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Abstract

Objective: To determine the safety and feasibility after image-guided single fraction robotic stereotactic radiosurgery (SRS) in patients
with bone metastases of prostate cancer.

Materials and methods: Forty patients with 64 bone metastases of prostate cancer were prospectively enrolled in a single center study
and underwent 54 consecutive outpatient single session SRS procedures during a 4-year period. F-18 choline PET/CT in addition to standard
CT imaging was done prior to SRS in all patients. Nineteen patients were under anti-androgen therapy, 8 patients had undergone
chemotherapy before SRS. Overall survival and freedom from local tumor recurrence was analyzed with the Kaplan-Meier method.

Results: Mean follow-up was 14 months (3—48 months). Seventy-five percent of patients had a single bone metastasis. The median
tumor volume was 13 cc. The mean prescribed tumor dose was 20.2 Gy (16.5-22 Gy). Eight patients had died at the time point of the data
analysis. The actuarial 6-months, 12-months, and 24-months local tumor control rate was 95.5% (95% CI: 83.0-98.8) as measured by MRI
and PET CT imaging. The median initial PSA before SRS was 5.4 ng/dl (CI: 1.4-8.2) and dropped to 2.7 ng/dl (CI: 0.14—10) after 3 months.
One case of progressive neurological deficits was documented.

Conclusions: This first report on single session, image-guided robotic SRS documents a safe, feasible, and patient-friendly treatment
option in selected patients with bone metastases of prostate cancer. © 2011 Elsevier Inc. All rights reserved.

Keywords: Bone metastases; Cyberknife; Prostate cancer; Radiosurgery; Stereotactic radiosurgery

1. Introduction palliation in case of symptomatic local and systemic pro-

gression. They include drug treatment, surgery, chemother-

Although advances in the treatment of prostate cancer
have extended life expectancy, 65% to 75% of patients with
advanced disease will develop bone metastases, resulting in
accelerated bone resorption and a loss of skeletal integrity,
which is associated with significant skeletal morbidity, in-
cluding pathologic fractures, spinal cord compression, and
often significant bone pain [1]. A recent study showed that
these skeletal complications result in significant decreases
in quality-of-life scores [2]. Therefore, therapies preventing
skeletal complications could translate into improvements in
quality of life and prolong physical activity. Besides anal-
getics, different treatment options are available for further
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apy, hormonal therapy, external radiation therapy, and ra-
dionuclide treatment. The widely use of single conventional
radiation therapy fields causes problems particularly in
cases of vertebral body metastases because the lesion itself
cannot be exactly targeted, limiting the possibility to apply
a high tumoricidal dose to the lesion. Furthermore, in pre-
viously irradiated patients, re-treatment with conventional
techniques is in most cases not feasible. Stereotactic radio-
surgery (SRS) offers the possibility of a highly localized
treatment with a minimum of toxicity to the surrounding
tissue. Even though SRS treatment regimes no longer are
limited to cranial applications and local control has been
reported to be above 90% in numerous retrospective and
some prospective trials [3—6], no particular results after
SRS treatments of bone metastasis in prostate cancer patients
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Table 1
Patient characteristics
Characteristics n No. of patients (%) Median C.L Mean (range)
No. of patients 40
No. of treatments 54
Age (years) 66 65-68 66 (47-81)
KPS 100 100-100 95 (60-100)
Total no. of metastases 64
No. of lesions/RS 1 44 (81)
10 (19)
Volume (ccm) 13.0 10.0-16.6 21.8 2.8-124
Surgery before RS 3
Chemotherapy before RS 8
Hormone therapy before RS 19
Radiotherapy before RS 8

have been described. Here we report the results of a single-
center experience with a highly selected good prognosis patient
subgroup harboring 1 to 2 bone metastases of prostate cancer
in different locations of the skeletal system treated by single-
session, frameless, image-guided, robotic SRS.

