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Abstract
Aim The purpose of this study was to investigate the diagnostic performance of 68Ga-PSMA-11 PET/CT in the evaluation of
bone metastases in metastatic prostate cancer (PC) patients scheduled for radionuclide therapy in comparison to [18F]sodium
fluoride (18F-NaF) PET/CT.
Methods Sixteen metastatic PC patients with known skeletal metastases, who underwent both 68Ga-PSMA-11 PET/CT and 18F-
NaF PET/CT for assessment of metastatic burden prior to radionuclide therapy, were analysed retrospectively. The performance
of both tracers was calculated on a lesion-based comparison. Intensity of tracer accumulation of pathologic bone lesions on 18F-
NaF PET and 68Ga-PSMA-11 PET was measured with maximum standardized uptake values (SUVmax) and compared to
background activity of normal bone. In addition, SUVmax values of PET-positive bone lesions were analysed with respect to
morphologic characteristics on CT. Bone metastases were either confirmed by CT or follow-up PET scan.
Results In contrast to 468 PET-positive lesions suggestive of bone metastases on 18F-NaF PET, only 351 of the lesions were also
judged positive on 68Ga-PSMA-11 PET (75.0%). Intensity of tracer accumulation of pathologic skeletal lesions was significantly
higher on 18F-NaF PET compared to 68Ga-PSMA-11 PET, showing a median SUVmax of 27.0 and 6.0, respectively (p < 0.001).
Background activity of normal bone was lower on 68Ga-PSMA-11 PET, with a median SUVmax of 1.0 in comparison to 2.7 on
18F-NaF PET; however, tumour to background ratio was significantly higher on 18F-NaF PET (9.8 versus 5.9 on 68Ga-PSMA-11
PET; p = 0.042). Based on morphologic lesion characterisation on CT, 18F-NaF PET revealed median SUVmax values of 23.6 for
osteosclerotic, 35.0 for osteolytic, and 19.0 for lesions not visible on CT, whereas on 68Ga-PSMA-11 PETmedian SUVmax values
of 5.0 in osteosclerotic, 29.5 in osteolytic, and 7.5 in lesions not seen on CT were measured. Intensity of tracer accumulation
between18F-NaF PET and 68Ga-PSMA-11 PETwas significantly higher in osteosclerotic (p < 0.001) and lesions not visible on
CT (p = 0.012).
Conclusion In comparison to 68Ga-PSMA-11 PET/CT, 18F-NaF PET/CT detects a higher number of pathologic bone lesions in
advanced stage PC patients scheduled for radionuclide therapy. Our data suggest that 68Ga-PSMA-11 PET should be combined
with 18F-NaF PET in PC patients with skeletal metastases for restaging prior to initiation or modification of therapy.
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Introduction

Prostate cancer (PC) is the most frequent solid cancer among
males and the third leading cause of cancer-related death in
men in Europe [1, 2]. Bone is the most common site of
hematogeneous metastases in PC [3]. Approximately 65–
75% of patients with advanced disease show malignant skel-
etal involvement [4]. Presence and number of bonemetastases
has an important impact on prognosis and quality of life in PC
patients [5–7]. Different therapeutic options are available in
the management of bone metastases in PC patients, including
also targeted radionuclide therapies with beta-emitting radio-
nuclides such as [89Sr]strontium and [153Sm]samarium
lexidronam [8]. Recently, prostate specific membrane antigen
(PSMA)-directed 177Lu-labelled PSMA ligands or the alpha-
emitter [223Ra]radium dichloride (223Ra) have gained much
interest, and are increasingly applied in metastatic PC patients
[9–12]. Knowledge of the exact burden of malignant bone
involvement is crucial for therapy decision, and a prerequisite
for a reliable evaluation of response to therapy.

Various morphologic and metabolic imagingmodalities are
applied for the assessment of skeletal metastases in PC pa-
tients [13]. In particular, computed tomography (CT), magnet-
ic resonance imaging (MRI), and bone scintigraphy (BS) with
99mTc-labelled bisphosphonates are used in the diagnostic
work-up of PC patients with suspected or known bone metas-
tases at different phases of the disease [9, 14]. Currently, in-
ternational guidelines still recommend conventional BS as
imaging modality for the assessment of bone metastases in
PC patients [9, 14]. However, it is well established that PET
using the bone-seeking agent [18F]sodium fluoride (18F-NaF)
is superior to BS in detecting skeletal metastases [15–19].

With respect to other PET tracers, 11C- or 18F-labelled choline
has been proven to detect bone metastases in PC patients at a
very early phase of bone metastases formation [15, 20]. In recent
years, PET radiopharmaceuticals targeting PSMA,
overexpressed on the majority of PC cells, were successfully
introduced into clinical practice [21–23]. Currently, most data
are available on the PSMA-inhibitor 68Ga-PSMA-11 (B68Ga-
HBED-CCB), which seems to outperform choline, at least in
PC patients with biochemical recurrence [24–26]. 68Ga-PSMA-
11 has the potential to visualize bone metastases in PC patients
[22, 27–29], but little is known on its accuracy concerning as-
sessment of bone metastases. Recent publications suggest a
higher sensitivity of 68Ga-PSMA-11 PET in the detection of bone
metastases in PC patients in comparison with BS [30, 31].

