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Abstract

Estimating efficacy, safety and outcome of frameless image-guided robotic radiosurgery for the treatment of recurrent brain
metastases after whole brain radiotherapy (WBRT). We performed a retrospective single-center analysis including patients
with recurrent brain metastases after WBRT, who have been treated with single session radiosurgery, using the CyberKnife®
Radiosurgery System (CKRS) (Accuray Inc., CA) between 2011 and 2016. The primary end point was local tumor control,
whereas secondary end points were distant tumor control, treatment-related toxicity and overall survival. 36 patients with 140
recurrent brain metastases underwent 46 single session CKRS treatments. Twenty one patients had multiple brain metastases
(58%). The mean interval between WBRT and CKRS accounted for 2 years (range 0.2-7 years). The median number of
treated metastases per treatment session was five (range 1-12) with a tumor volume of 1.26 ccm (mean) and a median tumor
dose of 18 Gy prescribed to the 70% isodose line. Two patients experienced local tumor recurrence within the 1st year after
treatment and 13 patients (36%) developed novel brain metastases. Nine of these patients underwent additional one to three
CKRS treatments. Eight patients (22.2%) showed treatment-related radiation reactions on MRI, three with clinical symptoms.
Median overall survival was 19 months after CKRS. The actuarial 1-year local control rate was 94.2%. CKRS has proven
to be locally effective and safe due to high local tumor control rates and low toxicity. Thus CKRS offers a reliable salvage
treatment option for recurrent brain metastases after WBRT.
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Introduction
Electronic supplementary material The online version of this

article (https://doi.org/10.1007/s11060-018-2771-2) contains ) ) ) ) )
supplementary material, which is available to authorized users. Frameless image-guided robotic radiosurgery is a treatment

concept for single-fraction irradiation and hypo-fractionated
treatments of cerebral lesions, including brain metastasis not
amenable to microsurgery. Its technical accuracy is compa-
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reporting a local tumor control above 90% by using frame-
based systems [10-14], CKRS was shown to be equally
effective with respect to both, local tumor control and clini-
cal outcome in brain metastases [15, 16]. CKRS is princi-
pally considered as an appropriate therapeutic alternative to
surgery or, in selected patients as an adjacent treatment with
postoperative radiosurgical boost to the resection cavity [17,
18]. However, it has not been recognized as an efficient and
safe adjunct treatment for recurrent brain metastases after
whole brain radiotherapy (WBRT), although it is a treat-
ment, which is undertaken fairly commonly by now. Several
studies addressed the question of defining possible salvage
treatments after WBRT [14, 19-21], including only few
publications, which report the use of CKRS in this specific
context. Herein we describe a single-center experience with
a retrospective evaluation of 36 patients treated for recurrent
brain metastases after WBRT by single session CKRS.

Materials and methods

Between 2011 and 2015, 36 patients with 140 metasta-
ses of various histologies and completed WBRT under-
went 46 single session radiosurgery procedures, using the
CyberKnife® VSI Radiosurgery System (Accuray Inc., CA).
All patients were prospectively filed in a customized digital
database and admitted to radiosurgery treatment based on

Fig.1 Single-session CKRS
treatment plan of multiple
recurrent brain metastases.

3D and multi-planar radiation
planning images with beam
directions and dose distribution
based on the planning CT scan.
The treatment plan illustrates a
single-session CKRS interven-
tion for simultaneous radiation
of eight recurrent brain metasta-
ses in a patient with lung cancer
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an interdisciplinary tumor board decision according to the
following requirements:

e Patient age between 18 and 80

e Approved diagnosis of primary and histological assign-
ment of brain metastases

e Maximum tumor diameter <3 cm

e Extracranial tumor stable or in remission, with or without
systemic therapy

e Exclusion of meningeal or ependymal tumor spread by
thin sliced MRI and/or CSF examination

e Previous WBRT

Additional criteria such as age, Karnofsky performance
status (KPS) and quality of life were taken individually into
account. The KPS was assessed in relation to both, general
health condition and isolated neurological deficits. In gen-
eral a KPS of 70 at the time-point of treatment was required.
Nevertheless patients in good overall condition with a KPS
<70 due to an isolated neurological deficit were still ame-
nable to CKRS treatment.

