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Abstract

Background To investigate the efficacy and toxicity of

68Ga-PSMA-HBED-CC (68Ga-PSMA) PET-CT-guided

RT in the treatment of oligometastatic prostate cancer

retrospectively.

Methods A total of 23 prostate cancer patients with bio-

chemical relapse, of which 13 were castration sensitive

(CS) and 10 castration resistant (CR), were treated with

intensity-modulated and image-guided RT (IMRT-IGRT)

on B3 metastases detected by 68Ga PSMA PET-CT. An-

drogen deprivation therapy was continued in CR patients.

Results A total of 38 metastases were treated. The

involved sites were pelvic bone (n = 16), pelvic lymph

nodes (n = 11), paraaortic lymph nodes (n = 6), ribs

(n = 3) and vertebral body (n = 2). The median PSA prior

to RT was 1.1 ng/mL (range 0.1–29.0 ng/mL). A median

dose of 43.5 Gy (range 30–64 Gy) was delivered by

IMRT-IGRT in 12–27 fractions. At a median follow-up of

7 months (range 2–17 months), 19 patients (83%) were in

remission. Four patients (17%) developed distant recur-

rences. The actuarial 1-year LC, PFS and OS rates were

100, 51 (95% CI 8–83%) and 100%. Univariate analysis

demonstrated a statistically significantly better PFS in CS

patients as compared to CR patients (1-year PFS 67 vs. 0%,

p\ 0.01). One patient experienced grade 2 acute gas-

trointestinal toxicity. Grade 3 or more toxicity events were

not observed.

Conclusions By providing optimal LC, low toxicity and a

promising PFS in CS patients, the current retrospective

study illustrated that 68Ga PSMA PET-CT-guided RT may

be an attractive treatment strategy in patients with oligo-

metastatic prostate cancer. Validation by randomized trials

is eagerly awaited.

Keywords Image-guided radiotherapy � Oligometastatic

prostate cancer � Prostate-specific membrane antigen �
Radiotherapy

Introduction

Prostate cancer (PC) is the most common tumor in elderly

males worldwide [1]. Androgen deprivation therapy (ADT)

with luteinizing hormone-releasing hormone (LHRH)

analog remains the cornerstone in the treatment of meta-

static PC by delaying progression and improving overall
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survival (OS). Unfortunately, the majority of these patients

develop within a median time of 18–24 months castration-

resistant prostate cancer (CRPC), which remains an

incurable disease despite advances in systemic treatment

[2]. The role of radiotherapy (RT) in metastatic PC patients

is typically restricted as palliative treatment of symp-

tomatic bone metastases. However, PC patients with lim-

ited metastatic disease, so-called oligometastases, have a

much better prognosis than patients with extensive meta-

static disease, as the oligometastatic disease state is con-

sidered to display a limited metastatic capacity and less

aggressive behavior [3–5]. RT may have a potential role in

the treatment of oligometastatic PC by delaying disease

progression and postponing systemic treatment [6]. The

implementation of stereotactic body RT (SBRT) is an

effective and safe tool in the eradication of oligometastases

in PC patients: local control rates up to 100% with no grade

3 toxicity [7–9]. These investigators determined the oli-

gometastatic status of their patient according to 11C-cho-

line positron emission tomography computed tomography

(CT) (11C-choline-PET/CT), 18-fluorodeoxyglucose (FDG)

PET/CT, magnetic resonance imaging (MRI) or bone scan

[10]. Berkovic et al. [8] reported median time to clinical

progression of 18 months (range 6–23 months), while

Ahmed et al. [7] reported 6- and 12-month estimates of

cause-specific survival (CSS) as 100%.

The challenge, however, in those patients is the early

detection of oligometastases, since conventional imaging

modalities, such as CT and bone scan, are inaccurate in the

detection of small metastases. Conventional 18-FDG PET

has been widely used for various tumors [11–13]; its role in

PC is however limited due to highly variable FDG-avidity

of PC. On the contrary, 11C-choline-PET is considered as a

useful tool for the assessment of recurrent disease with

detection rates between 21 and 82% [14], especially in case

of PSA levels[2 ng/mL [15].

Recently, there is an increasing investigation about

specific markers related to PC. Prostate-specific membrane

antigen (PSMA), a type II trans-membrane protein, is a

well-characterized imaging biomarker of which the

expression has been shown to increase from benign to

prostatic hyperplasia to prostatic adenocarcinoma [16].