Nevertheless, due to limited data the role of 68Ga-PSMA-11
PET/CT in the evaluation of the status of malignant skeletal
involvement and monitoring of therapy response remains to
be elucidated. In particular, except for one case report, no orig-
inal article on thedirect comparisonof 68Ga-PSMA-11and 18F-
NaF in PC is available in the literature at the time of paper
submission [32].

Therefore, the primary aim of this study was to investigate
the diagnostic performance of 68Ga-PSMA-11 PET/CT in
comparison with 18F-NaF PET/CT, performed as baseline
study in metastatic PC patients prior to radionuclide therapy
with 177Lu-PSMA-617 and 223Ra.

Materials and methods

Patient characteristics

The data presented in this retrospective study were obtained
from patients treated with 177 Lu-PSMA-617 or 223Ra
(Xofigo®) at our department between November 2013 and
April 2017. The inclusion criteria for analysis were: patients
with confirmed metastatic PC and known bone metastases,
who were considered for targeted nuclear medicine therapy
(either with 177Lu-PSMA-617 or 223Ra) and received com-
bined pre-therapeutic staging with 18F-NaF PET/CT and
68Ga-PSMA PET/CT, that were performed within 30 days; a
follow-up period of at least 6 months after baseline PET/CT-
scan (for confirmation of PET-positive lesions on follow-up
PET scans, conducted for therapy response assessment as part
of the first visit after completion of therapy).

A total of 79 patients were extracted from our database who
received a radionuclide therapy in that period. All patients
presented with suspected progressive disease following con-
ventional treatment of PC (e.g., hormone therapy, chemother-
apy, radiation therapy and/or surgery). Sixteen patients met all
inclusion criteria, receiving 223Ra therapy in 13 cases after
baseline PET imaging, whereas three patients were scheduled
for 177Lu-PSMA-617 therapy.

Patients showed a median PSA-value of 15.97 ng/ml
(range: 0.35–885.0 ng/ml), measured at the time of the 68Ga-
PSMA-11 PET/CT exam. Detailed patient characteristics in-
cluding information on ongoing and previous treatment are
summarized in Table 1.

Radiopharmaceuticals

PSMA-11 (Glu-NH-CO-NH-Lys(Ahx)-HBED-CC; HBED-
CC=N,N ′ -bis[2-hydroxy-5-(carboxyethyl)benzyl]
ethylenediamine-N, N′-diacetic acid) was obtained fromABX
advanced biochemical compounds (Radeberg, Germany) in
GMP quality. 68Ga-PSMA-11 was prepared on an automated
synthesis module (Modular-Lab PharmTracer; Eckert &
Ziegler, Berlin) using a procedure previously described [33].
The radiochemical purity of the final product was > 91% as
analysed by reversed-phase high-performance liquid chroma-
tography and thin-layer chromatography.

The injected median activity of 68Ga-PSMA-11 was
150 MBq (range: 121–169 MBq). Variation of injected
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activities of 68Ga-PSMA-11 are caused by the short half-life of
68Ga as well as the variable output of the 68Ge/68Ga generator.

For 18F-NaF PET-imaging, [18F]sodium fluoride provided by
IASON GmbH, Austria was applied (IASOFLU®). A median
activity of 152 MBq (range: 92–157 MBq) was administered.

Variation in activities of 18F-NaF are due to time of tracer
delivery and tight patient schedule in our PET center, with a
high number of PET scans on daily routine.

However, in our experience with both 68Ga-PSMA-11
PET/CT and 18F-NaF PET/CT, injected activities are consid-
ered sufficient for achieving adequate image quality.

Imaging protocol

PET/CTscans were performed on a dedicated PET/CTsystem
(Discovery 690; GE Healthcare, Milwaukee, WI, USA). All
patients were first scheduled for 68Ga-PSMA-11 PET/CT
which was followed by 18F-NaF PET/CT within 30 days.

68Ga-PSMA-11 PET/CT imaging

The acquisition protocol for 68Ga-PSMA-11 PET/CT includ-
ed a whole-body scan (skull base to upper thighs) in three-
dimensional mode, emission time: 2 min per bed position,
axial field of view: 15.6 cm per bed position. Image acquisi-
tion started after a median uptake time of 77 min. PET recon-
structions were performed with an ordered subset expectation
maximization algorithm (OSEM) with four iterations and
eight subsets. A low-dose CT scan was performed for attenu-
ation correction of the PET emission data. The low-dose CT
scan parameters using BGE smart mA dose modulation were:
100 kVp, 15–150 mA, noise index 60, 0.8 s per tube rotation,
slice thickness 3.75 mm and pitch 1.375. In seven patients a
diagnostic, contrast-enhanced CT (ceCT) was acquired,
whereas nine patients received only a low-dose CT. The
ceCT scan parameters using BGE smart mA dose modulation
were: 100–120 kVp, 80–450 mA, noise index 24, 0.8 s per

tube rotation, slice thickness 3.75 mm and pitch 0.984. A CT
scan of the thorax, abdomen and pelvis (shallow breathing)
was acquired 40–70 s after injection of contrast agent (60 to
120 ml of Iomeron 400 mg/l, depending on patient body
weight), followed by a CT scan of the thorax in deep
inhalation.