Twenty one of the patients (59%) had multiple cerebral
metastases: 4 (11%) two lesions, 6 (17%) three lesions, 3
(8%) four lesions and 8 (22%) five lesions or more, respec-
tively. For patients with multiple metastases, all tumors
were treated in one treatment session (Fig. 1). Nine patients
received additional treatments (6 two treatments, 2 three
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treatments and 1 patient four treatments) due to local or dis-
tant tumor recurrence. Time periods between initial WBRT
and CKRS varied between the patients and were adapted
individually with respect to time point of tumor recurrence,
size of metastasis, KPS and prognosis. During WBRT
patients received 30 Gray (Gy) over 2 weeks (10x 3 Gy)
or 40 Gy over 4 weeks (20X 2 Gy). Indications for WBRT
included brain metastases with or without previous neuro-
surgical resection as well as those not amenable to primary
CKRS. Detailed patient and treatment characteristics are
given in Table 1.

Treatment

CKRS was performed as an outpatient procedure in all
patients. Prior to the treatment a thin sliced Gadolinium-
enhanced MRI scan and a thin-cut CT scan were per-
formed allowing 3D conformal treatment planning. The
MRI additionally served as an initial baseline for MRI
follow-up examinations. Patient motion during treatment
was restricted by a customized thermoplastic mold and
automatically corrected up to 0.1 mm in translations and
0.1° in rotations based on the detected information of the
CK-specific image guidance system (6D skull tracking) in
order to maintain optimal accuracy of the beam position [1].
The prescribed radiation dose was adjusted according to the
radio-sensitivity/-resistance of the diagnosed tumor, size and
volume of the metastasis and to the integrated volume of all
metastases in case of multiple lesions, eloquent location and
interval to previous irradiation.

Follow-up evaluation

The follow-up included clinical examination and MRI con-
trols which were performed on a 3-month basis after CKRS
in order to document local and distant tumor control. Local
tumor recurrence was defined as a persistent radiographic
increase of 25% or more in the size of a metastatic lesion.
In cases where MRI could not discriminate between radia-
tion reaction (pseudo progression) and tumor recurrence
O-(2[18-F]-fluorethyl)-L-tyrosin (FET)-PET imaging was
performed. Signs of radiation toxicity were scored mor-
phologically according to the National Cancer Institute’s
Common Toxicity Criteria version 2.0 [22]. Tumor volume
calculations were based on the tumor margins on cross-sec-
tional MRI studies before the beginning of treatment and
at each follow-up. A complete resolution of the lesion after
WBRT and radiosurgery was defined as complete remission,
whereas a tumor volume reduction > 50% was rated as par-
tial response. A tumor progression was defined as any tumor
volume increase >25% as compared to the “best” treatment
response. Local tumor control was evaluated as “achieved”
when complete resolution remained stable for at least two

Table 1 Patient and CKRS treatment characteristics

Number of
patients (%)

Characteristics

Age® (median 49.5 years; range 28-71 years)

< 70 years 33 (91.7)

> 70 years 3(8.3)
Gender

Male 9 (25)

Female 27 (75)
Histology

Breast carcinoma 17 (47)

Bronchial carcinoma 11 (31)

Colorectal cancer 2(5.5)

Malignant melanoma 2(5.5)

Others 4(11)
Surgical intervention

Yes 18 (50)

No 18 (50)
Number of metastases

1 15 (42)

2 411

3 6 (17)

4 3(8)

>5 8(22)
Number of CKRS treatments

1 27 (75)

2 6 (16.7)

3 2(5.5)

4 1(2.8)
Time between WBRT and CKRS

< 1 year 18 (50)

> 1 year 15 (41.7)

Not specified 3(8.3)
Tumor volume per metastases (median 0.46 ccm; range 0.02-16.31 ccm)

