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Abstract
We evaluated the association between serum prostate specific antigen (PSA) level and kinetics to predict 18F‑sodium fluoride 
positron emission tomography‑computed tomography (18F‑NaF PET‑CT) positivity for first bone metastases in men with biochemical 
recurrence after radical prostatectomy. All 18F‑NaF PET‑CT scans that were performed at our institution during 2010–2014 were 
queried to find patients who demonstrated biochemical recurrence after radical prostatectomy. Records were reviewed to obtain 
data on PSA levels and kinetics at the time of 18F‑NaF PET‑CT and pathologic features of the prostatectomy specimen, which 
were then used for receiver operating characteristic (ROC) analysis to determine predictability for 18F‑NaF PET positivity. Thirty‑six 
patients met our inclusion criteria. Of these, 8 (22.2%) had positive 18F‑NaF PET‑CT scans. Mean values for PSA, PSA doubling 
time (PSADT), and PSA velocity (PSAV) were 2.02 ng/ml (range: 0.06–11.7 ng/ml), 13.2 months (range: 1.11–60.84), and 1.28 ng/
ml/year (range: 0.1–5.28) for 18F‑NaF PET‑CT negative scans, and 4.11 ng/ml (range: 0.04–14.38 ng/ml), 8.9 months (range; 
0.7–27.8), and 9.06 ng/ml/year (range: 0.04–50.2) for 18F‑NaF PET‑CT positive scans, respectively (P = 0.07, 0.47, and 0.02, 
respectively, for PSA, PSADT, and PSAV). ROC analysis for 18F‑NaF PET‑CT positivity resulted in area under the curve (AUC) 
values of 0.634 for PSA, 0.598 for PSADT, and 0.688 for PSAV. ROC analysis with combined models gave AUC values of 0.723 
for a combination of PSA and PSADT, 0.689 for a combination of PSA and PSAV, and 0.718 for grouping of PSA, PSADT, and 
PSAV. There was no significant association between 18F‑NaF PET‑CT positivity and primary tumor Gleason score, TN staging, 
and status of surgical margins. 18F‑NaF PET‑CT detected first‑time osseous metastases in 22.2% of our patients with biochemical 
recurrence after prostatectomy with the PSA level range ≤11.7 ng/ml. PSAV was statistically significant in predicting 18F‑NaF 
PET‑CT positivity. ROC analysis demonstrated higher AUCs when PSA was combined with PSA kinetics parameters.
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Introduction
Prostate cancer continues to be the most common 
cancer and the second leading cause of cancer death 
in men in the United States. Bone is the primary site 
for prostate cancer metastases.[1] About 15% of patients 
who are treated for primary prostate carcinoma with 
radical prostatectomy develop biochemical recurrence 
with median actuarial time to metastases of 8 years 
from the time of prostate‑specific antigen (PSA) level 
elevation.[2] In postprostatectomy patients, biochemical 
recurrence is defined by serum PSA value >0.2 ng/ml 
confirmed by 2 consecutive measurements.[3] An elevated 
or rising PSA trend is often the first indicator of local 
recurrence and/or metastases. Treatment option for 
patients with biochemical recurrence hinges on detection 
and localization of sites of disease. Patients with local 
recurrence in the prostatectomy surgical bed may be 
candidates for salvage local therapy, while those men 
with metastatic disease may receive systemic treatment.