18F-NaF PET/CT imaging

Acquisition protocol of 18F-NaF PET/CT followed the guide-
lines of the Society of Nuclear Medicine [34]. Image acquisi-
tion was started after a median uptake time of 126 min post-
injection, with an acquisition time of 2 min per bed position.
In all patients, a low-dose CT from the skull vertex to mid-
thigh was obtained first, using the same parameters as de-
scribed for 68Ga-PSMA-11 PET. Low-dose CT was used for
attenuation correction and anatomical correlation of lesions
with increased tracer uptake on PET images. Immediately
after the low-dose CT, the PET scan was performed covering
the same regions. For reconstruction of PET images, the same
parameters as for 68Ga-PSMA-11 PETwere used.

Image analysis

All 68Ga-PSMA-11 PET/CT and 18F-NaF PET/CT images
were analysed with a dedicated commercially available work-
station (Advance Workstation, Version AW4.5 02, GE
Healthcare), which allowed the review of PET, CT, and fused
imaging data in axial, coronal, and sagittal slices. The soft-
ware enabled simultanous cursor placement on corresponding
structures of PET and CT images, allowing anatomic
localisation of increased tracer accumulation.

PET images were interpreted independently by two board-
approved nuclear medicine physicians with 6 and 14 years of
clinical experience respectively, who read all data sets inde-
pendently and resolved any disagreements by consensus.

Table 1 Patient characteristics

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Age (years) 68 62 75 76 81 69 82 74 76 56 80 59 67 70 82 67

Gleason score at primary diagnosis 9 9 8 8 8 9 x 9 9 8 7 8 7 9 8 7

PSA (ng/ml) 21.71 477.9 885.0 0.35 5.74 8.06 40.56 450.0 26.33 7.39 20.94 10.99 3.5 54.43 1.98 4.09

Radical prostatectomy + + – + – – – – – – + – + + + +

Radiotherapy prostate bed + + – – + – + – + – – – + + + +

Radiotherapy outside prostate + – – + – – – + – – – – – + + +

Chemotherapy before PET – – + + + – – + – + + + + + + –

ADT before PET + – + + + + + + – + + + + + + +

ADT ongoing + + + + – + + + – + + – + – + –

Denosumab ongoing – + – + – – – – + – – + + – + –

x unknown histology; ADT androgen deprivation therapy
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In order to minimize a bias, 18F-NaF PET/CT and 68Ga-
PSMA-11 PET/CT images were not read simultaneously.
First, 18F-NaF PET/CT images of all patients were analysed,
followed by 68Ga-PSMA-11 PET/CT image analysis at a later
time point. Visual interpretation of PET images was the main
criteria for reaching the final diagnosis.

With regard to assessment of malignant bone involvement
on 68Ga-PSMA-11 PET images, any focal skeletal uptake
higher than surrounding background activity of normal bone
was considered pathological, and suspicious for bone
metastasis.

With 18F-NaF PET, foci of increased tracer uptake were
classified as malignant after exclusion of a benign etiology
of the increased uptake on CT, e.g., degenerative disease or
posttraumatic alterations. In particular lesions with pathologic
18F-NaF accumulation were interpreted as benign when they
were located at joints or at the edges of vertebral bodies.

PET-positive lesions that were classified as malignant on
18F-NaF PET and 68Ga-PSMA-11 PET were categorized as
osteoblastic, osteolytic, and non-visible, depending on the
finding of the corresponding area of low-dose CT or ceCT
images. PET-positive lesions with no changes in the bone
structure on CT were regarded as bone-marrow metastases.

In addition, intensity of tracer uptake of lesions considered
malignant was measured applying maximum standardized up-
take value (SUVmax). For SUVmax calculation, volumes of in-
terest were drawn automatically with a manually adapted
isocontour threshold centered on pathologic foci. SUVmax was
chosen due to its higher reproducibility [21] between different
investigators when compared to mean standardized uptake val-
ue. The latter is always dependent on the volume drawn by the
investigator, whereas SUVmax is size-independent.

For calculation of tumour to background ratio (T/B ratio)
SUVmax-value of each PET-positive lesion was compared to
the SUVmax-value of normal bone. For 68Ga-PSMA-11 PET,
the left femur was selected for background measurements,
whereas in 18F-NaF PET the shaft of the left humerus was
chosen as reference for normal skeletal tracer-uptake.
Furthermore, PET-positive bone lesions were classified as
osteosclerotic, osteolytic, or not visible according to the un-
derlying morphologic appearance on CT.

Data analysis

All PET-positive bone lesions judged as malignant on PET/
CT scans were included for analysis. In order to assess the
performance of both tracers, 18F-NaF-PET and 68Ga-PSMA-
11 PETwere compared on a lesion basis. For that purpose, all
lesions suggestive of bone metastases on 18F-NaF PET and
68Ga-PSMA-11 PETwere analysed in a second step by a side-
by-side comparison of 18F-NaF-PET and 68Ga-PSMA-11
images.