<10 ccm 136 (97.1)

>10 ccm 4(2.9)
Total tumor volume® (median 1.19 ccm; range 0.07-74.99 ccm)

<10 ccm 42 (91.3)

>10 ccm 4(8.7)
Tumor dose (median 18 Gy; range 7-21 Gy)

<18 Gy 22 (61.1)

> 18 Gy 14 (38.9)
Number of metastases treated/session

1 15 (42)

2 4(11)

3 6 (17)

4 3(8)

>5 8(22)

Table indicating age and gender distribution as well as previous treat-
ments and tumor histology in addition to CKRS treatment character-
istics

4Cut off according to RPA classification

®Sum of volumes of all metastases treated per patient and session
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follow up visits. Any reappearance of a new lesion at the
previously treated site was classified as a local tumor recur-
rence. Distant tumor recurrence was approved when a novel
enhanced lesion occurred distant from the original metas-
tasis site. Freedom from local recurrence/local tumor pro-
gression was defined by the time interval between the date
of initial radiosurgical treatment and the date of diagnosis
of local tumor recurrence/local tumor progression. Freedom
from distant tumor recurrence was equally defined according
to the above-mentioned intervals.

Clinical follow-up included assessment of neurologic
functions and toxic side effects. The overall systemic func-
tional status was evaluated according to the Karnofsky
performance score (KPS) and its prerequisites [23]. If the
KPS remained unchanged or was better after treatment,
it was referred to a stabilized, improved clinical status,
respectively. Otherwise, the status was considered as dete-
riorated. Adverse radiation-induced effects were defined as
acute when occurring within the first 90 days and as late
when occurring afterwards. Both were assessed according
to the central nervous system toxicity criteria listed in the
Radiation Therapy Oncology Group (RTOG) Late Radia-
tion Morbidity Scoring Criteria [24]. The cause of death
was determined from in- or external medical records as well
as supplementary phone calls to general practitioners. The
cause of death was documented according to the study pro-
tocol of Patchell et al., distinguishing between death due to
cerebral progression and systemic death in the context of the
underlying disease [25].

Outcome measurement

The primary outcome measure was local tumor control. Sec-
ondary outcome measures were recurrence of distant brain
metastases, treatment-related toxicity and overall survival.

Statistical methods

Reference point of the study was the date of radiosurgical
treatment. Length of overall survival, freedom from local
and distant tumor recurrences were estimated with the
Kaplan—Meier method using the software IBM SPSS sta-
tistics [26].

Results

Follow-up information was available for all 36 patients
who underwent 46 CKRS interventions for a total of 140
metastases. The average number of follow-up visits was 1.85
(range 1-9) per patient. A gender distribution of 9 males
and 27 females was observed. The median age was 53 years
(28-71 years) and the median follow-up period 42 months

@ Springer

(3—81 months; mean 24.8 months). All patients received
prior WBRT of 30-40 Gy. The median interval between
completed WBRT and initiation of CKSR was 3.6 years
(0.2-7 years). In addition 33 of 36 patients received chemo-
therapy, most of them with cisplatin. At the time point of
CKRS all patients showed novel distant brain metastases
throughout the radiological follow-up. The initial diagno-
sis of brain metastasis was based on radiological findings
and in half of the cases additionally on histopathological
results. Primary tumors were referred to breast carcinoma
(17 patients), non-small cell lung cancer (11 patients), colo-
rectal cancer (2 patients), malignant melanoma (2 patients),
and gastrointestinal, pharyngeal and endocrine tumors (1
patient each). In one patient the histology was not specified
and related to CUP. 18 of the patients underwent no neuro-
surgical intervention at all, 14 patients underwent surgery
once and 4 of the patients underwent repeated neurosurgical
interventions before WBRT. Neurological symptoms such as
headache, seizures or focal neurological deficits were pre-
sent in four patients (11%) after WBRT and prior to CKRS.
The median KPS score was 80 before (range 50-100) and 70
after treatment (range 50—100) due to deterioration in nine
and amelioration in two patients, respectively. All tumor
locations in the brain were treated, including basal ganglia,
pre-central and central cortex as well as brainstem lesions.

