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Abstract
Prostate Cancer (ProCa) is one of the most commonly encountered malignancies in men, with variable incidence
and prevalence rates across different parts of the world.
Despite being a slow-growing tumour, ProCa can be fatal
when giving distant metastases, with the skeleton being
the most common metastatic sites. Osseous metastases in
ProCa patients can be osteoblastic, osteolytic or mixed,
and are associated with significant morbidity. Thus, early
detection and precise assessment of skeletal involvement
is critical for prognosis and accurate management of ProCa patients. Conventional bone scintigraphy (BS) using
99m-Technetium (99mTc) labelled radiopharmaceuticals
with planar imaging, SPECT imaging and hybrid SPECT/
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CT imaging, has been employed for decades in the assessment of metastatic bone disease of ProCa patients, due to
its low cost and availability. However, skeletal imaging
with modern hybrid PET/CT systems using 18Fluorine-Sodium fluoride (18F-NaF), exhibits superior diagnostic performance compared to conventional BS in addressing the
task of evaluating bony involvement in ProCa patients.
The superior spatial resolution of PET over SPECT, the
preferable pharmacokinetics of 18F-NaF over 99mTc labelled
agents, and the superior inherent quantitative capabilities
of PET-imaging, result in the superior diagnostic performance of 18F-NaF PET/CT imaging, which is documented
in the current review article. Given the widespread avail-
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ability of PET/CT scanners, and the decreasing cost of
18
F-NaF production, it is recommended that conventional
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BS should be replaced by the superior 18F-NaF PET/CT imaging in the work-up of ProCa patients.
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Prostate Cancer (ProCa) is the third most commonly diagnosed cancer (7.1% of all cases), after lung cancer, and
breast cancer in women, and among the leading causes of
cancer-related deaths worldwide (3.8%) [1]. According to
recent publications, ProCa has the highest incidence rate
among men in 105 countries and the highest mortality rate
in 47 countries with about 1.3 million new cases and 359,000
associated deaths in 2018 [1]. The decreasing incidence and
mortality trends observed in the last decade have exhibited
a tendency to increase, over the last three years [1-3].
Genetic factors, ageing and race are well-established
ProCa risk factors [4-5]. Genome-wide association studies
(GWAS) have reported at least 100 single-nucleotide polymorphism loci (SNPs) associated with ProCa [5-13]. Family
history is positively and significantly correlated with ProCa
risk [5, 10-11]. Furthermore, nutrition-related factors have
been implied to correlate with increased ProCa risk, such as
diets enriched in saturated fat and calcium [14].
Serum prostate-specific antigen (PSA), a glycoprotein
produced by the epithelial cells of the prostate gland, is the
most commonly used biomarker for ProCa screening [1516]. The introduction of serum PSA assessment in the 1970s,
revolutionised the management of ProCa patients, with
increased PSA levels implicating increased risk for ProCa,
higher pathological grade and elevated risk for metastatic
disease [16]. However, serum PSA assessment lacks specificity, since increased PSA levels can be attributed to several
benign conditions such as prostatitis, prostatic hyperplasia,
recent medical procedures (biopsy, urinary catheter placement, etc), urinary tract infection, or intense exercise [17].
Furthermore, biopsy-proven ProCa has been confirmed
only in 30-40% of cases with increased serum PSA levels (>4
ng/ml), while ProCa has been diagnosed in approximately
15% of men with low serum PSA levels (<4 ng/ml) [17-19].
Therefore, novel fluid-based biomarkers/models are being
investigated for ProCa screening, with blood-based Prostate