Many trials also demonstrated the accuracy of 68Ga-PSMA

PET/CT in the identification of both local and distant

recurrences at low levels of PSA, with a detection rate for

recurrent disease of approximately 85–90% [17–19]. Par-

ticularly in the case of recurrent PC with lymph node

metastases, PET using 68Ga-PSMA has shown a higher

detection rate compared to 11C-choline-PET [20]. Clinical

data on the implementation of 68Ga-PSMA PET/CT-guided

RT in oligometastatic PC are scarce. The purpose of this

retrospective study is to assess the efficacy and toxicity of

68Ga-PSMA PET/CT-guided RT in the treatment of oli-

gometastatic PC.

Materials and methods

Patients

The study population consisted of 23 patients with biopsy-

proven PC initially treated with radical prostatectomy and/

or RT and/or androgen deprivation therapy (ADT) between

January 2003 and May 2015. All patients presented with

biochemical relapse, of which 13 were castration sensitive

(CS) and 10 castration resistant (CR), and were diagnosed

with oligometastatic disease, defined as one to three

lesions, by 68Ga-PSMA PET/CT. The treatment decision

for RT was made after multidisciplinary oncology con-

sultation. Ten patients (43%) were considered to be CR as

they displayed three consecutive rises of PSA, 1 week

apart, resulting in two 50% increases over the nadir with

PSA[2.0 ng/mL and castrate serum levels of testosterone

(\50 ng/dL or \1.7 nmol/L) [9] while being under treat-

ment with LHRH analogs. All patients did also have sub-

cutaneous luteinizing hormone-releasing hormone (LHRH)

agonist and oral bicalutamide throughout treatment.

Patients were enrolled from two institutes for this ret-

rospective analysis. This retrospective study complied with

the regulations of the local institutional review board and

the principles of the Declaration of Helsinki.

68Ga-PSMA PET/CT imaging

68Ga-PSMA PET/CT was started 60 min after intravenous

administration of 140 ± 25 MBq 68Ga-PSMA (68Ga-

PSMA-HBED-CC). A diagnostic CT (non-contrast

enhanced) and PET data covering ‘‘mid-thigh—base of the

skull’’ were acquired using state-of-the-art PET/CT sys-

tems. The effective dose associated with this procedure was

15.1 mSv (CT 12.1 mSv, PET 3.0 mSv). PET images were

reconstructed using the vendor’s standard iterative recon-

struction algorithms and the data were corrected for

attenuation, scatter and random coincidences. PET/CT

images were evaluated by experienced imaging physicians,

and foci with increased 68Ga-PSMA accumulation were

categorized as malignant/benign based on the integrated

findings of signal intensity of PET and precise localiza-

tion/corresponding structures on CT. The uptake intensity

of 68Ga-PSMA in lesions was assessed semi-quantitatively

by calculating the standardized uptake value (SUV). The

pixel with the highest SUV value (SUVmax) within the

lesion was used to represent the lesion intensity. In case of
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equivocal situations, additional imaging studies, such as

MRI, were performed to distinguish metastasis from

benign alterations.

Radiotherapy

All the treatments were performed in the supine position.

Patients with pelvic bone or lymph node metastasis

underwent 3-mm slice thickness CT with a comfortably

full bladder and empty rectum [21]. Patients with

paraaortic metastasis received a planning CT of the abdo-

men with 3-mm thickness. The CT scan of the entire chest

with arms above the head in acquisition with wing-board

was carried out for patients with rib metastases. Co-regis-

tration of the PSMA PET-CT and planning CT was carried

out with MIM (Accuray, USA). An automated image

registration software was used to perform CT- and PET-

CT-based treatment planning for each patient, and regis-

tration was checked manually.

The gross tumor volume (GTV) included the visible

gross tumor mass on CT, fully encompassing the PSMA-

PET positive volume. In case of lymph node metastases, no

clinical target volume (CTV) margin was applied. The

whole vertebra was delineated as CTV in case of vertebral

bone metastases. For bone metastases outside the vertebra,

a 5-mm margin was used to create the CTV. The GTV/

CTV was expanded by 5 mm for all directions to create the

planning target volume (PTV).

Bladder, rectum, sigmoid colon, small bowel, kidneys

and spinal cord constituted the organs at risk (OAR) in the

pelvic/paraaortic irradiation. Also, the lung, heart and

esophagus were OAR during rib irradiation. The planning

goals were to deliver at least 95% of the prescribed dose to

at least 95% of the PTVs, while keeping the maximum

dose below 105%. The dose volume constraints were

derived from the ‘Quantitative Analyses of Normal Tissue

Effects in the Clinic’ (QUANTEC) data [22].

All patients were treated by intensity-modulated and

image-guided RT (IMRT-IGRT) once daily excluding

weekends. A median dose of 45 Gy (range 40–52.5 Gy)

was delivered in 15 fractions to 14 patients (61%) (Fig. 1).