CKRS treatment parameters

The median dose prescription to the tumor margin was
18 Gy (median, range 7-20 Gy) prescribed to the 70%
isodose line. The minimum and maximum median tumor
doses were 17 Gy (range 7.5-22.4 Gy) and 25.7 Gy (range
20.1-30 Gy), respectively. The median number of beams
was 196 (range 52-505), applied to a median tumor volume
of 1.32 ccm (mean; median 0.46; range 0.02—-16.31 ccm)
per metastases. Notably, few patients received a simultane-
ous treatment of multiple metastases within the same treat-
ment session, thus a mean total tumor volume of 4.02 ccm
(median 1.19; range 0.07-74.99 ccm) was treated per patient
and session. The median duration of treatment was 56 min
(range 23—-130 min).

Survival and treatment response

At the time point of the last follow-up 17 patients (47.2%)
had died, 14 patients (39%) due to progressive systematic
disease, one (2.8%) from progressive central nervous system
disease (meningeosis carcinomatosa). For two patients the
cause of death was unknown. The 6, 12, 18, and 24-month
actuarial survival rates were 88.9% (95% CI 39.2-52.8),
75.0% (95% C127.6-45.5), 66.7% (95% CI 21.8-40.1), and
69.1% (95% CI 18.6-36.2), respectively. The overall median
survival rate was 19 months (Fig. 2). Local recurrences were
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Fig.2 Overall survival after

Overall Survival

WBRT followed by CKRS.
Kaplan—Meier analysis with
survival function applied for
36 patients who underwent
single-session CKRS for recur-
rent brain metastases after
WBRT. The median overall
survival after CKRS accounted
for 19 months, whereas the 6,
12, 18, and 24-month actuarial
survival rates were 88.9, 75.0,
66.7, and 69.1%, respectively
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observed in two of the patients within the first 6 months
after treatment corresponding to a local tumor control rate
at 6 and 12 months of 94.2% (95% CI 46.0-55.5), (Fig. 3).
Distant novel brain metastases were observed within the 1st
year after treatment in nine patients within the 1st year and
in another two patients within the 2nd year after treatment.
Accordingly the 6 and 12-month actuarial distant tumor
control rates in the brain were 83.3% (95% CI 32.8-50.6)
and 75% (95% CI 23.2-44.4), whereas the 18-, respectively
24-month distant tumor control rate was 72.2% (95% CI
19.3-41.6) (Suppl. Fig. 1). CKRS re-treatment was per-
formed in nine patients (25%) for new, distant metastases,
including six patients (17%) that required two additional
treatments each, two patients 3 (5.6%) and one patient 4
(2.8%) additional treatments, respectively.

Side effects and complications

The overall morbidity after CKRS treatment was 22.8%
(8 patients). Among these eight patients, four experienced
aggravation of preexisting neurological deficits, e.g. partial
hemiparesis. However, in one of these patients worsening
of neurologic function was related to progressing radiation
necrosis at the contralateral hemisphere and not to CKRS
treatment. Other two patients (5.6%) experienced abnormal
fatigue, one patient deterioration due to systemic tumor pro-
gression and one patient was observed with diminished level

T T T T T
20 30 40 50 60

Time (months)

of consciousness related to meningeosis carcinomatosa.
Adverse radiation effects, as diagnosed on MR, occurred
in eight patients (22.2%). Of these patients 3 (8.3%) were
found to be symptomatic, one patient experienced deterio-
ration of a pre-existing hemiparesis due to perifocal edema
and received additional steroid treatment. Another two
patients suffered from focal alopecia. Asymptomatic radia-
tion reaction was observed in five patients (14%). None of
the patients showed radiation necrosis, nor required surgical
decompression of space-occupying radio-necrotic lesions.
Conclusively treatment-related side effects or symptoms had
occurred in five patients (14%). There was no association
between complications and tumor volume, lesion number or
CKRS frequency. A summary of post-treatment complica-
tions is given in Table 2.