2. Materials and methods

Between August 2005 and September 2009, 40 patients
harboring 64 bone metastases from prostate cancer under-
went 54 SRS procedures using the CyberKnife (Accuray,
Sunnyvale, CA). All patients were prospectively followed
and archived in a digital database. Patients were sent from
all over Germany and selected for radiosurgery treatment by
a dedicated urological tumor board of the University of
Munich Hospital according to the following eligibility cri-
teria: (1) diagnosis of primary; (2) histologic verification of
metastases in uncertain cases; (3) probable life expectancy 3
months or longer; (4) Karnofsky performance score (KPS)
score of 70 or higher; (5) 1 or 2 lesions detected on F-18
choline PET/CT; (6) systemic androgen deprivation and
chemotherapy during or before SRS treatment allowed.

Single session SRS was performed as an outpatient pro-
cedure in all patients. The dose calculation was done ac-
cording to our own vast experience in radiosurgery appli-
cations and in line with the international literature of brain
and spine radiosurgery [3-5]. In case of multiple lesions,
both tumors were treated in the same single session. A F-18
choline PET/CT was required for all patients documenting
not more than 2 lesions with tracer uptake even though
PET/CT is currently not approved by the EAU-guide-lines.
All PET/CT images were acquired using a hybrid PET/CT
(Siemens Biograph 64; Siemens Medical Solutions, Erlan-
gen, Germany). An interdisciplinary team, including 2 radiol-
ogist and 2 nuclear medicine physicians evaluated all studies.
F-choline PET/CT images were fused to the planning CT for
treatment planning and used for follow-up investigations.

Patient movements of up to 10 mm in translation and 1°
in rotation (3° for yaw movements) were automatically

corrected using the updated information of the image guid-
ance system [3,7,8]. Seventy-five percent of patients had 1
and 25% had 2 lesions. For patients with 2 metastases, both
were treated in 1 treatment session. Surgery prior to SRS to
resect large metastases not eligible for SRS alone occurred
in 3 patients (7.5%). Conventional fractionated radiation
therapy (CRT) prior to SRS was received by 8 patients
(20%). Detailed patient and treatment characteristics are
given in Table 1. Because of distant tumor recurrence, an
additional SRS procedure was carried out in 6 patients,
since the patients were clinically stable and harbored not
more than 2 new tumors. Steroids were given in cases with
myelon or nerve root affection usually for 1 to 3 days after
therapy (dexamethasone, 1-3 X 4 mg) depending on the
size and the location of the tumors.

2.1. Robotic radiosurgery

The Cyberknife robotic radiosurgery system (Accuray
Inc., Sunnyvale, CA) has been described elsewhere [3,9].
Briefly, it consists of a 6-MV compact linear accelerator
(LINAC) mounted on a computer-controlled 6-axis robotic
manipulator. Integral to the system are orthogonally posi-
tioned X-ray cameras, which acquire images during treat-
ment. The images are processed automatically to identify
radiographic features and registered to the treatment plan-
ning study to measure the position of the treatment site in
real time [10]. The system adapts to changes in patient
position during treatment by acquiring targeting images
repeatedly and then adjusting the direction of the treatment
beam. In contrast to a gantry-mounted LINAC, the treat-
ment beam can be directed at the target from nearly any-
where around the patient, limited only by obstacles such as
the treatment couch.

2.2. Follow-up evaluation
Neurological follow-up, PSA value, and MRI examina-

tions were performed at 3-month intervals in the first year
after SRS and a F-18 choline PET/CT scan was done every
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Table 2
Tumor location

Orbit

Scull base
Cervical spine
Thoracic spine
Lumbar spine
Sacrum

Pelvis
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6 months after SRS. The development of new metastases
was scored based on serial MRI (T1 = Gd and T2 se-
quences) and PET/CT scans. Local treatment failure was
defined as documented tumor growth in MRI scans com-
pared with pretreatment imaging and increased tracer up-
take in choline PET/CT. At each follow-up visit, functional
status and toxic side effects were scored. The pain status
was defined by the VAS.

2.3. Statistical methods

The reference point for the study was the date of the SRS
procedure. Endpoint is the date of local recurrence. Propor-
tion of survival and freedom from local recurrence were
estimated with the Kaplan-Meier method [11]. Actuarial
values were drawn from life tables.

