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Abstract

Aim For selected patients with brain metastases (BMs),
the role of stereotactic radiosurgery (SRS) or fractionated
stereotactic radiotherapy (SFRT) is well recognized. The
recent introduction of flattening filter free (FFF) delivery
during linac-based SRS or SFRT allows shorter beam-on-
time, improving patients’ comfort and facility workflow.
Nevertheless, limited experiences evaluated the impact of
FFF linac-based SRS and SFRT in BMs treatment. Aim of
the current study was to analyze SRS/SFRT linac-based
FFF delivery for BMs in terms of dosimetric and early clin-
ical results.

Materials and methods Patients with life expectancy
>3 months, number of BMs <5, diameter <3 cm, and con-
trolled or synchronous primary tumor received SRS/SFRT.
The prescribed total dose and fractionation, based on BMs
size and proximity to organs at risk, ranged from 15 Gy in
1 fraction to 30 Gy in 5 fractions. A FFF volumetric modu-
lated arc therapy (VMAT) plan was generated with one or
two coplanar partial arcs. Toxicity was assessed according
to CTCAE v4.0.

Results From April 2014 to February 2016, 45 patients
(89 BMs) were treated with SRS/SFRT linac-based FFF
delivery. The mean beam-on-time was 140 s for each lesion
(range 90-290 s) and the average brain Dmean was 1 Gy
(range 0.1-4.8 Gy). At the time of analysis, local con-
trol was reported in 93.2% (83/89 BMs). With a median
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follow-up time of 12 months (range 1-27 months), the
median overall survival was 14 months and the 6-month
overall survival was 77%. Finally, the median intracranial
disease control was 11 months. Acute and late toxicities
were acceptable without severe events (no adverse events
>G2 were recorded).

Conclusions These preliminary results highlighted the
feasibility and safety of linac-based SRS/SFRT with FFF
mode for BMs patients. A longer follow-up is necessary
to confirm the efficacy of this treatment modality in BM
patients.

Keywords Brain metastases - Radiotherapy - Stereotactic
radiotherapy - Stereotactic fractionated radiotherapy

Introduction

Brain metastases (BMs) are the most common intracranial
tumors in adults; in fact, about 20-40% of patients affected
by cancer will develop BMs during oncological history [1].
Moreover, in the last decades, the probability to develop
BMs increased up to five times due to the improving the
efficacy of anti-cancer therapies [1-3].

Most of BMs patients are defined as oligometastatic
(i.e., patients with a limited number of metastases), and in
this setting, the role of stereotactic radiosurgery (SRS) or
fractionation stereotactic radiotherapy (SFRT) is well rec-
ognized [4]. In particular, SRS/SFRT approaches can be
recommended in the treatment of 1-4 BMs and in patients
with a life expectancy of more than 3—-6 months [3, 5].
Recently, SRS is preferred over whole-brain radiotherapy
(WBRT) in order to minimize the probability of develop-
ing neurocognitive dysfunctions [6, 7], even though inno-
vative hippocampal avoidance techniques were recently


http://crossmark.crossref.org/dialog/?doi=10.1007/s11547-017-0768-0&domain=pdf

Radiol med (2017) 122:676-682

677

developed [8]. Moreover, analyzing clinical outcomes,
WBRT did not show an improvement in overall survival
(OS) when compared to SRS [5, 9].

Historically, the definition of intracranial SRS was intro-
duced by Leksell as ‘a single high dose fraction of radia-
tion, stereotactically directed to an intracranial region of
interest’ [10]. In 1968, Leksell designed the first Gamma
Knife® (GK), a device with ®Co sources for irradiating a
brain tumor volume [11]. To date, due to the technologi-
cal advancement of linear accelerator (Linac), there was a
continuous increasing interest in SRS Linac-based applica-
tions, and recent data reported no substantial advantages in
terms of clinical outcome of any specific SRS system (i.e.,
GK vs. Linac-based SRS) [12-14].