Discussion

CKRS as a salvage therapy for recurrent brain
metastases after WBRT

Robotically guided CKRS was shown to be efficient and
safe in selected patients with brain metastases [15, 27] and
represents an attractive and convenient treatment option
because of its low risk and minimal invasiveness [9]. It has
been shown to be beneficial when applied on its own or in

@ Springer
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Fig.3 Local tumor control after

Local tumor control

CKRS. Local tumor control was
calculated for 140 metastases 1,0
treated by CKRS after WBRT
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using the Kaplan—Meier s
estimation method. The graph
displays a local tumor control
rate of 94.2% at 6, 12, 18 and 0,81
24 months after CKRS. Two
patients developed probable
local recurrences within the first
6 months after treatment
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Table 2 Complications and side effects after CKRS treatment

Number of
patients (%)

Complications and side effects

Neurologic
Aggravation of pre-existing deficits 4(11)
MRI-tomographical
Radiation toxicity 8 (22)
Symptomatic 3(8)
Asymptomatic 5(14)
Systemic/general
Fatigue 2(5.5)
General deterioration (KPS) 1(2.8)
Alopecia 2(5.5)
Treatment related side-effects
Yes 5(14)
No 31 (86)

Overview representing all aspects of possible complications and side-
effects experienced after CKRS treatment

combination with other treatment modalities [11, 28-30],
providing a high local tumor control and repeatability of
treatments for both, local or distant recurrences [3, 9, 31].
Additionally, single or multiple metastases can be treated in
a single session even on an outpatient basis, which offers a
high patient comfort. However, patients with recurrent brain
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metastases, who underwent WBRT before CKRS might bare
a higher risk of local failure or side effects. Scientific evi-
dence in this specific subgroup of patients is scarce [19, 21,
32], thus investigations confirming CKRS, as feasible, safe
and efficient salvage therapy for recurrent brain metastases
are needed and addressed herein. We report on a patient
series where CKRS was applied after WBRT for recurrent
brain metastases of various histologies. All patients were
prospectively analyzed and selected by an interdisciplinary
tumor board for CKRS treatment. Our objective was to
assess the therapeutic impact of CKRS after WBRT using
the same selection criteria as those used for patients recently
treated with frame-based techniques after WBRT [4, 12, 14,
20, 33-35].

Treatment efficacy

The local tumor control rate that was achieved in our patient
cohort was relatively high with 94.2%, at 6, 12, 18 and
24 months, respectively as only two patients showed sus-
picious local tumor relapse within the first 6 months after
CKRS treatment. These rates are positively comparable to
other recent reports using both, frameless and frame-based
techniques [4, 14, 20]. Chao et al., using Gamma Knife RS
analyzed the data of 111 patients, who underwent SRS for
a total of 243 brain metastases of various histologies after
WBRT. The local control rate at 1 year was 68 and 59% at
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2 years, respectively. The distant tumor control rate was 86%
at 1 year, and 51% at 2 years [14]. Noel et al. [20] treated
54 patients presenting with 97 recurrent metastases after
WBRT with frame-based stereotactic radiotherapy. 1- and
2-year local control rates were 91.3 and 84% and 1- and
2-year brain control rates were 65 and 57%, respectively.
These results go in line with our findings as well as with the
previously confirmed hypothesis of Kondziolka et al. [33]
that radiosurgery plus WBRT would provide improved local
brain tumor control over WBRT alone in patients with two
to four brain metastases. He reported a local failure rate of
8% at 1 year in patients who had boost radiosurgery after
WBRT. Gwak et al. [19], used the CyberKnife System in
100 recurrent brain metastases after WBRT (46 patients).
The local tumor control rate after 1 year was 64%, the distant
tumor control rate 57%, respectively. Demographic data such
as age, KPS and number of intracerebral metastases did not
differ relevantly from our findings. Our median overall sur-
vival (19 months), is somewhat higher compared to overall
survival rates reported by other authors after SRS either with
or without WBRT [4, 36-39]. Although our patient selec-
tion criteria did not vary from those of the above-mentioned
studies, we presume that these favorable results are certainly
related to a stringent, interdisciplinary selection process for
patients, considered suitable for CKRS treatment. Nev-
ertheless, even if the role of CKRS in this context as an
alternative to repetitive radiotherapy seems to be favorable,
it requires further prospective evaluation especially with
regard to preselected patient subgroups and extended treat-
ment indications.