3. Results

Follow-up information was available for all patients. The
mean (median) follow-up period was 14 (10.2) months
(3—48 months). In 8 patients who received prior CRT, SRS
was employed because of new tumor growth and/or detec-
tion of new tumors on MRI and choline PET/CT imaging.
An SRS boost after CRT was typically not applied. Bone
lesions associated with pain were present in 6 patients
(12%) prior to SRS (median VAS 6). Pain reduction after
SRS could be documented in 5 patients (median VAS 2).
Forty tumors (63%) along the spine, the pelvis, and the ribs
had a risk of fracture. Treatment times ranged from 40 to
180 minutes, with a median treatment time of 55 minutes.

Tumor locations are described in Table 2. SRS treatment
parameters are shown in Table 3. Patients received a slightly
lower median dose to the tumor margin for recurrences after
CRT (18 vs. 19 Gy).

3.1. Survival-treatment response

At the time of the last follow-up, 8 patients had died. The
median overall survival was not reached, the 75% survival
proportion was reached at 17.5 months. The actuarial
6-months, 12-months, and 24-months local tumor control
rate was 95.5% (95% CI: 83.0-98.8) as defined by MRI and
PET CT imaging (Fig. 1).

Local recurrences were observed in 2 of the treated
patients. One patient had a recurrent thoracic vertebral me-
tastasis after conventional radiation therapy with an in-
traspinal tumor expansion. Because of the attachment to the
myelon and the CRT pretreatment, the typical tumor dose
could not be applied, which resulted in progressive disease
after 3 months. The other patients suffered from a large
metastasis (20 cc) of the lateral orbital wall near to the
optical structures and, therefore, also had to be treated with
a reduced tumor dose. PET CT imaging 6 months after
treatment documented intracranial tumor progress. The me-
dian initial PSA before SRS was 5.4 ng/dl (CI: 1.4-8.2) and
dropped to 2.7 ng/dl (CI: 0.14-10) after 3 months. There-
after, PSA values changed according to the development of
new lesions. SRS re-treatment was performed in 6 patients
for new, distant metastases. Repeated SRS was only per-
formed in patients with up to 2 new metastases.

3.2. Postoperative course

During the follow-up period, 9 patients received chemo-
therapy (Taxotere), 5 hormonal therapy, and 5 bisphospho-
nates (Zometa). Treatment side effects were mild after SRS.
Five patients developed mild nausea immediately after SRS
therapy, which was treated by oral antiemetic medication.
The 1 patient with the progressive spinal metastasis devel-
oped neurological deficits due to myelon compression oth-
erwise no neurological deficits were found after spinal or
scull base treatments. In 1 patient a clinically silent rib
fraction was detected on follow up imaging at the previ-
ously treated location.

Table 3
SRS treatment parameters

n =64 Mean Range Median CI
Prescription Dose (Gy) 20.2 16.5-22 20 20-20
D maximum (Gy) 29 25.7-33.8 28.6 28.6-31.2
D minimum (Gy) 16.2 8.2-22.1 17 15.4-17.7
Peripheral isodose (%) 69.3 60-80 70 70-70
No. of beam/metastasis 198 102-331 168 155-230
8-Gy volume (ccm) 1 0-5.6 0.6 0.03-1.0
10-Gy volume (ccm) 103 6.7-411 74 60-115
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Fig. 1. Kaplan-Meier curve showing local control rate for patients harboring 1 or 2 bone metastases of prostate cancer.

4. Discussion

The prevalence of osseous metastases varies among the
different types of cancers. Approximately 65% of patients with
prostate cancer will have symptomatic skeletal metastases [1].
A definitive treatment indication exists in symptomatic lesions,
which cause pain or instability with the risk of fracture. Due to
the high prevalence of osseous metastasis in prostate cancers,
screening whole-body bone scintigraphy or, more recently,
F-18 choline PET/CT imaging has become a promising tool in
the initial staging and restaging of the great majority of these
tumors [12]. These methods also help to delineate the exten-
sion and severity of skeletal involvement, and classify lesions
as predominantly osteoblastic, lytic, or mixed type, which will
be crucial in the correct treatment plan.

Stereotactically guided high-precision irradiation in a single
dose (SRS) has demonstrated favorable treatment results for
selected patients with brain metastases in several prospective
and randomized trials [4,5,6,13]. SRS is attractive due to its
low risk and minimal invasiveness. It can be used in conjunc-
tion with, or as an alternative to, other treatment methods, and
can be performed on an outpatient basis [6,13]. Multiple le-
sions can be treated at the same time, and re-treatments can be
performed for local or distant recurrences [13,14]. Specific
information on treatment effects of bone metastases of prostate
cancer in various location of the skeleton is missing up to this
time.

