[28]. 

Our study has limitations regarding the analysis of interobserver agreement and, 
overall, we were unable to demonstrate a clear benefit of the PSMA-RADS or PROMISE 
protocol. The lack of histological characterization of individual lesions hampers accurate 
comparison of the classification systems. Lastly, our readers primarily reported the 
findings they found clinically relevant, i.e. potentially malignant. It is possible that 
dubious lesions were described by some readers (who interpreted the lesions as 
malignant), but omitted by others (who interpreted the lesions as benign). Such lesions 
would consequently not be included in the interobserver agreement analysis, inflating 
our results on agreement on a lesion base.  

conclusIon

In this study we evaluated the impact of advanced image-reconstruction methods 
for 18F-DCFPyL PET/CT on lesion detection and interobserver agreement, in patients 
with biochemically recurrent prostate cancer and low PSA values. Based on reader 
consensus, the advanced image-reconstruction methods did not result in higher BCR 
localization rates. Yet, an increased number of positive individual scan interpretations 
was observed when using 2mm scans, implying further development of image 
reconstruction methods may hold potential to improve BCR localization. Given our 
limited sample size, future research is warranted to confirm these results. No improved 
interobserver agreement was observed with advanced reconstructions compared to 
standard 4mm reconstructions.
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AbstrAct

Introduction: Radiolabelled Prostate-Specific Membrane Antigen (PSMA) Positron 
Emission Tomography (PET) has demonstrated promising results for prostate cancer 
(PCa) imaging. Quantification of PSMA radiotracer uptake is desired as it enables reliable 
interpretation of PET-images, the use of PSMA uptake as an imaging biomarker for 
tumour characterization, and evaluation of treatment effects. The aim of this study 
was to perform a full pharmacokinetic analysis of 18F-DCFPyL, a second generation 
18F-labeled PSMA ligand. Based on the pharmacokinetic analysis (reference method), 
simplified methods for quantification of 18F-DCFPyL uptake were validated. 

Methods: Eight patients with metastasised PCa were included. Dynamic PET acquisitions 
were performed from 0-60 and 90-120 min after injection of a median dose of 313MBq 
18F-DCFPyL (range 292-314 MBq). Continuous and manual arterial blood sampling 
provided calibrated plasma tracer input functions. Time-activity curves were derived 
for each PCa metastasis and 18F-DCFPyL kinetics were described using standard plasma 
input tissue-compartment models. Simplified methods for quantification of 18F-DCFPyL 
uptake (Standardized Uptake Values [SUV]; tumour-to-Blood Ratios [TBR]) were 
correlated with kinetic parameter estimates obtained from full pharmacokinetic analysis. 

Results: N=46 metastases were evaluated. A reversible two-tissue compartment model 
was the preferred model for 18F-DCFPyL kinetics in 59% of the metastases. The observed 
k4 was small, however, resulting in nearly irreversible kinetics during the course of the 
PET study. Hence, k4 was fixated (0.015) and Ki was preferred as the reference kinetic 
parameter. Whole-blood TBR provided excellent correlation with Ki from full kinetic 
analysis (R2=0.97). This TBR could be simplified further by replacing the blood samples 
with an image-based, single measurement of blood activity in the aorta ascendens 
(image-based TBR, R2=0.96). SUV correlated poorly with Ki (R2 =0.47 and R2=0.60 for 
SUV normalized to body weight and lean-body mass, respectively), most likely due to 
deviant blood activity concentrations (i.e. tumour tracer input) in patients with higher 
tumour volumes.

Conclusions: 18F-DCFPyL kinetics in PCa metastases are best described by a reversible 
two-tissue compartment model. Image-based tumour-to-Blood ratios were validated 
as a simplified method to quantify 18F-DCFPyL uptake and might be applied to clinical, 
whole-body PET scans. SUV does not provide reliable quantification of 18F-DCFPyL 
uptake.
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IntroductIon

Prostate cancer (PCa) is the most common cancer in men in the Western world[1, 
2]. Positron Emission Tomography (PET) is increasingly used for PCa diagnostics, as 
it enables early detection of metastases and molecular characterization in vivo. For 
PCa diagnostics, Prostate-Specific Membrane Antigen (PSMA) binding radiotracers 
have shown promising results[3]. PSMA is a class II trans-membrane glycoprotein that 
provides a valuable target for radiolabelled imaging as its expression is upregulated 
in malignant prostate cells and is associated with higher tumour grades and risk of 
disease progression[4].

At present, 68Gallium labelled PSMA tracers (half-life 68 minutes) have been studied 
most extensively[3, 5]. Alternatively, 18Fluorine labelled tracers have been developed, for 
example 2-(3-(1-carboxy-5-[(6-18F-fluoro-pyridine-3-carbonyl)-amino]-pentyl)-ureido)-
pentanedioic acid (18F-DCFPyL), a second generation small-molecule ligand with strong 
PSMA binding characteristics[6, 7]. The 18F-radionuclide provides a higher PET-image 
resolution compared to 68Ga, due to a shorter positron range and higher positron 
yield[3]. This may improve detection of PCa metastases, as was demonstrated in a 
head-to-head comparison between 18F-DCFPyL and 68Ga-PSMA PET/CT[8]. Additionally, 
the longer half-life of 18F (110 minutes) allows centralized, large-scale production of 
the PSMA tracer.

In clinical practice, PET scan evaluation is mostly performed by visual assessment or by 
using semi-quantitative measurements of tracer accumulation (Standardized Uptake 
Values [SUV]). However, visual assessment is intrinsically observer-dependent and 
semi-quantitative measures should be carefully validated first, as they do not always 
reflect the tracer’s pharmacokinetics[9]. To ensure reliable evaluation of 18F-DCFPyL 
PET images, accurate quantification of 18F-DCFPyL uptake is thus desired. Moreover, 
quantification of 18F-DCFPyL uptake may serve as an imaging biomarker for tumour 
characterization (e.g. histologic grade or prognostic outcome), and allow evaluation 
of treatment response.

The most elaborate and accurate method for quantification of tracer uptake is pharma-
cokinetic modelling based on dynamic PET acquisitions and plasma input functions, 
requiring (metabolite-corrected) arterial blood sampling[10]. The complexity of these 
procedures and the related patient discomfort make full pharmacokinetic modelling 
unsuited for daily clinical practice. Hence, simplified methods are needed to approxi-
mate full quantitative analysis. In this study we aimed to validate simplified methods 
for quantification of 18F-DCFPyL uptake against results from pharmacokinetic analysis, 
in patients with PCa. 
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MAtErIALs And MEtHods

Patients

Eight patients were included in the Amsterdam UMC between February and August 
2018. Inclusion criteria were: (1) histologically proven PCa; (2) two or more thoracic 
metastases (detected by routine clinical imaging studies, performed maximally 3 
months prior to the study); and (3) at least one metastasis of ≥1.5cm in size (to minimize 
partial volume effects). Thoracic metastases were required to allow PET imaging of both 
tumour tissue and the aorta ascendance (blood activity) within a single Field-of-View. 
Patients with multiple malignancies and claustrophobia were excluded. 

The study has been approved by the ethical review board of the Amsterdam UMC 
and all subjects signed an informed consent. This trial was registered under EudraCT 
number 2017-000344-18 and NTR 6477. 

synthesis of 18F-dcFPyL
18F-DCFPyL was synthesized under Good Manufacturing Practices conditions at the 
Amsterdam UMC (Radionuclide Center), using the precursor of ABX (ABX GmbH®, 
Germany). Details are provided in Supplementary Text 1[11, 12].

Imaging Protocol

Patients were not required to fast prior to the scan. Image acquisitions were performed 
using an EARL calibrated Philips Ingenuity TF PET/CT scanner (Philips Healthcare®, 
the Netherlands/USA). The scanner’s axial field-of-view (FOV) was positioned over the 
thoracic metastases as well as the ascending aorta (to evaluate image-based blood 
activity concentrations). The protocol started with a low-dose CT (50 mAs, 120 kV) 
followed by a dynamic PET scan from 0-60 min post-injection (p.i.) of 18F-DCFPyL (median 
dose 313 MBq, range 292-314). We intended to perform full pharmacokinetic analysis up 
until 120 min p.i., since previous studies demonstrated improved visual interpretation 
and higher tumour SUV at later time points[13, 14]. Performing dynamic acquisitions 
continuously for 120 min did not seem feasible due to patient discomfort, however. 
Hence, a 30 min break was implemented after the first 60 min dynamic scan. The protocol 
continued with another low-dose CT and 30 min dynamic scan at 90-120 min p.i.

Dynamic PET data were binned into 19 frames for the first dynamic 18F-DCFPyL scan (6x5, 
3x10, 4x60, 2x150 and 4x300 seconds) and 6 frames for the second dynamic scan (6x300 
seconds). Data were corrected for decay, dead-time, scatter, and random coincidences; 
photon-attenuation correction was performed using the low-dose CT scans. PET data 
were reconstructed using the default BLOB-OS-TF reconstruction algorithm providing 
images with a matrix of 144 by 144 by 45 voxels and with an isotropic voxel size of 4 mm.
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Continuous arterial blood sampling was performed during the first 18F-DCFPyL PET scan 
(0-60 min p.i.) using an automated blood sampler (Veenstra Instruments)[15]. Manual 
arterial blood samples were taken at 5, 10, 20, 30, 40, 60, 100, 110, and 120 min; manual 
venous samples were taken at 10, 30 and 60 min. Whole-blood and plasma activity 
concentrations were measured, as well as parent and metabolite fractions of 18F-DCFPyL. 
Metabolite analysis was performed using high-performance liquid chromatography.

data Analysis

The PCa metastases were delineated on the summed image-frames from the last 15 
min of the first 18F-DCFPyL scan (45-60min p.i.). A 50% isocontour of SUVpeak (sphere 
of 1.2 cm diameter, positioned to maximize its mean value) with correction for local 
background uptake was used to obtain volumes of interest (VOIs)[16]. The obtained 
VOIs were imported to the second 18F-DCFPyL scan and manually repositioned over the 
metastases. Time courses of radioactivity concentrations (time-activity curves [TACs]) 
were produced for each VOI for the entire length of the dynamic 18F-DCFPyL scan. In 
addition, image-based blood activity concentrations (blood pool TAC) were assessed 
using a 3 by 3 voxel VOI placed in the ascending aorta in 5 consecutive slides[17]. 

Pharmacokinetic Modelling

Pharmacokinetic properties of radiotracers are explained using kinetic models, typically 
including one or two tissue compartments (T) that are linked to the arterial blood com-
partment (tracer input) by kinetic rate constants (k). Examples include the irreversible 
two-tissue compartment model, which is applicable to tracers being trapped into the 
target tissues (e.g. 18F-FDG), and the reversible two-tissue compartment model, often 
applicable to receptor binding radiotracers[18, 19].

Continuous arterial sampling data were used to provide tracer input functions. The 
continuous sampling curves were both calibrated (2.5-60 min) as well as extrapolated 
using multi-exponential fit (60-120 min) based on whole blood activity concentrations 
from the manual arterial samples. The curves were corrected for plasma-to-whole 
blood ratios. The final blood input functions were corrected for delay to compensate 
for differences in tracer arrival time in the tumour and at the online detector. 

Pharmacokinetic modelling was performed with in-house developed software in 
MATLAB (MathWorks Inc.), using non-linear regression analysis[19]. 18F-DCFPyL data 
were described using standard several pharmacokinetic models (reversible single 
tissue-compartment model; reversible and irreversible two-tissue compartment model), 
all with blood volume fraction parameter (Vb, consisting of whole-blood activity)[10]. 
Net influx rate (Ki) and volume of distribution (VT) were calculated from the derived 
kinetic rate constants, as follows: 

Chapter6_bernard.indd   105 8-9-2020   21:01:54



106 | Chapter 6

Lastly, several simplified uptake measures were produced: (A) Patlak Ki (t* = 30 min p.i.); 
(B) Logan VT (t* = 30 min p.i.); (C) SUV normalized to both bodyweight (SUVBW) and lean 
body mass (SUVLBM); (D) SUV normalized to the area under the whole blood input curve 
(SUVAUC); (E) tumour-to-blood ratio (TBR). Several SUV intervals were analysed (30-60 
min, 100-120 min, 110-120 min). TBR was derived by normalizing the mean tumour 
uptake (Bq/cc) with the (time-matched) arterial blood activity concentration (Bq/cc). 
To further simply the TBR, we assessed whether the blood samples could be replaced 
by an image-based, whole-blood activity measurement from the ascending aorta (i.e. 
an image-based TBR). Image-based TBR were derived by normalizing mean tumour 
uptake (either Bq/cc or SUV) with the mean activity in the arterial blood pool (Bq/cc 
or SUV), see Figure 2. In clinical whole-body PET acquisitions, the ascending aorta is 
within FOV around half-way the duration of the scan. To reflect this scenario, we used 
the uptake in the aorta as measured during the middle frame of the last dynamic scan 
(105-110 min p.i.) for our analysis of an image-based TBR.

statistical Analysis

Normality of the data was assessed visually using histogram analysis. The Akaike 
criterion was applied to select the preferred pharmacokinetic model for 18F-DCFPyL 
[20]. Each simplified measure was compared to the parameters derived from full kinetic 
modelling by linear regression analysis (R2). Significance level was set a p<0.05. Statistical 
analyses were performed with SPSS 22.0 (IBM®, USA).

rEsuLts

Eight patients were enrolled, with a median PSA of 473 ng/mL (range 1.7-2792) at 
the time of scan (Table 1). Seven patients had metastatic castration-resistant prostate 
cancer (mCRPC) and received androgen deprivation therapy at the time of scan. All 
of these patients had received prior treatment with docetaxel and five patients had 
also received enzalutamide or abiraterone. One patient was recently diagnosed with 
metastatic (recurrent) PCa after radical prostatectomy and had not received any systemic 
treatment yet.

K� � � K� ∗ 𝑘𝑘�𝑘𝑘� � 𝑘𝑘� 
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Pharmacokinetic Analysis

Plasma-to-whole blood activity ratios were stable over time in all patients and no 
metabolites of 18F-DCFPyL were detected in the blood samples (Supplements 1-3), hence 
no metabolite correction of the tracer input functions was needed. N=46 metastases 
were evaluated (41 bone metastasis, 5 lymph node metastases). Based on the Akaike 
criterion the reversible two-tissue compartment model was the preferred model to 
describe tracer kinetics in 27 metastases (59% of total), followed by the reversible 
single-tissue model in 16 metastases (35%) and the irreversible two-tissue model in 
3 metastases (7%). A typical example of 18F-DCFPyL uptake in a PCa metastasis and 
normal tissues is given in Figure 1. Although the reversible two-tissue compartment 

table 1: Patient characteristics

Patient characteristics Median range
Age (years) 68 (56-81)

Initial Gleason score 9 (6-9)
PSA at time of scan (ng/mL) 473 (1.7-2792)

WHO performance score 0 (0-2)
Length (cm) 181 (171-191)
Weight (kg) 92 (64-119)

Prior treatment n %
Androgen deprivation therapy 7 88%

Docetaxel 7 88%
Enzalutamide / Abiraterone 5 63%

Figure 1: A typical example of 18F-DCFPyL uptake in a PCa metastasis (including the fit from the reversible 
two-tissue compartment model with a fixed k4), blood, muscle and lung.
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model provided the best description of the tracer’s kinetics, the detected k4 values 
were small (<0.05), resulting in instable fits (i.e. relative SD of VT >100%). Multiple rounds 
of kinetic modelling were performed, with increasingly stringent kinetic boundaries. 
Ultimately, k4 was fixed at 0.015, which led to stable kinetic parameters in all but one 
metastasis (which was censored). Given the small and fixed k4 value, Ki derived from 
the reversible two-tissue compartment model was preferred as the macro-kinetic 
parameter for further evaluation of 18F-DCFPyL uptake quantification (instead of VT). 
The derived kinetic parameter estimates and simplified methods are shown in Table 2.

table 2: Quantitative uptake metrics of 18F-DCFPyL from full kinetic modelling and simplified methods. 
Medians and interquartile ranges

parameter median IQr
K1 0.14 0.08-0.26
k2 0.09 0.07-0.11
k3 0.07 0.06-0.08
k4 0.02 fixed
Vb 0.08 0.07-0.14
Ki 0.06 0.04-0.09
VT 4.58 3.76-5.13

Patlak Ki (30-120 min) 0.03 0.01-0.06
Logan VT (30-120 min) 7.03 3.67-11.99

SUVBW(30-60 min) 11.65 5.45-15.28
SUVBW (90-120 min) 12.95 6.34-17.73

SUVBW (110-120 min) 13.03 6.37-17.97

SUVAUC (90-120 min) 0.06 0.04-0.11
 tumour-to-Blood (90-120 min) 13.83 7.29-23.05

Validation of simplified Methods 

TBR based on arterial whole-blood sampling provided the best correlation of the 
simplified methods with Ki from the reversible two-tissue compartment model (Table 
3). The even more simplified image-based TBR had a similarly high correlation to Ki as 
the TBR based on arterial blood samples (R2 = 0.96 versus R2 = 0.97 respectively, Table 
3)(Figure 2, 3).