Health Index (PHI) and urine-based Prostate Cancer Antigen
3 (PCA3) having been recently approved by the US Food and
Drug Administration (FDA) for ProCa screening [20].
The standard diagnostic algorithm for ProCa diagnosis
in patients with elevated serum PSA levels involves prostate sampling with transrectal ultrasound (TRUS)-guided
biopsy [21]. Risk stratification based on microscopic architecture and cell appearance in biopsy findings is numerically expressed by the Gleason grading system [22-23]. The
TRUS-guided approach has been criticised for the anterior
and apical prostate region undersampling, resulting in underdetection of 21% to 28% of malignant cases and in undergrading of 40% of cases, when compared to histology results
obtained postoperatively [21-23]. Epstein et al. in a study of
patients undergoing radical prostatectomy, reported that
the majority of tumours with a Gleason score 2-4 on needle
biopsy were upgraded to Gleason score 5-6 when reviewed
by pathologists after surgery [24]. Furthermore, since
TRUS-guided biopsy is associated with significant morbidity. Multi-Parametric Magnetic Resonance Imaging (MPMRI) has been suggested as a triage imaging test to guide
decision making on which patients with elevated PSA will
undergo needle biopsy [25-26]. The MP-MRI images may
also be superimposed on TRUS-images during biopsy, with
preliminary studies demonstrating that this fusion imaging
significantly increases the detection of high-risk tumours as
compared to traditional TRUS biopsy [27].
ProCa can give distant metastases to the liver, lymph
nodes, lungs, brain and predominately to the bones, with
autopsy studies showing skeletal involvement in 90% of
patients with advanced metastatic disease [28-30]. ProCa
cells spread into the vasculature and preferentially adhere
to bone marrow endothelial cells (BMECs). ProCa cell CD44
expression, being associated with hyaluronian binding,
facilitates ProCa cells arrest on BMECs and their invasion
through the vascular wall into the marrow [31]. Even if ProCa cells have disseminated into the marrow, there may be
43

HJR

F-NaF PET/CT imaging versus 99mTc-MDP scintigraphy
in assessing metastatic bone disease in patients with prostate cancer, p. 42-55

a long tumour dormancy period until there is evidence of
metastatic disease due to insufficient angiogenesis, immune
response, genomic instability and failure to establish a functional stroma [30-32].
Osseous metastases can be complicated with pain, pathologic fractures, hypercalcaemia, bone marrow suppression
and spinal cord compression in case of vertebral metastatic
lesions extending into the spinal canal [33]. Therefore, early
detection of bone metastases in ProCa patients is of utmost
importance for the accurate patient management [34-35].
The aim of the current review article is to compare the diagnostic performance of conventional bone scintigraphy
(planar, SPECT, or SPECT/CT) using 99mTc-MDP (99m-Technetium-Methylene Diphosphonate) with hybrid PET/CT imaging using 18Fluorine- Sodium Fluoride (18F-NaF), in assessing
bone metastases of ProCa patients.