Statistical analysis

Since lesions were spread among only 16 patients, statistical
methods accounting for clustering within patients were used.
Comparison of lesion number between 18F-NaF PET and
68Ga-PSMA-11 PET was performed with the McNemar test
for clustered binary paired data as proposed by Durkalski et al.
[35]. Paired clustered Wilcoxon signed-rank tests using the
Rosner–Glynn–Lee method [36] were applied for the follow-
ing analyses: (1) comparison of SUVmax values of bone me-
tastases and T/B ratios on 18F-NaF PET and 68Ga-PSMA-11
PET, (2) comparison of SUVmax values in osteosclerotic,
osteolytic, and CT-negative lesions on 18F-NaF PET and
68Ga-PSMA-11 PET. Unpaired clustered Wilcoxon signed-
rank tests using the Rosner–Glynn–Lee method were applied
for the comparison of SUVmax values between osteosclerotic,
osteolytic, and CT-negative lesions. The influence of lesion
size on SUVmax values was assessed using a mixed model for
clustered data with random intercept and slope. A significance
level of a = 0.05 (two-tailed) was applied for all p-values.
Statistical analyses were performed using SPSS, version
22.0 (IBM Corp., Armonk, NY, USA) and R, version 3.3.0.

Results

In the 16 patients included in the analysis, a total of 468 le-
sions consistent with bone metastases were detected on 18F-
NaF PET. In contrast, 68Ga-PSMA-11 PET only revealed 351
bone lesions judged positive for bone metastases (75.0% of
18F-NaF-positive lesions). The difference in lesion number
between 18F-NaF PET and 68Ga-PSMA-11 PET was statisti-
cally significant (p < 0.001). A histologic confirmation of the
lesions classified as metastases was not performed, mainly
due to ethical and practical reasons. However, lesions sugges-
tive of bone metastases on 18F-NaF PETeither showed a mor-
phologic correlate on low-dose or contrast-enhanced diagnos-
tic CT (n = 365; 78.0%) or were confirmed on follow-up 18F-
NaF PET-scans (n = 103; 22.0%). All 68Ga-PSMA-positive
bone lesions also showed a pathologic tracer uptake on 18F-
NaF PET. No additional pathologic bone lesion could be re-
vealed with 68Ga-PSMA-11 PET that was not visible on 18F-
NaF PET. Bone metastases not detectable on 68Ga-PSMA-11
PETwere mainly osteosclerotic lesions (n = 66) or not visible
on CT (n = 49), and in only two cases correlated with an
osteolytic lesion on CT.

As to 18F-NaF PET, 365 of all 18F-NaF-positive bone le-
sions revealed a morphologic correlate on CT (78%). In the
remaining 103 lesions (22.0%) no clear morphologic alter-
ation could be detected on CT. Of all bone lesions visible on
CT, in 347 lesions an osteosclerotic alteration was found on
CT, whereas 18 lesions corresponded to an osteolysis.
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Detailed information onmorphologic characterisation of PET-
positive bone lesions is listed in Table 2.

In order to ensure a statistically correct comparison of 18F-
NaF PETand 68Ga-PSMA-11 PET the main data analysis was
performed including only lesions that were positive with both
tracers (n = 351). Regarding the intensity of tracer accumula-
tion of these lesions, irrespective of its underlying morpholo-
gy on CT, the median SUVmax was significantly higher in

18F-
NaF PET compared to 68Ga-PSMA-11 PET (27.0 vs 6.0;
range: 4.0–122.0 vs 0.9–54.0; p < 0.001). Although back-
ground activity of normal bone was lower in 68Ga-PSMA-11
PET than in 18F-NaF PET (median SUVmax: 1.0 vs 2.7), T/B
ratio of pathologic bone lesions was higher in 18F-NaF PET
compared to 68Ga-PSMA-11 PETwith a median T/B ratio of
9.8 vs 5.9 (range 1.1–90.6 vs 1.0–114.3), reaching also a sta-
tistically significant difference (p = 0.042). An overview of
SUVmax values and T/B ratio of pathologic lesions and normal
bone tissue is given in Table 3.

Comparing intensity of tracer accumulation in pathologic le-
sions between 18F-NaF PET and 68Ga-PSMA-11 PET stratified
by morphologic classification on CT, a statistically significant

difference in median SUVmax between both tracers was revealed
in osteosclerotic (26.0 vs 5.0; p < 0.001) and lesions not visible
on CT (26.5 vs 7.5; p = 0.012) respectively. In contrast, median
SUVmax of osteolytic lesions did not differ significantly between
18F-NaF PET and 68Ga-PSMA-11 PET (median SUVmax: 37.0
vs 29.5; p = 0.963). A summary of SUVmax values of different
types of metastases is given in Table 4.

With respect to T/B ratio of lesions visible with both tracers
(n = 351), a significant higher T/B ratio of 18F-NaF compared
to 68Ga-PSMA-11 was found in osteosclerotic metastases
(median T/B ratio: 9.7 vs 4.7 p = 0.013). T/B ratio of lesions
not visible on CTwas also higher in 18F-NaF, but did not differ
significantly from T/B ratio with 68Ga-PSMA-11 (median T/B
ratio: 8.4 vs 7.7; p = 0.597). In contrast, T/B ratio was higher
in osteolytic metastases on 68Ga-PSMA-11 PET than on 18F-
NaF PET (70.2 vs 57.8); however, this did not reach statistical
significance (p = 0.308). For more details regarding T/B ratios
of different types of bone metastases between 18F-NaF and
68Ga-PSMA-11, see also Table 4.