The other patients received 30 Gy in 12 fractions (n = 4),

64 Gy in 27 fractions (n = 3), 40 Gy in 20 fractions

(n = 1) or 39 Gy in 13 fractions (n = 1) (Table 1). All the

treatments were delivered using the TomoTherapy Hi-Art

II System (Accuray, USA) or Axesse (Elekta AB, Stock-

holm, Sweden). Kilovoltage or megavoltage cone-beam

CT was performed before each treatment session. An

image fusion between the reference image and the cone-

beam CT images before each treatment sessions was per-

formed according to the bony anatomy and soft tissue in

bone metastases and lymph node metastases, respectively.

Clinical follow-up

Weekly clinical examination was performed during RT.

Follow-up of patients was performed with 3 months

interval. Toxicity was evaluated and scored according to

the National Cancer Institute Common Toxicity Criteria

(CTCAE) version 4.0. PSA was routinely assessed in fol-

low-up visits. In case of an increase in PSA levels (at least

2 consecutive rises of PSA, 1 month apart or any PSA

value over the nadir with PSA[2.0 ng/mL) during follow-

up, imaging studies were performed.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 soft-

ware (SPSS for Window, IBM Corp., Armonk, NY, USA).

Actuarial LC, progression-free survival (PFS) and overall

survival (OS) rates were estimated by Kaplan–Meier

analysis. The time to event was calculated as the time

interval from the date of diagnosis to the first clinical or

radiological finding suggesting the recurrence of disease.

Log-rank testing was used to evaluate the association

between patient-related factors and treatment outcome.

Correlations between parameters were calculated using the

Pearson test. A p value of B0.05 was considered statisti-

cally significant.

Results

Patient characteristics

Patient characteristics are summarized in Table 1. The

majority of the patients (n = 17) presented initially high-

risk disease according to D’Amico classification system for

PC. The median age was 68 years (range 54–78 years).

The median pre-treatment PSA (before 68Ga-PSMA PET/

CT imaging) was 1.1 ng/mL (range 0.1–29.0 ng/mL).

Thirteen patients (56%) had solitary metastasis, five

patients (22%) had two and five patients had three metas-

tases. Among the entire cohort, three patients (23%) had

synchronous bone and lymph node metastasis. Twenty

patients (87%) had either bone (n = 10) or lymph node

(n = 10) recurrences.

A total of 38 metastases were treated. The involved sites

were pelvic bone (n = 16), pelvic lymph nodes (n = 11),

paraaortic lymph nodes (n = 6), ribs (n = 3) and vertebral

body (n = 2). None of the patients had local recurrence in

the prostate. Median SUVmax of the oligometastatic disease

was 11.3 (range 3.2–39.9). The PSA value at the time of

the PET/CT was statistically significantly correlated with

SUVmax of the metastatic lesion (r 0.771, p\ 0.001).
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There was a statistically significant difference in SUVmax

between CS (median 7.6, range 3.2–24.8) and CR (median

16.4, range 3.7–39.9) patients (p = 0.03) (Fig. 2). The

median PSA at the time of metastasis for CS and CR patients

was 0.6 ng/mL (range 0.1–18.9 ng/mL) and 5.5 ng/mL

(range 0.6–29.0 ng/mL), respectively (p = 0.04).

Patient outcome

The median follow-up of the entire cohort was 7 months

(range 2–17 months). All patients were alive and no local

recurrences at the irradiation site were observed at the last

visit. Four patients developed recurrences outside the RT

portal. Two patients with CS disease received androgen

deprivation therapy together with abiraterone acetate, and

two patients with CR disease were referred for systemic

treatment with docetaxel.

The PFS rate was 100% at 6 months and 51% at

12 months (95% CI 8–83%). LC and OS were 100% at

1 year. Patients with CS oligometastatic disease displayed

a statistically significantly superior PFS as compared to CR

oligometastatic patients on univariate analysis (1-year PFS

67 vs 0%, p = 0.009) (Fig. 3).

The median PSA at the time of metastasis and at the last

follow-up was 1.06 ng/mL (range 0.10–29.00 ng/mL) and

0.78 ng/mL (range 0.02–19.00 ng/mL), respectively

(p = 0.08). Seventeen patients displayed a decrease in PSA

levels compared to baseline and 6 patients presented with

rising PSA during follow-up, of which 4 were with a docu-

mented recurrence outside the RT field as reported above.

Toxicity

There were no grade 3 or more acute or late toxicity in the

study cohort according to CTCAE v4.0. One patient

developed grade 2 acute diarrhea, and five patients had

either grade 1 gastrointestinal and/or genitourinary toxicity.

