
Quantification of bone flare on 18F-NaF PET/CT in metastatic 
castration-resistant prostate cancer

Amy J. Weisman1, Stephanie A. Harmon1, Timothy G. Perk1, Jens Eickhoff2, Peter L. 
Choyke3, Karen A. Kurdziel3, William L. Dahut4, John L. Humm5, Andrea B. Apolo4, Steven 
M. Larson5, Michael J. Morris5, Scott B. Perlman6, Glenn Liu1,7, Robert Jeraj1,8

1Department of Medical Physics, University of Wisconsin, Madison, WI, USA

2Department of Biostatistics and Medical Informatics, University of Wisconsin, Madison, WI, USA

3Molecular Imaging Program, National Cancer Institute, Bethesda, MD, USA

4Genitourinary Malignancies Branch, National Cancer Institute, Bethesda, MD, USA

5Memorial Sloan Kettering Cancer Center, New York, NY, USA

6Department of Radiology, University of Wisconsin, Madison, WI, USA

7Department of Medicine, University of Wisconsin, Madison, WI, USA

8Faculty of Mathematics and Physics, University of Ljubljana, Ljubljana, Slovenia

Abstract

Background—Bone flare has been observed on 99mTc-MDP bone scans of patients with 

metastatic castration-resistant prostate cancer (mCRPC). This exploratory study investigates bone 

flare in mCRPC patients receiving androgen receptor (AR) inhibitors using 18F-NaF PET/CT.

Methods—Twenty-nine mCRPC patients undergoing AR-inhibiting therapy (abiraterone, 

orteronel, enzalutamide) received NaF PET/CT scans at baseline, week 6, and week 12 of 

treatment. SUV metrics were extracted globally for each patient (SUV) and for each individual 

lesion (iSUV). Bone flare was defined as increasing SUV metrics or lesion number at week 6 

followed by subsequent week 12 decrease. Differences in metrics across timepoints were 

compared using Wilcoxon tests. Cox proportional hazard regression was conducted between 

global metrics and progression-free survival (PFS).

Results—Total SUV was most sensitive for flare detection and was identified in 14/23 (61%) 

patients receiving CYP17A1-inhibitors (abiraterone, orteronel), and not identified in any of six 

patients receiving enzalutamide. The appearance of new lesions did not account for initial 

increases in SUV metrics. iSUV metrics followed patient-level trends: bone flare positive patients 
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showed a median of 72% (range: 0–100%) of lesions with total iSUV flare. Increasing mean SUV 

at week 6 correlated with extended PFS (HR = 0.58, p = 0.02).

Conclusion—NaF PET bone flare was present on 61% of mCRPC patients in the first 6 weeks 

of treatment with CYP17A1-inhibitors. Characterization provided in this study suggests favorable 

PFS in patients showing bone flare. This characterization of NaF flare is important for guiding 

treatment assessment schedules to better distinguish between patients showing bone flare and 

those truly progressing, and should be performed for all emerging mCRPC treatments and imaging 

agents.

Introduction

Mid-treatment response assessment in patients with bone metastatic castration-resistant 

prostate cancer (mCRPC) has found patients may show radiologic progression conflicting 

with serologic changes measured via prostate specific antigen (PSA) [1]. This apparent 

progression, identified on 99mTc methyl diphosphonate (MDP) bone scans, often subsided in 

later scans, suggesting initial changes in appearance can be classified as a bone flare reaction 

[1]. Rather than an unfavorable reaction, bone flare could be indicative of osteoblastic 

stimulation during the bone repair process [2–4], and had been associated with successful 

therapy [5, 6].

Bone flare in mCRPC patients has been associated with androgen receptor (AR) inhibitor 

therapies such as abiraterone [1, 7], which inhibits the CYP17A1 enzyme, indirectly 

preventing production of androgens and estrogens in adrenal glands and tumor tissue [8]. 

Newer AR-inhibiting therapies include orteronel, which inhibits the CYP17A1 pathway 

similar to abiraterone, and enzalutamide, which works via AR binding, blocking AR 

translocation and transcription and inhibiting downstream pathways [7]. Differentiation 

between early progression and bone flare in mCRPC patients receiving these therapies 

cannot be confirmed until follow-up scans are taken, thus understanding the dynamics of 

bone flare in emerging mCRPC treatments and imaging agents is essential to guide 

treatment response assessment schedules.