Imaging evaluation plays an important role in this clinical 
setting. Conventional imaging includes contrast-enhanced 
computed tomography (CT) of the chest, abdomen, 
and pelvis; 99mTc-based bone scintigraphy (BS); and 
increasingly multiparametric magnetic resonance 
imaging (mMRI) of the pelvis. However, these imaging 
studies may be insufficient in detecting lesions with 
adequate sensitivity and specificity.[4] This has stimulated 
the investigation of other imaging modalities including 
hybrid positron emission tomography-CT (PET-CT) 
with a variety of biologically relevant radiotracers in 
prostate cancer.[5] The most common PET radiotracer 
is 18F-fluorodeoxyglucose (FDG) that tracks glucose 
metabolism in tumors. However, FDG PET‑CT is useful 
in only a small fraction of patients with biochemical 
recurrence.[6] The role of other PET radiotracers such as 
those targeted to the gastrin‑releasing peptide receptor, 
prostate‑specific membrane antigen, and androgen 
receptor need further investigation. Radiotracers 
targeted to lipogenesis pathway (e.g., 11C‑acetate, 18F- or 
11C-choline) can be useful in this clinical setting with a 
diagnostic performance that depends on serum PSA level 
and kinetics.[7-14] These studies have largely been limited 
to Europe, with limited availability in the United States 
despite Food and Drug Administration (FDA) approval 
for 11C-choline for the imaging evaluation of biochemical 
recurrence. The use of 11C‑choline is, however, restricted 
in that it has a 20 min half‑life, necessitating the presence 
of an on-site cyclotron and a strict chain of delivery from 
radiochemical synthesis to injection and imaging. More 
recently, the FDA approved the amino acid radiotracer, 
18F-anti-1-amino-3-18F-fluorocyclobutyl-1-carboxylic 
acid (18F-Fluciclovine) for the imaging evaluation of 
men with biochemical recurrence after prostatectomy.[15] 
However, the clinical adoption and other important issues 

such as availability, accessibility, and reimbursement will 
take some time to evolve.

There has been renewed interest in 18F-sodium 
fluoride (18F-NaF) as a PET radiotracer for detection of 
osseous metastases. 18F-NaF has favorable properties as 
a radiotracer for bone imaging; it accumulates in bone 
rapidly and clears quickly from the circulation, allowing 
for a high bone-to-background uptake ratio within a 
short time. PET-CT also allows for high spatial resolution 
and quantitation. Studies investigating 18F-NaF PET 
to detect osseous metastasis have demonstrated a 
significant competitive advantage over 99mTc-based 
BS (planar and single-photon emission CT) in identifying 
osseous metastases in prostate cancer that impacts 
management.[16-19] A major bolstering in the use of 18F-NaF 
PET was when the United States Centers for Medicare 
and Medicaid Services (CMS) announced on February 7, 
2011, to reimburse for 18F-NaF PET through the coverage 
with evidence development (CED) program managed by 
the National Oncologic PET Registry (NOPR) to assess the 
effect of 18F-NaF PET on referring physicians’ intended 
management of patients with known or suspected bone 
metastases.[20] However, later on, December 15, 2015, the 
CMS issued another decision memorandum stating that 
there was insufficient evidence to allow for 18F-NaF PET 
reimbursement and recommended further continuation 
of CED through the NOPR for another 24 months.[21]

The National Comprehensive Cancer Network Guidelines 
state that bone scans and CT may be considered in 
patients when PSA fails to fall to undetectable levels or 
when serum PSA increases to detectable levels on 2 or 
more subsequent determinations, though 99mTc-based 
BS is rarely positive in asymptomatic patients with 
PSA <10 ng/ml.[22] Gomez et al. found that BS was 
unlikely to be positive in patients with a serum PSA 
of <7 ng/ml with biochemical recurrence after radical 
prostatectomy, whereas a PSA of ≥20 ng/ml was 
typically associated with suspicious positive findings on 
BS.[23] The aim of this study was to determine the serum 
PSA level and kinetics, in addition to other clinical and 
pathologic factors, that may be predictive of 18F-NaF 
PET‑CT positivity for first bone metastases in men with 
biochemical recurrence after radical prostatectomy.

Patients and Methods
As a part of this Institutional Review Board-approved 
study, all 18F-NaF PET-CT scans that were performed at our 
institution between 2010 and 2014 were retrospectively 
queried to find patients who had undergone radical 
prostatectomy with biochemical recurrence. We 
excluded patients who had known metastatic disease, 
based on conventional imaging, at the time of 18F-NaF 
PET-CT to obtain a cohort of 36 patients (mean age: 68.5; 
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range: 51.0–83.4 years) for whom 18F-NaF PET-CT was 
being explored to determine first osseous metastases.