mTc-MDP Bone Scintigraphy

99

Tc-MDP whole-body bone scintigraphy (BS) is the most
widely employed imaging test for the detection of metastatic bone disease. 99mTc-MDP is taken up via chemical absorption onto hydroxyapatite crystals on mineralising bone
surface and is incorporated into the hydroxyapatite crystalline structure. Therefore, it targets the bone areas with
increased osteoblastic activity and active bone metabolism.
Especially in the setting of ProCa, skeletal metastatic lesions
usually exhibit an abnormally increased osteoblastic activity, making 99mTc-MDP an effective tracer for visualisation
of bone metastases. However, intense osteoblastic activity
may occur due to therapy response (flare phaenomenon),
various disorders such as trauma, postoperative changes,
degenerative changes, and inflammatory/infectious diseases, increasing the number of false positive findings and
downgrading the specificity of the technique [36-38]. Furthermore, 99mTc-MDP lacks efficiency in targeting osteolytic metastatic lesions, which are also encountered in ProCa
patients [37].
The National Institute of Health and Clinical Excellence
in UK recommends 99mTc-MDP BS for patients in intermediate or high ProCa risk, indicated by PSA≥10 ng/ml, Gleason
Score ≥ 7 or both [39]. Although data on the usefulness of
99m
Tc-MDP BS in ProCa staging is controversial, most studies conclude that BS is not recommended for patients with
minimal risk for bone metastases (PSA<10 ng/ml). In accordance with the National Institute of Health and Excellence,
Briganti et al., suggested that 99mTc-MDP BS should be performed in patients with a Gleason Score ≥7 or PSA≥10 ng/ml
99m
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and cT2/T3 disease prior to treatment [39,40]. Ritenour et
al., reported that ProCa patients with a Gleason Score >7 and
PSA≥10 ng/ml or with a Gleason Score≤7 and PSA≥30 ng/ml
should undergo BS [41]. In a retrospective study based on
a cohort of 703 newly diagnosed ProCa patients, Lin et al.
strongly recommended BS for patients with PSA ≥ 20 ng/
ml or Gleason score >7, indicating that BS is of limited value
for those with PSA<20 ng/ml and Gleason score<8 [42]. Furthermore, Langsteger et al. reported that, urologists should
require BS after radical prostatectomy even if PSA levels are
elevated after surgery, due to correlation between the pattern of PSA increasing levels and BS positivity [35].
Even-Sapir et al. reported BS sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) of 70%, 57%, 64%, and 55%, respectively, in a prospective study involving 44 patients with high-risk ProCa, and
bone metastases present in 23 of them, based on definitive
PET/CT findings, biopsy, and imaging follow-up [43]. In a
cohort of 49 ProCa patients with confirmed skeletal involvement in 32 of them, Damle et al., reported sensitivity, specificity, PPV and NPV of 96.9%, 41.2%, 75.6% and 87.5% respectively [44]. Furthermore, Rathke et al., in a study assessing
the detection rate of osseous metastases in a cohort of 21
metastatic castrate-resistant prostate cancer (CRPC) patients, reported a sensitivity of 76% (Standard error, SE=3%)
and specificity of 90% (SE=2%) [45]. With regard to BS sensitivity in assessing therapy response, there is equivocal data.
Treatment response in ProCa patients with known osseous
metastases exhibit scintigraphic changes with a delay of 6-8
months. Furthermore, a newly seen lesion on BS bone, within the first six months from the onset of treatment, may
indicate healing of a previously occult lesion rather than a
new metastasis [36, 46].
In order to enhance the diagnostic performance of BS,
Imbriaco et al. introduced the Bone Scintigraphy Index
(BSI), in an attempt to create a quantitative and objective
tool, that could serve as an imaging biomarker [47]. BSI
represents the percentage of the skeleton with neoplastic
involvement, and is based on the visual assessment of the
extent of the fractional involvement of each bone based on
the bone scan. Several studies have reported the prognostic
value of BSI for ProCa patient survival. Meirelles et al., in
a study including 51 patients with progressing metastatic
ProCa, as shown by increasing PSA levels, or by an increase
in pre-existing lesions in BS, or by CT or MRI findings, reported that BSI was proved to be a strong prognosticator,
with a BSI ≤ 1.27 for a median survival of 27 months and a
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BSI>1.27 (P=0.004) for a median survival of 14.4 months [48].
Furthermore, Dennis et al., in a retrospective study involving 88 CRPC patients, reported that a doubling in BSI is associated with a 1.9-fold increase in the risk of death [49]. In the
same context, Reza et al. reported that the 5-year survival
rate of patients following androgen deprivation therapy
(ADT) is significantly different between patients with BSI ≤1
and BSI >1 [50].
However, BSI is based on visual interpretation of scans
and requires considerable time from the reader. Therefore, computer-assisted diagnosis (CAD) and artificial intelligence were developed and employed for automated
BSI assessment. Zaccho et al. reported that BSI, assessed
via automated software, is an independent risk factor for
the time from androgen deprivation therapy (ADT) initiation to development of resistance to castration (CR) in hormone-naïve, newly diagnosed, patients [51]. In the study
which included 208 men undergoing ADT therapy, BSI significantly (p<0.001) predicted the time to CR development