In a subgroup analysis intensity of tracer accumulation in
osteosclerotic, osteolytic, and CT negative lesions was com-
pared on 18F-NaF PETand on 68Ga-PSMA-11 PETseparately.
Of all lesions judged positive on 18F-NaF PET (n = 468),
osteolytic metastases showed a higher median SUVmax than
osteosclerotic and lesions not visible on CT (median SUVmax:
35.0 vs 23.6 vs 19.0). A statistically significant difference was
only reached in the subgroup of osteosclerotic vs non visible
lesions (p = 0.043), whereas the difference between osteolytic
vs osteosclerotic (p = 0.285) and osteolytic vs CT-negative
lesions (p = 0.206) did not show a statistical relevance.
Statistical analysis of all 68Ga-PSMA-11 PET-positive lesions
(n = 351) did not reveal a statistically significant difference in
median SUVmax values in the subgroups osteosclerotic vs
osteolytic (p = 0.355), osteosclerotic vs CT-negative (0.436)
and osteolytic vs CT-negative lesions (p not available, due

Table 2 Number of pathologic bone lesions suggestive of bone
metastases detected on 18F-NaF PET and 68Ga-PSMA-11 PET, overall
and stratified by morphologic characteristics of metastases on CT

18F-NaF 68Ga-PSMA-11 P-value*

Lesions total, n = 468 468 351 (75.0%) < 0.001

CT osteosclerotic, n = 347 347 281 (81.0%) 0.006

CT osteolytic, n = 18 18 16 (88.9%) 0.317

Not visible on CT, n = 103 103 54 (52.4%) 0.010

Lesion size CT < 10 mm, n = 79 79 52 (65.8%) 0.002

Lsion size CT > 10 mm, n = 286 286 245 (85.7%) 0.030

*p-values from McNemar test for clustered binary paired data

Table 3 Maximum standardized
uptake value (SUVmax) of all
pathologic lesions judged positive
on 18F-NaF PET and 68Ga-
PSMA-11 PET (n = 351) in
comparison with background
activity of normal bone

18F-NaF 68Ga-PSMA-11 P-value*

SUVmax median 27.0 6.0 < 0.001

SUVmax range 4.0–122.0 0.9–54.0 –

SUVmax SD 19.9 10.1 –

Background activity SUVmax median 2.7 1.0 –

T/B ratio median 9.8 5.9 0.042

T/B ratio range 1.1–90.6 1.0–114.3 –

T/B ratio SD 16.8 20.4 –

Lesion size CT < 10 mm SUVmax median (range) 17.0 (4.0–64.0) 3.5 (0.9–25.0) –

Lesion size CT > 10 mm SUVmax median (range) 26.0 (7.0–122.0) 6.0 (1.0–54.0) –

In addition, values of lesion to background ratio (T/B ratio) and SUVmax values of lesions smaller 10 mm (n = 79)
and larger 10 mm (n = 286), measured on CT, are listed

*p-values from paired clustered Wilcoxon signed rank tests using the Rosner–Glynn–Lee method

SD standard deviation
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to low patient number). Corresponding SUVmax values of
68Ga-PSMA-11 are listed in Table 4.

We also investigated a possible correlation of lesion size
measured on CT images and intensity of tracer accumulation
in pathologic bone lesions on 18F-NaF PET and 68Ga-PSMA-
11 PET. Among the lesions visible on CT (n = 365), tracer
uptake of bone metastases was higher in lesions > 10 mm
(n = 286) compared with lesions < 10 mm (n = 79) on both
18F-NaF PET (median SUVmax: 26.0 vs 17.0) and 68Ga-
PSMA-11 PET (median SUVmax: 6.0 vs 3.5). See also Table
3. Statistical analysis, applying a mixed model with random
intercept and slope, revealed a significant influence of size on
metastasis-related tracer-uptake. An increase of 1.0 mm in size
correlated positively with a rise of SUVmax of 0.425 in 18F-
NaF PET and of 0.099 in 68Ga-PSMA-11 PET (p = 0.017 and
p = 0.031). A significantly higher number of lesions with a
size < 10 mm was detected on 18F-NaF PET (n = 79) com-
pared to 68Ga-PSMA-11 PET (n = 52). In lesions > 10 mm the
number was also higher on 18F-NaF PET than on 68Ga-
PSMA-11 PET (n = 286 vs n = 245), however, the difference
was not so strong (see Table 2).

Although it was not the aim of the study, we also added
some preliminary data on treatment outcome of the patients
included in this analysis, assessed at the first follow-up visit,
that was usually performed 2 to3 months after termination of
therapy (see supplement 1a, 1b).

Discussion

Knowledge of the burden of bone metastases in metastatic PC
patients before starting or modifying therapy is essential for
proper evaluation of therapy response.

68Ga-PSMA-11 PET/CT has been shown to establish a
very sensitive method in detecting PC lesions [22, 27, 28,

37]. In particular, with respect to assessment of malignant
bone involvement, a detection rate of 68Ga-PSMA-11-positive
bone metastases in up to 35.9% of PC patients with biochem-
ical recurrence has been described [22, 27, 28]. Recently pub-
lished studies could demonstrate a higher sensitivity of 68Ga-
PSMA-11 PET in the detection of bone metastases in PC
patients in comparison to conventional bone scintigraphy in-
cluding SPECT acquisition [30, 31]. However, 18F-NaF is
considered the Bgold standard^ of available nuclear medicine
bone-seeking tracers [16–18]. This is due to improved spatial
resolution of the PET technique, but also partly due to the fact
that 18F-NaF also allows the detection of non-sclerotic bone
metastases [19, 38, 39]. In addition, total tumour burden of
skeletal metastases measured on baseline 18F-NaF PET has
been proven to have a prognostic impact on PC patients treat-
ed with 223Ra [40].