Discussion

In the present retrospective study, we investigated the

potential role of 68Ga PSMA PET/CT-guided RT in oli-

gometastatic PC. Early detection of metastatic disease at

low levels of PSA is essential in oligometastatic PC

patients. The advantage of 68Ga PSMA PET/CT over other

nuclear imaging modalities is that a PSA of 0.83 ng/mL

was shown to be an effective cutoff value for recurrent PC

[23]. In accordance, the median PSA at the time of the 68Ga

PSMA PET/CT was 1.06 ng/mL in our patient population,

although CR patients presented with a higher PSA than CS

patients at the time of PSMA PET/CT imaging.

The rationale of the implementation of RT to 68Ga

PSMA-avid oligometastases is to decrease the androgen-

independent tumor burden. Hence, it might delay disease

progression in CS patients and postpone further systemic

therapy (including chemotherapy) in CR patients. Animal

studies support the use of local treatment to eradicate

androgen-independent clones [24, 25]. Preclinical data also

suggest that the levels of PSMA are directly correlated to

androgen independence and metastatic progression

[10, 26]. These in vitro data support the clinical use of PC

imaging targeting PSMA. Noticeable in the current study,

1-year PFS rates were 67 vs. 0% for patients with CS and

CR oligometastatic disease, respectively (p = 0.009). This

statistically significant difference in favor of CS may

reflect the less aggressive behavior of oligometastatic

hormone-sensitive disease as compared to more aggressive

castration-resistant oligometastases. Those preliminary

data need to be validated with large prospective data to

Fig. 1 a Pre-treatment with prostate-specific membrane antigen

(PSMA) positron emission computed tomography (PET-CT) of a

prostate cancer patient with a solitary retroperitoneal lymph node

metastasis. b Planning CT with the superimposed radiation dose

distribution and dose levels. The gross tumor volume (GTV) is

indicated in blue, and the planning target volume (PTV) in red. A

dose of 45 Gy was delivered in 15 fractions of 3 Gy
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optimize patient selection for metastases-directed

therapies.

The impact of 68Ga PSMA PET/CT on decision-making

in RT has been investigated by several authors [19, 27, 28].

Shakespeare et al. [28] reported the predictive role of 68Ga

PSMA PET/CT in 54 PC patients treated with RT. In

46.3% of the patients, 68Ga PSMA PET/CT demonstrated

evidence of disease after negative conventional images.

They also reported that 68Ga PSMA PET/CT changed RT

management and hormone therapy with an overall change

in decision-making in 53.7% of the patients. Dewes et al.

[27] analyzed whether the use of 68Ga PSMA PET/CT led

to a change of the stage and treatment approach and/or

planning. They reported that the actual change in the

patient stage and RT concept was 53.3 and 33.3%,

respectively. Sterzing et al. [19] also reported 50.8%

change in radiotherapeutic management due to the impact

of 68Ga PSMA PET/CT in their 57-patient cohort.

The data on the effectiveness of 68Ga PSMA PET/CT-

based RT in oligometastatic PC are scarce. Henkenberens

et al. [29] evaluated the efficacy of 68Ga PSMA PET/CT

for RT in both locally recurrent and oligometastatic PC in

29 patients. In their cohort, 26 patients (89.8%) had high-

risk cancer. They reported that 68Ga PSMA PET/CT-gui-

ded 3D-conformal RT or IMRT represents a promising

treatment option in patients with rising PSA levels in

recurrent PC patients and delayed the clinical progression

and start of systemic treatment. The authors reported LC

rates of 100% for irradiated metastasis for a median follow-

up of 8 months. Although a short follow-up period makes it

difficult to draw a definite conclusion, an LC rate of 100%

was observed in our cohort. In addition, the majority of the

patients (73.9%) in our study also presented with initially

high-risk disease.

Our study has some limitations. The retrospective nature

of the study, the small number of the patients and short

follow-up do not allow drawing firm conclusions. Although

Henkenberens et al. [29] were the first to investigate the

effectiveness of 68Ga PSMA PET-CT-guided RT, we

analyzed only oligometastatic PC patients (without local

recurrence).

Conclusion

Due to early detection of oligometastatic disease at low

PSA values, 68Ga PSMA PET/CT-guided RT may be a

promising treatment option in PC patients with biochemi-

cal relapse. The current retrospective study showed optimal

LC, low toxicity profile and a promising PFS in CS patients

with the implementation of moderately fractionated RT.

The potential role of RT in oligometastatic PC patients

needs to be validated in prospective trials.
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