While planar MDP bone scanning remains the clinical standard of care, image interpretation 

can be variable, and detection of small changes in uptake is not feasible. Similar to MDP 

bone scans, 18F-sodium fluoride (NaF) positron emission tomography (PET) localizes in 

bone lesions as a surrogate of osteoblastic activity. NaF PET scans have a significantly 

higher detection sensitivity and specificity when paired with computed tomography (CT) 

scans compared to MDP bone scans [9] and thus can detect disease changes earlier. PET/CT 

also presents a higher spatial resolution [9], and allows for semi-quantitative response 

assessment using standardized uptake value (SUV) metrics. Recent studies have shown 

various NaF PET SUV metrics to be prognostic of progression-free survival (PFS) [10] and 

overall survival (OS) [11].

This exploratory study aims to identify and characterize bone flare in mCRPC patients 

receiving AR-directed treatments using 18F-NaF PET/CT. We aim to detect and quantify 

bone flare at both the global patient level and individual lesion level. Additionally, we 

examine the relationship between NaF PET flare and clinical PFS.
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Methods

Patients and scan acquisition

This multi-institutional study included 33 mCRPC patients over the age of 18 enrolled as 

part of a larger prospective study evaluating the repeatability of NaF PET/CT [12] and its 

ability to measure response to therapy [10] (NCT01516866). Participating sites included 

University of Wisconsin Carbone Cancer Center, Memorial Sloan-Kettering Cancer Center, 

and the National Cancer Institute. Study protocols were approved by the Institutional 

Review Board at each institution and all patients signed a written informed consent. Patients 

underwent whole body NaF PET/CT imaging at baseline (pretreatment), week 6, and week 

12 of treatment. Patients were injected intravenously with 163 ± 26MBq of 18F-NaF and 

imaged 63 ± 16 min post injection. Study design included a week 6 imaging timepoint to 

evaluate the presence of flare. Patients received treatment with either abiraterone, orteronel, 

or enzalutamide based on physician discretion.

Quantitative analysis

Using an image analysis software, Quantitative Total Bone Imaging [10, 12], imaging 

metrics (maximum, mean, and total uptake) were extracted from NaF PET/CT scans for 

each patient (SUV) and for each individual lesion (iSUV) at each timepoint. Lesion 

segmentation was completed on each NaF PET scan by applying a SUV > 15 g/mL 

threshold to lesions contained within skeletal regions [12, 13]. Any benign lesions identified 

by an experienced nuclear medicine physician still present after segmentation were manually 

removed. Articulated skeletal registration between scans was completed [14, 15], allowing 

individual lesions to be tracked across imaging timepoints.

Following previous studies [1], NaF flare was characterized by any increase in uptake on the 

first follow-up scan followed by any decrease on the subsequent scan, and was quantitatively 

assessed using each global SUV metric as well as lesion number. To study bone flare at a 

lesion level, only lesions in patients experiencing bone flare that were present with a 

functional volume greater than 1.5 cc at all three imaging timepoints [12] (baseline, week 6, 

and week 12) were analyzed.

PSA levels were measured 1 week before treatment start, and at approximately 4 week 

intervals for 4 treatment cycles. PSA levels were utilized with NaF SUV metrics to further 

analyze NaF flare. PFS was defined as the number of days from treatment initiation to a 

disease progression event (radiographic or clinical) or death, whichever comes first, with 

clinical progression including events related to changes in PSA and/or physician discretion. 

Physicians were not blinded to treatments. Patients not showing progression-related events 

by the end of follow-up period were censored to the last applicable examination date. For a 

full description of outcome evaluation, see [10].