Patients underwent 18F‑NaF (mean 10.5 mCi, 388.5 MBq) 
PET-CT scans. Each hybrid PET-CT (Biograph Duo 
LSO; Siemens, Erlangen, Germany) was performed 1 h 
after intravenous (IV) administration of the radiotracer. 
Low‑dose helical CT transmission scan (pitch 0.8, 50 
mAs, 120 kVp) was performed first. No oral or IV 
contrast material was used. PET was then performed 
with 3 min per bed position from the top of the head 
to the feet. Raw CT data were reconstructed into 5 mm 
thick section of transverse images, and reformatted 
sagittal and coronal CT images were generated. CT-based 
attenuation-corrected PET images were reconstructed 
and viewed on a high-resolution colored monitor. PET 
and CT images could be viewed on a continuous fusion 
scale from PET only to CT only images using image 
fusion software (E-soft; Siemens).

The electronic medical records of the patients were 
reviewed to obtain information on serum PSA level at the 
time of 18F‑NaF PET‑CT, additional PSA values necessary 
for the calculation of PSA kinetics, pathologic features 
of the prostatectomy specimen, and other follow‑up 
radiologic studies performed to corroborate the 18F-NaF 
PET-CT findings. 18F-NaF PET-CT interpretations 
included only those positive (higher than normal bone 
background activity) findings that did not represent 
physiologic or benign conditions taking into account the 
findings on the concurrent CT. The timing of PET‑CT in 
relation to PSA level and any treatment after scan results 
were at the discretion of the treating physician and the 
patient. PET-CT scans were interpreted by experienced 
nuclear medicine radiologists who were not blinded 
to patients’ demographics, laboratory, radiologic, or 
pathologic results.

The calculation of PSA doubling time (PSADT) 
incorporated all detectable PSA values measured 
within 1 year prior to the 18F-NaF PET-CT to 30 days 
after the 18F-NaF PET-CT. Patients with only one PSA 
measurement were excluded from analysis. PSADT 
was calculated as the natural log of 2 divided by the 

slope of log PSA level divided by time in months. PSA 
velocity (PSAV) was calculated as the slope of the linear 
regression of PSA levels over time in years.[24] Receiver 
operating characteristic (ROC) analysis for 18F-NaF 
PET positivity was performed using PSA, PSADT, and 
PSAV as independent variables. ROC analysis was also 
performed using combined models with (1) PSA and 
PSADT, (2) PSA and PSAV, and (3) PSA, PSADT, and 
PSAV.

Results
Nine of 36 patients (25%) had received androgen 
deprivation therapy at some time during the course of 
their treatment after radical prostatectomy, but none 
were receiving androgen deprivation therapy at the time 
of the 18F-NaF PET-CT. Serum PSA values were dated 
between 0 and 8.6 weeks (mean 2.6 weeks) of the 18F-NaF 
PET-CT. There was a mean of 6.98 years (range: 0.27–
14.61 years) from the date of prostatectomy to the time 
of the 18F-NaF PET-CT. Tables 1 and 2 list the parameters 
for patients with positive and negative 18F-NaF PET-CT 
scans, respectively.

Of the 36 patients, 8 (22.2%) had positive 18F-NaF 
PET‑CT scans, 7 were confirmed as true positive 
with subsequent studies on either 18F-NaF PET-CT 
or conventional imaging [Table 1]. Mean values for 
PSA, PSADT, and PSAV were 2.02 ng/ml (range: 
0.06–11.7 ng/ml), 13.2 months (range: 1.11–60.84), 
and 1.28 ng/ml/year (range: 0.1–5.28) for 18F-NaF 
PET‑CT negative scans, respectively. Mean values 
for PSA, PSADT, and PSAV and 4.11 ng/ml (range: 
0.04–14.38 ng/ml), 8.9 months (range: 0.7–27.8), and 
9.06 ng/ml/year (range: 0.04–50.2) for 18F-NaF PET-CT 
positive scan, respectively. Statistical comparison 
between the corresponding PSA parameters for negative 
and positive 18F-NaF PET-CT yielded probabilities of 
0.07 for serum PSA level, 0.47 for PSADT, and 0.02 for 
PSAV. The lowest serum PSA level with positive scan 
and highest serum PSA level with negative scan were 
0.04 ng/ml and 11.70 ng/ml, respectively. Figure 1 is an 
illustrative example of a patient with positive 18F-NaF 
PET-CT.