In our cohort, SUV and Ki correlated poorly (both SUVbw and SUVlbm, Table 3). On an 
individual patient level, apparent relations between SUV and Ki were observed, yet the 
slope of these individual relations was clearly different between subjects (resulting in 
a poor correlation of SUV with Ki overall) (Figure 4).
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table 3: Correlation of Ki derived from pharmacokinetic modelling (two-tissue reversible model) with VT 
and simplified methods

Metrics r2 slope Intercept
VT 0.96 182.2 -1.28

Patlak Ki 0.82 0.58 -0.00
Logan VT 0.92 112.64 -0.69

SUVBW 0.47 118.98 5.12
SUVLBM 0.60 91.61 3.24
SUVAUC 0.89 0.91 0.01

 tumour-to-Blood Ratio 0.97 222.06 -0.42
Image-based tumour-to-Blood Ratio 0.96 226.08 -0.68

Figure 2: Fused images of PET and CT (radiotracer uptake in Bq/cc or SUV). Image-based tumour-to-Blood 
ratio (TBR) are derived by normalizing tumour uptake (green Volume-of-Interest) with the activity in the 
ascending aorta (red Volume-of-Interest).

Figure 3: (A) Example of a typical tumour-to-Blood ratio over time (B) Correlation of image-based tumour-
to-Blood ratios and Ki derived from pharmacokinetic modelling (reversible two-tissue compartment 
model).
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dIscussIon 

In this study we performed a pharmacokinetic analysis of 18F-DCFPyL uptake in PCa 
metastases, based on dynamic scan acquisitions and arterial blood activity input. A 
reversible two-tissue compartment model (with a fixed, small k4) was found to best 
describe the kinetic behaviour of 18F-DCFPyL. In this model K1 and k2 may explain the 
transport and (un)binding of 18F-DCFPyL from the blood stream to the prostate cancer 
cells. Upon binding to the extracellular part of the target, PSMA-ligands are known 
to be internalized into the cell[6], a (reversible) process which may described by the 
observed k3 and k4. 

Full pharmacokinetic analysis is considered the reference method for tracer uptake 
quantification, but is not feasible in daily clinical practice. Hence, validation of simplified 
methods for accurate quantification of 18F-DCFPyL is needed for use in standard whole-
body PET acquisitions. Of the simplified metrics, we found the image-based TBR to 
provide an optimal trade-off between accurate representation of the underlying tracer 
kinetics versus simplicity of the required scan procedure. 

An image-based TBR can be easily obtained from static whole-body acquisitions without 
the need for additional blood sampling. A single blood activity measurement in the 
ascending aorta suffices to normalize the uptake of detected PCa metastases (Figure2). 
The image-based TBR provides a practical way to quantify tumour tracer uptake and 
compare the uptake of metastases in different patients, which may ultimately allow 
standardization of PET scan interpretation. Moreover, this simplified quantitative 

Figure 4: Varying individual relation of Standardized Uptake Values (normalized to body-weight) and Ki 

derived from pharmacokinetic modelling (reversible two-tissue compartment model).
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analysis may serve as an imaging biomarker, as PSMA-expression is found to correlate 
with histologic grade and disease progression. Lastly, the TBR may provide a means to 
monitor treatment response, as changes in TBR could imply therapeutic response or 
failure. Further research is needed to establish the validity of TBRs for these possible 
applications. 

18F-DCFPyL uptake in PCa metastases rises continuously during the first 2 hours after 
injection, while background activity decreases (Figure 1). Hence, the contrast between 
tumour and background will increase over time, facilitating detection of additional 
metastases. These findings support the observations by Wondergem et al.[13], who 
demonstrated that the detectability of metastases was higher at an uptake interval of 
120 min p.i. compared to 60 min p.i. In fact, tumour contrast is likely to rise even after 
120 min p.i.; the visual benefit of starting PET acquisitions at even later time points might 
be offset by decreasing image-quality due to a loss of radioactivity (decay), however. 

Compared to TBR, SUV would provide an even more simplified method for quantification 
of 18F-DCFPyL uptake, as no assessment of the blood activity is needed. However, our 
results clearly indicate that no reproducible relation between SUV and Ki exists (see Table 
3 and Figure 4). The varying relation between SUV and Ki that we observed between 
patients may be explained by differences in the blood pool activity concentration (i.e. 
the tracer input function). Patient 5 demonstrated the most divergent relation of SUV 
and Ki (Figure 4) and this patient’s blood activity concentration was noticeably below 
average (both from arterial sampling, as well as image-based measurements, see 
Supplementary Figure 3). The low blood activity in this patient may in turn be explained 
by a vast total tumour burden, as metastases were identified in nearly all imaged bone 
structures. Patient 7 appeared to be a similar case (extensive tumour volume; lower 
blood activity concentration; divergent relation of SUV to Ki). Overall, these findings 
imply that SUV is an inaccurate method to quantify 18F-DCFPyL uptake and explain why 
a method that normalizes for blood activity concentration (i.e. TBR) provides the best 
correlation to full kinetic analysis.

TBRs were found to continuously rise over time (Figure 3), which entails that TBRs are 
affected by differences in the duration of the applied scanning protocol between and 
within centers. To reliably compare TBRs between institutes and at different time points 
(e.g. before and after therapy), it is pivotal that the time between tracer injection and 
image-acquisition is strictly standardized. Hence, we strongly recommend to harmonize 
the uptake interval (e.g. 120 min p.i.), direction of scanning (e.g. “feet-first”), and the 
overall whole-body scan duration between centers and ensure strict adherence to the 
imaging protocol.

Our study has some limitations. Firstly, the complexity of full kinetic analysis and the 
associated patient discomfort did not allow inclusion of many patients, which precluded 
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subgroup analysis (e.g. primary metastatic patients versus mCRPC patients). Secondly, 
a heterogeneous population of patients with metastasised PCa was included (e.g. 
PSA ranged from 1.7-2792 ng/mL), with therefore potentially varying levels of PSMA 
expression on the examined metastases. Furthermore, almost all patients were treated 
with ADT, which is known to influence PSMA expression[21]. Although absolute tumour 
tracer uptake may be subject to differences in PSMA expression, it is unclear if this has 
a strong effect on the kinetic behaviour of 18F-DCFPyL. In our study, tumour TACs and 
kinetic outcomes showed a fairly consistent pattern across all subjects, despite their 
heterogeneous disease. Lastly, TBR is the preferred simplified method, yet its daily 
variation within patients remains unknown. Further research is desired to establish the 
repeatability of TBR and allow reliable assessment of treatment response.

concLusIon

The pharmacokinetics of 18F-DCFPyL in patients with metastasised PCa are best 
described with an irreversible two-tissue compartment model with a fixed k4. Tumour-
to-blood ratios based on a single blood activity measurement in the aorta ascendens 
(image-based TBR) provide an accurate simplified method to assess 18F-DCFPyL uptake 
in PCa metastases. Image-based TBRs can be used to quantify 18F-DCFPyL uptake in 
clinical, whole-body PET/CT scans and may be used as an imaging biomarker for tumour 
characterization or to evaluate treatment response. Standardized Uptake Values (SUV) 
should not be used to quantify 18F-DCFPyL uptake as this metric is not able to account 
for variations in the blood input function across patients. 

Tumour tracer activity concentration increased over time, while background activity 
decreased. Although these findings are based only on 8 patients, they are consistent 
with previous research suggesting diagnostic benefit of performing 18F-DCFPyL PET 
examination at later time points after tracer administration (e.g. 120 min).
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supplementary text 1: Brief description of the 18F-DCFPyL synthesis according to a 
modified procedure of Ravert et al. – J. Label. Compd. Radiopharm. 2016;59:439-450

Cyclotron produced 18F-fluoride was extracted from the enriched water on a 3-PS-HCO  3 
cartridge (ABX, Radeberg, Germany), which was pre-washed with 1 mL of ethanol (96%) 
and 2 mL of water. The 18F-fluoride was eluted from this cartridge into the synthesis unit 
with a solution of 0.6 mL of a 7.5 mM tetrabutylammonium hydrogen carbonate solution 
(ABX, Radeberg, Germany). After evaporation of the solvent, 500 µL of acetonitrile was 
added and the solvent was evaporated again. This procedure was repeated one time. After 
completion of the evaporation, 3.0 mg (6.8 µmol) of 5-(((S)-6-(tert-butoxy-5-(3-((S)-1,5-di-
tert-utoxy-1,5-dioxopentan-2-yl)ureido)-6-oxohexyl)carbamoyl)-N,N,N-trimethylpyridin-
2-aminium trifluoromethanesulfonate (custom synthesized) in 250 µL of acetonitrile was 
added and this mixture was heated at 55°C for 5 minutes. The reaction mixture was cooled 
to 50°C and 250 µL of H3PO4 85% (Merck, Darmstadt, Germany) was added and allowed 
to react for 3 minutes at 50°C. After dilution of the reaction mixture with 2 mL of water 
solution the [18F]DCFPyL was purified by HPLC using a Atlantis T3 OBD 5µm 100A, 250 
x 10 mm column (Waters, Etten Leur, The Netherlands) using 90/10/0.1 v/v acetonitrile/
water/TFA as eluent at 4 mL /min, with on-line radioactivity detection and UV monitoring 
at 254 nm. The fraction containing the product (retention time 39 minutes) was isolated 
and mixed with 40 mL of water of injection. The product was trapped by passing this 
mixture over an OASIS HLB Plus cartridge, which was pre-treated with subsequently 5 mL 
of ethanol and 10 mL of water for injection. After washing of the cartridge with 10 mL of 
water for injection the product was eluted with 1.5 mL of sterile ethanol followed by 15 
mL of a sterile 0.9% NaCl (aq) solution. The resulting clear, colorless solution is filtrated over 
a sterile 0.22 µm Millex-GV filter into a 20 mL sterilized vial, yielding a ready for injection 
solution of 2000-7000 MBq of [18F]DCFPyL at EOS (end of synthesis) with a 95% or more 
radiochemical purity, molar activity of 29-101 GBq/µmol at EOS and a decay corrected 
radiochemical yield of 10-15%. Analytical HPLC: Acquity UHPLC HSS T3 1.8 µm 2.1 x 75 
mm with 0.1% TFA in Water / 0.1 TFA % in acetonitrile 87/13 as eluent on a Dionex LPG-
3400RS UPLC (Thermo Fisher, Landsmeer, The Netherlands).
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supplementary Figure 1: Plasma to whole-blood ratios.

supplementary Figure 2: Correlation of Arterial and Venous Blood Activity.

0,3
0,4
0,5
0,6
0,7
0,8
0,9
1

1,1
1,2
1,3
1,4
1,5
1,6
1,7
1,8
1,9

0 50 100 150

pl
as
m
a 
/ w

ho
le
‐b
lo
od

 ra
tio

 
(a
ct
iv
ity

 co
nc
en

tra
tio

n)

time (minutes)

p1 p2 p3 p4 p5 p6 p7 p8

y = 0,91x + 0,65
R² = 0,98

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14 16 18

Ve
no

us
 B

lo
od

 A
ct

iv
ity

 (k
Bq

/g
)

Arterial Blood Activity (kBq/g)

Chapter6_bernard.indd   115 8-9-2020   21:01:56



116 | Chapter 6

supplementary Figure 3: Arterial Blood Activity Concentration.
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supplementary text 2

reply to: Quantification of 18F‐dcFPyL uptake: tbr versus Patlak’s Analysis 
Jansen BHE, Yaqub M, Cysouw MCF, Vis AN, van Moorselaar RJA, Hoekstra OS, Boellaard 
R, Oprea-Lager DE. Journal Nuclear Medicine. 2019 Dec;60(12):1834-1835.

 
We thank Dr. Laffon, de Clermont, and Marthan for their positive letter on our paper 
[1, 2]. They effectively argue that the tumor-to-blood ratio (TBR) can be seen as a 
simplification of a Patlak’s analysis—which in turn should be seen as a simplification 
of full pharmacokinetic analysis (based on nonlinear regression analysis with arterial 
blood sampling as input function). As suggested by Laffon et al., we have provided the 
correlation between Patlak’s Ki (net-influx-rate constant) and our proposed image-based 
TBR (Supplementary Figure 4) [2]. Indeed, a good correlation was observed (R2 = 0.91), 
supporting the suggestion of Laffon et al. that TBR could be considered as a surrogate 
for Patlak’s analysis that is suitable for daily clinical practice. 

supplementary Figure 4: Correlation of image-based tumor-to-blood ratios and Ki derived from Patlak’s 
graphical analysis.

Overall, our study and the letter by Laffon et al. [1, 2] emphasize the need for technical 
validation of simplified metrics to quantify tracer uptake of novel tracers. In particular, 
our study demonstrated that SUV, normalized to injected activity over body weight, is 
not a robust and valid simplified method for 18F‐DCFPyL uptake quantification—despite 
its widespread (often unvalidated) use. The main reason for the invalidity of SUV is 
that the input function, that is, the bioavailability of the tracer in plasma to tissue, is 
not comparable between subjects. Normalizing tracer uptake by injected activity over 
body weight (or lean body mass) assumes that the input function of individual patients 
is simply a scaled version of a population curve. When this assumption is violated, 
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quantitative kinetic approaches that include an individually measured input function, 
such as Patlak analysis, are required. A simplification to the Patlak approach could be 
to normalize the tumor uptake to blood activity concentrations, as was shown in our 
paper. The use of TBR, at least partly, compensates for changes in the input functions 
that are not explained by variation in injected activity and weight alone. In our specific 
case, the overall mass of the disease affected the shape and amplitude of the input 
function, and thus normalizing tumor uptake by injected activity over weight, that is, 
SUV, should not be used for the quantification of 18F‐DCFPyL uptake. 

Lastly, we agree with Laffon et al. that not only the repeatability of tumor uptake (SUV) 
should be evaluated, but also the repeatability of the TBR (and the blood–activity 
concentration itself ) must be understood. The same differences in tracer bioavailability 
that were observed between patients can develop within patients over time, in the 
case of disease progression or treatment response. Results on our repeatability study 
are expected shortly.
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AbstrAct

Introduction: Quantitative evaluation of radiolabelled Prostate-Specific Membrane 
Antigen (PSMA) PET scans may be used to monitor treatment response in patients with 
prostate cancer (PCa). To interpret longitudinal differences in PSMA uptake, the intrinsic 
variability of tracer uptake in PCa lesions needs to be defined. The aim of this study 
was to investigate the repeatability of quantitative 18F-DCFPyL (a second generation 
18F-PSMA-ligand) PET/CT measurements in patients with PCa. 

Methods: Twelve patients with metastatic PCa were prospectively included. Patients 
received two whole-body 18F-DCFPyL PET/CT scans (median dose 317 MBq; uptake time 
120 min), within median 4 days (range 1-11 days). After semi-automatic (isocontour-
based) tumour delineation, the following lesion-based metrics were derived:  tumour-
to-Blood ratio (TBRmean, TBRpeak, and TBRmax), Standardized Uptake Value (SUVmean, 
SUVpeak, SUVmax, normalized to bodyweight),  tumour volume, and total lesion tracer 
uptake (TLU). Additionally, patient-based Total  tumour Volume (sum of PSMA-positive  
tumour volumes; TTV) and Total tumour Burden (sum of all lesion TLUs; TTB) were 
derived. Repeatability was analysed using repeatability coefficients (RC) and intra-
class correlations (ICC). Additionally, the effect of point spread function (PSF) image 
reconstruction on the repeatability of uptake metrics was evaluated. 

Results: In total, 37 18F-DCFPyL PET positive lesions were analysed (up to 5 lesions per 
patient). RCs of TBRmean, TBRpeak, and TBRmax were 31.8%, 31.7%, and 37.3%, respectively. 
For SUVmean, SUVpeak, SUVmax the RCs were 24.4%, 25.3% and 31.0%, respectively. All ICC 
were ≥0.97.  tumour volume delineations were well repeatable, with RC 28.1% for 
individual lesion volumes and RC 17.0% for TTV. TTB had a RC of 23.2% and 33.4%, 
when based on SUVmean and TBRmean, respectively. Small lesions (<4.2mL) had worse 
repeatability for volume measurements. The repeatability of SUVpeak, TLU, and all patient-
level metrics were not affected by PSF-reconstruction.

