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ABSTRACT
Aim: To compare 18F-sodium fluoride positron emission tomography/computed tomography (NaF PET/
CT) and 99mTc-labelled diphosphonate bone scan (BS) for the monitoring of bone metastases in
patients with prostate cancer undergoing anti-cancer treatment.
Material and methods: Data from 64 patients with prostate cancer were included. The patients
received androgen-deprivation therapy (ADT), next-generation hormonal therapy (NGH) or chemother-
apy. The patients had a baseline scan and 1–3 subsequent scans during six months of treatment.
Images were evaluated by experienced nuclear medicine physicians and classified for progressive dis-
ease (PD) or non-PD according to the Prostate Cancer Working Group 2 (PCWG-2) criteria. The patients
were also classified as having PD/non-PD according to the clinical and prostate-specific antigen (PSA)
responses.
Results: There was no difference between NaF PET/CT and BS in the detection of PD and non-PD dur-
ing treatment (McNemar’s test, p¼ .18). The agreement between BS and NaF PET/CT for PD/non-PD
was moderate (Cohen’s kappa 0.53, 95% confidence interval 0.26–0.79). Crude agreement between BS
and NaF PET/CT for the assessment of PD/non-PD was 86% (89% for ADT, n¼ 28; 88% for NGH, n¼ 16,
and 80% for chemotherapy, n¼ 20). In most discordant cases, BS found PD when NaF PET/CT did not,
or BS detected PD on an earlier scan than NaF PET/CT. Biochemical progression (27%) occurred more
frequently than progression on functional imaging (BS, 22% and NaF PET/CT, 14%). Clinical progression
was rare (11%), and almost exclusively seen in patients receiving chemotherapy.
Conclusion: There was no difference between NaF PET/CT and BS in the detection of PD and non-PD;
however, BS seemingly detects PD by the PCWG-2 criteria earlier than NaF-PET, which might be
explained by the fact that NaF-PET is more sensitive at the baseline scan.
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Introduction

Bone metastases are common in advanced prostate cancer
and may cause severe morbidity [1,2]. With the average costs
of cancer therapies having doubled in recent years [3–5],
monitoring of bone metastases is important in patient man-
agement to avoid the continuation of ineffective and costly
treatments.

A planar whole-body bone scan (BS) remains the recom-
mended and most widely used imaging modality for the
detection and monitoring of bone metastases in prostate
cancer [6,7]. Sonpavde et al. showed that progression on BS
according to the Prostate Cancer Working Group 2 (PCWG-2)
criteria was associated with impaired overall survival [8].
Inter-observer variations in the reading of BS have been a

subject of concern [8]; however, we have demonstrated a
high level of consistency among trained readers in staging
and monitoring the treatment of bone metastases from pros-
tate cancer [9,10].

Newer technologies, such as positron emission tomog-
raphy/computed tomography (PET/CT) with the use of
18F-fluoride (NaF) have scarcely been investigated for the
monitoring of bone metastases and are not included in the
current clinical guidelines [7,11–13]. The present literature on
the treatment monitoring of bone metastases in patients
with prostate cancer is small, and the study populations are
heterogeneous. Furthermore, these studies have investigated
the sensitivity of the detection of response with NaF PET/CT
and the correlation with biochemical responses by prostate
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specific antigen (PSA) [14–16]. To the best of our knowledge,
no studies have compared the abilities of BS and NaF PET/CT
in monitoring the response to treatment in bone metastases.

The purpose of the study was to investigate the agree-
ment between BS and NaF PET/CT in the response evaluation
of bone metastases in patients with prostate cancer under-
going various anti-cancer treatments. Furthermore, the study
investigated the relationship between imaging, biochemical,
and clinical responses.

Material and methods

Study design

This was a prospective, comparative study of NaF PET/CT and
planar, whole-body BS for the evaluation of treatment
responses to different prostate cancer treatments. NaF PET/
CT and BS were performed before or no later than 14 days
from the initiation of treatment (baseline images). Follow-up
scans using both imaging modalities were performed 1–3
times during the following 26 weeks, depending on the clin-
ical trial settings and the stage of disease (see below). PSA
levels were measured at least at every follow-up. The clinical
response was evaluated from baseline to last follow-up.