Table 1: Patients with positive 18F‑sodium fluoride positron emission tomography scans
Patient 
number

PSA (ng/ml) PSADT (months) PSAV (ng/ml/year) Primary tumor 
Gleason score

Surgical 
margin

Radiotherapy 
(adjuvant)

Radiotherapy 
(salvage)

T‑stage

1 0.04 2.216 0.130 7 Positive No No pT2c
2 0.12 20.027 0.042 7 Negative No No pT3a
3 1.3 2.415 1.974 9 Negative No Yes pT2b
4 2.48 0.706 50.240 9 Positive No Yes pT3a
5 4.33 7.769 3.119 7 Unknown No Yes pT3a
6 4.42 3.584 3.678 7 Negative No No pT3a
7 5.83 27.847 1.508 7 Negative No No pT2b
8 14.38 6.492 11.757 8 Positive No Yes pT3a
PSA: Prostate‑specific antigen; PSADT: Prostate‑specific antigen doubling time; PSAV: Prostate‑specific antigen velocity
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ROC analysis for 18F-NaF PET positivity resulted in area 
under curve (AUC) values of 0.634 for PSA [Figure 2], 

0.598 for PSADT [Figure 3], and 0.688 for PSAV [Figure 4]. 
ROC analysis with combined models gave AUC values 
of 0.723 for PSA and PSADT [Figure 5], 0.689 for PSA 
and PSAV [Figure 6], and 0.718 for PSA, PSADT, and 
PSAV [Figure 7]. There was no association found 
between 18F-NaF PET positivity and primary tumor 
Gleason score, primary TN staging, and status of surgical 
tumor margins.

Discussion
Detection and localization of early metastatic disease 
in patients with biochemical recurrence after definitive 
local therapy for primary prostate cancer is clinically 
important for selecting an appropriate course of 
management. In many patients, however, conventional 
imaging is negative or inconclusive, particularly in those 
patients with relatively low serum PSA levels.[4,25] A 
retrospective study of 142 postprostatectomy patients 
with PSA rise to 1 ng/ml who underwent evaluation with 
combination of pelvic mMRI ± whole‑body or bone MRI, 
standard BS, chest‑abdomen‑pelvis CT, FDG PET‑CT, 
or 18F-NaF PET-CT found that 75% of patients with 
positive imaging findings and 60% patients with negative 

Table 2: Patients with negative 18F‑sodium fluoride positron emission tomography scans
Patient 
number

PSA (ng/ml) PSADT (months) PSAV (ng/ml/year) Primary tumor 
Gleason score

Surgical 
margin

Radiotherapy 
(adjuvant)

Radiotherapy 
(salvage)

T‑stage

1 0.06 3.63 0.10 7 Negative No No pT2c
2 0.11 6.02 0.10 7 Negative No No pT3b
3 0.18 1.11 0.78 7 Negative No No pT2c
4 0.18 3.95 0.27 8 Negative No No pT2c
5 0.36 2.95 1.04 9 Negative No No pT2c
6 0.39 10.10 0.24 ‑ Negative No No pT3b
7 0.49 6.31 0.37 7 Negative No Yes pT3a
8 0.5 2.09 1.30 8 Negative No No pT2c
9 0.73 4.05 1.11 8 Negative No Yes pT3a
10 0.8 2.32 1.23 7 Unknown Yes No pT3b
11 0.97 19.33 0.38 7 Negative No No pT2C
12 1 2.13 2.22 7 Positive No Yes pT2c
13 1.08 60.84 0.17 7 Positive No No pT3a
14 1.26 1.67 2.28 7 Negative No Yes pT3b
15 1.29 10.73 0.76 8 Positive Yes No pT3b
16 1.29 11.75 0.72 7 Negative No Yes pT3a
17 1.4 3.75 1.63 7 Negative No Yes pT3b
18 1.53 7.79 1.02 8 Negative No No pT3a
19 1.6 4.33 1.41 7 Positive Yes No pT3a
20 1.92 28.14 0.50 8 Negative No No pT3a
21 2.1 2.78 2.73 7 Negative No No pT2c
22 2.79 36.39 0.61 6 Unknown No Yes pT3a
23 2.84 9.45 1.50 9 Positive Yes No pT3b
24 2.88 39.43 0.57 ‑ Unknown No No ‑
25 4.31 22.90 1.34 7 Positive No No pT2b
26 6.32 8.41 4.36 7 Positive Yes No pT3a
27 6.59 6.57 5.28 7 Negative No Yes pT3a
28 11.7 51.78 1.81 7 Positive Yes No pT3b
PSA: Prostate‑specific antigen; PSADT: Prostate‑specific antigen doubling time; PSAV: Prostate‑specific antigen velocity