One of the most relevant advantages in Linac-based
SRS/SFRT approach is the treatment delivery time. In
fact, beam/time ratio is usually limited to few minutes in
single lesion setting, even though several parameters, such
as prescription dose and target shape, could affect treat-
ment delivery time [15, 16]. In order to further reduce
beam-on-time (BOT), the removal of Linac flattening filter
(FF) allowed to produce a higher dose rate delivery with
a shorter BOT. Nevertheless, the FF-free (FFF) technique
has several dosimetric advantages and hypothetical radio-
biological effect, including a steep dose gradients, lower
out-of-field dose, leaf transmission, lower dose outside the
field edge, and cell killing [17-20]. Despite FFF mode is
increasing, few reports on dosimetric data and feasibility
are published [19, 21, 22]. The aim of the present study
was to analyze BMs patients treated by SRS/SFRT with
FFF technique in terms of dosimetric and preliminary clini-
cal outcomes.

Materials and methods
Patients

All cases have been discussed in the multidisciplinary
team, which included a radiation oncologist, a neurosur-
geon, a medical oncologist, and a neuroradiologist.

SRS or SFRT was performed according to the follow-
ing criteria: (a) critical anatomic position, (b) the absence
of acute neurological symptoms, (c) life expectancy
>3 months, (d) number of brain metastases < 5, (e) diame-
ter <30 mm, and (f) controlled primary tumor or metachro-
nous diagnosis.

Informed consent was obtained from all individual par-
ticipants included in the study. All procedures performed
in studies involving human participants were in accord-
ance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki

Declaration and its later amendments or comparable ethical
standards.

Target definition and treatment

Computed tomography (CT) with contrast enhancement
was requested in all patients to define the extracranial
disease status, while magnetic resonance imaging (MRI)
with contrast enhancement was performed to evaluate the
anatomical presentation and number of brain metasta-
ses. Patients underwent CT simulation with a 1-mm slice
thickness for radiation therapy planning in a thermoplas-
tic mask (BrainLAB®, Feldkirchen, Germany). A co-reg-
istration of volumetric CT and MRI-T1 sequences, typi-
cally a 3-dimensional spoiled gradient series with 1-mm
slice thickness, was used to define target and organs at
risk (OARs). Gross tumor volume (GTV) was defined as
macroscopic contrast enhancing lesion on T1-MRI and it
was equal to clinical target volume. Planning target volume
(PTV) was obtained adding an isotropic margin of 2 mm in
all directions.

OARs were brain (normal brain minus PTV), eyes, lens,
optic chiasm, optic nerves, brainstem, and spinal cord.

Dose prescription (ranged between 15 and 30 Gy) and
fractionation (ranged between 1 and 5 fractions) were based
on different clinical and radiological parameters including
BM size, the presence of subacute or acute neurological
symptoms, proximity to OARs, or critical anatomical posi-
tion. [23, 24]. SFRT was conventionally preferred to SRS
in patients with BMs size >30 mm, significant perilesional
edema, neurological symptoms or proximity to OAR/criti-
cal anatomical structures. For each BM, a FFF SRS/SFRT
plan was generated with one or two partial coplanar or
non-coplanar arcs, according to the anatomical position.
Plans were optimized aiming to achieve a PTV coverage
of Dysq, > 95% with a homogeneous dose distribution. All
patients were treated with the volumetric modulated arc
technique RapidArc (Varian Medical System, Palo Alto,
USA) on True Beam™ equipped with a 6D couch and a
micro multi-leaf collimator. Exactrac (BrainLAB®, Feld-
kirchen Germany) and Cone Beam CT imaging were per-
formed daily for patient setup and positioning verification.

In all patients, a prophylactic corticosteroid therapy
(dexamethasone 8 mg per day) was prescribed and progres-
sively reduced after radiotherapy according to clinical con-
ditions and internal Institutional protocol.

Evaluation of tumor response and radiological toxicity
evaluation

Clinical evaluation and MRI were requested after

45-60 days from the end of the radiation treatment, then
every 3 months for the first 2 years, and finally every
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6 months or as appropriate after 3 years. Radiological
response was assessed according to RECIST criteria [25].
In patients with diagnostic suspect of radionecrosis, a his-
tological proof was requested. If a neurosurgical approach
was excluded, an expert neuroradiologist evaluated MRI
changes. MRI included diffusion, perfusion-weighted
imaging, and spectroscopy in order to differentiate a local
metastatic progression or a necrotic process. More specifi-
cally, the diagnosis of radionecrosis was defined by means
of the following radiological features: white matter high
signal edema and mass effect early loss of volume later at
T2/FLAIR, white or grey matter single or multiple nodular
or curvilinear “soap-bubble” enhancement at T1 with con-
trast enhancement, MR spectroscopy: typically low cho-
line, creatine, and N-acetylaspartate at spectroscopy [26].