Therefore, we decided to use 18F-NaF PETas a reference to
evaluate the performance of 68Ga-PSMA-11 PET for the as-
sessment of skeletal metastases in patients with known meta-
static PC, scheduled for radionuclide therapy. To date, only
one case report describing a direct comparison of 18F-NaF
PET and 68Ga-PSMA-11 PET in the evaluation of bone me-
tastases in a single PC patient has been published [32]. To the
best of our knowledge, this is the first original article that
compares 68Ga-PSMA-11 PET and 18F-NaF PET in a cohort
of metastatic PC patients.

The most important result of our study is that 18F-NaF PET
showed a significant higher number of bone lesions sugges-
tive of metastases compared with 68Ga-PSMA-11 PET (468
vs 351 skeletal metastases; p < 0.001). One possible explana-
tion could be the fact that bone metastases in PC are predom-
inantly osteosclerotic [41]. Bone metastases that are purely
sclerotic might be missed on 68Ga-PSMA-11 PET, probably
due to low tumour cell volume in this type of bone metastases,
as could be already demonstrated in some PC patients by

Table 4 Intensity of tracer accumulation expressed in maximum standardized uptake values (SUVmax) and tumour to background ratio (T/B ratio) in
osteosclerotic (n = 281), osteolytic (n = 16) and lesions not visible on CT (n = 54) on 68Ga-PSMA-11 PET and 18F-NaF PET

18F-NaF
osteosclerotic

68Ga-PSMA-11
osteosclerotic

18F-NaF
osteolytic

68Ga-PSMA-11
osteolytic

18F-NaF CT
not visible

68Ga-PSMA-11
CT not visible

SUVmax median 26.0 5.0 37.0 29.5 26.5 7.5

P-value* < 0.001 0.963 0.012

SUVmax range 4.0–122.0 0.9–54.0 27.4–44.0 0.9–44.0 8.0–119.0 1.0–46.0

SUVmax SD 20.5 8.4 5.1 13.4 19.1 11.6

T/B ratio median 9.7 4.7 57.8 70.2 8.4 7.7

P-value* 0.013 0.308 0.597

T/B ratio range 1.1–90.6 1.0–114.3 6.9–68.8 1.3–104.8 2.5–71.9 1.0–85.7

T/B ratio SD 14.2 14.9 18.9 32.6 16.4 19.6

Only lesions visible with both tracers are compared (n = 351)

*p-values from paired Clustered Wilcoxon signed rank test using the Rosner-Glynn-Lee method

SD standard deviation
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Eiber et al. [27]. In fact, in our study the majority of pathologic
bone lesions were osteosclerotic on CT (n = 347; 74.2%), of
which only 281 (81%) could be diagnosed on 68Ga-PSMA-11
PET. The association of the sclerotic reaction in bone metas-
tases and intensity of tracer accumulation of 68Ga-PSMA-11
was also underlined by the finding that osteosclerotic lesions
showed a significantly lower median SUVmax on 68Ga-
PSMA-11 PET in comparison with 18F-NaF PET (26.0 vs
5.0; p < 0.001; see also Table 4). This is in line with a study
by Janssen et al., who described a relatively low uptake of
68Ga-PSMA-11 in osteoblastic–osteosclerotic metastases
compared to osteolytic metastases [42]. They also found a
negative correlation of the intensity of 68Ga-PSMA-11 accu-
mulation and the density of osteosclerotic metastases, mea-
sured with Hounsfield units on CT [42]. An example of a
PC patient with predominantly osteosclerotic bone lesions
showing high uptake on 18F-NaF PET and only faint tracer
accumulation on 68Ga-PSMA-11 PET is given in Fig. 1.

Surprisingly, 18F-NaF PET also revealed a higher number
of malignant bone lesions, which did not show a sclerotic
reaction on CT, classified as either osteolytic or not visible
on CT (n = 121 with 18F-NaF vs n = 70 on 68Ga-PSMA-11).
It has been proven that non-sclerotic bone metastases can be
visualised with both 18F-NaF PET [39] and 68Ga-PSMA-11
PET [29, 42]. This was confirmed in our study with respect to
detection of osteolytic metastases, as PET-positive bone le-
sions with a clear osteolytic correlate on CT did show a high