Figure 1: Illustrative example of a patient with positive 18F‑sodium 
fluoride positron emission tomography‑computed tomography 

(patient 1 in Table 1; PSA = 0.04 ng/ml, PSA doubling time = 2.216 
months, PSA velocity = 0.13 ng/ml/year). Note the abnormally 

increased uptake of the 18F‑sodium fluoride in a right lateral rib (b) 
and in right ilium corresponding to subtle sclerosis on computed 

tomography. No other suspicious lesions were seen (a: Axial 
computed tomography, b: Axial 18F‑sodium fluoride positron 

emission tomography, c: Axial computed tomography [left], fused 
18F‑sodium fluoride positron emission tomography‑computed 
tomography [right], d: 18F‑sodium fluoride positron emission 

tomography maximum intensity projection image)

dc

ba
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Figure 2: Positron emission tomography positivity prediction using 
serum PSA level. Area under the curve = 0.6339, 95 confidence 

interval: (0.35, 0.92), P > 0.4

Figure 3: Positron emission tomography positivity prediction using 
PSA doubling time. Area under the curve = 0.5982, 95 confidence 

interval: (0.36, 0.84), P > 0.4

Figure 4: Positron emission tomography positivity prediction using 
PSA velocity. Area under the curve = 0.6875, 95 confidence interval: 

(0.40, 0.98), P = 0.2

Figure 5: Positron emission tomography positivity prediction using 
PSA and PSA doubling time. Area under the curve = 0.7232, 95 

confidence interval: (0.49, 0.95), P = 0.06

Figure 6: Positron emission tomography positivity prediction 
using PSA and PSA velocity. Area under the curve = 0.6875, 95 

confidence interval: (0.40, 0.98), P = 0.2

Figure 7: Positron emission tomography positivity prediction 
using PSA, PSA doubling time, and PSA velocity. Area under the 

curve = 0.7188, 95 confidence interval: (0.46, 0.97), P = 0.1
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imaging received treatment (radiation, hormones, or 
chemotherapy).[26] This investigation suggested that at 
low serum PSA levels, many postprostatectomy patients 
with negative imaging finding would still receive some 
type of treatment, despite potential side effects and 
uncertainty on outcome. Conversely, when sites of 
disease can be localized, then it is reasonable to presume 
that patients will receive tailored treatment (aligned 
with the concept personalized or precision medicine) 
with disease sites that can be monitored objectively 
during and after treatment. This strategy also allows for 
use of novel therapies in oligometastatic disease taking 
into account patient’s overall underlying risk (low-risk 
patients: Stage T1c, T2a, and PSA level ≤10 ng/ml 
and Gleason score ≤6; intermediate‑risk: stage T2b or 
Gleason score of 7 or PSA level > 10 and ≤ 20 ng/ml; and 
high-risk: Stage T2c or PSA level > 20 ng/ml or Gleason 
score ≥ 8) that may ultimately lead to overall improved 
patient outcome.[27,28] In addition, economic modeling 
studies suggest that a diagnostic technology capable 
of accurately identifying localized versus metastatic 
disease in men with biochemical recurrence after radical 
prostatectomy would be cost-effective in comparison to 
current conventional work-up.[29]