Statistical analysis

In order to summarize the most relevant features of the
clinical variables, descriptive statistics were performed.
Local control (LC), OS, and intracranial progression-free
survival (PFS) rates were estimated using the Kaplan—
Meier method. LC was defined from the beginning of the
treatment to the local relapse date. Local recurrence was
defined as any relapse inside radiation field. Intracranial
progression was considered from the beginning of the radi-
ation treatment to the time of any new central nervous sys-
tem progression. OS was calculated from the date of diag-
nosis to the death or last follow-up date. Statistical analyses
were carried out using R-software 3.1.2 version. Clinical
outcomes and toxicity data according to the Common Ter-
minology Criteria for Adverse Events (CTCAE version
4.0) were collected prospectively.

Results
Patients and dosimetric results

From April 2014 to February 2016, 45 consecutive patients
(89 intracranial lesions) with a median age of 67 years
(range 23-83) were treated with SRS/SFRT for BMs in
our Cancer Care Center. Twenty out of 45 (44.4%) were
female, and median KPS and GPA were 90 and 2.5, respec-
tively. All patients’ characteristics are shown in Table 1.

In SRS and SFRT patients, median dose prescriptions
were 25 Gy (range 15-25 Gy) and 24 Gy (range 21-30 Gy),
respectively, while median number of fractions delivered in
SFRT patients was 3 (range 3-5). Median BOT was 140 s
(range 80-290 s) in SRS and 130 s (range 80-270 s) in
SFRT, respectively. Finally, the interpatient average brain
Dmean was 0.71 Gy (range 0.11-1.56) in SRS and 1.6 Gy
(0.48-4.81) in SFRT, and the V12 Gy for brain was 0.82%
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Table 1 Patients’ characteristics

Patients N° (%)
Male/female 23 (51.1%)/22 (48.9%)
Median age (range) 67 (23-83)
>60 years 30 (66.7%)
<60 15 (33.3%)
Median Karnofsky index (range) 90 (60-100)
Controlled extracranial disease
Yes 25 (55.6%)
No 20 (44.4%)
Median GPA (range) 2.50 (1.00-4.00)
Primary tumors
NSCLC 28 (62.2%)
Breast cancer 11 (24.5%)
Others 6 (13.3%)
Anatomical lobe
Frontal 28
Parietal 12
Temporal 12
Occipital 12
Cerebellum 24
Brainstem 1
SRS/SFRT doses for 89 lesions
15 Gy in 1 fraction 4 (4.5%)
18 Gy in 1 fraction 7 (7.9%)
20 Gy in 1 fraction 5(5.6%)
22 Gy in 1 fraction 2 (2.25%)
25 Gy in 1 fraction 45 (50.6%)
21 Gy in 3 fractions 11 (12.3%)
24 Gy in 3 fractions 6 (6.7%)
27 Gy in 3 fractions 2 (2.25%)
25 Gy in 5 fractions 4 (4.5%)
30 Gy in 5 fractions 3 (3.4%)
Treatment Post SRS/SFRT
Whole brain 9 (20%)
SRS 7 (15.6%)

SRS stereotactic radiosurgery, SFRT stereotactic fractionated radio-
therapy, NSCLC non-small cell lung cancer

(0-4.11) and 2.68% (0.59-9.64) in SFRT. All the other
dosimetric parameters evaluated are reported in Table 2.

Survival, local control, intracranial progression-free

survival, and toxicity

With a median follow-up time of 12 months (range
1-27 months), median OS was 14 months, while 6
months and 1 year OS were 77 and 63%, respectively
(Fig. 1). At the time of the analysis, 12 patients out of 45
were dead and all of them died for extracranial disease.
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Table 2 Dosimetric results

Parameters Mean (range)
GTVcce 0.75 cc (0.01-57.20)
PTVce 2.23 ¢c (0.30-77.45)
PTV V95%

SRS 98.7% (94.7-100)

SFRT 98.3% (94.3-100)
PTV V107%

SRS 15.7% (0.00-81)

SFRT 6.9% (0.00-65.7)
PTV Dmean

SRS 23 Gy (14.5-28.6)

SFRT 24.5 Gy (21-31)
Brain Dmean

SRS 0.7 Gy (0.11-1.56)

SFRT 1.6 Gy (0.48-4.8)
Brain V12 Gy

SRS 0.78% (0.004.11)

SFRT 2.7% (0.59-9.6)
Beam-on-time

SRS 140 s (range 80-290)

SFRT 130 s (range 80-270)

GTV gross target volume, PTV planning target volume, D dose, V vol-
ume

Kaplan-Meier
Overall Survival

1.00
0.75
0.50
0.25
[n=45 Death=16]
0.00
0 6 12 18 24 30 36 42 48

Months

Fig. 1 Overall survival in patients treated with SRS/SFRT

No differences were observed among the groups in terms
of OS: primary tumor (p = 0.5) and extra cranial diseases
status (p = 0.1).