Conclusion: 18F-DCFPyL uptake measurements are well repeatable and can be used for 
treatment response assessment. Patient-based TTV may be preferred for multicentre 
studies since its repeatability was both high and robust to different image reconstruc-
tions.
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IntroductIon

Prostate cancer (PCa) is the second most common cancer in men worldwide, with 
an estimated annual number of deaths over 350.000[1]. Prostate-Specific Membrane 
Antigen (PSMA) Positron Emission Tomography (PET) is increasingly used for PCa 
diagnostics[2]. PSMA is a class II trans-membrane glycoprotein that provides a 
valuable target for radiolabelled imaging, as its expression is upregulated in malignant 
prostate cells and associated with aggressive disease characteristics[3]. Due to larger 
availability, 68Gallium-labeled PSMA tracers have been studied most frequently to 
date, demonstrating high detection rates for metastatic disease[2, 4]. Alternatively, 
18Fluorine-labeled tracers have been developed, including 18F-DCFPyL (2-(3-(1-carboxy-
5-[(6-18F-fluoro-pyridine-3-carbonyl)-amino]-pentyl)-ureido)-pentanedioic acid), a 
second-generation small-molecule ligand that strongly binds to PSMA[5, 6]. The 
18F-radionuclide provides for PET-images with a higher resolution compared to 68Ga, 
due to a shorter positron range and higher positron yield[2].

Quantitative analysis of PSMA uptake may be used to predict or evaluate treatment 
response, as changes in PSMA uptake over time may indicate response to treatment or 
progression of disease[7-9]. Recently, we performed a full pharmacokinetic analysis of 
18F-DCFPyL to validate simplified methods for tumour uptake quantification. Tumour-
to-Blood Ratios (TBR; tracer activity concentration in the tumour normalized to the 
whole blood activity concentration on PET) were found to best describe the tumour 
tracer uptake[10]. For reliable use of quantitative PSMA PET metrics in clinical practice, 
it is important to determine their repeatability. Only changes that exceed random 
variability should be interpreted as treatment response or disease progression. To the 
best of our knowledge, this is the first study reporting on the day-to-day variability of 
18F-DCFPyL uptake in PCa lesions. The aim of this study was to evaluate the repeatability 
of quantitative 18F-DCFPyL PET/CT measurements in patients with metastatic PCa. 

MEtHods

Patients

Twelve patients were prospectively included in the Amsterdam UMC between January 
and May 2019. Inclusion criteria were: (1) histologically proven PCa; (2) at least two 
metastases, detected by any imaging modality; and (3) at least one metastasis of ≥1.5cm 
in size (to minimize partial-volume effects). Patients with multiple malignancies and 
claustrophobia were excluded. 

The study was approved by the ethical review board of the Amsterdam UMC and all 
subjects signed informed consent. This trial was registered under EudraCT number 2017-
000344-18 and the Netherlands Trial Registry number 6477. Personal and demographic 
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data regarding age, length, body weight, Gleason score, prostate-specific antigen level 
(ng/mL) at the time of PET/CT, and information on prior therapy were collected. 

data Acquisition

All patients underwent two 18F-DCFPyL PET/CT scans within 4 days (median, range 1-11 
days). PET/CT imaging adhered to routine clinically used protocols. 18F-DCFPyL was 
synthesized under Good Manufacturing Practices conditions at the Amsterdam UMC 
(Radionuclide Center), using the precursor of ABX GmbH® (Germany) (Supplementary 
Text 1, Chapter 6[11]). No fasting was required and no diuretics were administered prior 
to imaging. PET was performed using an European Association of Nuclear Medicine 
Research Ltd (EARL) calibrated hybrid Philips Ingenuity TF scanner (Philips Healthcare®, 
the Netherlands/USA)[12, 13]. The median injected dose of 18F-DCFPyL was 317.3 MBq 
(range 254.7-341.6 MBq), with a median uptake time of 120 minutes (range 111-153). 
First, a CT scan was made for attenuation correction (30-120 mAs; 120 kV). Next, whole-
body PET acquisitions were then acquired from mid-thigh to skull base (4 minutes per 
bed position).

Images were corrected for decay, scatter, random coincidences, and photon attenuation. 
Images were reconstructed using the (EARL1-compliant[13]) BLOB-based Ordered-
Subsets Expectations Maximization with Time-of-Flight algorithm (3 iterations; 33 
subsets). Additionally, images were post-processed using Lucy-Richardson iterative 
deconvolution (henceforth referred to as Point Spread Function [PSF] reconstruction)
[14]. Using a NEMA-NU-2 Image Quality Phantom the full-width-at-half-maximum of 
the Gaussian Point Spread Function (PSF) was calibrated at 7.0mm for adequate signal 
recovery complying with novel EARL2 guidelines[15].

data Analysis 

All scans were controlled for image-quality[16] and visually interpreted by an 
experienced nuclear medicine physician (DO), who identified suspicious PCa metastases 
in bone and/or lymph nodes. Lesions were semi-automatically delineated using in-
house developed software (ACCURATE-tool[17]) using a 50% isocontour of SUVpeak 
(sphere of 1.2 cm3 diameter, positioned to maximize its mean value) with correction 
for local background uptake to obtain volumes-of-interest (VOIs)[18]. Blood activity 
concentrations (for TBR calculation) were measured in the ascending aorta using: i) a 
single image slice 3x3 voxel VOI, and ii) a 3x3 voxel VOI in 5 consecutive slices[10]. VOIs 
were created on both original (EARL1) and PSF-reconstructions (EARL2).

From each VOI, the following metrics were recorded on a lesion-level: tumour volume 
(mL), TBR (tumour VOI activity concentration/blood activity concentration), SUV, and 
total lesion uptake (TLU). TBR was calculated using both the mean, peak, and max 
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activity within the VOI, yielding TBRmean, TBRpeak, and TBRmax, respectively. SUV variants 
included SUVmax (maximum SUV within the VOI), SUVpeak (mean SUV within a 12mm 
diameter sphere positioned within the VOI to yield the highest value), and SUVmean 
(mean SUV within the VOI). SUV was normalized to body weight. TLU was defined 
as lesion SUVmean or TBRmean multiplied by lesion volume, yielding TLUSUV and TLUTBR, 
respectively. Additionally, two patient-level metrics were derived: Total PSMA-positive 
tumour Volume (TTV) and PSMA Total tumour Burden (TTB). TTV was defined as the 
sum of the delineated tumour volumes within a patient. TTB was defined as the sum 
of the TLUSUV and TLUTBR within a patient, yielding TTBSUV and TTBTBR, respectively. As 
recommended by PERCIST guidelines for PET response assessment[19], and to balance 
the number of analysed lesions between patients, for lesion-based analyses we selected 
the 5 hottest lesions in case of >5 PSMA-avid lesions. For patient-level analysis, all 
suspicious PSMA-avid lesions were included.

statistical Analysis

Repeatability of quantitative PET metrics was quantified using repeatability coefficients 
(RC; in percentages). The RCs were calculated as 1.96 times the standard deviation of 
relative test-retest differences d, that were calculated as follows:

    Equation 1 

Where X1 and X2 are the lesion- or patient-level metrics on day 1 (test) and day 2 (retest), 
respectively. 𝑋𝑋�  is the average between X1 and X2. Bland-Altman plots were used for 
visual inspection of test-retest differences. Also, intra-class correlations (ICC; two-way 
mixed model with an absolute agreement definition) were calculated between test and 
retest data. The Pitman-Morgan test was used to test for differences in repeatability 
between paired data (correlated variances)[20], with α set at 0.05. P-values were 
corrected for multiple comparisons using Holms-Bonferroni method[21]. The Levene’s 
test was used to compare variances of independent groups in subgroup analysis (bone 
vs. lymph node metastases, >4.2mL lesions vs <4.2mL lesions). SPSS version 22.0 (IBM) 
and Excel (Microsoft) worksheets were used for statistical analyses.

rEsults

Patients

Twelve patients were enrolled, of which n=3 with primary metastasised PCa; n=4 with 
biochemically recurrent PCa; n=5 with metastatic castration-resistant prostate cancer. 
Two patients were excluded from the analysis: in one patient reliable comparison of 
the 18F-DCFPyL scans was impeded due to significant radiolysis of the tracer (evident 

� �  𝑋𝑋� � 𝑋𝑋1
𝑋𝑋�  ∗  100 
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from a visually altered biodistribution as well as highly abnormal bone uptake[16]). 
Tracer logistics and storage were improved after this incidental finding and no other 
radiolysis problems occurred during this study. Another patient was excluded because 
of unconfirmed malignancy upon performing post-hoc CT-guided histological biopsy 
during clinical follow-up for two highly suspicious bone lesions on 18F-DCFPyL PET. 
Patient characteristics of the ten finally evaluated patients are presented in Table 1.

table 1: Patient and scan characteristics of the patients included in the repeatability analysis (n=10)

Patient characteristics Median range
Age (years) 74 (61-79)

Initial Gleason score 8 (6-9)
PSA at PET/CT (ng/mL) 9 (1-2796)

Length (cm) 178 (168-192)
Weight (kg) 88 (68-94)

n %
Androgen Deprivation at PET/CT 7 70

prior docetaxel 3 30

Injected activity: Test (MBq) 317 (280-331)
Injected activity: Retest (MBq) 313 (254-341)

Uptake time: Test (min) 120 (118-153)
Uptake time: Retest (min) 122 (111-149)

Test-Retest diff. uptake time (min) 3 (0-22)

repeatability of lesion level metrics

In total, 36 18F-DCFPyL PET-avid lesions were analysed, including 21 bone lesions 
(58.3%), 12 lymph node metastases (33.3%), and 3 intraprostatic foci (8.3%). Descriptive 
values of the analysed PET parameters are shown in Table 2 (PSF-reconstruction data 
in Supplementary Table 1). The best repeatability was observed for SUVmean (RC 24.4%) 
and SUVpeak (RC 25.3%). SUVmax had poorer repeatability (RC 31.0%; Table 3), but the 
differences between repeatability of SUVs were not significant (p=0.06-0.60). Blood 
activity derived from a 1-slice and 5-slice VOI had a repeatability of 23.1% and 17.3%, 
respectively. Consequently, calculating TBR using 5-slice blood measurements had 
better repeatability compared to single-slice measurements (RC 31.7-37.3% versus 
34.1-40.1%) and was used henceforth. Overall, TBRs had worse repeatability than SUVs, 
but only repeatability of TBRmean was significantly lower than that of SUVmean (RC 31.8% 
versus 24.4%, p=0.03; Figure 1).
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Repeatability of semi-automatic tumour volume measurement was 28.1%. Repeat-
ability of TLUTBR (RC 39.3%) was non-significantly lower than that of TLUSUV (RC 32.1%, 
p=0.08). Bland-Altman plots did not demonstrate a skewed variability, but variability 

table 2: Descriptive data of lesion and patient-based uptake metrics on test and retest scans

test retest
Median IQR Median IQR

lesion-level
Volume 4.6 2.8 – 8.7 4.6 2.5 – 8.6
SUVmean 16.6 9.5 – 24.4 17.1 9.7 – 28.0
SUVpeak 21.7 10.5 - 28.3 21.6 11.4 – 32.2
SUVmax 28.1 16.0 – 41.0 29.8 17.2 – 51.2
TBRmean 13.4 7.1 – 24.1 14.6 8.6 – 22.7
TBRpeak 17.7 7.7 – 28.4 18.8 9.8 – 26.7
TBRmax 25.0 11.7 – 40.9 23.6 14.1 – 38.8
TLUSUV 85.6 32.3 – 192.7 80.1 30.1 – 194.0
TLUTBR 67.6 24.6 – 189.4 66.7 23.5 – 152.6

Patient-level
TTV 21.4 10.6 – 63.2 21.8 10.3 – 69.7

TTBSUV 317.8 70.4 – 1920.7 285.5 70.6 – 1846.4
TTBTBR 236.6 63.2 – 1920.1 224.9 68.2 – 1720.0

IQR = interquartile range; SUV = Standardized Uptake Value; TBR = tumour-to-Blood Ratio; TLU = Total Lesion Uptake; TTV 
= Total  tumour Volume; TTB = Total  tumour Burden

table 3: Repeatability of lesion- and- patient-based [18F]DCFPyL uptake metrics

Parameter
Mean 

test-retest
difference %

rc% Icc (95% cI)

lesion-level
Volume -1.1 28.1 1.00 (0.99-1.00)
SUVmean 1.0 24.4 0.99 (0.98-0.99)
SUVpeak 1.8 25.3 0.99 (0.97-0.99)
SUVmax 1.9 31.0 0.97 (0.94-0.99)
TBRmean 1.9 31.8 0.98 (0.96-0.99)
TBRpeak 2.6 31.7 0.98 (0.96-0.99)
TBRmax 2.7 37.3 0.97 (0.94-0.98)
TLUSUV -0.1 32.1 0.99 (0.98-1.00)
TLUTBR -3.5 39.3 0.98 (0.96-0.99)

Patient-level
TTV -2.2 17.0 1.00 (0.99-1.00)

TTBSUV -0.2 23.2 0.99 (0.97-1.00)
TTBTBR -2.1 33.4 0.98 (0.91-0.99)

IQR = interquartile range; SUV = Standardized Uptake Value; TBR = tumour-to-Blood Ratio; TLU = Total Lesion Uptake; TTV 
= Total  tumour Volume; TTB = Total  tumour Burden
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Figure 1: Test-retest variability of SUV and TBR variants. Signifi cant diff erences have been indicated with 
an asterix (Holms-Bonferroni corrected p-values). Diff erences in repeatability between SUVs and between 
TBRs were not signifi cant.

Figure 2: Bland-Altman plots of lesion-level metrics (A) SUVpeak, (B) TBRpeak, (C) volume, and (D) TLUTBR. Y-axis 
in (C) and (D) were log-scaled for visual interpretation.
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of SUV and TBR tended to be less for higher values (Figure 2). In subgroup analysis, 
no significant differences between repeatability of metrics derived from bone versus 
lymph node metastases were observed (p=0.06-0.98). Only volume measurements had 
a significantly different repeatability for lesions >4.2mL versus <4.2mL (RC 17.6% and 
36.8%, respectively; p=0.015).

repeatability of patient-level metrics

The highest repeatability was observed for TTV (RC 17%). TTBSUV had better repeatability 
than TTBTBR, albeit non-significantly (RC 23.2% versus 33.4%, p=0.19). Bland-Altman 
plots demonstrated no skewed variability (Figure 3).

Effect of PsF-reconstruction on repeatability

PSF-reconstruction worsened repeatability significantly for the TBRs, SUVmean, and 
SUVmax (p≤0.005; Supplementary Table 2). However, the repeatability of tumour volume 
(RC 32.0%, p=0.43), SUVpeak (RC% 27.8%, p=0.15), TLUSUV (RC 30.3%, p=0.62), and TLUTBR 
(RC 41.3%, p=0.70) was not affected. Notably, repeatability of all patient-level metrics 
was not significantly affected by the PFS-reconstruction (p=0.15-0.59; Supplementary 
Table 2).

dIscussIon 

In a previous study we validated simplified metrics for quantification of 18F-DCFPyL 
kinetics in PCa lesions. Here, we build further on this validation by defining the 
repeatability of 18F-DCFPyL uptake and volume measurements in metastatic PCa 
patients. Knowledge of the day-to-day variation in these metrics is indispensable for 
use of 18F-DCFPyL metrics as novel biomarkers for assessment of response to systemic 
treatments. We conclude that 18F-DCFPyL uptake metrics are highly repeatable (ICC 
≥0.97) and are thus suited for response monitoring purposes. SUV metrics tend to have 
higher repeatability than TBRs. The best repeatability was observed for patient-based 
TTV measurements.

In routine static PET acquisitions, 18F-DCFPyL pharmacokinetics are most accurately 
quantified using the TBR[10], which demonstrated a repeatability of 31.8% in this 
study. Hence, changes in TBR exceeding 32% may be considered treatment response 
or progressive disease. Repeatability of tumour SUVmean was superior to TBR (Figure 
1), which can be explained by added variability of blood pool activity measurements 
used in TBR calculation (blood pool RC 17.3%). Still, in our pharmacokinetic analysis we 
concluded that SUV measurements do not universally correlate with the underlying 
18F-DCFPyL pharmacokinetics (Ki), as intrapatient tumour volumes appear to affect the 
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bioavailability of the tracer (a so-called sink-effect)[10, 22]. At higher tumour loads, 
SUV tends to underestimate 18F-DCFPyL uptake in lesions, while TBR (partly) corrects 
for this and thus better reflects changes in 18F-DCFPyL during response monitoring. 
Therefore, TBR may be preferred over SUV metrics despite its lower repeatability. These 
findings are in line with other prostate cancer radiotracers (18F-fluoromethylcholine, 

Figure 3: Bland-Altman plots of patient-level metrics TTV, TTBSUV, and TTBTBR. Y-axes were log-scaled for 
visual interpretation.
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18F-fluordihydrotestosterone) where tumour uptake measurements normalized to 
blood pool activity are more accurate metrics for tracer quantification than SUV, but 
have worse repeatability[23, 24].