with a hazard ratio of 1.17 [51]. In a similar study by Poulsen
et al., software-based assessment of BSI was statistical significantly predicting the time to CR-development (hazard
ratio [HR] 1.45; C-index increase from 0.49 to 0.69) and the
ProCa-specific survival (PCSS) (HR 1.34; C-index increase
from 0.76 to 0.95) [52]. Armstrong et al., in a multicenter
randomised, double-blinded, placebo-controlled clinical trial, including 1245 patients with bone metastatic chemotherapy-naïve CR-ProCa from 241 sites in 37 countries, reported
that the risk of death increases by 20% per automated BSI
doubling (HR, 1.20; p<0.001) [53]. They also reported that
overall survival (OS) for a BSI of 0.05 was 34.7 months, for a
BSI of 0.58 was 27.3 months, for BSI of 2.06 was 21.7 months
and for BSI of 6.72 was 13.3 months. Automated BSI was also
found to be associated with PCSS (HR, 1.20; p<0.001), time
to symptomatic progression (HR, 1.18; p<0.001), and time
to opiate use for cancer pain (HR, 1.21; p<0.001) [53]. Furthermore, a meta-analysis by Li et al., including 14 studies
with 1295 metastatic ProCa patients in total (12 of them
using automated BSI), showed that increased baseline BSI
and BSI change during treatment significantly predict poor
OS (HR=1.29, P < 0.001; HR=1.27, P< 0.001, respectively). In
addition, baseline BSI was significantly associated with ProCa-specific survival (HR=1.65, P=0.019) and prostate specific
antigen recurrence survival (HR=2.26, P< 0.001) [54].
Spatial information in the 3D image space, and therefore,
accurate anatomic characterisation of metastatic bone lesions is limited in planar BS due to the 2D nature of acquisi-
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tion. This inherent drawback is a major obstacle, when evaluating skeletal regions such as the spine, pelvis, hip, knee,
small bones and joins where bone structures overlap on the
2D images. In order to overpass the aforementioned diagnostic challenge, BS with single photon emission computed
tomography (SPECT) was introduced, enabling image reconstruction in 3D space. Performing BS with SPECT acquisition increases the diagnostic performance and improves
the accuracy of the test [43]. Moreover, hybrid SPECT/CT
imaging, provides incremental diagnostic information, by
allowing anatomic characterisation of regions with abnormally increased 99mTc-MDP uptake. The capability of SPECT/
CT to depict lesion morphology contributes significantly
to addressing the task of differentiating malignant from
benign lesions [43, 55-62]. In a prospective comparison between whole-body planar scintigraphy (WBS), SPECT, and
SPECT/CT in 353 oncologic patients, the reported sensitivity, specificity, NPV and PPV on a per-patient basis were
93%, 78%, 95% and 59% for WBS, 94%, 71%, 97% and 53 %
for SPECT, and 97 %, 94 %, 97 % and 88 % for SPECT/CT, respectively. The presented data clearly showed the significantly improved specificity and PPV provided by SPECT/
CT scintigraphy, which enabled accurate downstaging and
upstaging of disease status, significantly affecting patient
management [63].
Even-Sapir et al., in a cohort of 44 ProCa patients, evaluating the impact of BS with SPECT acquisition in terms of
diagnostic performance, found that sensitivity, specificity,
PPV and NPV were increased by 21%, 10%, 13% and 19% respectively when assessing skeletal metastatic spread [43].
In a prospective comparison study between planar BS and
SPECT/CT BS in 37 newly diagnosed ProCa patients with
PSA≥50 ng/ml, Fonager et al. demonstrated that SPECT/CT
BS outperformed planar BS in all diagnostic properties [64].
Furthermore, Sharma et al., in a study of 99 ProCa patients
showed that BS with SPECT/CT correctly characterised 96%
of equivocal lesions observed in planar BS [65]. Also, Helyar
et al. compared the diagnostic performance of SPECT/CT
BS over planar BS and SPECT BS in a cohort of 40 ProCa patients and found that 61% of lesions were rated as equivocal
in planar BS and SPECT BS, whereas only 8% of lesions were
deemed equivocal with SPECT/CT BS [58]. Additionally,
Palmedo et al., in a cohort of 97 ProCa patients showed that
SPECT/CT BS significantly influenced patient management,
by downstaging metastatic disease in 33.8% of patients [63].
In the same context a retrospective study by Fleury et al.
including 164 ProCa patients, showed that trunk SPETC/CT
45
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Fig. 1. A 56-year-old man with newly diagnosed ProCa, (PSA 2910 ng/mL), who underwent both conventional whole-body bone
scan with 99mTc-MDP, and whole-body PET/CT with 18F-NaF (20 days interval between the two tests) for staging purposes. a,
b. Anterior and posterior views of whole-body 99mTc-Bone Scan were negative for bone metastases. c. Whole-body maximum
intensity projection (MIP) 18F-NaF PET image showing (arrows) focal 18F-NaF avid lesions located in the cervical spine and in
lateral left 6th rib. d, e. Axial CT and 18F-NaF PE/CT images of the cervical spine showing intensely increased 18F-NaF uptake,
corresponding to an osteosclerotic lesion at the C5 vertebral body, strongly indicating an osseous metastatic lesion. f, g. Axial CT
and 18F-NaF PE/CT images of the thorax, showing abnormally increased 18F-NaF activity at the lateral left 6th rib, corresponding
to a hardly seen on CT osteosclerotic lesion, highlighting the capability of the modality to target early-stage metastatic bone
lesions. (Image courtesy of Dr. P. Choyke, Molecular Imaging Program Director, National Cancer Institute, Bethesda, MD, USA).

