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Abstract
Background In the last years, functional imaging has given a significant contribution to the clinical decision-making of bio-
chemically relapsed prostate cancer (PCa). Hereby, we present a prospective study aiming to validate the role of [18F]Fluoro-
Methyl Choline ([18F]FMCH) PET/CT in the selection of PCa patients suitable for stereotactic body radiotherapy (SBRT).
Methods Patients with biochemical recurrence limited up to three lesions revealed by [18F]FMCH PET/CTwere enrolled in the
present study and treated with SBRT on all active lesions. Systemic therapy-free survival since the [18F]FMCH PET/CT was
considered as the primary endpoint.
Results Forty-six patients were evaluated, and a total of 67 lesions were treated. After a median follow-up of 28.9 months,
systemic therapy was started in 30 patients (65.2%) and median systemic therapy-free survival was 39.1 months (95% CI 6.5–
68.6); 6, 12, and 24-month ratios were 93.5%, 73.9%, and 63.1%, respectively. At univariate Cox regression analysis, Delta PSA
demonstrated an impact on systemic therapy-free survival (p < 0.001).
Conclusions Based on our findings, [18F]FMCH PET/CTcan identify oligometastatic prostate cancer patients suitable for SBRT,
resulting in a systemic therapy-free survival of 39.1 months.
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Background

Prostate cancer (PCa) is the most commonmalignant tumor in
men in Western countries and, until recently, the metastatic
disease has been considered as a unique clinical entity requir-
ing up-front systemic therapy, either hormonal or chemother-
apy [1, 2].

In the last years, functional imaging has given a significant
contribution to clinical decision-making of biochemical re-
lapsed PCa, allowing early diagnosis of metastatic disease
[3, 4]. The extensive use of functional imaging resulted in
the identification of a new clinical disease entity called
oligometastatic disease and characterized by a limited tumor
burden [5, 6]. Consequently, the paradigm of metastatic PCa
has evolved and, nowadays, tumor burden is a crucial param-
eter that must be considered in the treatment planning of se-
lected patients [5, 7–11]. Several experiences have even
shown that by treating with local ablative approaches, such
as stereotactic body radiotherapy (SBRT), all the lesions
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revealed by functional imaging, a PSA fall can be achieved [5,
7, 8]. Moreover, the demonstration of PSA control with re-
peated SBRT has led several authors to investigate the admin-
istration of systemic therapy only in case of PSA failure due to
diffuse disease, a condition not suitable for SBRT. However,
currently, most of the studies evaluating SBRT in
oligometastatic disease have a retrospective design and are
characterized by a pure radiotherapy focus.

Hereby, we present a prospective study aiming to validate
the role of [18F]Fluoro-Methyl Choline ([18F]FMCH) PET/CT
in the selection of PCa patients suitable for SBRT.

Methods

Study design

The present prospective study was approved by the local
Ethics Committee (Pisa 2015/8424); data were collected
prospectively, and interventional procedure was not per-
formed. Accrual was completed in June 2018, and data
analysis was performed in November 2018. Patients with
biochemical recurrence after first-line curative treatments
failure were screened. Biochemical relapse was defined as
follows: two consecutive PSA values > 0.2 ng/mL in pa-
tients underwent radical prostatectomy, three successive
increases in PSA value following PSA nadir after primary
external beam radiotherapy (EBRT), three consecutive
PSA values demonstrating therapy failure and testosterone
level < 50 ng/mL in castration-resistant PCa (CRPC).
Both hormone-sensitive and castration-resistant patients
were considered. Eligible patients were imaged with
endo-rectal magnetic resonance to exclude local recur-
rence inside the prostate bed and [18F]FMCH PET/CT to
assess tumor burden. Patients with up to three synchro-
nous active lesions identified by [18F]FMCH PET/CT
were enrolled in the present study. All patients enrolled
were treated with SBRT on all active lesions revealed by
[18F]FMCH PET/CT and signed a consent for the study
before SBRT.