Interestingly, the semi-automatically delineated total intrapatient tumour volume (TTV) 
demonstrated the highest overall repeatability (RC 17%). These favourable outcomes 
are likely explained by the high tumour to background ratio that 18F-DCFPyL provides 
(and PSMA tracers in general), permitting reliable (semi)automatic identification of 
tumour extent. On a lesion-basis, however, variability of volume measurements was 
larger (RC 28.1%), which can at least partly be explained by the volume-dependency 
of its variability. The high repeatability of TTV may be of benefit for longitudinal 
assessments of total PSMA burden in patients receiving systemic treatments. Especially 
for PSMA-targeted radioligand therapies (e.g. 177Lutetium-PSMA), assessment of changes 
in the total tumour volume as a whole, instead of individual lesion responses, may be 
clinically useful.

In multicentre studies, use of different PET/CT systems with varying image-reconstruc-
tion protocols require quantitative metrics that are robust to such factors. Advanced 
reconstruction methods may improve lesion detection[25], but repeatability may be 
hampered by the inherent image noise propagation. In line with previous observations 
for 18F-fluorodihydrotestosterone[26], we observed lower repeatability of several metrics 
when using an image reconstruction with improved signal recovery, adhering to novel 
imaging guidelines (EARL2). However, repeatability of SUVpeak, TLU and patient-level 
measurements were not affected by the PSF-reconstruction, rendering them fit for use in 
multicentre studies were PET imaging protocols differ between centers. As blood activ-
ity measurements are susceptible to noise, repeatability of TBR was negatively affected 
by PSF-reconstruction. Overall, non-PSF reconstruction images (EARL1-compliant) may 
therefore be preferred for quantitative assessment.

In the present study, the tracer uptake time of both test and retest scan was rather similar 
(average 5 min difference between test and retest scan [range 0-22 min], Table 1). As 
our pharmacokinetic data indicated that tumour 18F-DCFPyL uptake continues to rise at 
120 min after injection, test-retest variability might be higher in clinical practice, where 
uptake times tend to vary more. Clinical imaging protocols for 18F-DCFPyL regarding 
uptake time intervals, total scan duration, and patient positioning (i.e. feet first or head 
first) should be stringently adhered to.

Our study has limitations, most notably the small patient sample. Still, results were in 
line with findings on other 18F-labeled PCa radiotracers, as well as 18F-FDG[19, 23, 24]. 
Also, the patients’ heterogeneity in terms of disease stages should be acknowledged 
(primary metastatic disease, biochemical recurrence, castration-resistant). Subgroup 
analysis per disease stage was not feasible at the current sample size. We have no 
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reason to assume that tracer uptake variability attributable to tumour biology will differ 
between disease stages, however. 

conclusIons

In this study we defined the repeatability of quantitative 18F-DCFPyL PET/CT measure-
ments in patients with metastatic PCa. 18F-DCFPyL uptake metrics are well repeatable 
and can therefore be used for treatment response monitoring. Any change in TBR 
exceeding 32% may be considered treatment response or progressive disease. Addition-
ally, as TTV measurements are highly repeatable they may be specifically suitable for 
longitudinal assessment of PSMA-targeted radioligand therapy effects. Here, changes 
in TTV exceeding 17% will indicate treatment response or disease progression. The 
repeatability of SUVpeak, Total Lesion Uptake, and patient-level metrics (TTV and TTB) 
is robust to differences in image reconstructions.
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supplementary table 1: Descriptive data of lesion- and- patient-based uptake metrics on test and retest 
scans for PSF-reconstruction images

test retest
Median Range Median Range

lesion-level
Volume 3.4 2.0 – 7.8 3.6 1.9 – 7.5
SUVmean 25.0 15.0 – 40.3 24.2 14.9 – 47.2
SUVpeak 27.2 15.3 – 38.8 29.5 16.3 – 48.8
SUVmax 52.9 29.2 – 93.9 47.1 29.5 – 98.6
TBRmean 19.7 11.6 – 33.7 19.4 13.1 – 34.1
TBRpeak 23.8 10.4 – 37.7 23.0 13.2 – 36.0
TBRmax 49.3 22.0 – 83.3 36.8 26.9 – 76.1
TLUSUV 100.3 38.5 – 223.0 99.9 35.6 – 240.9
TLUTBR 84.0 29.2 – 213.1 82.2 27.1 – 255.7

Patient-level
TTV 17.2 7.5 – 46.0 17.9 7.8 – 47.0

TTBSUV 375.3 74.6 – 1909.1 340.9 77.4 – 2094.6
TTBTBR 276.9 66.3 – 1933.5 263.5 74.8 – 2215.6

IQR = interquartile range; SUV = Standardized Uptake Value; TBR = tumour-to-Blood Ratio; TLU = Total Lesion Uptake; TTV 
= Total  tumour Volume; TTB = Total  tumour Burden

supplementary table 2: Repeatability of lesion and patient-based uptake metrics for PSF-reconstruction 
images. P-value indicates a significant difference in repeatability between original (non-PSF) and PSF-
reconstructions.

Parameter
Mean 

test-retest 
difference %

rc% Icc (95% cI)
p-value 

non-PSF vs. PSF

lesion-level
Volume 0.1 32.0 1.00 (1.00-1.00) 0.427
SUVmean 0.6 32.3 0.97 (0.95-0.99) 0.005
SUVpeak 2.2 27.8 0.98 (0.97-0.99) 0.147
SUVmax -0.9 52.1 0.87 (0.77-0.93) <0.001
TBRmean 2.2 41.7 0.96 (0.92-0.98) <0.001
TBRpeak 3.7 38.1 0.97 (0.94-0.98) <0.001
TBRmax 0.7 58.9 0.88 (0.78-0.94) <0.001
TLUSUV 0.7 30.3 0.99 (0.98-0.99) 0.616
TLUTBR 2.2 41.3 0.97 (0.95-0.99) 0.699

Patient-level
TTV 1.7 13.9 1.00 (1.00-1.00) 0.152

TTBSUV 1.9 23.4 0.99 (0.98-1.00) 0.952
TTBTBR 3.9 37.6 0.98 (0.92-1.00) 0.588
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TO THE EDITOR:

We read with interest the recently published paper by Werner et al. on the impact of 
prostate cancer tumour burden on uptake of [18F]DCFPyL, a 2nd generation fluorine-
labelled prostate-specific membrane antigen (PSMA) ligand, in normal tissues [1]. Such 
studies are essential for future use of theranostic PSMA radioligand therapies (e.g. 177Lu-
PMSA), as the presence of a so-called ‘sink effect’ might require adaptation of therapeutic 
dosages to intra-patient tumour volumes. The authors performed a secondary analysis 
on a cohort of 50 prostate cancer patients that underwent [18F]DCFPyL PET-CT for 
various clinical indications, correlating PSMA-positive tumour volume with uptake 
values in normal tissues. They concluded that, in their cohort, PSMA-positive tumour 
volume did not correlate with [18F]DCFPyL uptake in normal organs, such lacrimal 
glands, parotid glands, submandibular glands, spleen and liver. Of all tissues examined, 
only left kidney uptake correlated significantly with tumour volume. We would like to 
compliment the authors for their thorough analysis and appropriate acknowledgement 
of its limitations. In this reply, we would like to address some additional methodologic 
aspects and supplement the analysis of Werner et al. with our own experience of [18F]
DCFPyL imaging, especially those patients with larger tumour volumes.

The spectrum of the included patients by Werner et al., appears to be consisting largely 
of patients with low tumour burden. The low prostate cancer burden is evident from 
several parameters: i) a low median PSA level of 3.2 ng/mL with a maximum of 48 ng/
mL, ii) a median of 3 tumour volumes-of-interest (VOI) delineated per patient with a 
positive PET scan, and iii) a median total PSMA-positive tumour volume of 4.8 mL with 
a maximum of 98.4 mL. The authors do acknowledge the low tumour burden as a 
limitation, but counterpoint this with the fact that patients with ‘superscans’ (i.e. with 
extensive skeletal involvement) were also included. However, only one of the included 
patients presented with a tumour volume above 40 mL (see Figure 1 in Werner et al. 
[1]). In order to find a statistically significant correlation between tumour volume and 
normal tissue PSMA-uptake, including only a few patients with relatively large tumour 
burden will likely not suffice. Moreover, it is not explicitly mentioned in the manuscript 
how many castration-resistant patients were included. Seemingly, at least 46% of the 
included patients underwent [18F]DCFPyL PET-CT for clinical indications in the hormone-
sensitive setting, whereas 177Lu-PMSA therapy is primarily indicated for metastatic 
castration-resistant (mCRPC) patients [2]. Gaertner and colleagues did find a significant 
sink effect of large tumour burden in [68Ga]PSMA PET, including a population that is 
more representative of patients currently receiving 177Lu-PMSA radioligand therapy 
[3]. To compare, their included patients had a mean PSA of 188 ng/mL (ranging up to 
2860 ng/mL), and for part of the patients evaluation for 177Lu-PSMA therapy was the 
indication of [68Ga]PSMA PET-CT. Unfortunately, tumour PSMA burden was assessed 
visually rather than quantitatively [3].
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Recently, we reported on a full pharmacokinetic analysis of [18F]DCFPyL on PET-CT, 
from which we concluded that SUV is not a valid parameter for quantifying [18F]
DCFPyL uptake in prostate cancer lesions [4]. In using SUV, one assumes that input 
functions (e.g. the time activity curves of [18F]DCFPyL in blood) are equal in shape 
and size across patients and scale proportionally by injected activity over weight. We 
concluded that this assumption was invalid for [18F]DCFPyL since two patients with 
large tumour volumes had lower activity concentrations of [18F]DCFPyL in their blood 
(see Supplementary Figure 3, Chapter 6). Moreover, liver SUVmean of the patient with 
a superscan was below previously reported reference values (1.68; reference range 
3.31–8.53) [5]. The consequence was a poor correlation between SUV and reference 
pharmacokinetic parameter Ki (R2 0.47-0.60; see Figure 4 in [4]). However, when 
normalizing tumour uptake (Bq/mL) to activity concentrations in blood (Bq/mL), we 
derived a tumour-to-Blood ratio that correlated near perfectly with Ki (R2 0.96) [4]. This 
provided fundamental insight into the effect of intrapatient tumour burden on kinetics 
of [18F]DCFPyL, indicating that a ‘sink effect’ can indeed be present for [18F]DCFPyL – 
as it is for [68Ga]PSMA. In patients with low tumour burden, however, no measurable 
effect on [18F]DCFPyL input functions was present, conforming to the conclusions of 
the study by Werner and colleagues.

For [68Ga]DOTATATE PET-CT in patients with neuroendocrine tumours (NET) a similar 
relationship between tumour burden and normal tissue uptake has been observed [6]. 
Intriguingly, in a recent pharmacokinetic analysis of this tracer, tumour Ki correlated 
strongly with Tumour-to-Blood ratio (R2 0.93), whilst the correlation between tumour 
Ki and SUV was non- linear and much lower (R2 0.78) [7]. Hence, as also noted by Ilan et 
al., a general effect may be present for PET quantification of receptor-binding radiotrac-
ers (such as [68Ga]/[18F]PSMA and [68Ga]DOTATATE), as the distribution volumes of such 
tracers are mostly limited to tissues that express their specific target [7]. Thus, (at fixed 
tracer dosages) large tumour volumes are more likely to influence tracer availability in 
plasma for such tracers and using SUV for quantification can become invalid. 

To illustrate the sink effect for [18F]DCFPyL, we hereby present a case of a 72-year old 
patient with mCRPC who underwent [18F]DCFPyL PET-CT before starting abiraterone 
treatment, and again after 1 month of treatment (as part of an ongoing IRB-approved 
prospective study, IRB number 2014.218; the patient provided written informed consent 
for participation). This patient had been treated sequentially with upfront docetaxel, 
enzalutamide, and cabazitaxel. Baseline and follow-up PSA levels were 1436 ng/mL 
and 1936 ng/mL, respectively, indicating progressive disease under abiraterone. We 
delineated the total tumour burden using a PERCIST SUV threshold [8], and measured 
PSMA-positive tumour volume, SUVmean, and the Tumour-to-Blood ratio. Also, we 
measured the SUVmean in blood, kidneys, parotid glands, spleen, and liver. Then, we 
calculated the relative differences in those measures between the two PET-CT scans. 
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Visually, a substantial increase in PSMA-avid disease is apparent, accompanied by clear 
decreases in uptake in parotid glands, liver, spleen, and kidneys (Figure 1). This was in 
agreement with the substantial increase in measured PSMA-positive tumour volume, 
which increased by +134%, from 1001.3 mL to 2340.9 mL (Figure 2a). This was accom-
panied by an inverse change in blood SUVmean, which decreased by 50.4%, from 0.85 
to 0.42. Moreover, the SUVmean in all measured normal tissues consistently decreased 
by 28.6-45.7% (Figure 2b).

Due to the ‘sink effect’ that occurred as the result of the increased tumour volume, a clear 
discrepancy between changes in SUVmean and Tumour-to-Blood ratio between scans 
is evident. At disease progression, tumour SUVmean had decreased by 13%, while the 
tumour-to-Blood ratio increased substantially by +75% (Figure 2a). Hence, using the 
tumour-to-Blood ratio seems to correct for the sink effect and adequately reflects the 
clinically observed disease progression. Though we present a rather extreme case, this 
does provide further illustration that use of SUV should be avoided for both individual 
reads and response assessment purposes of [18F]DCFPyL PET in large tumour volume 
patients. While we cannot exclude an effect of abiraterone on tumoural [18F]DCFPyL 
uptake, it is highly unlikely that it directly impacted normal tissue [18F]DCFPyL uptake.

In conclusion and in addition to the results of Werner et al., in patients harbouring a 
small tumour load no relevant sink effect of [18F]DCFPyL is to be expected. However, for 

Figure 1: [18F]DCFPyL PET-CT images of a 72-year old patient with metastatic castration-resistant prostate 
cancer scanned (A) before and (B) during abiraterone treatment. A PSA rise from 1436 ng/mL to 1936 
ng/mL indicated disease progression (one month after treatment start), and an accompanying increase 
in PSMA-positive disease burden is evident. Inversely, normal tissue uptake in liver, kidneys, spleen, and 
parotid glands has clearly decreased. Injected dosages at baseline and follow-up were 316 MBq and 303 
Mbq, with uptake intervals of 124 min and 133 min, respectively. PET images are shown as maximum-
intensity projections.
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Figure 2: Changes in PSMA parameters of (A) total tumour load and (B) normal tissue between the [18F]
DCFPyL PET scans shown in Figure 1. Changes in normal tissue uptake pertain to SUVmean.

patients with larger tumour volumes a sink effect may in fact occur, meaning personal-
ized dosimetry of 177Lu-PSMA radioligand therapy might be needed for these patients. 
Therefore, we urge colleagues currently using both [18F]DCFPyL and 177Lu-PSMA radio-
ligand therapy to repeat the study by Werner et al. in patients with a clinical indication 
for 177Lu-PSMA radioligand therapy. Moreover, since a clear definition of small versus 
large tumour load is not established, future studies should refrain from using SUV for 
quantification of tumoural [18F]DCFPyL uptake and resort to using Tumour-to-Blood 
ratios instead [4].

Chapter8_bernard.indd   142 8-9-2020   21:12:20



Quantification of 18F-DCFPyL in high-volume PCa | 143   

8

Chapter8_bernard.indd   143 8-9-2020   21:12:20



Chapter8_bernard.indd   144 8-9-2020   21:12:20



 PART 3
CLINICAL APPLICATION 

OF 18F-DCFPyL POSITRON 
EMISSION TOMOGRAPHY

Part_3_Bernard.indd   145 8-4-2020   09:07:39



PART 3: CHAPTER 9

Part_3_Bernard.indd   146 8-4-2020   09:07:39



Early Lesion Detection with 
18F-DCFPyL PET/CT in 248 Patients 
with Biochemically Recurrent 
Prostate Cancer

Jansen BHE, Wondergem M, van der Zant FM, van der Sluis TM, 
Knol RJJ, van Kalmthout LWM, Hoekstra OS, van Moorselaar RJA, 
Oprea-Lager DE, Vis AN

European Journal of Nuclear Medicine and Molecular Imaging. 
2019 Aug;46(9):1911-1918

Chapter9_bernard.indd   147 8-4-2020   09:07:53



148 | Chapter 9

AbstrAct

Introduction: Prostate-Specific Membrane Antigen (PSMA) PET/CT is increasingly used 
in patients with biochemically-recurrent prostate cancer (BCR), mostly using 68Gallium 
labelled radiotracers. Alternatively, 18Fluorine labelled PSMA tracers are available, e.g. 
18F-DCFPyL, which offer enhanced image-quality and therefore potentially increased 
detection of small metastases. In this study we evaluate the lesion detection efficacy 
of 18F-DCFPyL PET/CT in patients with BCR and determine the detection efficacy as a 
function of their PSA value. 