Statistical analysis

Flare was assessed at a patient level and individual lesion level by characterizing the 

proportion of patients (lesions) showing flare in each SUV (iSUV) metric. To assess 

treatment effects of the patient population as a whole, differences in global SUV were 
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summarized in medians and ranges and compared between timepoints using Wilcoxon 

signed-rank tests on absolute SUV values. iSUV metrics were compared using Wilcoxon 

signed-rank tests for clustered data to account for potential correlation of lesions within the 

same patient [16]. In order to assess the impact of flare on patient outcome, univariable Cox 

proportional hazard regression was conducted between baseline to week 6 changes in SUV 

metrics (ΔSUV) and PFS. Multivariable Cox proportional hazard regression analyses were 

conducted using univariable predictors (p < 0.2) to evaluate whether changes in global SUV 

metrics predict PFS independently from changes in PSA metrics. All reported p-values are 

two-sided and p < 0.05 was used to define statistical significance. Statistical analysis was 

conducted using R software (version 3.2.5; https://www.r-project.org/).

Results

Of the 33 patients enrolled in this study, 19 received abiraterone, seven received orteronel, 

and seven received enzalutamide. Relevant patient demographic information is in 

Supplementary Material: Table 1. Twenty-nine patients successfully completed baseline, 

week 6, and week 12 NaF PET/CT scans (N = 19 for abiraterone, N = 4 for orteronel, N = 6 

for enzalutamide).

Patient level analysis

Evidence of global NaF flare was assessed in the 29 patients completing baseline and both 

follow-up NaF PET/CT scans (Table 1). One patient receiving enzalutamide showed 

minimal evidence of flare in any NaF PET metrics (SUVmean); however, SUVmean changes 

were small (+4% increase followed by −1% decrease) and discordant with response in other 

SUV metrics. No other patients receiving enzalutamide showed evidence of global NaF flare 

in any metrics including lesion number, thus these patients were separated from those 

receiving CYP17A1-inhibitors for further NaF flare analysis.

Due to the similarities between the drug pathways and similar global response patterns, 

patients receiving abiraterone and orteronel were combined for the remaining analysis. Of 

the 23 patients receiving CYP17A1-inhibitors, 20 (87%) showed an initial increase at week 

6 in one or more SUV metrics, with 17 (74%) showing evidence of patient-level NaF flare in 

one or more metrics. While nine patients receiving CYP17A1-inhibitors showed increasing 

lesion number at week 6, only five patients (22%) showed a subsequent decrease (flare) in 

lesion number.

All patients showing flare in SUVtotal also showed flare in SUVmean, SUVmax, or both, 

suggesting SUVtotal could be used individually to define flare response. Fourteen of the 23 

patients receiving CYP17A1-inhibitors (61%) were thus classified as experiencing a NaF 

PET flare response to treatment (Fig. 1). Patients exhibited a wide range of treatment 

reactions, representative examples of extreme, median, and no evidence of bone flare are 

illustrated in Fig. 2.

Table 1 shows median and range of changes in patient-level metrics between scan timepoints 

for patients receiving CYP17A1-inhibitors. Median changes in all SUV metrics show 

increasing values at week 6 relative to baseline scans, and decreasing values between week 6 

Weisman et al. Page 4

Prostate Cancer Prostatic Dis. Author manuscript; available in PMC 2020 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.r-project.org/


and week 12 scans. Patient lesion number shows a stable median at week 6 followed by an 

increase at week 12.

Lesion level SUV changes

Sixty-two lesions with a segmented volume greater than 1.5 cc remained present on all three 

NaF PET scans of the 14 patients showing NaF PET flare, with a median of four 

longitudinally trackable lesions (range 1–21) per patient. Table 2 reports the median and 

range percentage of these individual lesions per patient that showed an increase in iSUV 

metrics at week 6 as well as lesions showing flare in each NaF PET metric. Similar to global 

SUV metrics, median changes between scans show an increase in all individual lesion 

uptake metrics between baseline and week 6 scans and subsequent decrease at week 12 

(Table 2). Excluding change in iSUVmax at week 6, all iSUV metrics show significant 

changes between scans.