Choline PET/CT

Imaging protocol

PET/CT images were acquired 45–60 min after [18F]FMCH
(IASOcholine® from IASON, Graz, Austria) i.v. administra-
tion (about 4 MBq/kg of body weight) using a GE Discovery
710 ST scanner (GE Healthcare). Images were analyzed using
a dedicated PET/CT review software (Advantage for
Windows, versions 4.2 to7; GE Medical Systems). PET/CT
images were interpreted by three nuclear medicine specialists
(PAE, MS, and LM) who were aware of the patient’s medical

history and PSA values. [18F]FMCH PET/CT images were
interpreted as positive in the presence of at least one area of
abnormal [18F]FMCH uptake.

Imaging interpretation

According to the number of the lesions detected by
[18F]FMCH PET/CT, patients were classif ied on
oligometastatic (< 4 lesions) or plurimetastatic (≥ 4 lesions).
Additionally, lesions were also classified according to the an-
atomical site in local recurrence (i.e., lodge), regional recur-
rence (i.e., the involvement of the lymph nodes below the
common iliac artery), distant recurrence (i.e., any other
lymph-node chain), and bone disease.

Stereotactic body radiotherapy

SBRT treatment was performed using a Varian True Beam®
platform and 6-MV photons with flattening filter-free beams.
RapidArc®system was used for treatment planning. Clinical
target volume (CTV) was defined using [18F]FMCH-PET/CT
scan imaging. Planning target volume consisted of both bone
and nodal lesions of an isotropic 3-mm expansion of the CTV.
Two different schedules of radiotherapy were considered:
24 Gy as a single fraction or 27 Gy in three fractions, 2–3
sessions a week. Dexamethasone (4 mg) was administered 1 h
after the SBRTsession in the patients treated with 24 Gy. Task
group 101 of the American Association of Physicists in
Medicine constraints were used to avoid the toxicity of the
organs at risk [12]. Toxicity was recorded using the
Common Terminology Criteria for Adverse Events
(CTCAE) version 4.0.

Patients’ follow-up

After SBRT, patients were followed-up with total PSA deter-
mination at 6 week and every 3 months in the first 2 years of
the study, then every 6 months. In the presence of biochemical
recurrence following SBRT (two consecutive rises measured
over 6 weeks), a new [18F]FMCH-PET/CT scan was per-
formed. If an oligometastatic disease still persisted, further
SBRT was planned, otherwise, when more than three active
synchronous lesions were detected, patients were treated with
systemic treatment in accordance with European Association
of Urology (EAU) Guideline, even though in case of asymp-
tomatic disease [2].

Statistical analyses

Descriptive statistics reports patients’ main characteristics at
the time of study enrollment. Survival probability without
systemic therapy (systemic therapy-free survival) was estimat-
ed by the Kaplan-Meier method. Univariate Mantel-Cox
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analysis was used to examine the predictive value of covari-
ates. All p values were set at 0.05. Systemic therapy-free sur-
vival was considered as the primary endpoint. The number of
treated lesions, time to relapse after local curative therapy,
presence of bone or nodal metastatic disease, the decline be-
tween baseline PSA pre-SBRT and PSA value 6 weeks after
treatment (ΔPSA), PSA doubling time, Gleason Score, and
castration-resistant disease (yes or no) were considered as co-
variate (Table 2). Cases were censored either at the beginning
of systemic therapy or during the last follow-up visit if no
systemic therapy was administered.

Statistical analysis was performed with SPSS v.15.0 (IBM
Corp, Somers, NY, USA).

Results

Fifty-one patients were included in the present study.
Forty-six patients with oligometastatic PCa (castration sen-
sitive in 35 patients, castration-resistant in 11) for a total of
67 lesions (lymph node and bone lesions, in 45 and 22
cases, respectively) were considered evaluable for the pres-
ent analysis. Among the 44 patients who underwent radical
prostatectomy, pT2 and pT3 stages were recorded in 11 and
33 patients, respectively; 11 of these patients presented
even a nodal involvement.

After SBRT, five patients were lost at follow-up since they
started ADT for a personal reason. Patients’median age at the
time of study entry was 70 years (range 50–81). The median
length between PCa diagnosis and study enrollment was
69 months (range, 2–180 months). At the time of study entry,
Median PSA value was 2.69 ng/mL (range 0.9–27.40).
Table 1 shows baseline patients’ characteristics. After the first
SBRT, two patients developed a failure in the prostate bed.
They were both treated with salvage external beam radiother-
apy and, because the achievement of PSA control, they were
still considered oligometastatic and appropriate for this study.