Patients

The study included patients from two prospective studies.
The first study ran from February 2014 to December 2015:
consecutive patients with newly diagnosed, high-risk prostate
cancer participated in a diagnostic test accuracy (DTA) study
of planar BS, single-photon emission computed tomography/
CT (SPECT/CT), and NaF PET/CT for the diagnosis of bone
metastases (DTA study) [17] and for treatment monitoring.
Follow-up scans by all methods were therefore repeated after
six months (a few patients also had scans at 1 and 3
months). Patients were recruited at two institutions, Aalborg
University Hospital and Regional Hospital West Jutland
Herning and Holstebro. The key eligibility criteria were 1) his-
tologically confirmed adenocarcinoma of the prostate, 2) PSA
blood levels �50 ng/mL, 3) eligible for androgen deprivation
therapy (ADT), 4) no other current or prior cancers (five
years), and 5) no prior or current androgen deprivation ther-
apy (ADT) or other anti-cancer treatment for prostate cancer.
The second study ran from October 2014 to December 2015
and included consecutive, eligible patients with 1) histologi-
cally confirmed prostate cancer, 2) bone metastases on BS at
inclusion, 3) clinical life expectancy of �6 months, and 4)
indication for anti-cancer therapy either primary ADT, next-
generation hormonal therapy (NGH) (abiraterone or enzaluta-
mide), or first- or second-line chemotherapy (docetaxel or
cabazitaxel). Patients with prior cancers within five years
were excluded. Patients were recruited at Aalborg University
Hospital.

Imaging acquisition

Bone scans and NaF PET/CT were conducted in accordance
with current institutional recommendations, which are in line
with European guidelines [18,19]. Every BS was performed on
Symbia dual-head gamma cameras with multi-purpose, low-
energy, high-resolution collimators (Symbia T16, Siemens
Medical Solutions, Erlangen, Germany in Aalborg and Symbia
T2 and T16 in Herning). Scans were performed two-three
hours after the administration of 750–1000 MBq 99mTc-
labelled diphosphonate in Aalborg and 10 MBq/kg (i.e., 750
MBq for a 75 kg patient) 99mTc-labelled diphosphonate in
Herning. The scan speed was 10 cm/min in Herning and
24 cm/min with 30% alpha blending in Aalborg. NaF PET/CT
scans were performed on a VCT discovery True 64 PET/CT (GE
Healthcare) in Aalborg and a Biograph mCT 64, 4R (Siemens
Medical Solutions) in Herning. All scans were performed
30minutes after the intravenous administration of approxi-
mately 200 MBq NaF in 3D mode from vertex to mid-thigh,
encompassing 7–9 bed positions (150 s per bed position for
GE VCT discovery True and 120–180 s per bed position accord-
ing to BMI for Siemens Biograph). Images were reconstructed
by iterative construction, using low-dose CT images for
attenuation correction and anatomical co-registration. The CT
parameters were 70–200mA smart mA, 120 kV for GE VCT
Discovery True and 30 mAs, 120 kV for Siemens Biograph.
Both protocols had a slice thickness of 0.625mm.

Image analysis

Bone scans were evaluated as a consensus evaluation by two
specialists in nuclear medicine with more than 10 years of
experience in the evaluation of BS. Likewise, NaF PET/CT
scans were evaluated by two other experienced nuclear
medicine physicians with 5 and 10 years of experience in the
evaluation of NaF PET/CT images. The readers were blinded
to all clinical and biochemical information as well as other
the imaging results. First, the readers were asked to assess
the baseline images for the presence (M1) or absence (M0) of
bone metastases. If bone metastases were present, the read-
ers reported the number of these lesions in the following
intervals: 1, 2–4, 5–9, 10–20, or >20 lesions. This classification
was a slightly revised version of the extent-of-disease classifi-
cation proposed by Soloway et al., a classification which has
shown association of the number of bone metastases with
overall survival [20]. Then, the readers assessed the images
for responses using the modified PCWG-2 criteria. The PCWG-
2 distinguishes between progressive disease (PD) and non-
PD, where PD is defined as the appearance of two or more
new lesions, which should be confirmed on a subsequent
scan. The baseline scan was compared with the first follow-
up scan in side-by-side reading. In the case of PD, the second
follow-up (if available) was used to confirm the presence of
progression. In cases of non-PD, the baseline and the second
follow-up scan were evaluated side-by-side, and the third fol-
low-up scan (if available) was used to confirm progression.
This means that any subsequent scan was used to confirm
PD or evaluated side by side with baseline to identify PD.
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While the same time as using the PCWG-2 criteria, the
readers were asked to rate the response by overall visual
assessment (standard clinical assessment) as they would in
their daily clinical routine: (1) regression, (2) stable disease, or
(3) progression.