Relation to clinical outcome

Twenty-five patients receiving CYP17A1 inhibitors had paired baseline and week 6 scans 

for inclusion in outcome analysis. Median interval from start of treatment to date of 

progression was 7.1 months (range 2.4–29.5). A forest plot representing results from cox 

proportional hazard regression analysis (hazard ratio +/−95% confidence interval) is shown 

in Fig. 3 for changes in SUV NaF PET metrics between baseline and week 6 scans. An 

increase in SUVmean at week 6 was significantly associated with prolonged progression-free 

survival (HR = 0.57, p = 0.02). This relationship remained significant in a multivariable 

model with changes in PSA levels at week 8 (HR = 0.56, p = 0.02 for ΔSUVmean, HR = 

1.97, p = 0.03 for ΔPSA). The change in total number of lesions, assessed at week 6, showed 

no relation to PFS. No other multivariable models including ΔSUV metrics showed 

significant relations to PFS after adjusting for changes in PSA metrics.

Correlation to PSA

PSA levels were used to further analyze bone flare in patients receiving baseline, week 6, 

and week 12 scans (N = 23). In comparing the change in SUVtotal between baseline and 

week 6 scans with change in PSA between baseline and week 8, all patients showed 

reactions in three categories: (1) increasing SUVtotal and increasing PSA, N = 5; (2) 

increasing SUVtotal and decreasing PSA, N = 13; or (3) decreasing SUVtotal and decreasing 

PSA, N = 5. Only one of the 14 patients showing NaF flare did not show a decrease in PSA, 

with an increase of 10% at week 8; however, showed signs of flare in both SUVmean and 

SUVtotal with a PFS longer than the median of 7.1 months (23.6 months).

Discussion

This exploratory study is the first to document and measure bone flare response to AR-

directed therapies on NaF PET/CT scans of patients with mCRPC using both patient and 

individual lesion level metrics. Flare was detected in 61% (14/23) of patients receiving 

CYP17A1-inhibitors, with a majority of evaluable lesions in these patients showing an 

individual flare response occurring independent from uptake in normal bone. Patients 

receiving enzalutamide did not show characteristics of NaF flare. Patients could be grouped 
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into three categories of treatment reaction: classical responders (decrease in NaF uptake and 

decrease in PSA, N = 5), classical progression (increase in NaF uptake and increase in PSA, 

N = 5), or bone flare response (increase in NaF uptake and decrease in PSA, N = 13). The 13 

patients showing increasing week 6 SUVtotal and decreasing week 8 PSA also showed 

decreasing SUVtotal at the week 12, indicating the majority (93%) of patients flaring in 

SUVtotal showed signs of improvement in PSA.

A previous report of patients with mCRPC receiving abiraterone defined MDP bone scan 

flare as a progressing MDP bone scan 3 months after initiating treatment accompanied by a 

50% decrease in PSA, followed by subsequent improvement in MDP bone scans 3 months 

later [1]. Bone flare was identified in 10 of 23 evaluable patients (44%) [1]. This incidence 

rate is likely lower than patients showing NaF flare (61%) in the present study as a result of 

later imaging and poorer detection sensitivity of MDP bone scans that limits the detection of 

bone flare. Separately, flare has also been detected on CT images in a small proportion of 

mCRPC patients (3/39) receiving CYP17-inhibiting therapies at week 12 of treatment [17]. 

Changes in average HU across bone lesions were not correlated to changes in any global 

SUV metric in the present study (Spearman’s ρ = −0.02, 0.01, and 0.06 for SUVmean, 

SUVtotal, and SUVmax, respectively); however, the week 6 timepoint may be too early to 

detect CT flare.

In an attempt to separate men experiencing bone flare from men showing disease 

progression, PCWG2 defined MDP bone scan progression as at least two new confirmed 

bone lesions on the first scan, followed by two new confirmed lesions at the next assessment 

timepoint (2 + 2 rule) [18], ensuring only truly progressing patients would be considered for 

termination of treatment. Here we have reported stable lesion numbers across timepoints, 

suggesting that the development of new lesions was not characteristic of NaF flare in this 

cohort of patients. Within the subset of 14 NaF flaring patients, median changes in lesion 

number at week 6 was −2.2% (range −33 to 100%). Moreover, change in lesion number 

between baseline and week 6 scans was not predictive of progression-free survival (HR = 

1.02, p = 0.9). As has been suggested in the past [19], newly detected MDP bone scan lesion 

in patients showing signs of bone flare may have been present on baseline scans but below 

the detectability threshold. In addition, automated methods allow for a more complete and 

objective analysis compared to manual observation.