Treatment safety

CKRS treatment was performed for all patients with local
or new distant brain metastases and a stable systemic tumor
status, good quality of life at the time point of treatment,
respectively. Treatment planning and execution was compa-
rable for all patients, including those with multiple metas-
tases. The presence of multiple metastases was not found to
have a prognostic impact in our patient selection, thus tumor
control was independent from the number of initially treated
metastases. However, CKRS re-treatment was required in
nine patients (25%) for new, distant metastases, including
six, two and one patient that required additional two, three
and four treatments, respectively. These recurrences were
observed in six patients (17%) diagnosed with breast can-
cer, 2 (5.5%) with lung cancer and 1 (2.8) with a colorec-
tal carcinoma, respectively. The additional treatments were
equally well tolerated what underlines the low risk profile of
CKRS. Only four patients experienced neurologic symptoms
of pre-existing deficits after CKRS and two patients devel-
oped new symptoms such as abnormal fatigue within the
first 6 months after CKRS treatment. These patients received

additional steroid treatment just as seven other patients due
to progressing edema. Asymptomatic radiation reactions
on follow-up imaging were observed in 5 (13.8%) whereas
symptomatic reactions in three patients (8.3%). Two of them
suffered from alopecia and one from worsening hemiparesis.
Patients neither died of radiation-induced complications nor
required surgery for space-occupying radio-necrosis. The
overall complication rate in our cohort appears equivalent
to that of other studies using SRS after WBRT [4, 14]. How-
ever, Gwak et al. [19] found a considerable incidence of
clinically significant radiation toxicity (21-22%) including
radiation necrosis related to tumor volume and cumulative
dose. Although our study does not bring these effects to bear
and confirms safety in this specific treatment concept, we
emphasize that such need to be followed carefully among
upcoming studies in order to generate reliable guidelines for
the application of CKRS after WBRT.

Limitations

The current analysis refers to patients with recurrent brain
metastases after WBRT. Additional inclusion criteria for
patients having access to CKRS after WBRT were age, KPS
and quality of life at the time point of treatment. Another
precondition for CKRS treatment were a controlled extrac-
ranial disease or its remission, and exclusion of meningeal or
ependymal tumor spread. Of course, a stringent pre-selected
subpopulation leads to some bias. Even if our results have
full validity based on reliable scientific methods and report-
ing, outcome interpretation may be adjusted to the fact of
subgrouping and compared to other results with precaution.

The moderate number of patients might be a drawback,
which is overcome by the homogeneity of single-center data
and the representative number of 140 treated metastases.
The retrospective type of analysis with scarce follow-up data
for some of the patients is another limitation that needs to
be anticipated in order to generate appropriate (long-term)
follow-up results for all of the patients.

Interestingly pathological results, especially in terms
of molecular features of each tumor entity have not been
matched to responsiveness and recurrence of brain metasta-
ses after CKRS so far.

Conclusions

Single-session, frameless, image-guided robotic CKRS has
been proven to be a safe and effective treatment for recurrent
brain metastases after WBRT in selected patients. CKRS
resulted in good local tumor control (1-year-rate 94.2%) and
thus seems to have a positive influence on overall survival.
CKRS can be administered after WBRT for both, one-time
and repetitive treatment of single or multiple metastases
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with a low risk for neurologic deficits or adverse radiation
effects. However, outcome was particularly favorable in a
pre-selected patient cohort with a constant KPS >70. In
summary frameless CKRS for recurrent brain metastases
after WBRT is a valuable salvage option, which should be
investigated within further prospective trials and become
more readily reported in the literature.
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