Biochemical response evaluation

Changes in PSA levels were classified as PD or non-PD. Non-
PD was constituted by (1) response (�50% decrease in PSA
level) and (2) stable disease (<50% decrease or <25%
increase in PSA). Progressive disease was identified by (a) so-
called drifters (an initial response, i.e., �50% decrease in PSA
followed by progression, i.e., �25% increase from the nadir
and (b) patients showing progression (�25% increase in PSA,
confirmed by a second measurement) [21,22].

Clinical response evaluation

Clinical response evaluation was performed retrospectively
based on the patients’ medical files. The responsible doctors
(a urologist when the patient was receiving ADT and NGH
and an oncologist when the patient was receiving chemo-
therapy) reviewed the patients’ medical files and determined
the subjective clinical response. The response was classified
using a three-point scale: regression, stable disease, or pro-
gression. The classification was largely based on performance
status, reported pain, and general health. Subsequently,
patients were classified as PD (progression) or non-PD
(regression and stable disease).

Statistics

The study was exploratory in nature; there was no sample
size calculation, and the statistical tests were post-hoc analy-
ses. The proportions of PD vs. non-PD for BS and NaF PET/
CT, biochemical and clinical response assessments were com-
pared using McNemar’s test with p< .05 considered statistic-
ally significant. Data are presented on a patient-by-patient

basis and presented with 95% confidence intervals (95% CI).
Crude agreement (the proportion of agreeing image evalua-
tions) and unweighted Cohen’s kappa were used to assess
agreement and were reported with 95% confidence intervals
(CI). The extent of agreement of kappa values was inter-
preted according to the terminology by Landis and Koch
[16]; kappa 0.00–0.20: slight, 0.21–0.40: fair, 0.41–0.60: moder-
ate, 0.61–0.80: substantial, and 0.81–1.00: almost perfect
agreement. All statistical analysis was performed using
StataIC version 13, StataCorp LCC, TX, USA.

Approvals

Patients in this study were recruited from two separate stud-
ies. Both studies were approved by the Regional Research
Ethics committee (numbers N 20130068 and N 20140057)
and the Danish Data Protection Agency. The studies were
performed in accordance with the Helsinki II declaration with
subsequent amendments. The patients received oral and
written information about the study and provided written
informed consent.

Results

Patients

Sixty-four patients, 23 from the DTA study and 41 from the
second study, were included in the present study (Table 1).
The patients had advanced prostate cancer with median PSA
>100 ng/mL, predominantly Gleason 9, and most patients
had bone metastases at study entry. The median interval
between BS and NaF PET/CT was 8 days (interquartile range
3–17 days). The presence of bone metastases could not be
confirmed by the blinded expert readers in four patients by
BS and in three of these by NaF PET/CT; all four were from
the second study.

Among the 28 patients receiving ADT, 18 had follow-up
scans at 26 weeks of treatment, and 6 patients at 12 and 26
weeks; furthermore, in 4 patients, the scans were repeated at

Table 1. Patient demographics and baseline characteristics according to treatment.

ADT NGH Chemotherapy All patients
n¼ 28 n¼ 16 n¼ 20 n¼ 64

Age (years), mean (range) 72 (57–87) 73 (59–84) 71 (61–84) 72 (57–87)
Baseline PSA (ng/mL), median (range) 125 (31–9708) 109 (8–792) 139 (7–1067) 118 (7–9708)
Gleason score, median (range) 9 (7–10) 9 (7–9) 8 (7–10) 9 (7–10)
T-stage

T1, n 1 – 1 2
T2, n 5 2 1 8
T3, n 17 13 15 45
T4, n 5 – 1 6
Unknown – 1 2 3

Prior treatments
Radical prostatectomy, n – 2 1 3
External beam radiation, n – 2 2 4
ADT, n – 16 20 36
NGH, n – 2 9 11
Chemotherapy, n – 2 4 6