provides incremental diagnostic information over planar
BS, contributing to the assessment of metastatic bone disease with significantly improved accuracy [66] .

F-NaF PET/CT imaging

18

Fluorine-18 Sodium Fluoride (18F-NaF) has been introduced
in NM as a radiotracer for bone imaging since 1962 and was
FDA approved in 1972 [67, 68]. Being a positron emitter, its
high energy photons (511keV), its short half-life (T1/2 = 110
minutes), and limitations in detector imaging technology
at that period, did not favour the clinical use of 18F-NaF for
skeletal imaging. On the contrary, bone scintigraphy with
99m
Tc-MDP, which was easily accessible due to the greater
availability of molybdenum generators, evolved as the most
widely employed NM imaging technique for bone imaging.
The favourable physical characteristics of 99mTc- for planar
BS and SPECT, mainly due to emission of lower energy photons, and the limited availability of clinical PET scanners
initially, led to the establishment of 99mTc-MDP as the most
widely employed radiotracer for visualisation of skeletal
46

metastases. However, the widespread installation of clinical
PET and PET/CT systems, enabled the clinical implementation of 18F-NaF as bone-seeking radiopharmaceutical for
functional skeletal imaging [69-81]. The favourable 18F-NaF
pharmacokinetics and the superior inherent quantitative
and diagnostic capabilities provided by hybrid PET/CT
systems compared to conventional BS, renewed the interest for 18F-NaF PET/CT as the optimal imaging modality for
evaluation the osseous metastases [69].
The mechanism of 18F-NaF uptake by bone is similar to
that of 99mTc-MDP. However, 18F-NaF presents superior kinetics, such as faster blood clearance and twofold higher
uptake by bone compared to 99mTc-MDP [37]. Post intravenous injection, 18F- ions reach rapidly an equilibrium with
plasma, and most of the radiotracer is captured by bone in a
single pass of blood, through fluorine and hydroxyl ions exchange on the surface of hydroxyapatite crystals, forming
fluoroapatite [34]. Compared to 99mTc-MDP, 18F-NaF exhibits
minimal binding to serum proteins, resulting in fast clearance from soft tissues, shorter delay times from injection
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Fig. 2. A patient with prostatic adenocarcinoma post prostatectomy (Gleason 4+3=7 positive margins, both seminal vesicle (SV)
positive for invasion, T3bN0Mx). The patient underwent salvage radiation, plus therapy with luteinising hormone-releasing
hormone agonists for six months, with PSA being undetectable for two years. Subsequently, an increase in PSA levels was
observed and the patient underwent both conventional whole-body bone scan with 99mTc-MDP, and whole-body PET/CT with
18
F-NaF within follow-up (14 days interval between the two scans). a, b. Anterior and posterior views of whole-body 99mTc-Bone
Scan revealed a metastatic lesion at the right sacrum (arrow). c. Whole-body maximum intensity projection 18F-NaF PET image showing foci of abnormally elevated 18F-NaF activity at the right sacrum (red arrow), and additional lesions at a thoracic
vertebra (blue arrow) and at the right iliac wing (green arrow). d, e. Axial CT and 18F-NaF PE/CT images of the thoracic spine
showing intensely increased 18F-NaF uptake, corresponding to an osteosclerotic lesion at the body of the T5 vertebra (arrows). f,
g. Axial CT and 18F-NaF PE/CT images of the pelvis, showing abnormally increased 18F-NaF activity at the right iliac wing (yellow
arrows), co-localising with an osteosclerotic focus on CT. Areas with elevated 18F-NaF activity seen on the facet joints L5-S1 (red
arrows) correspond to degenerative changes seen on CT (osteophytes). h, i. Axial CT and 18F-NaF PE/CT images of the pelvis
showing abnormally increased 18F-NaF activity at the right sacrum, corresponding to an area of osteosclerosis on CT, consistent with metastatic lesion. (Image courtesy of Dr. P. Choyke, Molecular Imaging Program Director, National Cancer Institute,
Bethesda, MD, USA).

to image acquisition, and shorter imaging times increasing
thus patient comfort [35, 37, 69].
18
F-NaF PET/CT demonstrates considerable advantages
over BS, mainly due to 18F-NaF pharmacokinetic properties
and the better imaging characteristics of PET compared to
SPECT. In terms of diagnostic quality of the acquired images, the higher 18F-NaF bone to soft tissue ratio uptake, contributes to reduced image noise and increased sensitivity
(Figs. 1 and 2). Due to this high 18F-NaF bone to background
ratio uptake, it has been suggested, yet not been applied and
confirmed in a diagnostic environment, that CT scan may
not be needed for attenuation correction and should be performed only for co-registration purposes [82].
Furthermore, the ability of 18F-NaF to target bone disor-