In-field progression was observed in 3 lesions. After the
detection of oligorecurrent disease following SBRT, 6 patients
underwent further courses of SBRT on the active lesions re-
vealed by [18F]FMCH-PET/CT (two, three, four, five courses
respectively in 4,1,1,1 patients). Toxicity higher than grade 2
was not recorded. At data analysis, median follow-up was
28.9 months (range 4.3–88.4), and systemic therapy was
started in 24 patients (65.2%). Median systemic therapy-free
survival was 39.1 months (95% CI 6.5–68.6, Fig. 1) whereas
systemic free survival ratios at 6, 12, and 24 month were
93.5%, 73.9%, and 63.1%, respectively. Results of univariate
analyses are reported in Table 2.

At univariate Cox regression analysis, Delta PSA demon-
strated an impact on systemic therapy-free survival
(p < 0.001).

Discussion

To our knowledge, the present study represents one of the first
prospective experiences carried out in patients with
oligometastatic prostate cancer treated with SBRT. At the time
of biochemical recurrence, all patients were re-staged using
[18F]FMCH-PET/CT, and salvage treatment was selected
based on the imaging findings. Patients with no more than 3
synchronous metastases were treated with repeated SBRT on
all the detected lesions. Otherwise, systemic therapy was ini-
tiated. Since the prerequisite for a curative SBRT is an accu-
rate patients’ selection, one of the most critical issues on
oligometastatic patients with PCa is the accurate definition
of the tumor burden, a critical aspect to planning local

Table 1 Patient characteristics

Value

Number of patients 46

At primary diagnosis

Age at diagnosis (years)

Median 70.13

Range 59–81

Gleason score

Median 7

Range 5–9

Follow-up from PCa diagnosis (Months)

Median 22.3

Range 4.3–88.4

PSA at study entry (ng/mL)

Median 2.69

Range 0.04–27.40

PSA DT (months)

Median 12

Range 1.6–17.4

Treatments at diagnosis

Radical prostatectomy alone 17 (35.5%)

Radical prostatectomy with postoperative RT 27 (58.9%)

Radiotherapy alone 2 (4.2%)

At SBRT

Site of lesions, n (%)

Bones 22 (32.9%)

Lymph nodes 45 (67.1%)

Number of lesions treated at first recurrence (Total 46)

1 lesion 39(84.8%)

2 lesions 6 (13.0%)

3 lesions 1 (2.2%)

Systemic therapy

No 21 (46.6%)

Yes 24 (53.3%)
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treatments [13]. In this study, we aimed to validate
[18F]FMCH PET/CT as the technique of choice in selecting
patients and active metastases to be treated with SBRT. The
literature on this topic is failing, consisting of retrospective
proof of concept studies; consequently, the importance of
functional imaging in patients and target validation in
oligometastatic PCa has not addressed yet. In 2013,
Berkovic et al., in a retrospective analysis of 24 patients with
oligometastatic PCa treated with SBRT after choline-PET/CT
or [18F]FDG PET/CT assessment, reported a delay of anti-
androgen therapy of 38 months and a 1-year and 2-year rate
of ADT-free survival of 82% and 54%, respectively [8].
Similarly, Triggiani and Decaester obtained a median delay
of anti-androgen therapy of 11 and 25 months, respectively
[14, 15]. However, all these studies share the limitations of the

lacking standard imaging technique, underestimating the
importance of patients’ assessment before SBRT plan-
ning. A recent prospective randomized phase II trial by
Ost et al. shows that metastasis-directed therapy (MDT)
has advantages over surveillance in patients with up to
three metastatic lesions from PCa, suggesting that MDT
can be further explored in phase III trial to delay sys-
temic therapy initiation [16]. Despite the prospective de-
sign, also in this study, the role of functional imaging in
selecting patients suitable for SBRT was not deeply in-
vestigated. Indeed, we believe that the technique of pa-
tient selection would deserve a special focus, being the
definition of oligometastatic state dependent on the im-
aging ability to detect macroscopic and microscopic dis-
ease. The emergence and widespread of whole body MRi