uptake on 18F-NaF PET (n = 18) as well as on 68Ga-PSMA-11
PET (n = 16), with a median SUVmax value of 37.0 and 29.5
respectively (see Table 4). Furthermore, both 18F-NaF and
68Ga-PSMA-11 PET also revealed PET-positive bone lesions
that were not clearly visible on CT. It should be noted that the
number of lesions not visible on CT was significantly higher
on 18F-NaF PET compared to 68Ga-PSMA-11 PET (n = 103
vs n = 54), revealing also a significantly higher tracer accumu-
lation on 18F-NaF PET, with a median SUVmax of 26.5 in
comparison with a median SUVmax of 7.5 on 68Ga-PSMA-
11 (see Table 4). However, the reason for the significant
higher number of bone lesions considered as metastases with-
out CT-correlate on 18F-NaF PET compared to 68Ga-PSMA-
11 PET in our study is rather unclear. A possible explanation
may be the fact that in seven patients only low-dose CT was
available for morphologic characterisation. Although the qual-
ity of low-dose CT for evaluation of bone lesions seems suf-
ficient inmost of the cases [30], distinct bone alterations might
be missed with low-dose CT alone. On the other hand, it is
well known that malignant bone-marrow infiltration usually
cannot be depicted with CT, even when high-dose, contrast-
enhanced CT is applied [43]. Therefore, in our study PET-
positive lesions that did not show a morphologic correlate
on CT may indeed reflect bone-marrow infiltration of tumour
cells, which is considered to be the first step in the develop-
ment of bone metastases in PC patients [44, 45]. An example
of a patient with PET-positive lesions suggestive of metastases

a b

c

d

e

Fig. 1 18F-NaF PET/CTand 68Ga-PSMA-11 PET/CT performed as base-
line study prior to 223Ra therapy in a 81-year-old metastatic prostate
cancer patient with no therapy at time of PET (PSA: 5.74 ng/ml), reveal-
ing multiple bone metastases on maximum intensity projection (MIP) of
18F-NaF PET (a) and 68Ga-PSMA-11 PET (b). The majority of predom-
inantly osteosclerotic lesions show a markedly increased tracer uptake on
18F-NaF PET, whereas tracer uptake of lesions on 68Ga-PSMA-11 is

much lower, as demonstrated on a metastasis in the spine, marked with
a red arrow onMIP images (a, b). The lesion shows a SUVmax of 51.9 on
axial fused 18F-NaF PET/low-dose CT image (c, red arrow) in compar-
ison with a SUVmax of 8.3 on axial fused

68Ga-PSMA-11 PET/low-dose
CT slice (d, red arrow), appearing as purely sclerotic on axial CT images
(e, red arrow)
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on 18F-NaF PETwith absent tracer uptake on 68Ga-PSMA-11
PET and no clear correlate on CT is shown in Fig. 2.

Another interesting observation of our study was that the in-
tensity of tracer uptake of both 18F-NaF PETand 68Ga-PSMA-11
PET positively correlates with lesion size. An increase in size of
1.0 mm is expected to result in a SUVmax value which is
0.425 units higher on 18F-NaF PET and 0.099 units higher on
68Ga-PSMA-11 PET. This can be probably explained by the
well-established, size-dependent partial volume effect occuring
in PET imaging [46]. Themeasured tracer uptake in small tumour
lesions does not reflect the true amount of metabolic activity.
Furthermore, the spatial resolution limit of the PET system plays
a significant role in the detectabilty of lesions [47]. Lesions that
are only a few millimeters in size usually cannot be visualised.
This is even more pronounced in lesions with low metabolic
activity and/or low tracer uptake. These two inherent problems
of PET acquisition might be a possible explanation of our find-
ings. In our study, we were able to demonstrate that lesions
smaller than 10.0 mm in size revealed a lower tracer accumula-
tion on 18F-NaF PET and 68Ga-PSMA-11 PET compared to le-
sions larger than 10.0mm (median SUVmax: 17.0 vs 26.0 for

18F-
NaF PETand 3.5 vs 6.0 for 68Ga-PSMA-11 PET respectively). It
is especially noteworthy that median SUVmax in lesions smaller
then 10mmwasmarkedly higher on 18F-NaF PET than on 68Ga-
PSMA-11 PET (17.0 vs 3.5). In contrast to 79 lesions smaller

than 10 mm positive on 18NaF PET, only 52 of these lesions
could be detected on 68Ga-PSMA-11 PET (65.8%). These data
indicate that small osteosclerotic metastases could be missed on
68Ga-PSMA-11 PET, but can be visualised by 18F-NaF PET, due
to higher tracer accumulation. An example of a patient with a
small osteosclerotic lesion which is positive on 18F-NaF PETand
negative on 68Ga-PSMA-11 PET is shown in Fig. 2.

Different physical decay characteristics of 18F and 68Gamight
also have an influence on lesion detectability. Due to higher
positron energy of 68Ga with a longer positron range in compar-
ison with 18F, 68Ga-based imaging is expected to have a lower
spatial resolution than PET scans using 18F labelled radiophar-
maceuticals [48]. In contrast, a negative impact of the different
half-life of 68Ga and 18F on lesion detectability in our patient
cohort is unlikely, as deviation of median uptake time of 68Ga-
PSMA-11 and 18F-NaF from the half-life of the corresponding
isotope was comparable (77 min and 126 min respectively).