ders leading to increased bone surface exposed to blood
flow, enables visualisation of both osteoblastic and osteolytic bone, metastases, whereas conventional BS depicts
only osteoblastic lesions [35,67]. Moreover, the quantitative capabilities of PET-imaging allow to follow up
the activity of each individual lesion [SUV (standardised
uptake value)-based metrics] [83], while providing skeletal tumour burden indices of total 18F-NaF skeletal metastatic lesion uptake and total volume of 18F-NaF positive
bone metastases, with critical contribution to accurate
assessment of treatment response (Fig. 3, 4) [79, 80]. In a
study by Muzahir et al., SUVmax for skeletal metastases on
CR-ProCa patients was found to be significantly higher
compared to degenerative lesions (SUVmax>50 for met47
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Fig. 3. A case of a 62-year-old man with history of ProCa who was evaluated with both whole-body 99mTc-MDP bone scan and
whole-body 18F-NaF PET/CT study, before initiation of therapy and six months after therapy completion, in order to assess treatment response. (99mTc-MDP bone scan and 18F-NaF PET/CT scan were performed with one day interval from each other, at both
time points). a. Anterior (a1) and posterior (a2) view of whole-body 99mTc-Bone Scan showing extensive skeletal involvement. b.
Anterior (b1) and posterior (b2) view of whole-body 99mTc-Bone Scan 6 months post treatment indicates stable metastatic bone
disease. c. Baseline whole-body 18F-NaF PET/CT study revealing more osseous metastatic sites, seen on the MIP image (c1). The
18
F-NaF PET/CT study performed six months post treatment (d) showed improvement with decreased 18F-NaF activity for the
majority of skeletal lesions. The osteosclerotic appearance on the CT portion of the study was almost resolved for several bone
metastases (comparison between subfigures: c3 and d3). (Image courtesy of Dr. P. Choyke, Molecular Imaging Program Director,
National Cancer Institute, Bethesda, MD, USA).

astatic disease, < 12 for degenerative lesions) (P< 0.001)
[84].
Simoncic et al. compared 18F-NaF and 18F-FDG(radiolabeled glucose analog reflecting tumour metabolism) for the
assessment of pharmacodynamic response to therapy in 10
CR-ProCa patients with osseous metastases, with scans obtained prior to therapy, after 4 weeks of therapy, and post
2 weeks of treatment cessation [85]. Authors suggested that
18
F-NaF and 18F-FDG-based response assessment is comparable, yet the use of both tracers could be proved beneficial. Nowadays, that theranostics (use of identical or similar
agents for both imaging and treatment) lie on the basis of
48

precision medicine, 18F-NaF PET/CT can be a significant tool
for the implementation of such models in visualising and
treating osseous metastases of ProCa patients. In a recent
review by Jadvar et al., pre-treatment total 18F-NaF positive
bone metastases correlate with patient outcome, when applying alpha particle therapy with 223RaCl2 (approved by FDA
on 2013). Moreover, 18F-NaF contributes to the assessment
of response to 223RaCl2, given that the 18F-NaF PET/CT scan
is performed sufficiently long after the end of the treatment
(2-3 months) in order to avoid the flare period, which can
mimic disease progression [86]. Zukotynski et al. also described the superiorty of 18F-NaF PET/CT over conventional
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Fig. 4. A case of a 62-year-old man with history of ProCa who was evaluated with both whole-body 99mTc-MDP bone scan and
whole-body 18F-NaF PET/CT study, before initiation of therapy and two years after therapy completion, in order to assess treatment response. (99mTc-MDP bone scan and 18F-NaF PET/CT scan were performed with one day interval from each other, at both
time points). a. Anterior (a1) and posterior (a2) view of whole-body 99mTc-Bone Scan revealed several sites of bony involvement.
b. Anterior (b1) and posterior (b2) view of whole-body 99mTc-Bone Scan, two years post treatment, showed the same osseous metastatic sites without significant change, indicating stable metastatic skeletal disease. c. Baseline whole-body 18F-NaF PET/CT
study demonstrated additional skeletal metastases, seen on the MIP image (c1). Moreover, the 18F-NaF PET/CT study performed
two years post treatment (d) showed improvement in terms of both decreased 18F-NaF uptake, and CT appearance of the lesions.
(Image courtesy of Dr. P. Choyke, Molecular Imaging Program Director, National Cancer Institute, Bethesda, MD, USA).