Fig. 1 Systemic therapy-free
survival curve

Table 2 Univariate analysis
Univariate analysis

Prognostic factor RC p value HR CI 95%

GS − 0.745 0.173 0.475 0.163 1.386

(0) 6; (1) 7-8-9

Castration resistance 0.093 0.831 1.098 0.465 2592

(0) no; (1) sì

Relapse − 0.166 0.603 0.847 0.453 1.584

(0) Lfn; (1) bone; (2) both

Number lesions 0.615 0.185 1.849 0.745 4.588

(0) 1; (1) > 1

Delta PSA 3.394 < 0.001 29.77 6.875 > 50

(0) D; (1) U

PSA DT − 0.026 0.658 0.975 0.869 1.093

RC, regression coefficient
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and PSMA PET/CT have led to an increase detection of
metas ta t ic PCa, par t icular ly at low PSA levels .
[68Ga]PSMA-11 and [18F]-Flucicovine have shown improv-
ing PCa patients’ management and outcome. [68Ga]PSMA-
11, despite not clinically approved, has outperformed
standard-of-care imaging (including choline) for detecting
PCa recurrence at low PSA values [17–19]. Indeed, a recent
meta-analysis revealed detection rates with [68Ga]PSMA-11
PET/CTof 58% in patients with PSA between 0.2 and 1.0 ng/
mL, 76% for PSA between 1 and 2 ng/mL and 95% for PSA>
2.0 ng/mL [20]. Nonetheless, its role in guiding radiation ther-
apy even if promising is still to be validated [21], and very few
data are available in the setting of oligometastatic disease [22,
23]. The use of [18F]Flucicovine resulted in a high positive
predictive value for detecting extra prostatic disease in the
setting of biochemical recurrence. However, it suffered from
high false positive rates that could result in incorrectly
upstaging the disease [24]. This will lead inevitably to a mod-
ification in the management of PCa. Therefore, the definition
of oligometastatic disease should always be accompanied by
the details of the imaging technique used for patients’
selection.

In the next future, we can foresee significant changes in the
management of patients’ with recurrent PCa, as already antic-
ipated by the inclusion in the latest EAU guideline of the use of
PSMA-11 PET/CT (i) after RP if the PSA level is > 0.2 ng/mL
and if the results will influence subsequent treatment decisions
or (ii) after RT in patients fit for curative salvage treatment. We
strongly believe that using [68Ga]PSMA-11 might significantly
improve the detection of oligometastatic/oligorecurrent disease,
as also sustained by the demonstration of [68Ga]PSMA-11
higher detection rate as compared with radiolabeled choline
[25]. However, the present study was designed in the “pre
[68Ga]PSMA-11 era” (i.e., 2010) when radiolabeled choline
PET/CT was accounted for the most effective procedure in
PCa and comparative data on a per-patients analysis of the
two radiopharmaceuticals were not available. Indeed, despite
choline-based radiopharmaceuticals might appear out-of-date,
they still represent an elegant combination of clinical utility
(good detection rate) and feasibility (registration and high avail-
ability for PCa restaging) as confirmed by the same EAU
guideline in which the use of choline PET/CT (or fluciclovine
PET/CT) is still recommended in case PSMA PET/CT is not
available and the PSA level is > 1 ng/mL. Most important, we
believe that the strength of the current study is related to its
clinical message, independent from the radiopharmaceutical,
which is the ability of SBRT in patients with oligometastatic
disease of postponing the use of systemic therapy. In the next
future, clinical trials using [68Ga]PSMA-11 as restaging proce-
dure or comparing choline-based radiopharmaceuticals and
[68Ga]PSMA-11 in patients with recurrent PCa are needed to
demonstrate the impact of this new imaging modality on PCa
patients’ outcome. Indeed, this is currently under investigation

in our Center within a phase III prospective randomized clinical
trial (Phase III clinical trial Oligometastatic and Oligorecurrent
Prostate Cancer: enhancing patients’ selection by new imaging
biomarkers – PROvING, EudraCT number 2018-004458-14).

Similarly, the definition of oligometastatic disease is evolv-
ing by moving from a definition based on limited number or
limited location of the metastasis to the identification of bio-
markers to segregate which patients should undergo to local
treatment, thus by identifying key features of this biologically
different entity compared with high-burden metastasis disease
[26]. In the current study, we decided to apply the same def-
inition of oligometastatic disease (up to three synchronous
active lesions) as well the same SBRT schedules (24 Gy as a
single fraction versus 27 Gy in three fractions) we already
adopted in a prospective multicenter phase III clinical trial
(NCT01223248) started in 2011 in patients with different type
of cancer.