In this study, an increase in SUVmean at week 6 correlated with prolonged PFS (HR = 0.58, 

p = 0.02), with increases in SUVmax and SUVtotal showing similar trends though not 

significant. Multivariable analysis revealed an increase in SUVmean at week 6 and a decrease 

in PSA at week 8 were independent predictors of prolonged PFS (HR = 0.57, p = 0.02; HR = 

1.97, p = 0.03, respectively). Thus, as has been suggested in previous studies, a bone flare 

response to therapy may be indicative of a healing reaction within boney lesions [2–4], 

representing treatment success rather than disease progression. It has been shown that 

patient level NaF PET SUV metrics measured at week 12 are better indicators of PFS than 

measurements taken at week 6 [10]. This supports the notion that response assessment at 

week 6 is unreliable due to this bone flare response [5]. Flare was shown to be subsiding at 

the week 12 timepoint, although increases in SUV metrics did not consistently return to 

levels present at baseline or below.
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Reports of flare in mCRPC patients receiving enzalutamide have been discordant: de Giorgi 

et al. [7] reported no signs of bone flare using 18F-Fluorocholine PET/CT, while Ning et al. 

[20] confirmed the presence of bone flare using MDP bone scans. In the present study, no 

enzalutamide patients showed signs of NaF flare. Similar to the report by de Giorgi et al., 

this may be due to the small patient cohort receiving enzalutamide (six patients) and 

inclusion of pre-treated patients (response rates for those receiving first-line CRPC therapy 

may differ from those receiving second-line therapy or greater). Thus, we cannot reliably 

confirm whether week 6 NaF flare is characteristic of only mCRPC patients receiving 

androgen-biosynthesis inhibitors (abiraterone, orteronel) as opposed to androgen-signaling 

pathway inhibitors (enzalutamide).

Limitations of this study include lack of long-term follow-up for a full determination of NaF 

flare beyond 12 weeks. In addition, the definition of flare included any changes in NaF, 

regardless of test–retest limits of agreement (LOA). For a more comprehensive definition of 

flare, more patients are needed to account for these test–retest LOA. It should also be noted 

that the endpoint utilized in this study was a composite endpoint and should be considered 

exploratory [10]. Lastly, further examination of bone flare in mCRPC patients receiving 

orteronel and enzalutamide is needed as only four and six patients receiving this drug, 

respectively, received NaF PET/CT scans at all three timepoints.

To conclude, results in this study show the promise of using automated methods to detect 

and semi-quantitatively analyze NaF PET/CT bone flare at early imaging timepoints in 

patients with mCRPC receiving CYP17A1-inhibiting therapies. The presence of a flare 

phenomenon must be accounted for when determining imaging schedules for patients 

receiving therapy for mCRPC. This is especially important in evaluating emerging mCRPC 

treatments and imaging modalities for assessing treatment response, as the exact cause, 

timing, and impact of bone flare on individual patients is still unknown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Change (%) in SUVtotal between follow-up and baseline scans for all 33 patients, separated 

by treatment and flare. Individual patients are indicated by the symbol (•) and patient 

averages in each category are marked by the symbol (♦). Only percent change between 

baseline and week 6 scans are shown for patients not receiving week 12 scans. Note no 

patients receiving enzalutamide showed a flare response
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Fig. 2. 
a A patient showing extreme NaF PET flare had an increase in SUVtotal of 205% (baseline-

week 6) and −57% (week 6-week 12) with 38, 73, and 27 lesions on baseline, week 6, and 

week 12 scans, respectively. This patient showed signs of flare in all SUV metrics. b Patient 

showing average flare had change in SUVtotal of 53% (baseline-week 6) and −14% (week 6-

week 12), with 113, 108, and 105 lesions on baseline, week 6, and week 12 scans, 

respectively. c Patient not showing bone flare showed change in SUVtotal of −34% (baseline-

week 6) and −37% (week 6-week 12), with 32, 27, and 32 lesions on baseline, week 6, and 

week 12 scans, respectively
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Fig. 3. 
Forest plot representing hazard ratio +/−95% confidence interval for changes in between 

baseline and week 6 in patients receiving CYP17A1-inhibiting therapies
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