Bone metastases at baseline (expert readings)
Bone scintigraphy, n 21 13 19 53
18F-fluoride PET/CT, n 25 13 20 58

ADT: androgen-deprivation therapy; NGH: next-generation hormonal therapy; PSA: prostate-specific antigen; PET/CT: positron emission
tomography/computed tomography.
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4, 12 and 26 weeks. Patients receiving NGH (n¼ 16) had BS
and NaF PET/CT at 12 and 26 weeks. Lastly, patients receiving
chemotherapy (n¼ 20) repeated BS and NaF PET/CT after
three series of chemotherapy (approximately week 10), and if
they received six series of chemotherapy the scans were
repeated at week 20 (13 of 20 patients).

Response evaluation

The proportions of patients showing progression according
to PCWG-2 on BS and NaF PET/CT were 22% and 14%,
respectively (McNemar’s test, p¼ .18). In the individual treat-
ment groups, PD was found on BS in 21% for ADT, 19% for
NGH, and 25% for chemotherapy versus 11%, 6%, and 25%
with NaF PET/CT. The small number of patients in each sub-
group did not allow for subgroup analysis. A few patients
were classified as PD without a confirmatory scan; this
include three ADT patients with the first post-treatment scan
at 26 weeks, and one patient with progression after three
cycles of chemotherapy who was lost to follow up. Due to
the late appearance of radiological progression, PD was
accepted without confirmation. All other patients with pro-
gression at the first post-treatment scan had at least one
additional subsequent scan.

The crude agreement for classifying PD versus non-PD
between BS and NaF PET/CT by PCWG-2 criteria during treat-
ment (entry to exit) was 86% (Figure 1). The agreement was
moderate (Cohen’s kappa 0.53, 95% CI: 0.26–0.79). There was
a trend that crude agreement declined in patients receiving
NGH and chemotherapy compared to patients receiving ADT
(Figure 1). No formal statistical subgroup analysis was
performed.

When all individual scan pairs were taken into consider-
ation, the crude agreement among BS and NaF PET/CT for
classifying PD/non-PD was 77%. Agreement seemed to

decrease from patients receiving ADT to NGH and chemo-
therapy (Figure 1).

BS and NaF PET/CT showed conflicting results on disease
progression from baseline to the last follow-up or at inter-
mediate scans in 13 patients. In seven of these patients, BS
detected PD when NaF PET/CT did not, and in three patients,
BS detected PD at an earlier scan than observed with PET/CT.

Comparison of functional imaging, biochemical, and
clinical responses

The proportion of patients showing PD on functional imag-
ing or biochemical, and clinical progression are presented by
treatment in Table 2. In the total study group, biochemical
PD was found in more patients (27%) than both BS (22%)
and NaF PET/CT (14%), though the differences did not reach
statistical significance (p¼ .65 and p¼ .10, respectively,
McNemar’s test). Clinical progression was found in fewer
patients than imaging-based progression and was observed
almost exclusively in patients receiving chemotherapy.
However, this was not statistically significant (p¼ .12 and
p¼ .75, respectively by McNemar’s test).

Baseline image evaluation

At baseline, BS and/or NaF PET/CT confirmed the presence of
bone metastases in 58 patients and agreed on the presence
or absence of bone metastases in a total of 59/64 patients
(92%, 95% CI: 83–97%). In the remaining five patients, bone
lesions consistent with bone metastases were detected on
NaF PET/CT but not on BS (four from the DTA study and one
from the second study).

There was agreement of the extent of disease by BS and
NaF PET/CT in 44/64 patients (69%). NaF PET/CT found a

Figure 1. Bar chart showing crude agreement between bone scan (BS) and 18F-sodium fluoride (NaF) PET/CT for the assessment of progressive disease vs. non-pro-
gressive disease according the Prostate Cancer Working Group criteria, in total and by treatment. In the total patient group, agreement between the bone scan and
NaF PET/CT was slightly higher when looking only at whether there was progression at any time-point during the study period (grey bars) compared with the situ-
ation where time of detection of progressive disease was taken into consideration (white bars). For patients receiving androgen-deprivation therapy (ADT), these
showed a slight difference, but in the groups receiving either next-generation hormonal therapy (NGH) or chemotherapy, this difference in agreement was even
more pronounced. Error bars represent 95% confidence intervals. Twenty-eight patients received androgen deprivation therapy (ADT), 16 patients received next-
generating hormones (NGH), and 20 patients received chemotherapy.
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higher number of bone lesions in 19/64 patients (30%)
(Table 3). The proportion of patients with more than 20
lesions on BS and/or NaF PET/CT was 41% for ADT, 63% for
NGH, and 89% for chemotherapy.