Dotan et al. found in an investigation of 330 patients 
with biochemical recurrence (defined as PSA 
level ≥ 0.4 ng/ml) after radical prostatectomy that 
positivity on conventional BS was associated with 
increasing serum PSA level; 4% for PSA levels 0–10, 36% 
for PSA levels 10.1–20, 50% for PSA levels 20.1–50, and 
79% for PSA levels above 50 ng/ml.[30] In multivariate 
analysis, only PSA slope (odds ratio [OR], 2.71; P = 0.03), 
PSAV (OR, 0.93; P = 0.003), and trigger PSA (OR, 1.022; 
P < 0.001) predicted a positive BS. Similar results were 
reported by Moreira et al. that in both castrate-sensitive 
cases and cases after androgen deprivation therapy, 
more aggressive and advanced disease were identified 
by higher PSA levels, higher PSAV, and shorter PSADT 
with higher BS positivity.[24]

We found first‑time suspicious osseous metastases in 
22.2% of our patients with PSA relapse. Patients with 
positive scans were found to have higher mean PSA 
values, shorter mean PSADT, and higher mean PSAV. 
However, PSAV turned out to be the only statistically 
significant parameter for predicting 18F-NaF PET-CT 
positivity. Combining PSA level with PSADT or 
PSA level with PSADT and PSAV resulted in higher 
predictability for a positive 18F-NaF PET-CT than any 
single variable independently. Particularly in patients 
with serum PSA level of <10 ng/ml, we observed positive 
findings in seven out of eight 18F-NaF PET-CT scans. This 
suggested that 18F-NaF PET-CT may be useful in patients 
with low PSA values that would typically be excluded 

from undergoing conventional BS on the basis of serum 
PSA level alone.

Our results with 18F-NaF as the PET radiotracer in this 
clinical setting mirrors similar observation with other 
PET radiotracers, with relatively robust published 
evidence on 11C-choline and 18F-fluorocholine.[31,32] 
Castellucci et al. concluded that PSA, PSADT, and PSAV 
could each be independent predictors of 11C-choline 
positivity, with PSA kinetics having particular 
importance in patients with very low PSA values.[12] 
Using 18F‑fluorochlorine PET, Graute et al. determined 
optimal threshold values of a PSA >1.74 ng/ml and 
PSAV >1.27 ng/ml/year.[13] In a recent systematic 
review and meta-analysis of 18 articles that employed 
11C-choline or 18F‑fluorocholine PET‑CT in the imaging 
evaluation of patients with biochemical recurrence of 
prostate cancer, positive findings suspicious for disease 
sites were noted in 1219 of 2213 (54.9%) patients. In 
these studies, the mean of the mean restaging PSA levels 
was 3.6 ± 2.7 ng/ml (range: 0.5–10.7 ng/ml).[33] Treglia 
et al. performed a systematic review of 14 articles on 
choline PET-CT in restaging prostate cancer that focused 
specifically on the association between PSA level and 
kinetics on lesion detection. A positive association 
was noted with increasing PSA level, decreasing 
PSADT, and increasing PSAV.[34] Similar results have 
also appeared for the recently developed 68gallium 
prostate‑specific membrane antigen PET‑CT with a 
systematic review and meta-analysis demonstrating 
detection rates that increase with increasing PSA level 
and shorter PSADT.[35]

The observation of increasing probability of potential 
lesion detection on PET‑CT, regardless of the radiotracer, 
with increasing PSA level or abnormal PSA kinetics is 
likely reflective of the underlying burden of disease, 
especially in castrate-sensitive clinical state. Our study 
focused on detection of suspicious positive findings 
in bone as demarcated on 18F-NaF PET-CT for which 
subsequent imaging studies or clinical impression and 
management decision of the treating physician were used 
as a proxy for verification. Histologic confirmation for 
suspicious visualized positive lesions was impractical due 
to ethical and economical reasons. Further investigation 
should incorporate a larger prospective cohort to 
corroborate the preliminary findings of this study.

Conclusions
Our results suggest that in the setting of biochemical 
recurrence postprostatectomy, 18F-NaF PET-CT may 
be useful for detection and localization of first bone 
metastases in men with serum PSA levels lower than 
10 ng/ml and with increasing PSAV.
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