In our study, all patients were prospectively selected using
the combination of pelvic MRI and [18F]FMCH PET/CT.
Follow-up was based on PSA assessment, and in case of
PSA rise further [18F]FMCH PET/CT was performed. By
treating all the active lesions in 46 patients, we obtained a
systemic therapy-free survival of 39.1 months (95% CI 6.5–
68.6). The corresponding 6, 12, and 24-month systemic-free
survival rate was 93.5%, 73.9%, and 63.1%, respectively. We
used systemic therapy-free survival defined as the length from
the PET/CT used to enroll patients in this study to the onset of
at least four synchronous active metastases, and then the ad-
ministration of systemic therapy, as a surrogate parameter of
overall survival. This choice was based on the impossibility to
use overall survival after [18F]FMCH-PET/CT-guided SBRT
since at this stage of the clinical trial, all patients, beside one,
are still alive. However, follow-up is still ongoing, and long-
term results on overall survival are under evaluation. Through
our preliminary results, we have already reported successful
PCa patients’ selection for subsequent SBRT using
[18F]FMCH-PET/CT [5]; the present paper confirms these
preliminary findings in a larger number of patients with a
longer follow-up. In our study, no significant difference be-
tween hormone naïve and castration-resistant patients was
found. In fact, [18F]FMCH-PET/CT was able to identify
oligometastatic patients not only at first biochemical recur-
rence but also after hormone therapy failure. Thus, it is in line
with the results reported by Triggiani et al. in a multicenter
retrospective study in oligometastatic castration-resistant pa-
tients treated with SBRT who found a median systemic
treatment-free survival of 21.8 months and 1-year systemic
treatment-free survival of 72.1% [27].

The median PSA value at the time of [18F]FMCH PET/CT
was 2.69 ng/m. Univariate analysis showed that a fall of PSA
value was associated with longer systemic therapy-free sur-
vival (p < 0.001). We interpreted this result as a consequence
of a higher and longer response rate to SBRT in the presence
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of positive [18F]FMCH PET/CT, thus detecting all the sites of
active disease and not only an ice cap.

[18F]FMCH-PET/CT has been investigated in the case of
biochemical recurrence for patients’ selection for locoregional
treatment such as salvage lymphadenectomy. Our findings on
the use of functional imaging to guide local therapy in recur-
rent PCa are coherent with results reported in surgical series.
In 2013, Tilki et al. reported results of 56 patients with PSA
relapse treated with choline PET/CT-guided lymph node dis-
section. They identified at last one lymphatic metastasis in
85% of patients with positive PET/CT and only 4% of false
positive in patients with PSA value higher than 2 ng/ml [28].
In 2015, Winter et al. reported their experience carried out in
13 patients, a biochemical response was observed in 11 out of
13 patients after an [18F]FMCH-PET/CT-guided lymphade-
nectomy. The authors concluded that their results could be
improved in a larger series and prospective trials [29].
Moreover, Giovacchini et al., in a series of 358 biochemical
PCa recurrent patients underwent radical prostatectomy, found
a sensibility of 46% and 82% in patients with PSA level be-
tween 1 and 3 ng/mL and > 3, respectively [30].

In the present experience, toxicity higher than grade 2 was
not recorded, and the safety we reported was the same ob-
served in the previous studies [8, 15, 16]. The safety of
SBRT is an essential consideration in the context of
oligometastatic PCa patients who present longer life expectan-
cy as compared with the plurimetastatic patients, therefore,
making possible the onset of SBRT late toxicity. Based on
our findings related to the safety of SBRT, and confirmed by
other authors, we can be confident on the use of SBRT in
oligometastatic PCa. Also, by postponing the administration
of hormonal therapy or chemotherapy, we have also avoided
the onset of potential toxicity, allowing a better quality of life
that, in elderly patients with many comorbidities, can even
affect overall survival.

Conclusions

Based on our findings, [18F]FMCH PET/CT can identify
oligometastatic patients suitable for SBRT, resulting in a sys-
temic therapy-free survival of 39.1 months.
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