Methods: A total of 248 consecutive patients were evaluated, scanned with 18F-DCFPyL 
PET/CT for BCR between November 2016 and 2018 in two hospitals in the Netherlands. 
Patients were examined after radical prostatectomy (52%), external-beam radiation 
therapy (42%) or brachytherapy (6%). Imaging was performed 120 minutes after 
injection of a median dose of 311 MBq 18F-DCFPyL. 

Results: In 214 out of 248 PET/CT scans (86.3%) at least one lesion suggestive of cancer 
recurrence was detected (‘positive scan’). Scan positivity increased with higher PSA 
values: 17/29 scans (59%) with PSA values <0.5 ng/mL and respectively 20/29 (69%) 
PSA 0.5-<1.0 ng/mL; 35/41 (85%) 1.0-<2.0 ng/mL; 69/73 (95%) 2.0-<5.0 ng/mL; 73/76 
(96%) ≥5.0 ng/mL. Interestingly, suspicious lesions outside the prostatic fossa were 
detected in 39-50% of patients with a PSA <1.0 ng/mL after radical prostatectomy (i.e. 
candidates for salvage radiotherapy.

Conclusion: 18F-DCFPyL PET/CT offers early detection of lesions in patients with BCR, 
even at PSA levels <0.5 ng/mL. These results appear comparable to reported results 
with 68Ga-PSMA and 18F-PSMA-1007 – with potentially increased detection efficacy 
compared to 68Ga-PSMA for patients in the PSA strata <2.0ng/mL.
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IntroductIon

Prostate cancer (PCa) is the most common cancer in men in the Western world[1, 2]. 
Initial therapy includes local intervention with curative intent, such as radical prosta-
tectomy (RP), external beam radiation therapy (EBRT), or brachytherapy (BT). However, 
between 28% and 53% of all such treated patients will develop biochemically-recurrent 
prostate cancer (BCR)[3]. BCR is defined as two consecutive prostate-specific antigen 
(PSA) values ≥0.2 ng/mL after RP, or any PSA increase of 2.0ng/mL above the nadir fol-
lowing EBRT and BT[4-6]. Accurate imaging studies are desired for patients with BCR 
as early lesion localisation directs further treatment, which might include stereotactic 
metastasis-directed radiotherapy, salvage radiotherapy, salvage lymph-node dissec-
tion, or the initiation of systemic treatment[3]. 

Positron Emission Tomography/Computed Tomography (PET/CT) using radiotracers 
that bind to the Prostate-Specific Membrane Antigen (PSMA) is increasingly used 
for PCa diagnostics. PSMA is a class II trans-membrane glycoprotein that provides 
a valuable target for radiolabelled imaging, as it is significantly overexpressed in 
malignant prostate cells[7]. So far, 68Gallium (68Ga) labelled PSMA tracers (68Ga-PSMA-
HBED-CC) have been studied mostly and demonstrated promising results in patients 
with BCR[8]. Alternatively, 18Fluorine labelled PSMA tracers are available, most notably 
18F-DCFPyL[9, 10] and 18F-PSMA-1007[11]. Due to a shorter positron range and higher 
positron yield, the 18F-radionuclide provides a higher PET-image resolution compared 
to 68Ga-, which may improve detection of small metastases (e.g. at low PSA values)[12]. 
Although 18F-DCFPyL PET/CT is increasingly used in clinical practice, only minimal data 
is yet available on the diagnostic efficacy in patients with BCR[13]. Hence, the aim of this 
study was to determine the lesion detection efficacy of 18F-DCFPyL PET/CT in patients 
with BCR and establish the efficacy as a function of patients’ current PSA values.

MAtErIAL And MEtHods

This retrospective analysis consists of 248 patients with BCR consecutively scanned with 
18F-DCFPyL PET/CT from November 2016 until December 2018 in two Dutch hospitals 
(Amsterdam University Medical Centres, VU University; Noordwest Ziekenhuisgroep, 
Alkmaar). Patients with BCR were included regardless of prior curative treatment 
(RP, EBRT, BT). Patients with persistent PSA after curative treatment or patients with 
castration-resistant prostate cancer were excluded. If multiple 18F-DCFPyL PET/CT 
scans for BCR were performed for a patient, only the first examination was included. 
No exclusion criteria were deployed other than the coexistence of other malignancies. 
Patient characteristics are presented in Table 1.
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Imaging 
18F-DCFPyL was synthesized under GMP conditions at the on-site cyclotron facilities 
of both hospitals[14]. PET acquisitions were made 120 min after injection of a median 
dose of 311 MBq 18F-DCFPyL (interquartile range 284-325 MBq). Imaging was performed 
with a Philips Ingenuity TF (Philips Healthcare®, the Netherlands/USA) and a Siemens 
Biograph-16 TruePoint (Siemens Healthineers®, Germany) PET/CT scanner. The scan 
trajectory included mid-thighs to skull vertex, with 4 min (Philips scanner) and 5 min 
(Siemens scanner) per bed position. PET acquisitions were combined with a low-dose 
CT or contrast-enhanced CT scan (30-110mAs, 110-130kV). All images were corrected 
for decay, scatter, and random coincidences; photon attenuation correction was 
performed using CT images. 

table 1: Patient characteristics

characteristics n=248
Age (median, IQR) 71 (67-75)

n (%)
PSA at PET/CT (ng/mL) <0.5 29 (12%)

0.5-1 29 (12%)
1-2 41 (17%)
2-5 73 (29%)
>5 76 (31%)

PSA doubling time (months) (median, IQR) 6 (3-12)

Gleason score 6 33 (13%)
7 97 (39%)
8 36 (15%)

9-10 48 (19%)
unknown 34 (14%)

Tumour stage T1c 16 (6%)
T2 82 (33%)
T3 109 (44%)
T4 7 (3%)

unknown 34 (14%)

Initial Therapy Radical Prostatectomy 128 (52%)
External Beam Radiation 105 (42%)

Brachytherapy 15 (6%)

ADT at PET/CT 20 (8%)
Prior Salvage Radiation Therapy 41 (17%)

IQR = inter-quartile range
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Images were reconstructed with the vendor-provided BLOB-based Ordered-Subsets 
Expectations Maximization algorithm on the Philips system (3 iterations; 33 subsets)[15] 
and the Ordered-Subsets Expectations Maximization algorithm on the Siemens system 
(4 iterations; 16 subsets, including a 5 mm Gaussian filter). The reconstructed images 
had a maximum image matrix size of 256x256, voxel size 2.67x2.67x4mm (Siemens 
data) and matrix size 288x288, voxel size 2x2x2 mm (Philips data).

Image interpretation

Scan interpretation was performed in the participating centres by four nuclear medicine 
physicians in total, with ample experience in PCa PET reading (>200 scans). Dual-reading 
was performed for all scans, the final conclusion was drawn up in consensus, recording 
the localisation of detected lesions (i.e. prostate/prostatic fossa, loco-regional lymph 
nodes, distant lymph nodes, bones, visceral organs). A scan was considered ‘positive’ 
if at least one lesion suggestive of PCa recurrence was detected. Prostate lesions and 
lymph nodes were considered positive when the activity in those lesions exceeded 
bloodpool activity. Bone lesions were considered positive if the activity was higher 
than general bone marrow activity, without CT findings clearly demarcating benign 
lesions such as hemangioma. 

statistical analysis

Numerical variables were summarized as medians and inter-quartile ranges; categorical 
variables with proportions (%). Scan positivity was calculated for the following PSA strata 
(<0.5; 0.5-<1.0; 1.0-<2.0; 2.0-<5.0; ≥5.0 ng/mL) and include a 95% confidence interval 
(CI). Binary logistic regression analyses were performed to identify predictors of scan 
positivity (e.g. PSA value at the time of PET/CT; PSA doubling time; Gleason score; Tumour-
stage; use of Androgen Deprivation Therapy at the time of PET/CT). Differences in the 
distribution of detected lesions (e.g. local recurrences, regional lymph nodes) between 
PSA strata were tested using the Fisher’s exact test with Holms-Bonferonni correction.

rEsuLts

In 214 out of 248 18F-DCFPyL PET/CT scans (86.3%, 95% CI 82.0-90.6%), at least one lesion 
suggestive of PCa recurrence was detected (positive scan). Lesion detection increased 
with higher PSA values, with a detection efficacy of 59% (17/19 scans), 69% (20/29), 
85% (35/41), 95% (69/73) and 96% (73/76), respectively for scans at PSA values <0.5, 
0.5-<1.0, 1.0-<2.0, 2.0-<5.0 and ≥5.0 ng/mL (Figure 1-2). Besides current PSA value, no 
other parameter (Gleason score, Tumour-stage, current ADT use, PSA-doubling time, 
previous salvage radiotherapy) was a significant predictor of 18F-DCFPyL PET/CT scan 
positivity in regression analysis (Supplementary Table 1).
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Scans were most frequently positive due to detection of regional lymph node metas-
tases (136/248 scans, 54.8%), followed by local recurrences in the prostate or prostatic 
fossa (92/248 scans, 37.1%); bone metastases (73/248, 329.4%); distant lymph node 
metastases (49/248, 19.8%); and visceral metastases (12/248, 4.8%) (Figure 3, Supple-
mentary Figure 1). The relative distribution of detected lesions was not significantly 
different at the various PSA strata (p=0.22->0.9). 

Figure 1: (a) Detection efficacy of 18F-DCFPyL PET/CT in patients with BCR and (b) the proportion of positive 
scans (including 95% confidence intervals).

Figure 2: Illustration of detection of bone metastases in a patient with BCR after RP and low PSA value (0.7 
ng/mL). Left: maximum-intensity projection. Right: coronal CT, PET and fusion images.
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A subgroup analysis was performed for patients with BCR after RP and low PSA values 
(<1.0ng/mL) (n=43), as they may be candidates for curative salvage radiotherapy to the 
prostate bed[3]. In our cohort, 18F-DCFPyL PET/CT revealed suspicious lesions outside 
of the prostatic fossa in 39-50% of these patients (Figure 2-3).

All patients who underwent 18F-DCFPyL PET/CT with a PSA <0.5 ng/mL revealed ≤3 
metastases (‘oligometastatic disease’, Figure 4). Conversely, in patients with a PSA ≥5.0 
ng/mL only 29% (22 out of 76) were diagnosed with 1-3 metastases (34% with 1-5 
metastases, 26 out of 76)(Figure 4).

Figure 3: (a) Characteristics of the detected lesions in all patients with BCR (b) Characteristics of detected 
lesions in patients with BCR after radical prostatectomy, not yet treated with salvage radiotherapy.
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dIscussIon 

In this study we evaluated the lesion detection efficacy of 18F-DCFPyL PET/CT in 
248 patients with BCR. Suspected metastases were identified in the majority of PET 
examinations and even at PSA values <0.5 ng/mL lesions were observed in 59% of 
patients. These results show clear improvement to the results with conventional imaging 
modalities, as well as choline PET/CT[16-18]. Compared to a recent meta-analysis on 
68Ga-PSMA PET/CT[8], our study demonstrates equivalent results in patients with PSA 
values >2.0 ng/mL (i.e. 95% lesion detection with both tracers). Potentially improved 
detection is observed compared to 68Ga-PSMA in all PSA strata <2.0 ng/mL (most 
notably, 59% detection with 18F-DCFPyL when PSA <0.5ng/mL vs. 45% with 68Ga-PSMA; 
Table 2)[8].

Recently revised European Association of Urology guidelines recommend to perform 
PSMA PET at BCR after RP if the PSA level is >0.2 ng/mL and if the results will influence 
subsequent treatment decisions[21]. PSMA PET is recommended in case of BCR after 
EBRT in patients fit for curative salvage treatment. The guidelines also recommend 
to offer a PSMA PET to men with a persistent PSA >0.2 ng/mL after prostatectomy to 
exclude metastatic disease. Those recommendations are in line with our findings that, 
even at the lowest PSA values, sites of PCa recurrence can be detected with 18F-DCFPyL 
PET/CT in the majority of patients. 

Figure 4: Number of detected lesions per PSA strata. Red and green bar indicating patients with 
oligometastases (defined as either ≤3 or ≤5 metastases, with or without a local recurrence). Grey bar 
representing patients with polymetastases (>5 metastases). 
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Further, 18F-DCFPyL PET/CT revealed lesions outside the prostatic fossa even at very 
low PSA levels (e.g. 39% when PSA <0.5ng/mL)(Figure 2-3). These findings are clinically 
relevant, because patients with BCR after RP are candidates for local salvage radiation 
treatment to the prostatic fossa. Such treatment may likely be ineffective in the 
presence of (lymph node) metastases. Indeed, Emmett et al. recently demonstrated 
that 68Ga-PSMA PET/CT may stratify patients into high probability of response to 
salvage radiotherapy (negative PET or detection of a local recurrence only) versus 
lower probability of response (detected lesions outside the prostatic fossa). In that 
study (n=164), PSMA PET findings predicted salvage therapy outcomes better than 
established predictors, most notably current PSA values[22]. 

To our knowledge, there is only one prior study on 18F-DCFPyL PET/CT for patients with 
BCR, analysing n=62 18F-DCFPyL PET/CT scans in direct comparison to 68Ga-PSMA PET/
CT[13]. Dietlein et al.[13] found a higher sensitivity with 18F-DCFPyL in patients with 
PSA values between 0.5-3.5 ng/mL (88% with 18F-DCFPyL versus 66% with 68Ga-PSMA, 
p=0.042). Compared to Dietlein et al., we observed a higher detection efficacy, especially 
at PSA values <0.5ng/mL (59% versus 13%, respectively). This difference might be due to 
the image-interpretation protocol applied by Dietlein et al., that required corresponding 
findings on CT for all PET-positive lesions. Based on current standardized reporting 
systems, such prerequisite is not applied for PSMA PET interpretation anymore at our 
institutions[23, 24]. 

Recently, another 18F- labelled PSMA tracer has been introduced: 18F-PSMA-1007[25]. 
18F-PSMA-1007 is only minimally excreted via the urinary tract, which potentially 
improves visualisation of tumour deposits adjacent to the urinary bladder (mainly local 
recurrences). Our results with 18F-DCFPyL PET/CT appear comparable to the outcomes 
of 251 18F-PSMA-1007 PET/CT scans analysed by Giesel et al. (e.g. 62% positive scans 
with 18F-PSMA-1007 when PSA <0.5 ng/mL[19])(Table 2). Conversely, Rahbar et al. report 

table 2: Comparison of results of various PSMA radiotracers

Publication tracer N detection rates per PsA strata (ng/mL)
          <0.5 0.5-<1.0 1.0-<2.0 ≥2.0

Perera[8] 2019 68Ga-PSMA-11 4790 45% 59% 75% 95%

<0.5 0.5-<1.0 1.0-<2.0 ≥2.0
Giesel[19] 2018 18F-PSMA-1007 251 62% 74% 91% 94%

≤0.5 0.51-≤1.0 1.1-≤2.0 >2.0
Rahbar[20] 2018 18F-PSMA-1007 100 86% 89% 100% 100%

<0.5 0.5-<1.0 1.0-<2.0 ≥2.0
Present Study 2019 18F-DCFPyL 248 59% 69% 85% 96%
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notably more positive 18F-PSMA-1007 PET/CT scans compared to both Giesel et al. and 
the present study (86% positive scans when PSA <0.5ng/mL; 100% positive scans when 
PSA >1.0 ng/mL [20]). Rahbar et al. included only n=100 patients, however, and may 
have included more advanced PCa cases. For example, 38% of RP patients analysed 
by Rahbar et al. had already received salvage radiotherapy (compared to 17% in our 
cohort) and 27% of patients received ADT around the time of examination (compared 
to 8% in our cohort). In general, precise comparison of the results with different PSMA 
tracers (including 68Ga-PSMA) is difficult. Most studies are retrospective and many 
factors may have influenced diagnostic results besides the applied radiotracers (e.g. 
included patient population, PET scanner technique, image-reconstruction methods, 
experience of the PET readers).

In terms of detection of local recurrence, no evident benefit of 18F-PSMA-1007 over 
18F-DCFPyL is seen. Giesel et al. included only patients with BCR after RP and detected 
local recurrences in 25% of patients. Rahbar et al. noted local recurrences in 37% of all 
patients (treated with either EBRT or RP)[19, 20]. In our study, local recurrences were 
detected in 24% of all patients treated with RP and in 37% of the entire population. 