Visual assessment

Exact McNemar’s test showed no statistically significant dif-
ference in the proportion of patients showing progression,
stable disease, or regression on BS vs. NaF PET/CT (p¼ .14).
The crude agreement on disease progression during the
study was 69%, and Cohen’s kappa showed moderate agree-
ment (0.50, 95% CI: 0.41–0.54). Cohen’s kappa is by definition
affected by the number of categories; therefore, the visual
assessment was reclassified into two categories, PD and non-
PD, with regression and stable disease combined. This did
not notably change the kappa values, which remained mod-
erate (0.42, 95% CI: 0.13–0.70).

Discussion

This is the first study comparing BS and NaF PET/CT in moni-
toring responses in patients with advanced prostate cancer
and bone metastases. We directly compared bone responses
to anti-cancer treatment with BS and NaF PET/CT in a pro-
spective exploratory setting and found no statically signifi-
cant difference in the proportion of PD/non-PD during
treatment. Cohen’s kappa showed moderate agreement
between BS and NaF PET/CT for the response assessment by
the PCWG-2 criteria. The crude agreement between BS and
NaF PET/CT was highest for patients receiving ADT but
declined in patients receiving NGH and chemotherapy.

The PCWG-2 criteria, which include radiological assess-
ment of bone metastasis by BS, are widely used in clinical tri-
als of prostate cancer [23]. The progression of BS assessed
with the PCWG-2 criteria has been associated with impaired
overall survival [8], and the classification of PD vs. non-PD
using PCWG-2 is reproducible among observers [10]. Thus,
the recommendations of BS with the PCWG criteria [24] in
clinical guidelines [6,7] are well documented. NaF PET/CT is
increasingly used in prostate and non-prostate cancer imag-
ing [25,26]. In contrast, the recommendations for the use of
NaF PET/CT for treatment monitoring are modest and
vaguely supported by clinical data [19,25].

Several papers have reported improved detection rates of
malignancy-suspected lesions by NaF PET/CT versus BS [19,27].
Our data confirmed these findings by showing a number of
patients classified with bone metastases at baseline by NaF
PET/CT but not BS. Properly designed diagnostic test accuracy
studies have confirmed that the sensitivity and specificity of

NaF PET/CT may be superior to BS [28–30]. Whether these
improved diagnostic characteristics lead to improvements in
patient management remains unclear. Several large cohort
studies have reported changes in patient management with
NaF PET/CT vs. standard imaging, but due to a lack of
randomized controlled trials, it remains unclear whether the
change was in favor of improved patient outcome [25,26].

The current study found no significant differences in the
classification of PD vs. non-PD by BS and NaF PET/CT.
However, the crude agreements and kappa values were not
quite satisfactory. The results indicated that NaF PET/CT
detected more lesions at baseline but detected less patients
with subsequent PD than BS. This inconsistency might be
caused by the appearance of bone lesions on follow-up BS
that were already visible on the baseline NaF PET/CT. We
acknowledge that the size of the study as well as the hetero-
geneous study population may be limitations for the power
of the statistical analyses.

Biochemical progression was found in a larger proportion
of patients in comparison to BS and NaF PET/CT. This is in
line with previous studies showing that the progression of
PSA often precedes radiographic progression [31,32]. In a
mixed population of castration-sensitive and castration-resist-
ant patients with prostate cancer with and without known
bone metastases who received a variety of treatments, Apolo
et al. demonstrated that changes in standardized uptake val-
ues (SUV) on NaF PET/CT correlated with changes in PSA
[14]. Two minor studies in patients receiving the alpha-emit-
ting radionuclide radium-223 showed changes in SUV after
treatment. In most patients, this change was accompanied
by changes in PSA [15,16]. These data are thus in line with
our data, as some patients showed imaging progression
before biochemical progression and vice versa. Nome et al.
[33] investigated the concordance between changes in PSA,
bone markers and BS in patients with prostate cancer receiv-
ing radium-223. They showed a mixed response on BS, with
new lesions appearing simultaneously with reduced tracer
uptake in existing lesions. However, BS changes were accom-
panied by increases in PSA at six months. The concordance

Table 2. Distribution of patients showing progression by BS, NaF PET/CT, PSA, and clinical response
assessment.