One limitation of our study is that all patients includedwere
not naive to therapy. In particular, 13 patients were under
androgen deprivation therapy or Denosumab at the time of
the PET scans. We are aware of the fact that a therapy-
induced flare phenomenon might have been present on 18F-
NaF PET. This phenomenon, considered as a healing re-
sponse, could be a possible cause for the high number of
pathologic bone lesions in 18F-NaF PET that were not visible

a b

c

d

e

Fig. 2 18F-NaF PET/CT and 68Ga-PSMA-11 PET/CT in a 82-year-old
metastatic prostate cancer patient under androgen deprivation therapy
(PSA: 40.56 ng/ml) scheduled for 223Ra therapy with multiple bone me-
tastases, depicted on maximum intensity projection (MIP) of 18F-NaF
PET (a) and 68Ga-PSMA-11 PET (b). The total number of lesions sug-
gestive of bone metastases on 18F-NaF PET is higher in comparison
with68Ga-PSMA-PET. Two lesions of the left iliac bone, clearly positive
on MIP of 18F-NaF PET (a, red arrows) are not visible on MIP of 68Ga-

PSMA-11 PET, showing a high uptake on fused axial PET/CT images of
18F-NaF PET/CT (c, red arrows). On fused axial 68Ga-PSMA-11 PET/
CT no pathologic focal tracer uptake at that site can be detected (d, red
arrows) with no clear morphologic correlate on axial CT (e, red arrows).
In addition, a small osteosclerotic lesion of the left iliac bone (4.9 mm) on
CT (e, yellow arrow) reveals an increased uptake on 18F-NaF PET (c,
yellow arrow), showing no pathologic tracer uptake on 68Ga-PSMA-11
PET (d, yellow arrow)
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on 68Ga-PSMA-11 PET [49–51]. However, flare phenomenon
on bone scintigraphy is usually present in the first months after
inititation of systemic therapy, with decreasing tracer uptake
thereafter [51]. This is also documented in PC patients on
androgen deprivation [52–54]. A flare reaction on bone scin-
tigraphy has been described as unusual 3 months after onset of
therapy [52–54]. In fact, in our study in all patients who were
investigated under medication, therapy was started more than
3 months before the 18F-NaF PET scan. Furthermore, in those
patients who received a PET/CT control study, pathologic
bone lesions were confirmed on follow-up, rendering the di-
agnosis of Bvital^ bone metastases at baseline 18F-NaF PET
plausible. Nevertheless, the results of our study have to be
interpreted with caution, as an influence of therapy on the
findings of the PET scans cannot be ruled out. As 18F-NaF is
more sensitive than bone scintigraphy, it seems at least possi-
ble that bone remodeling is detectable on 18F-NaF PET for a
longer time than generally assumed. Based on our data, the
question whether 18F-NaF PET overestimates the extent of
metastatic disease and 68Ga-PSMA-11 reflects the true
amount of vital tumour lesions, or whether 68Ga-PSMA-11
is less sensitive than 18F-NaF PET, cannot be answered with
absolute certainty. In general, this question reflects an un-
solved clinical problem in PC patients with known bone me-
tastases before modification of therapy, in whom a baseline
exam usually is performed in order to monitor therapy re-
sponse. It is still under debate which imaging modality, in-
cluding CT and whole-body magnetic resonance imaging,
constitutes the most appropriate technique to evaluate effec-
tiveness of therapy in bone metastases [16].

In this context, another shortcoming of our study is the lack
of histologic confirmation of the malignant nature of the le-
sions regarded as metastases. This was not possible due to
ethical and practical reasons. False-positive or false-negative
results can only be ruled out reliably with histology as refer-
ence standard. Even so, all lesions judged positive for metas-
tases on both PET scans did either show a correlate on CT or
were confirmed on follow-up imaging.

A major limitation of the study is the relatively low number
of patients included. At the same time, the total number of
tumour lesions was high, and we tried to address this issue
with the application of statistical tests that account for the
limited number of patients.

There is also an apparent bias in patient selection, with only
three patients treated with 177Lu-PSMA-617 in comparison to
13 patients who received therapy with 223Ra. As patients treat-
ed with 223Ra tend to have a relatively high burden of bone
metastases, patients with a low number of skeletal metastases
might be underrepresented in this cohort. This selection bias is
due to a different pretherapeutic diagnostic work-up of meta-
static PC patients considered for radionuclide therapy at our
department. In PC patients referred for 223Ra therapy, both a
18F-NaF scan to confirm high bone turn-over in bone

metastases and a 68Ga-PSMA-11 PET, in order to exclude
visceral/lymphnode metastases are performed. In contrast, in
patients who are scheduled for PSMA therapy, in the majority
of cases only a 68Ga-PSMA-11 PET is made.

In summary, we acknowledge the need for prospective tri-
als with a larger patient population and histologic verification
of PET-positive bone lesions in order to verify the results of
our study. In particular, a head-to-head analysis of a similar
number of patients treated with 223Ra (usually presenting with
a high volume of bone metastases) and patients scheduled for
177Lu-PSMA-617 therapy (with a tendentially lower burden
of skeletal involvement) would be of interest.

Conclusion

18F-NaF PET revealed a significantly higher number of patho-
logic bone lesions suggestive of metastases compared with
68Ga-PSMA-11 PET in metastatic PC patients, referred for
restaging prior to initiation of radionuclide therapy. Our data
suggest that 18F-NaF-PET might deliver complementary infor-
mation to 68Ga-PSMA-11 PET, especially in small
osteosclerotic metastases. As the determination of the true ex-
tent of skeletal tumour burden in PC patients with known met-
astatic disease before modification of therapy is crucial for the
evaluation of therapy response, we recommend combining 18F-
NaF PETwith 68Ga-PSMA-11 PET for baseline assessment in
PC patients considered for targeted radionuclide therapy.
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