Contrary to our finding that PSA at PET/CT is the only predictor for scan positivity, a 
recent study by Rauscher et al. concluded that concurrent ADT was also a predictor 
of a positive scan in multivariable analysis[26]. It should be noted that in our cohort 
only 20 patients received ADT at the time of PET/CT, of which the majority was treated 
with EBRT; Rauscher et al. included only patients after RP, all with a PSA <1.0ng/mL. 
Overall, the role of ADT on scan outcomes remains incompletely understood, for ADT 
may upregulate PSMA expression initially[27], but decrease lesion detection efficacy 
upon longer exposure[28]. 

Accurate identification of patients with oligometastatic disease is of current interest[29], 
although the definition of oligometastatic disease remains unclear (either ≤3 or ≤5 
metastases). The clinical benefit of (oligo)metastases-directed treatment has not yet 
been established[3]. Nevertheless, it seems evident that any success of metastases-
directed strategies will depend on accurate imaging studies, as well as adequate timing 
of diagnostic procedures. From our data it can be observed that performing 18F-DCFPyL 
PET/CT soon after diagnosis of BCR (i.e. at lower PSA values) favours detection of oligo-
metastases (Figure 4). At higher PSA levels (>5.0ng/mL) more patients are diagnosed 
with polymetastases (>5). Yet even in these patients, a substantial proportion had 
oligometastastic disease on 18F-DCFPyL PET/CT (Figure 4). 

An important limitation of the present study, and studies on PSMA PET for BCR in 
general, is the lack of histopathologic confirmation of PET results[8, 12, 30]. PSMA PET 
detected lesions are often smaller than 1 cm, making biopsy procedures difficult and 
burdensome for patients. In only n=15 of our patients histologic confirmation of PET 
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findings had been performed (CT-guided biopsy, lymph nodes dissection, prostate 
biopsies), although follow-up of patients form outside our PET centres was often lacking. 
In 12 of these patients (80%) the malignant nature of detected lesions was confirmed. 
Overall, these numbers are insufficient to assess the extent of false-positive outcomes 
(the specificity) in our study. High specificity of PSMA PET has been demonstrated 
in primary PCa patients, however, where imaging findings can be correlated to 
histopathology from lymph node dissections (specificity 68Ga-PSMA 96%[30]; specificity 
18F-DCFPyL 96-99%[31]). In this study, we could not evaluate the sensitivity of 18F-DCFPyL 
on a lesion base either, since the true number of PCa metastases remains unknown. PET 
is inherently limited by its image-resolution to detect small metastases (<2-4mm). We 
should therefore assume 18F-DCFPyL PET/CT still underestimates the extent of disease. 

Clinically, it is important to realize that improved detection of metastases is only of 
benefit to patients if followed by appropriate, proven-effective therapeutic strategies. 
The identification of additional metastases may hold back treatment of local recurrences, 
trigger metastasis-directed treatment, or result in initiation of systemic therapy. The 
clinical outcomes of none of these (PSMA PET based) decisions have been sufficiently 
studied in clinical trials yet[3, 29, 32]. 

concLusIon

18F-DCFPyL PET/CT appears effective for detecting metastases in patients with BCR, 
even at PSA values <0.5 ng/mL. The detection efficacy appears comparable to published 
results with 68Ga-PSMA and 18F-PSMA-1007 – with potentially increased detection ef-
ficacy compared to 68Ga-PSMA for patients in the PSA strata <2.0 ng/mL, even at PSA 
values <0.5 ng/mL.
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supplementary table 1: Results of univariable analysis predicting 18F-DCFPyL PET/CT positivity

Variable categories or 95% cI p-value
PSA (ng/mL) (continuous) 1.44 (1.16-1.8) 0.001

PSA (ng/mL) <0.5 (ref)
0.5-1 1.57 (0.53-4.62) 0.414
1-2 4.24 (1.36-13.2) 0.013
2-5 12.18 (3.49-42.49) 0.000
>5 17.18 (4.36-67.65) 0.000

PSA doubling time (months) 1.03 (0.93-1.14) 0.599

Gleason score 6 (ref)
7 0.68 (0.21-2.18) 0.511
8 1.47 (0.3-7.1) 0.634

9-10 0.93 (0.24-3.6) 0.920

Tumour-stage T1c (ref)
T2 0.33 (0.04-2.69) 0.300

T3a 0.67 (0.07-5.96) 0.717
T3b-T4 0.41 (0.05-3.61) 0.421

ADT at PET/CT 1.48 (0.33-6.67) 0.612
prior Salvage Radiotherapy a 3.09 (0.99-9.63) 0.052*

EBRT versus RP b 1.29 (0.28-6.03) 0.744
Hospital / PET system 0.49 (0.23-1.04) 0.063*

a Only patients with BCR after RP were analysed.
b Only patients with PSA ≥2.0ng/mL were included (definition of BCR in patient treated with EBRT).
* Neither a significant predictor in multivariable analysis including PSA (results not shown).
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supplementary Figure 1: Characteristics of detected lesions, per initial treatment modality.
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AbstrAct

Background: Biochemical recurrence (BCR) of prostate cancer (PCa) after curative 
radiotherapy is defined as a prostate-specific antigen (PSA) rise of ≥2ng/mL above the 
nadir (‘Phoenix criteria’, 2005). With the introduction of Prostate-Specific Membrane 
Antigen Positron-Emission Tomography (PSMA-PET), the ability to localise PCa 
recurrences has markedly increased. 

Methods: We reviewed 315 patients scanned with PSMA-PET after curative radiotherapy 
in the three reference centres for prostate cancer surgery (Prostate Cancer Network 
Amsterdam)(2015-2018). 

Results: Sixty-three patients (20.3%) were scanned before the Phoenix criteria were 
met (PSA rise <2.0ng/mL). In 53 of these patients (84.1%) PSMA-PET-avid lesions were 
detected nonetheless: 21 patients (33.3%) revealed a local recurrence as single site 
of disease, 32 patients (50.8%) harboured metastatic PCa. Besides a rising PSA, no 
predictors were identified that prompted early PSMA-PET imaging.

Conclusion: In this communication, we report on the frequent detection of metastatic 
PCa with PSMA-PET in men not meeting the Phoenix criteria. These findings are a plea 
for re-evaluation of current criteria for BCR after radiotherapy, as early detection of 
recurrences might refine salvage and/or adjuvant therapies.
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MANUscrIPt

Up to half of the patients treated with external-beam radiotherapy (EBRT) or brachy-
therapy (BT) for localised prostate cancer (PCa) develop biochemical recurrence (BCR) 
of disease[1, 2]. The commonly used definition of BCR after radiotherapy constitutes a 
PSA rise by 2 ng/mL or more above the nadir[1, 3]. This definition was drawn up by an 
expert-panel at the RTOG-ASTRO Phoenix Consensus Conference 2005 (the ‘Phoenix 
criteria’). The criteria were chosen to provide an appropriate association between 
BCR and clinical failure (specified as local recurrence, metastasis, death) and preferred 
diagnostic specificity over sensitivity[3]. 

At the time of the Phoenix conference, detection of PCa recurrences was based on 
conventional imaging (e.g. computed-tomography, bone scan) and prostate biopsies 
– all of which offer poor diagnostic accuracy for BCR[4]. With the introduction of Prostate-
Specific Membrane Antigen Position-Emission Tomography (PSMA-PET), the ability to 
detect PCa lesions has increased markedly[1, 5]. PSMA is a trans-membrane glycoprotein 
that is significantly overexpressed on malignant prostate cells and radiolabelled PSMA-
ligands offer detection of metastases even at very low PSA values[5, 6]. Here, we report 
on the outcomes of PSMA-PET in patients with a rising PSA following radiotherapy who 
did not yet meet the Phoenix criteria for BCR (i.e. a PSA <2 ng/mL above the nadir).

Between October 2015 and December 2018, 315 patients were clinically examined 
with PSMA-PET for a rising PSA after EBRT or BT (low and favourable-intermediate risk 
only; prostate volume <50mL) in the Prostate Cancer Network Amsterdam. Both the 
PSMA-radiotracer 68Ga-PSMA-HBED-CC and 18F-DCFPyL were used (Supplement 1). All 
scans were reviewed by experienced (>300 PCa PET scans) nuclear medicine physicians 
and prospectively collected into PCa registries. Associations of clinical parameters 
with PSMA-PET outcome (scan positivity) were tested using binary logistic regression 
(continuous data) and Fisher’s exact analysis (categorical data)(Holms-Bonferonni 
corrected).

In total, 63 patients (20.0%) were scanned before meeting the Phoenix criteria (Table 1). 
Fifty patients (79.4%) were treated with EBRT (median dose 77Gy); 13 patients (20.6%) 
received brachytherapy (145Gy 125Iodine)(Table 1). In 53/63 patients (84.1%), PSMA-
PET positive lesions were observed (total n=111 lesions)(Figure 1). A local recurrence 
was the only site of disease in 21 patients (33.3%). Metastasised PCa was detected in 
32 patients (50.8%)(Table 2). The absolute PSA rise did not influence PET outcomes: 
lesions were detected in 12 out of 16 patients (75.0%), 25/28 patients (89.3%), and 16/19 
patients (84.2%), for PSA <1.0, 1.0-1.49, and 1.5-1.99ng/mL above the nadir, respectively 
(p>0.9). Only Gleason score was associated with detecting recurrent PCa (p=0.036), yet 
even half the patients with Gleason 6 had positives scans (6/12 patients)(Supplement 2). 
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Although high sensitivity of PSMA-PET at low PSA levels is recognised[5, 6], no formal 
indication for restaging with PSMA-PET existed in our patients. We searched the patient 
records for reasons to perform PSMA-PET. In only 2 patients (3.2%), recurrences were 

table 1: Patient characteristics

characteristics N (%)
Median age (years, IQR) 70 (68-75)

Gleason score 6 12 (19%)
7 23 (37%)
8 7 (11%)

9-10 12 (19%)
unknown 9 (14%)

Clinical  tumour-stage T1c 8 (13%)
T2 20 (32%)

T3a 16 (25%)
T3b 9 (14%)
T4 2 (3%)

unknown 8 (13%)

EAU risk category Low-risk 4 (6%)
Intermediate-risk 10 (16%)

High-risk 40 (64%)
unknown 9 (14%)

EBRT 39 x 2 Gy (78 Gy) 6 (12%)
35 x 2.2 Gy (77 Gy) 23 (46%)
19 x 3.4 Gy (65 Gy) 6 (12%)

unknown 15 (30%)

EBRT: ADT duration no ADT 4 (8%)
6 months completed 11 (12%)

24 months completed 23 (46%)
unknown 12 (24%)

Median, IQR
PSA at PET/CT (ng/mL) 1.3 (1.1-1.8)

PSA nadir (ng/mL) <0.1 (<0.1-0.2)
PSA rise above nadir (ng/mL) 1.2 (1.0-1.7)
PSA doubling time (months) 5.9 (3.0-13.0)

Number of rising PSA measurements 4 (2-5)

Time between PSA nadir and PSMA PET (months) 47 (28-65)
Time between radiotherapy and PSMA PET (months) 69 (43-85)

IQR = Interquartile range; EAU = European Association of Urology; EBRT = external-beam radiotherapy; ADT = androgen 
deprivation therapy
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Figure 1: (A) 18F-DCFPyL PET/CT images of a patient treated with external-beam radiotherapy, with 
a current PSA value of 1.3 ng/mL (nadir PSA 0.3 ng/mL). Three regional lymph node metastases and 
three bone metastases were detected. (B) 68Ga-PSMA PET/CT images of a patient with a current PSA 
of 1.1 ng/mL (nadir <0.1 ng/mL), revealing a local recurrence and regional lymph node metastases. 
Left: Maximum-Intensity Projection. Right: transversal fusion PET/CT images.

table 2: Staging outcomes with PSMA-PET

PsMA PEt outcomes N % of total % positive scans
Local recurrence only 21 33.3% 39.6%

Regional lymph node metastases only (N1 M0)a 14 22.2% 26.4%

Distant metastases (M1)b 18 28.6% 34.0%
M1a 3 4.8% 5.7%
M1b 14 22.2% 26.4%
M1c 1 1.6% 1.9%

no lesions detected 10 15.9%
a With or without local recurrence
b With or without local recurrence and/or regional lymph node metastases
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clinically suspected (a palpable mass in the penile shaft; micturition problems). In 2 
patients (3.2%), short PSA doubling-times were explicitly mentioned. For the remaining 
59 patients (93.7%), no clinical predictors of recurrence were noted to have prompted 
PSMA-PET examination – besides the rising PSA. We compared the clinical parameters 
of our included patients with patients officially having BCR (historic cohort)[6], but 
found no differences (Supplement 3).

This study reports on PSMA-PET in patients with a rising PSA after curative radiotherapy, 
who did not meet the Phoenix criteria for BCR. Although these patients are officially 
considered disease-free, PCa recurrences were detected in the majority (84%) of cases. 
These compelling outcomes question whether the Phoenix criteria are still adequate 
in the era of modern-imaging techniques. The Phoenix criteria have formerly related 
BCR to the presence of metastases. Such definition appears inherently dependent on 
the precision of available diagnostic techniques and may thus have become outdated. 

Early PSMA-PET might direct timely salvage or adjuvant treatment. In a third of our 
patients, PSMA-PET revealed only a local recurrence (Table 2), for which oncologic 
control may be achieved by local salvage therapy[1]. In 14 patients (22%) PSMA-
avid regional lymph nodes were detected, hence salvage nodal dissection could be 
discussed[1, 7]. A large subset of the patients with distant metastases (13/18 patients) 
had oligometastatic disease (≤5 lesions). These may be candidates for oligometastases-
directed therapy. Earlier salvage/adjuvant therapies could potentially slow disease 
progression, or postpone systemic treatment – though results from prospective 
evaluations are to be awaited first[1]. 

Our results align with reports on bladder cancer patients undergoing cystoprostatectomy, 
who had previously received radiotherapy for PCa (n=78)[8, 9]. PCa recurrences were 
observed in 37-50% of the prostate specimens of these patients (median PSA 0.6-0.8 
ng/mL). Similar to our findings, no association between PSA level and the existence of 
PCa recurrence was observed[8, 9]. 

Our study has limitations. Firstly, it presents a retrospective analysis with relatively few 
patients and was underpowered to propose new criteria for BCR. Larger, prospective 
studies with stringent inclusion criteria and follow-up are desired. Secondly, even the 
Phoenix report notes that ‘defining biochemical success for an individual versus a 
population are separate questions, the former being guided by clinical judgment’[3]. 
Such clinical judgement may have introduced selection bias in this study, although no 
distinct clinical features were found to have prompted early PSMA-PET examinations. 
Thirdly, we cannot formerly exclude that some patients were already metastasised prior 
to initial radiotherapy (PSMA-PET was not available then). The long period between 
radiotherapy and the PSMA-PET scans in this study (Table 1) makes this scenario appear 
uncommon, however. Lastly, histopathologic confirmation of PSMA-PET results is 
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lacking, as PSMA-detected lesions are often too small to biopsy. High specificity (>95%) 
of PSMA-PET has been established repeatedly, however[5, 10].

In conclusion, this study reports on the unexpected, frequent detection of PCa 
recurrence in patients with a rising PSA value after curative radiotherapy, who did not 
meet the Phoenix criteria for BCR. These data are an urgent plea for re-evaluation of 
current criteria for BCR. Timely detection of PCa recurrences potentially improves patient 
selection for salvage therapies or oligometastases-directed treatment.
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supplement 1: Imaging protocols

18F-DcFPyL PEt/ct 
18F-DCFPyL was synthesized under Good Manufacturing Practices conditions at the 
on-site cyclotron facilities of het Amsterdam UMC and Noordwest Ziekenhuisgroep 
Alkmaar[1]. PET acquisitions were made 120 min after injection of a median dose of 278 
MBq [18F]DCFPyL (interquartile range 249 - 304 MBq). Imaging was performed with a 
Philips Ingenuity TF, a Philips Gemini TF‐II (Philips Healthcare®, the Netherlands/USA) and 
a Siemens Biograph-16 TruePoint (Siemens Healthineers®, Germany) PET/CT scanner. 
The scan trajectory included mid-thighs to skull base, with 3-4 min (Philips scanners) 
and 5 min (Siemens scanner) per bed position. PET acquisitions were combined with a 
low-dose CT or contrast-enhanced CT scan (30-110mAs, 110-130kV). All images were 
corrected for decay, scatter, and random coincidences; photon attenuation correction 
was performed using CT images. 

Images were reconstructed with the vendor-provided BLOB-based Ordered-Subsets 
Expectations Maximization algorithm on the Philips system (3 iterations; 33 subsets)[2] 
and the Ordered-Subsets Expectations Maximization algorithm on the Siemens system 
(4 iterations; 16 subsets, including a 5 mm Gaussian filter). The reconstructed images 
had a maximum image matrix size of 256x256, voxel size 2.67x2.67x4mm (Siemens 
data) and matrix size 288x288, voxel size 2x2x2 mm (Philips data). 