BS in assessing treatment response in the setting of CR-ProCa patients [87]. Furthermore, Apolo et al. reported prognostic value of 18F-NaF PET/CT with significant correlation
between OS with both SUV change at 6 months (P=0.018)
and number of lesions on the baseline scan (P=0.017) [88].
Dose-wise, due to rapid renal excretion of fluorine ions,
urinary bladder is the organ which receives the highest dose
in 18F-NaF PET/CT, compared to bone surface in 99mTc-MDP
BS. The radiation-induced risk of a 18F-NaF PET exam has
been reported to be about 4.4-8.9 mSv, with an additional
2.0-4.0 mSv for the CT acquisition, while the effective dose of
a 99mTc-MDP scan is 4.2-6.3 mSv. However, time-of-flight PET
and the high target-to-background signal of 18F-NaF, which

allow lower administered activities without influencing the
diagnostic outcome, and low dose CT acquisitions, obtained
with dose reduction techniques such as tube current modulation, adaptive collimation and iterative reconstruction
algorithms, may reduce the radiation dose of 18F-NaF PET/
CT exams [37].
Comparison between 18F-NaF PET/CT and 99mTc-MDP
scintigraphy in the assessment of metastatic skeletal
disease in ProCa patients
PubMed data base search resulted in six prospective studies
(table 1). Poulsen et al. compared the diagnostic accuracy
of 18F-NaF PET/CT, 18F-fluoromethylcholine (18F-FCH) PET/
49
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Table 1. Studies comparing 18F-NaF PET/CT imaging and 99mTc-MDP scintigraphy in assessing skeletal metastases in patients with prostate cancer.
Study

Number
of patients

Poulsen
et al77, *

18

F -NaF

99

mTc-MDP planar BS

Other

1

SN
(%)

1

SP
(%)

1

PPV
(%)

1

NPV
(%)

1

SN
(%)

1

SP
(%)

1

PPV
(%)

1

NPV
(%)

1

50

93.1

54.0

81.8

77.9

50.8

82.2

86.4

42.9

2

84.7

2

91.1

Even-Sapir
et al43, *

44

100

100

100

100

57.0

57.0

59.0

55.0

3

92.0

3

82.0

Iagaru
et al79, *

18

100

80.0

87.5

80

4

55.6

4

100

Minamimoto
et al 80,*

15

5

100

5

60.0

81.3

100

6

65.4

6

40.0

Jambor
et al81, *

27

7

94

7

96

8

81

8

96

Fonager
et al57, *

37

89

8

89

8

100

90

5

94.1

5

100

7

96

75

54

78

7

100

45.5

88

90

96

60

SN
(%)

SP
(%)
1

PPV
(%)

1

2

95.0

2

74.9

3

87.0

3

100

6

85.0

6

25.0

8

100

8

77

1

NPV
(%)

1. SN: sensitivity, SP: specificity, PPV: positive predictive value, NPV: negative predictive value, 2. Results obtained from 18F-FCH PET/CT, 3. Results
obtained from SPECT, 4. Results obtained from 18F-FDG PET/CT, 5. Results obtained from combined 18F-NaF / 18F-FDG scan, 6. Results obtained from
whole-body MRI, 7. Results correspond to diagnostic performance for assessing osseous metastases in both breast and ProCa patients, 8. Results obtained
from SPECT/CT, *prospective study

CT, and 99mTc-MDP BS, in detecting spinal metastasis in a
prospective study of 50 biopsy-proven ProCa patients, using magnetic resonance imaging (MRI) as a reference [89].
18
F-fluoromethylcholine (18F-FCH) is a choline analogue, a
precursor of phospholipids incorporated into phosphatidylcholine, and is a potential marker of cell division via tracing
choline kinase which is overexpressed in tumour cells [90].
The mean age of the enrolled patients was 73 years, with 363
malignant and 163 non-malignant lesions. The study found
superior diagnostic performance of PET/CT using both
18
F-NaF and 18F-FCH over 99mTc-MDP BS. The reported values
for sensitivity, specificity, PPV and NPV values were 51, 82,
86, 43% respectively for whole body BS, and 93, 54, 82, 78%
respectively for 18F-NaF PET/CT.
Even-Sapir et al., compared the performance of 99mTcMDP planar BS, single- and multiple field-of-view SPECT,
18
F-NaF PET and 18F-NaF PET/CT in detecting bone metastases in a prospective series of 44 high risk ProCa patient with
a total of 156 lesions (mean age, 71.6±8.8 years) [43]. Authors
reported sensitivity, specificity, PPV and NPV values of 57,
57, 59, 55% respectively for 99mTc-MDP BS, 92%, 82%, 86%,
90% respectively for SPECT, 100%, 82%, 87%, 100% respectively for 18F-NaF PET and, 100%, 82%, 87%, 100% respective50