4.1. Stereotactic radiosurgery

The herein described treatment technique offers a dedi-
cated radiosurgery technology that is typically not used for

conventional radiotherapy with multiple fractions [15,16].
The image guided local treatment has a very high probabil-
ity to kill the targeted bone lesion throughout the skeleton,
using a focal single fraction radiation approach, due to its
extreme precision of under 1 mm. It has proven to be a very
safe procedure as the surrounding tissue is not negatively
affected and can be used as a primary treatment or re-
treatment after failed conventional radiation treatment
[17,18]. It has the unique feature to move with the tumor
movement and, therefore, highly localized treatments are
also possible in tumor locations where tumors move with
respiration. It may be used in combination with systemic
therapy or as an alternative to surgical removal. The effects
on the pain level has been described to be fast, leading to
pain reduction during the first week after treatment [17]. In
the current patient series, only a subset of patients (6/40
patients) suffered from pain syndromes and, therefore, treat-
ment effects on the pain level could not be sufficiently
addressed. In contrast to the treatment philosophy in con-
ventional radiation therapy, stereotactic radiosurgery aims
to mimic a local efficacy as after surgery albeit being a
noninvasive treatment application. We could show that us-
ing the herein described selection criteria for patients with
prostate cancer, bone metastases robotic SRS yields a very
high tumor control rate associated with almost zero treat-
ment morbidity. Without doubt, this expensive and techni-
cally challenging technique must be evaluated critically,
and patient selection has to be done rigorously. On the other
hand, given the favorable effects on local tumor control
(>90%), which might reduce the need of systemic therapy
(hormone therapy, chemotherapy) and replace occasionally
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a surgical tumor removal, it might not be unreasonable to
use SRS in selected cases more widely. It will be important
to identify better prognostic factors in larger patient series
that help to select those patients who would benefit most
from the herein described treatment modality. In addition,
improved patient outcome should be proven in a subsequent
comparative, ideally randomized, controlled study using
standard techniques before robotic radiosurgery can become
accepted as an advantageous modality for treatment of oli-
gometastasis.

4.2. PET/CT imaging

Although F-18 FDG PET or PET/CT is performed suc-
cessfully in many malignancies either for initial staging or
restaging, it has a low detection rate in PC because of low
tracer uptake in case of low metabolic activity. Thus, sev-
eral studies have shown inconsistent results for the evalua-
tion of staging and restaging in patients with prostate can-
cer. Among the radiopharmaceuticals for PET, recently F
18-choline has become available and has led to a higher
detection rate and improved lesion localization in PC
[12,19-21]. Interestingly, the extent of metastatic disease in
the skeleton is considered to be an independent prognostic
factor in patients with prostate cancer [20]. This fact con-
firms the need for reliable imaging modalities for early and
precise detection of skeletal metastases. While bone scin-
tigraphy is widely used for the assessment of bone metas-
tases in patients with high-risk cancer, studies using F18-
choline PET/CT demonstrated promising results for the
detection of malignant bone lesions with an overall sensi-
tivity of 79% [19]. The advantage of PET/CT in the eval-
uation of bone metastases is 2-fold: this method combines
the detection and the morphologic assessment of bone le-
sions with information concerning the metabolic activity of
the metastases and can help not only to triage patients with
metastatic prostate cancer but might be of value in the
evaluation of therapy response. Our findings must be re-
garded cautiously as no control group was available to show
that PET CT imaging is sensitive to measure the local
treatment effects. Furthermore, systemic therapy such as
chemotherapy or hormonal therapy might have confounded
the metabolic activity of the PET findings. Additional stud-
ies are needed to better understand the value of F18-choline
PET/CT as a developing imaging modality for evaluation of
local treatment effects of radiation treatment in patients with
prostate cancer.

5. Conclusions

Single-session, frameless, image-guided robotic SRS is a
safe and feasible method for local treatment of selected
patients with 1 or 2 bone metastases from prostate cancer. It
is offering excellent local tumor control rates and patient

comfort, and might be used in combination with systemic
treatment concepts.
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