68Ga-PsMA-11 PEt/ct
68Ga-PSMA-11 was produced on-site at the Netherlands Cancer Institute under Good 
Manufacturing Practices conditions. [68Gallium] was obtained from a  [68Ge]/[68Ga] 
generator. Radiolabelling was performed using the radio‐pharmacy cassette of 
Fürstenfeldbruck (Germany). PET acquisitions were made 45 min after injection of a 
median dose of 96 MBq [68Ga]PSMA-11 (interquartile range 90 – 101 MBq). PET imaging 
was performed with a Philips Gemini TF‐II and included a dose‐modulated low‐dose 
CT scan (40 mA, 2 mm reconstruction). The scan trajectory included mid-thighs to skull 
base, with 3 min per bed position. All images were corrected for decay, scatter, and 
random coincidences; photon attenuation correction was performed using CT images.
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supplementary table 1: Complete PSMA-PET findings

Lesion localization
Patients  
(n=63)

total n lesions 
(n=111)

Local recurrence 29 (46%) 29 (26%)
Lymph node metastases 26 (41%) 55 (50%)

Bone metastases 14 (22%) 26 (23%)
Visceral metastases 1 (2%) 1 (1%)
No detected lesions 10 (16%)

supplementary table 2: Comparison of patients receiving PSMA-PET/CT for ‘anticipated BCR’ vs. formally 
diagnosed BCR. Median and inter-quartile ranges.

characteristics
Anticipated BCR 
(n=63)

Formally diagnosed BCR 
(n=98) a p-value b

Age (years) 70 (68-75) 73 (70-76) 0.251
PSA at PET/CT (ng/mL) 1.3 (1.1-1.9) 5.7 (3.7-10.2) <0.001
PSA doubling time (months) 5.9 (3.0-13.0) 4.0 (2.0-11.0) >0.9

n (%) n (%) >0.9
Gleason score 6 12 (19%) 21 (21%)

7 23 (36%) 30 (31%)
8 8 (13%) 14 (14%)
9-10 12 (19%) 15 (15%)
unknown 9 (14%) 18 (18%)

Tumour stage T1c 8 (13%) 11 (11%) >0.9
T2 20 (32%) 24 (25%)
T3a 17 (27%) 34 (35%)
T3b-T4 11 (17%) 13 (13%)
unknown 8 (13%) 16 (16%)

Initial Therapy
External Beam 
Radiation

50 (80%) 84 (86%) >0.9

Brachytherapy 13 (20%) 14 (14%)

Androgen Deprivation Therapy at PET/
CT

5 (8%) 10 (10%) >0.9

a Based on: Wondergem, Jansen et al. EJNMMI 2019
b One-way ANOVA for continuous, normal distributed variables; Mann-Whitney U test for non-normal distributed variables. 
Fisher’s exact test for categorical variables. Holms-Bonferroni corrected p-values.
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CONCLUSIONS

PART 1

The use of multiparametric MRI in primary prostate cancer is rising. It can be performed 
prior to prostate biopsy, or after biopsy to aid treatment planning. In both scenarios a 
local tumour stage is assigned. In Chapter 1 of this thesis, we evaluated the accuracy 
of such staging information in a multicentre, retrospective study (n=430 patients). The 
radiologic T-stage from mpMRI was compared to pathology results following radical 
prostatectomy (reference T-stage). We found a poor sensitivity (45%, CI 37-54%) and 
moderate specificity (75%, CI 71-81%) for locally advanced prostate cancer (T-stage 
3-4), in line with results from other research groups[1]. The implications of erroneous 
staging were further explored. Even with mpMRI available, a third of all patients with 
pathology-confirmed locally advanced disease (T-stage 3-4) had not received the 
indicated lymph node dissection or had been operated with a potentially hazardous 
nerve-sparing approach. Finally, radiologic accuracy did not improve over time (2013-
2016), although the use of mpMRI expanded. This challenges the idea that increasing 
radiologic exposure naturally enhances diagnostic performance[2, 3]. 

In Chapter 2 we studied the hypothesis that individual radiologic (or clinical) predictors 
may be insufficient to classify disease stages, but that multiple predictors can be 
combined to provide more reliable tumour assessment. Although mpMRI seems 
insufficient for tumour staging as stand-alone modality, it may still improve diagnostic 
accuracy in combination with other, clinical parameters. We added the radiologic stage 
from mpMRI to two clinical nomograms (the MSKCC and Partin nomogram), using the 
same patients as in Chapter 1. The overall accuracy to predict locally advanced disease 
increased only marginally, however (the AUC of the receiver operating characteristic 
curve increased by 1% when mpMRI was added to the MSKCC nomogram; 4% when 
mpMRI was added to the Partin nomogram). 

Preoperative detection of locally-advanced tumours may prevent oncological unsafe 
nerve-sparing surgery, resulting in less tumour-positive surgical margins. The staging 
sensitivity of mpMRI appears limited, but its reasonable specificity (75% in Chapter 1; 
91% in prior studies[1]) may help to reduce the incidence of positive surgical margins. 
To test this hypothesis, we analysed a series of 523 patients undergoing robot-assisted 
radical prostatectomy in a single reference centre (2013-2017), Chapter 3. In 118/523 
patients (23%) a preoperative mpMRI had been available. The patients with preoperative 
mpMRI had identical clinical characteristics as patients without mpMRI. We found that 
surgical radicality was not associated with the availability of preoperative mpMRI: 34/118 
patients with mpMRI (29%) had positive margins, compared to 109 of 402 patients 
without mpMRI (27%, p=0.69).
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Taken together, in Part 1, we found limited evidence for the value of tumour staging 
with mpMRI in primary prostate cancer in current clinical practice. 

PART 2

Upon clinical introduction of a new PET radiopharmaceutical, thorough analysis of the 
technical parameters influencing image-quality, scan interpretation and the pharma-
cokinetic profile are required. In Part 2, we performed such ‘technical validation’ for 
18F-DCFPyL PET/CT. The results promote standardized image interpretation (reducing 
interobserver variability), optimal lesion detection and the use of quantitative 18F-
DCFPyL PET measurements as an imaging-biomarker. 

Healthy tissues with limited tracer uptake variability between patients can serve as 
reference regions for standardized PET interpretation, meaning the uptake in these 
tissues is taken as thresholds to classify suspicious lesions. Examples of such stand-
ardized interpretation include the PERCIST[4] and Deauville classifications for 18F-FDG 
PET/CT[5]. Chapter 4 describes the uptake variability of 18F-DCFPyL, 68Ga-PSMA, 18F-
fluoromethylcholine, and 18F-dihydrotestosterone in healthy tissues. For 18F-DCFPyL, 
the blood pool and liver had the least variable uptake across patients. For 68Ga-PSMA, 
only the blood pool appeared a candidate reference tissue. Both the blood pool and 
liver are proposed reference regions in the recent PROMISE protocol for standardized 
PSMA PET interpretation[6]. Our results support the use of blood-pool uptake, but raise 
concern regarding the use of liver uptake for 68Ga-PSMA PET evaluation. As a secondary 
outcome, this study provided reference ranges for healthy tissue uptake (population 
ranges). These may be used as image-based quality control for future PET scans, as any 
uptake outside this ranges points to flaws in image-acquisition.

In Chapter 5 we investigated whether advanced image-reconstruction algorithms for 
18F-DCFPyL PET/CT could improve detection of prostate cancer recurrence and interob-
server agreement. Twenty-four patients with biochemically recurrent prostate cancer 
and a current PSA <2.0ng/mL were included, as lesion detection in this group may 
still be improved (current localization rates 11-80%)[7-9]. Four image-reconstruction 
algorithms were used for every PET acquisition, generating four different PET scans 
per patient. These included a scan with 4mm voxels (reference standard) and a scan 
with 2mm voxels. Both the 4mm and 2mm PET scans were consequently reconstructed 
including Point-Spread Functions (PSF) modelling, a technique to improving image 
contrast. All scans were independently reviewed by four experienced nuclear medicine 
physicians. Detection of prostate cancer recurrence was based on consensus analysis 
(agreement of at least 3 readers per scan), as well as on all individual scan readings. 
Based on the consensus analysis, the advanced reconstruction methods did not affect 
the detection of recurrent cancer compared to the 4mm reconstruction (localization 
rates of 63-67% versus 63%, respectively). However, based on the individual readings 
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(i.e. clinical reality), recurrent prostate cancer was more frequently detected on the 2mm 
(74%, CI 65-83%) and the 2mm+PSF PET scans (75%, CI 66-84%) compared to the 4mm 
scans (66%, CI 56-75%, p<0.03). Additionally, a higher number of lesions was detected 
on the 2mm (median 2 lesions) compared to 4mm scans (median 1 lesion; p=0.008). 
The higher number of detected lesions did not include an upsurge in false-positivity. 
Applying advanced reconstructions did not significantly increase interobserver agree-
ment (81-85%), compared to the 4mm scans (76%, p>0.08). 

Chapter 6 describes the pharmacokinetic properties of 18F-DCFPyL in prostate cancer 
metastases. Eight patients with metastasised prostate cancer were included. Dynamic 
PET acquisitions were made from injection of 18F-DCFyL until 120 minutes post-injection, 
while arterial blood sampling was performed. The uptake of 18F-DCFPyL in metastases 
was measured over time and defined as a function of the tracer’s bioavailability in the 
blood pool (the blood input curve). Standard pharmacokinetic tissue-compartment 
models were used, defining the kinetic behaviour of a tracer in rate constants (k) (Figure 
1). A reversible two-tissue compartment model (with a fixed, small k4) best described 
the kinetic behaviour of 18F-DCFPyL. In this model K1 and k2 may explain the transport 
and (un)binding of 18F-DCFPyL from blood to prostate cancer cells. After binding the 
extracellular part of the target, PSMA-ligands are known to be internalized into the 
cell[10]. This process may be described by the observed k3 and k4 constants. See Figure 1.

Pharmacokinetic modelling is the reference method for tracer uptake quantification, 
but is not suited for clinical routine. Hence, simplified methods for quantification of 
18F-DCFPyL were validated. We established that an image-based measurement of 
tumour uptake, normalized to the blood activity concentration, accurately represent the 
pharmacokinetics of 18F-DCFPyL. This image-based Tumour-to-Blood ratio can be easily 
obtained from clinical PET scans. Such simplified quantitative analysis of 18F-DCFPyL PET/
CT may be used as an imaging biomarker for histologic grade and disease progression. 
Further, it could allow monitoring of treatment response, as changes in the Tumour-
to-Blood ratio may imply therapeutic response or failure. 

To monitor treatment response in patients, it is needed to understand the intrinsic 
variability of the quantitative PET measurements. In Chapter 7 we thus performed a 
repeatability analysis of 18F-DCFPyL PET/CT measurements. Twelve patients received 
two 18F-DCFPyL PET/CT scans within median 4 days’ time. We observed that the daily 
variation in Tumour-to-Blood ratio (TBR) does not exceed 32%: greater variation may 
be interpreted as treatment effect or disease progression. Additionally, we found that 
the patient-based PET-delineated Total Tumour Volume is appropriate for follow-up, 
for this metric was highly repeatable and robust to different image-reconstructions. 

In busy clinical routine, measuring only tumour uptake (Standardized Uptake Values, 
SUV) might be preferred over deriving a TBR. Moreover, the repeatability of SUV is better 
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(the blood measurements used in TBR increase variability). In using SUV, one assumes 
that input functions (e.g. the activity concentration of 18F-DCFPyL in blood over time) 
are equal in shape and size across patients. In Chapter 1, we hypothesized that this 
assumption is invalid for 18F-DCFPyL, for patients with large tumour volumes had lower 
activity concentrations of 18F-DCFPyL in their blood. Further evidence the presence 
of this so-called sink-effect is presented in in Chapter 8. We reviewed a patient with 
metastasised castration-resistant prostate cancer, who underwent 18F-DCFPyL PET/CT 
before and after starting a systemic therapy (abiraterone). The patient’s baseline and 
follow-up PSA levels were 1436 ng/mL and 1936 ng/mL, indicating progressive disease 
under treatment. On follow-up PET, a substantial increase in tumour volume was appar-
ent, accompanied by decreasing normal tissue uptake. A discrepancy between SUV 
and TBR was noted: tumour SUV had decreased by 13%, while the Tumour-to-Blood 
ratio increased by +75%. TBR thus seemed to correct for the sink-effect and adequately 
reflected the clinically observed disease progression. We concluded that 18F-DCFPyL 
uptake should be quantified using TBR, instead of SUV. The effect of tumour volume 
on PSMA uptake could be especially relevant for patients scheduled for PSMA-targeted 

Figure 1: Pharmacokinetic properties of 18F-DCFPyL, described by a two-tissue tissue compartment model.
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radioligand therapy (177Lu-PSMA), who are often heavily metastasised. Personalized 
dosimetry might be needed in these patients, accounting for the sink-effect. 

To conclude, in PART 2 we identified reference regions for standardized interpretation 
of 18F-DCFPyL (blood; liver). We observed potential benefit of using high resolution 
PET-images (2mm) for lesion detection, but not for interobserver agreement. Lastly, 
we validated simplified methods to quantify 18F-DCFPyL uptake in clinical practice 
(Tumour-to-Blood ratio, not SUV) and assessed the repeatability of these measures for 
therapy response monitoring. 

PART 3

In PART 3 we summarize the first clinical results with 18F-DCFPyL PET/CT in patients 
with recurrent prostate cancer. Chapter 9 assessed the efficacy of lesion detection with 
18F-DCFPyL in 248 patients with biochemically recurrent prostate cancer, included in 
two hospitals. Suspected metastases were identified in the majority (86%) of all PET 
examinations and even at PSA values <0.5 ng/mL lesions were observed in 59% of the 
patients. These findings support the recent EAU guidelines, recommending PSMA PET 
upon first signs of biochemical recurrence after radical prostatectomy (PSA >0.2 ng/
mL). Moreover, 18F-DCFPyL PET/CT frequently revealed prostate cancer lesions outside 
of the prostatic fossa, also at low PSA values. These findings are clinically relevant, for 
patients with biochemical recurrent disease after prostatectomy are candidates for local 
salvage radiotherapy on the prostatic fossa. This treatment may likely be ineffective in 
the presence of (lymph node) metastases. 

The diagnostic results with 18F-DCFPyL PET/CT appear equivalent to 68Ga-PSMA PET/
CT in patients with PSA values >2.0 ng/mL (i.e. 95% lesion detection with both tracers). 
Potentially improved detection is observed in patients with a PSA value <2.0 ng/mL 
[11]. See Table 1. Recently, another 18Fluorine-labelled tracer has been introduced: 
18F-PSMA-1007[12]. 18F-PSMA-1007 is minimally excreted via the urinary tract, which 
potentially improves visualisation of cancer lesions in the prostatic fossa. Our results 
with 18F-DCFPyL PET/CT appear grossly in line with the diagnostic efficacy found with 
18F-PSMA-1007 PET/CT in two recent studies[12, 13](Chapter 9). In terms of detection 
of local recurrence specifically, no evident benefit of 18F-PSMA-1007 is seen compared 
to our 18F-DCFPyL results[13, 14].

In Chapter 10 we report on using PSMA PET for patients with a rising PSA after curative 
radiotherapy, who did not meet the Phoenix criteria for biochemically recurrent disease 
(i.e. a PSA rise of ≥2 ng/mL above the PSA nadir[15, 16]). The Phoenix criteria were drawn 
up in 2005, when detection of prostate cancer recurrences was based on CT, bone scan, 
or prostate biopsies. The diagnostic sensitivity of PSMA PET imaging is likely superior 
to these techniques. We reviewed 315 patients scanned with PSMA PET/CT (both 
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18F-DCFPyL and 68Ga-PSMA) after curative radiotherapy in three centers (2015-2018). In 
total, 63 patients (20.0%) were scanned before meeting the Phoenix criteria. Although 
these patients are officially considered to be disease-free, prostate cancer lesions were 
found in the great majority (84%) of cases. These worrisome outcomes question whether 
the Phoenix criteria are still adequate in the era of PSMA PET. The Phoenix criteria defined 
biochemical recurrent disease based on the presence of metastases; such definition 
appears inherently dependent on the precision of available diagnostic techniques. 
We urge for re-evaluation of the criteria for biochemical recurrence after radiotherapy.

The early detection of prostate cancer recurrences with 18F-DCFPyL PET/CT, as found in 
PART 3, shows clear improvement to previous diagnostic techniques. Timely detection of 
metastases may be clinically relevant as it refines patient selection for salvage therapies, 
metastases-directed therapies, or the start of systemic treatment. It is crucial to realize 
however, that the clinical outcomes of none of these PSMA PET-based decisions have 
been sufficiently studied in prospective clinical trials yet[15, 17, 18].