ly for 18F-NaF PET/CT. The study revealed the superior performance of 18F-NaF PET compared to 99mTc-MDP BS either
planar or SPECT, while the fused CT images in 18F-NaF PET/
CT significantly increased the specificity.
Iagaru et al. conducted a prospective evaluation of 99mTcMDP, 18F-NaF PET/CT and 18F-FDG PET/CT for detection of
skeletal metastases in a cohort of 18 ProCa patients. The
study showed that 18F-NaF PET/CT outperformed both
99m
Tc-MDP and 18F-FDG PET/CT in sensitivity (100% vs 87.5%
and 55.6% respectively) [91]. Furthermore, in a prospective
cohort of 15 ProCa patients, Minamimoto et al compared
the performance of combined administration of 18F-NaF
and 18F-FDG in a single PET/CT scan with 99mTc-MDP BS and
with whole-body MRI, which included both unenhanced
and contrast-enhanced sequences. 18F-NaF/18F-FDG PET/CT
exhibited considerably higher sensitivity than whole-body
MRI (P<0.02) and BS (P<0.03) in the assessment of skeletal
lesions. However, 18F-NaF/18F-FDG PET/CT did not show any
signiﬁcant difference in sensitivity with a combination of
whole-body MRI and BS (P=0.08), or with a combination of
18
F-NaF/18F-FDG PET/CT and whole-body MRI (P=1.00). Despite the small size of the study population, this data suggests that combined 18F-NaF/18F-FDG PET/CT is superior to

F-NaF PET/CT imaging versus 99mTc-MDP scintigraphy
in assessing metastatic bone disease in patients with prostate cancer, p. 42-55
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whole-body MRI and 99mTc-MDP scintigraphy as single imaging modalities, for the assessment of skeletal involvement
in ProCa patients [92].
Jambor et al. compared the diagnostic accuracy of
99m
Tc-hydroxymethane diphosphonate (99mTc-HDP) planar
BS, 99mTc-HDP SPECT, 99mTc-HDP SPECT/CT, 18F-NaF PET/CT
and whole-body MRI, including diffusion weighted imaging,
(DWI-wbMRI) for the detection of bone metastases in a prospective series of 27 ProCa patients at high risk for skeletal involvement [93]. On a lesion-based analysis, the study
demonstrated that 18F-NaF PET/CT and DWI-wbMRI exhibited significantly higher sensitivity and AUC values compared to conventional nuclear medicine imaging tests. Fonager et al. compared planar BS, SPECT/CT and 18F-NaF PET/
CT in detecting skeletal metastases in a prospective cohort
of 37 newly diagnosed ProCa patients with PSA≥50, eligible
for ADT therapy, with skeletal involvement being present in
27 of them [64]. The study showed that both 18F-NaF PET/
CT and SPECT/CT outperformed planar BS in terms of sensitivity (89% for both 18F-NaF PET/CT and SPECT/CT versus
78% for planar BS). Although, the study did not reveal any
significant differences regarding specificity, authors recommended the incorporation of 18F-NaF PET/CT in the workup of ProCa patients.

Conclusions and future perspectives

Early and accurate assessment of metastatic bone disease
in ProCa patients is critical for prognosis and efficient patient management, with significant implications in health
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care costs. 18F-NaF PET/CT is the hybrid imaging modality
of choice for targeting and characterising both benign and
malignant bone processes, leading to increased bone surface exposed to blood flow. In the setting of ProCa patients,
literature data presented in the current review article,
strongly support the superior diagnostic performance of
18
F-NaF PET/CT over conventional BS in terms of increased
specificity and lower rate of false positive findings, in the
evaluation of metastatic skeletal disease. Given the increasing availability of clinical PET/CT scanners, the decreasing
cost of PET-radiopharmaceuticals’ production, and the substantial morbidity which is associated with metastatic bone
disease, 18F-NaF PET/CT is evolving as the new imaging standard of reference for ProCa patients, at risk for skeletal involvement.
18
F-FDG is more effective in targeting osteolytic and early-stage bone marrow metastases before leading to osseous
reaction, providing complementary information to 18F-NaF,
when assessing the skeletal involvement in ProCa patients.
Furthermore, ProCa-specific tissue markers such as prostate specific membrane antigen (PSMA), can be effectively
targeted with PMSA-ligands radiolabelled with various positron emitting isotopes such as gallium-68 (68Ga), fluorine-18
(18F), or copper-64 (64Cu), holding promise for enhanced applications of PET-imaging in assessing metastatic bone disease in the setting of ProCa patients [94, 95]. R
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