ADT, n¼ 28 NGH, n¼ 16 Chemotherapy, n¼ 20 All patients, n¼ 64

BS, n (%) 6 (21%) 3 (19%) 5 (25%) 14 (22%)
NaF PET/CT, n (%) 3 (11%) 1 (6%) 5 (25%) 9 (14%)
PSA, n (%) 5 (18%) 7 (44%) 5 (25%) 17 (27%)
Clinical, n (%) 0 (0%) 1 (6%) 6 (30%) 7 (11%)

Table 3. Number of bone metastases at baseline on BS vs. NaF PET/CT in
intervals modified from Soloway et al. [20].

NaF PET/CT

0 1 2–4 5–9 10–20 >20

BS
0 6 3 1 1 – –
1 – – 1 2 – –
2–4 – 1 1 3 1 .
5–9 – – – 2 – 2
10–20 – – – – 3 5
>20 – – – – – 32

BS: bone scintigraphy; NaF PET/CT: 18F-sodium fluoride PET/CT.
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between BS and PSA responses has been reported in several
trials with NGH and/or chemotherapy [34–36].

A flare reaction may be seen on BS early during anti-can-
cer treatment. The phenomenon has been solidly docu-
mented with BS, occurring in approximately 20% of the
patients [36,37]. A notable proportion of patients with an
early flare may not be classified as PD on subsequent scans
[37]. The potential impact of the flare has been incorporated
into the PCWG criteria with the ‘2þ 2’ rule. The vast majority
of patients in this study with a flare or apparent progression
at the first scan after the baseline scan had one or more sub-
sequent scans, which allowed firm classification of disease
progression. A few patients were classified as PD without a
confirmatory scan; we found this appropriate given the scan
mostly occurred 6 months after the baseline scan, at a time
where any flare is known to have vanished [16,36,37].

An issue however would arise if the flare appeared differ-
ently, in intensity and/or time, on BS and NaF PET/CT. Flare
reactions have been described with NaF PET/CT, though
shown in small trials with inconsistent results [16,38,39], but
no studies have compared flare simultaneously by BS and NaF
PET/CT. The pathophysiology behind the visualization of bone
lesions by BS and NaF PET/CT are slightly different [19]. Still,
both methods are indirect methods showing reactive bone
reactions, they do not directly visualize tumor tissue. The fact
that the methods are not identical in terms of the mode of
action may question if results from NaF PET/CT can be directly
adapted to a reporting system like PCGW, which was gener-
ated from BS data. This is of particular interest with PET tracers
with direct visualization of tumor tissue, like 18F/11C-choline
and 18F/68Ga-prostate-specific membrane antigen PET/CT.

Images were also read by subjective visual assessment.
Like the PCWG criteria, there was no significant difference in
the proportion of PD vs non-PD between BS and NaF PET/CT
when visually read. The crude agreement between BS and
NaF PET/CT was lower for the subjective visual read com-
pared with the use of the PCWG criteria. This was not
explained by the higher number of disease categories since
the agreement actually declined when combining the three
categories into a dichotomous response. Similar to the find-
ings with PCWG criteria, agreement decreased from ADT to
NGH and chemotherapy.

In conclusion, there was no significant difference in the
proportion of patients showing PD by BS and NaF PET/CT.
However, kappa analysis showed only moderate agreement,
and the crude agreement tended to decrease from ADT over
NGH to chemotherapy. The results emphasize that the two
imaging methods may not be readily exchangeable in the
monitoring of the treatment effect in prostate cancer. Even
though quantitative NaF data have emerged to show import-
ant prognostic information during anti-cancer treatment
[40,41], large comparative trials are required to provide more
detailed information about the predictive role of disease clas-
sification by NaF PET/CT as well as other PET tracers versus BS.
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