FUTURE PERSPECTIVES

Multiparametric MRI

The use of multiparametric MRI has recently been incorporated in the Dutch, as well as 
the European, clinical guidelines as standard-of-care for patients with suspect prostate 
cancer, primarily to guide targeted prostate biopsies. If prostate cancer is detected, 
however, a tumour-stage is assigned as well[19]. This radiologic staging is not without 
consequence (PART 1). Given the dubious diagnostic accuracy, the question arises if 
radiologists should even continue providing a T-stage. 

Table 1: Lesion detection in patients with biochemically recurrent prostate cancer with various PSMA 
radiotracers

Publication Tracer N Detection rates per PSA strata (ng/mL)
      <0.5 0.5-<1.0 1.0-<2.0 ≥2.0

Perera[11] 2019 68Ga-PSMA-11 4790 45% 59% 75% 95%

<0.5 0.5-<1.0 1.0-<2.0 ≥2.0
Giesel[13] 2018 18F-PSMA-1007 251 62% 74% 91% 94%

≤0.5 0.51-≤1.0 1.1-≤2.0 >2.0
Rahbar[14] 2018 18F-PSMA-1007 100 86% 89% 100% 100%

<0.5 0.5-<1.0 1.0-<2.0 ≥2.0
This thesis 2019 18F-DCFPyL 248 59% 69% 85% 96%
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To improve T-staging, confining mpMRI interpretation to expert centres is often 
advocated[3, 20], though this may not appear feasible given the expected rise in mpMRI 
scans (following the new EAU guidelines). We cannot assume that just performing more 
mpMRI scans will ensure sufficient radiologic learning either (Chapter 1). Further (sub)
specialization of radiologists within the local centres may be stimulated, but it is unclear 
if the staging sensitivity will truly become dependable. 

The specificity of mpMRI for locally advanced cancer (75-91%) may be valuable, however. 
If the specificity could be improved to a minimum of 92%, a positive prediction value 
of 75% will be reached (if the prevalence of locally advanced disease is 33%, Chapter 
1). This lower threshold appears acceptable to refrain from nerve-sparing surgery, 
promoting radical tumour dissection. To ensure adequate specificity, radiologists 
could be encouraged to indicate their staging certainty (similar to the 5-point PI-RADS 
classification for detection of prostate cancer). A more radical alternative is to only 
describe the presence of T3 tumours only when reasonably certain; in other cases, 
T-staging with mpMRI is likely of limited value. 

Alternatively, PSMA PET/CT may provide information on the local tumour stage. The 
anatomical resolution of PET is much lower compared to mpMRI, but the (bright) PSMA 
uptake is often unambiguous. Especially for detection of seminal vesical invasion, 
PSMA PET provides encouraging first results (specificity >90%)[21-23]. Increasing 
PET-resolution may further improve these outcomes. Lastly, PET and MRI can also be 
acquired simultaneously, leveraging the qualities of both techniques. The availability of 
PET/MRI systems is currently constricted to expert imaging centres, and some technical 
challenges remain. This should not hold back enthusiasm for the technique’s superior 
visual quality, however. A prospective study investigating local tumour staging with 
18F-DCFPyL PET/MRI vs. mpMRI is currently undertaken (the ProStaPET study). 

 
18F-DCFPyL PET/CT

Currently, PSMA based PET diagnostics appear the most adequate imaging modality 
for detecting prostate cancer metastases[24-26]. Various PSMA-radiotracer have 
been developed (68Ga-PSMA, 18F-DCFPyL, and 18F-PSMA-1007); superiority has not 
conclusively been proven for any of the tracers yet. 18Fluorine-labelled ligands 
potentially outperform 68Ga-PSMA in restaging of patients, though data on 18F-PSMA is 
limited and coming from renowned diagnostic centres only. Compared to 18F-DCFPyL, 
18F-PSMA-1007 theoretically improves visualization of tumours close to the bladder, 
but clinical confirmation is lacking. Furthermore, frequent off-target 18F-PSMA-1007 
uptake in bone  is problematic (false-positive findings)[27, 28]. As it currently stands, 
there appears to be a future for 18F-DCFPyL PET/CT.
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Ultimately, the choice for any of the PSMA tracers may be driven more by product avail-
ability, pricing, and regulatory aspects (drug registration), than by subtle differences 
in diagnostic performance. Moreover, the impact of diagnostics differences in PSMA 
radiotracers should not be overestimated in terms of real clinical value. Adequate trans-
lation of the increased diagnostic sensitivity into effective therapeutic management is 
difficult (all prior clinical trials are based on conventional imaging). So far, no studies 
have yet established real improvement in patient outcomes (e.g. cancer-specific survival) 
by using PSMA PET in clinical decision making. Therefore, future research should not 
be focused on finding the ‘best’ PSMA tracer; proper (re)evaluation of clinical decisions 
based upon any PSMA PET will likely inform urologists or (radiation) oncologists more. 
This notion is supported by the consensus recommendation of the EORTC, advocating 
to integrate modern imaging techniques in clinical trials – without emphasis on the 
specific modality used (PSMA PET, choline PET, whole-body MRI)[17]. 

Still, newer radiotracers will likely be developed, potentially offering ever increasing 
diagnostic precision. To keep up with these diagnostic advances, dynamic research 
schemes are desired in which novel developments can be continuously introduced. 
This concept is effectively implemented in the famous STAMPEDE trials for metastatic 
prostate cancer[29], using a single control arm to compare multiple alternative treat-
ments with. The trial is continuous and new treatment arms may be opened – the 
prior arms naturally serving as a comparator. A similar protocol could be followed with 
different imaging modalities, e.g. for restaging prostate cancer. Identical therapeutic 
decision should be undertaken in each diagnostic arm, upon detection of recurrences 
(e.g. irradiation of lesions, initiation of systemic treatments). Only then, the impact of 
different imaging outcomes may be quantified in terms of patient outcomes (e.g. time 
to castration resistance; cancer-specific survival; quality of life). 

Besides optimizing the choice of tracer, diagnostic quality could be improved by 
ongoing technical optimization. With the arrival of digital PET/CT systems increasingly 
high image-resolutions will be possible. The results of Chapter 3 certainly encourage to 
investigate these developments. Higher resolution may increase diagnostic sensitivity, 
but comes at the risk of false-positive findings. To validate new imaging results, a good 
reference standard (pathology) is thus required. The prospective studies on PSMA 
PET in patients undergoing pelvic lymph node dissection (e.g. the SALT study[30], the 
OSPREY study[31]) provide valuable cohorts to this purpose. Moreover, these studies 
show lower than expected sensitivity for lymph node metastases in primary prostate 
cancer (40-45%) – even more reason to continue the search for technical improvements. 
Lastly, advanced quantitative analysis of PSMA PET scans could enhance prediction 
of (lymph node) metastases. Hundreds of radiomics features can be extracted from 
primary tumours. Combined with powerful statistical analysis (machine learning), 
adequate prediction of metastatic disease may be possible. Our results on 18F-DCFPyL 
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PET radiomics-based prediction appear promising (AUC 0.86 ±0.14)[32]).

The clinical value of PSMA PET for follow-up of patients with metastatic prostate cancer 
is yet unknown. Here, radiographic progression is used as a measure for treatment 
response and a predictor of disease progression (survival). The use of PSMA PET as a 
predictor for clinical outcomes should be compared to follow-up based on conventional 
imaging. Conventional imaging is far less costly, but potentially less sensitive to changes 
in disease. The added sensitivity of PSMA PET imaging may be especially relevant for 
follow-up of therapies that are associated with significant toxicity and financial costs. 

The last chapter of this thesis beholds potentially the biggest change in current clinical 
standards. A large number of patients treated with curative radiotherapy revealed 
metastasised disease on PSMA PET, prior to official diagnosis of recurrent disease. This 
calls for re-evaluation of the diagnostic paradigm and is an excellent opportunity to 
define clinical impact of PSMA PET imaging. A randomized trial may be initiated, in 
which patients are examined with PSMA PET upon any rising PSA (i.e. a PSMA based 
diagnostic paradigm) versus the standard diagnostic workup (the Phoenix criteria). 
Similar treatment should be agreed upon (i.e. metastasis-directed treatment, criteria 
for initiation of systemic treatment). Such design would establish the effect of early 
detection of recurrences on clinical outcomes, including time to castration-resistance, 
(cancer-specific) survival, but also evaluate the burden of additional treatment and 
diagnostic tests.
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NederlaNdse sameNvattiNg (dutch summary)

Prostaatkanker is de meest gediagnosticeerde vorm van kanker bij mannen in de 
Westerse wereld. In Nederland worden er circa 12.500 nieuwe gevallen per jaar ontdekt. 
Het risico om aan prostaatkanker te overlijden hangt sterk af van de uitgebreidheid 
(het stadium) van de ziekte. Wanneer de kanker zich alleen in de prostaat bevindt, is 
de kans op overlijden ten gevolge van de ziekte 1-9% in de eerste 10 jaar na diagnose. 
Echter, bij aanwezigheid van uitzaaiingen buiten de prostaat loopt de geschatte 
levensverwachting sterk terug, tot circa 3-4 jaar. Voor effectieve behandeling van 
prostaatkanker is het daarom van groot belang om uitzaaiingen vroegtijdig op te 
sporen en het risico op toekomstige uitzaaiingen goed in te schatten. 

deel 1

In deel 1 van deze thesis evalueerden we de toepassing van magnetic resonance imaging 
(MRI) voor onderzoek van tumoren in de prostaat zelf. Voor het maken van een MRI 
scan wordt een sterk magnetische veld op het lichaam toegepast, waardoor de positief 
geladen deeltjes in watermoleculen (protonen) zich allemaal in één richting oriënteren. 
Middels radiogolven wordt deze oriëntatie vervolgens verstoord (‘excitatie’). Aan de 
manier waarop de protonen zich hierop gedragen (‘relaxatie’) kan afgeleid worden wat 
voor soort weefsel zich op welke plek in het lichaam bevindt; er ontstaat een beeld.

Bij primaire prostaatkanker (niet eerder behandelde kanker) is het van belang om te 
weten of de  tumor zich alleen in de prostaat zelf bevindt, of ook door het kapsel van 
de prostaat heen groeit (tumor-stadium 3, T3). De aanwezigheid van T3 tumorgroei 
verhoogt het risico op de aanwezigheid van uitzaaiingen en vraagt om aanpassing van 
een eventuele therapie. In hoofdstuk 1 en 2 analyseerden we de uitkomsten van MRI 
scans in 430 patiënten voorafgaand aan de operatieve verwijdering van prostaat (radicale 
prostatectomie). We vergeleken de detectie van T3  tumoren middels MRI met de detectie 
van T3  tumoren door de patholoog na de operatie (gouden standaard). Slechts 45% 
van de T3  tumoren die gevonden werden door de patholoog werden ook preoperatief 
waargenomen met MRI (hoofdstuk 1). We concludeerden dat MRI weinig bijdraagt aan 
het opsporen van T3  tumoren – zelfs wanneer de MRI-gegevens gecombineerd worden 
met alle andere beschikbare informatie over de prostaatkanker (hoofdstuk 2). 

Als er op een MRI scan toch een T3  tumor wordt gezien, past de uroloog de operatie-
techniek aan. Door deze aanpassing wordt het risico verminderd dat er  tumorweefsel 
achterblijft in het lichaam. Echter, de aanpassing verkleint ook de kans op behoud van 
erecties en continentie na afloop van de operatie. In hoofdstuk 5 vergeleken we 526 
patiënten die een prostaatverwijdering ondergingen. Voor 118 patiënten was er een 
MRI scan beschikbaar voorafgaand aan de operatie. De patiënten met een MRI scan 
bleken echter een even grote kans te hebben op het achterblijven van  tumorweefsel 
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als patiënten zonder beschikbare scan: MRI droeg dus niet bij aan een veiligere opera-
tie. Samenvattend lijkt de waarde van MRI scans voor de detectie van T3 tumoren bij 
patiënten met prostaatkanker klein (Deel 1).

deel 2

Voor het opsporen van uitzaaiingen van prostaatkanker zijn de routine methodes van 
medische beeldvorming (CT- of MRI-scan) maar beperkt geschikt. Recent is daarom 
is een nieuwe beeldvormende techniek ontwikkeld: de Prostaat-Specifiek Membraan 
Antigeen Positron-Emissie Tomografie (PSMA PET).

PSMA is een eiwit dat op het celmembraan van alle prostaatcellen aanwezig is, maar 100 
tot 1000 maal meer voorkomt wanneer de cellen kwaadaardig zijn ontaard. Voor het 
maken van een PSMA PET scan, wordt gebruikt gemaakt van stoffen die zich specifiek 
aan dit PSMA eiwit binden (de tracer). Deze tracers zijn gekoppeld aan een radioactief 
element (een positron-emitter), waardoor de locatie van prostaatkanker in het lichaam 
kan worden vastgesteld middels een PET scanner. In Deel 2 onderzochten we een 
veelbelovende PSMA-tracer die gekoppeld is aan (radioactief ) 18Flouride: 18F-DCFPyL. 

In hoofdstuk 4 werd de opname van 18F-DCFPyL beschreven in gezonde weefsels (de 
biodistributie). Deze kennis is van belang om betrouwbaar een onderscheid te kunnen 
maken tussen normale weefselopname van 18F-DCFPyL en abnormale opname van 
18F-DCFPyL (mogelijk een  tumor). In hoofdstuk 5 onderzochten we vier verschillende 
algoritmes waarmee 18F-DCFPyL PET data uit de scanner kunnen worden omgezet in 
daadwerkelijke beelden (de beeldreconstructie). We vonden dat er méér prostaat-
kankeruitzaaiingen werden gedetecteerd wanneer er gebruik wordt gemaakt van 
een beeldresolutie van 2 mm ten opzichte van een beeldresolutie van 4 mm. Dit heeft 
potentieel invloed op de behandeling van patiënten: het vaststellen van uitzaaiingen 
kan een reden zijn voor (extra) radiotherapie, of juist het inzetten van medicatie (anti-
hormonale therapie of chemotherapie). 

In hoofdstuk 6, 7 en 8 richtten we ons op het biologische proces van verdeling van 
18F-DCFPyL over het lichaam en de mate van opstapeling van de tracer in  tumoren 
(het farmacokinetisch profiel van 18F-DCFPyL). Hiermee ontwikkelden we een methode 
om de middels 18F-DCFPyL PET scan gedetecteerde  tumoren getalsmatig te karakte-
riseren. Het voordeel van zo’n kwantitatieve analyse is dat het niet onderhevig is aan 
verschillen in visuele scaninterpretatie door nucleair geneeskundigen en dus lagere 
inter-beoordelaarvariatie. Tevens zijn deze kwantitatieve metingen mogelijk voorspel-
lend voor de mate van kwaadaardigheid van de  tumoren. Ook kunnen de metingen 
worden gebruikt om progressie dan wel afname van ziekte heel precies waar te nemen. 
Hiermee zijn nieuwe toepassingen van 18F-DCFPyL PET mogelijk, zoals volgen van 
patiënten die oncologische medicatie gebruiken over langere tijd. 
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deel 3

In deel 3 van deze thesis evalueerden we de klinische toepassing van 18F-DCFPyL PET 
scans op grotere schaal. In hoofdstuk 9 beschreven we 248 patiënten die eerder waren 
behandeld voor prostaatkanker middels radiotherapie of een prostaatoperatie. Alle 
patiënten hadden een oplopende prostaat-specifiek antigeen (PSA)- waarde in het 
bloed, wat wijst op terugkeer van ziekte (een biochemisch recidief van prostaatkanker). 
Middels 18F-DCFPyL PET scan werd het prostaatkankerrecidief in 86% van de patiënten 
gedetecteerd en zelfs bij heel lage PSA-waarden werden recidieven waargenomen. Deze 
bevindingen laten een duidelijke verbetering zien ten opzichte van eerdere beeldvor-
mende technieken. Ook bij patiënten met lage PSA-waarden werden al uitzaaiingen 
buiten de prostaatregio waargenomen. Bij hen kan overbodige na-bestraling of her-
operatie van de prostaatregio (de huidige standaardbehandeling) worden voorkomen. 
Tevens kan vroegtijdige behandeling van de uitzaaiing worden ingezet. 

In hoofdstuk 10 rapporteerden we over een opvallende bevinding met PSMA PET scans, 
in patiënten met oplopende PSA-waardes na eerdere radiotherapie. In 63 van de 315 
onderzochte patiënten bleek de PSA-waarde nog niet dusdanig verhoogd te zijn dat er 
volgens de huidige definities gesproken kan worden over (biochemisch) recidiverende 
prostaatkanker. Echter, op de PET scans werd al in 84% van deze patiënten terugkeer 
van ziekte waargenomen. Dit is een duidelijke aanwijzing dat de huidige criteria voor 
biochemisch recidiverende prostaatkanker na eerdere radiotherapie verouderd zijn. 
Her-evaluatie van de definitie lijkt noodzakelijk.
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