Six out of 89 lesions (6.8%) showed a disease progres-
sion during follow-up, with a median time of progression
of 9 months and a 6-month LC probability of 76.4%. LC
was not influenced significantly by GPA score (p = 0.2)
and GTV dimension (p = 0.2). The median Intracranial

PFS was 11 months, and at 6 months, 65% of patients did
not report an intracranial progression.

Sixteen patients (36%) developed subsequently new
brain metastases and required salvage treatments: nine
received WBRT (56.25%) and seven received SRS
(43.75%).

Acute toxicity was low: Grade 1 nausea and headaches
were reported in only two patients (4.4%). In terms of
late toxicity, one patient (2.22%) developed asymptomatic
intracerebral hemorrhage and another one asymptomatic
radionecrosis. In the first case, it was not requested any
specific medication. In the second case, a corticosteroid
therapy was prescribed for 50 days with a resolution to
radionecrotic process.

Discussion

BMs are the most common intracranial tumors in adults
and generally, central nervous system metastatic involve-
ment is characterized by a poor prognosis (3—6 months)
[1]. Historically, WBRT with or without surgical resec-
tion or SRS have been considered the standard treatment
for solitary or oligometastatic BMs patients, while WBRT
alone was performed in multiple BMs setting [27-29].

Currently, SRS/SFRT alone is proposed to patients with
1-4 BMs (with diameter inferior to 2.5-3 cm) and a life
expectancy of more than 3 months [5, 30].

In a prospective study, Yamamoto and colleagues
reported about the use of SRS in 1194 patients with one to
ten BMs; authors suggested that SRS alone in patients with
five to ten BMs is non-inferior to that in patients with two
to four BMs [31]. Nevertheless, these results caused sev-
eral criticisms concerning the heterogeneity of population
of study analyzed.

A recent report from the Working Group on Stereotactic
Radiotherapy of the German Society of Radiation Oncol-
ogy (DEGRO) provides recommendations for the use of
SRS in BMs, suggesting to choose the dose prescription
according to the dimension and number of the lesions and
the proximity to OARs [5]. In fact as reported in DEGRO
guidelines, stereotactic radiation treatment can be offered
in patients with a single brain metastases (<30 mm diam-
eter). Additionally, in patients with multiple (2-4) metasta-
ses (all with a diameter <25 mm), local treatment should be
offered than WBRT. Analyzing dose prescription, a single
dose of 20 Gy is considered acceptable, while higher doses
(22-25 Gy) should be limited in small lesions (<1 cm).
In patients with BMs diameter greater than 25-30 mm, a
dose reduction to 18 Gy is recommended, despite RTOG
90-05 considered adequate a dose prescription of 15 Gy
[23]. Moreover, recent publications have started to propose
hypofractionated radiation treatment (i.e., SFRT) in order

@ Springer



680

Radiol med (2017) 122:676-682

to further decrease the risk of late side effects (radionecro-
sis). In fact, different dose prescription schedules have been
published as 27 Gy in 3 fractions [32], 25 Gy or 30 Gy in 5
fractions [33], demonstrating good results in terms of clini-
cal outcomes and tolerability. Thus, from these multiple
and various experiences, a standardized dose seems to be
not well defined and a heterogeneous prescription still con-
tinues to be commonly used in a case of SRS and/or SFRT.

In the here reported experience, we decided to treat with
SRS/SFRT up to five BMs [31] and the choice of the dose
and/or fractionation was made based on DEGRO guide-
lines and international clinical experiences [35, 32, 33].

To our knowledge, this is the second analysis published
combining: clinical outcomes, toxicity, and dosimetric
results for BMs treated with SRS/SFRT Linac-based and
FFF mode. Preclinical studies investigated the role of FFF
delivery in terms of radiobiological potential influences on
tumor cell killing related to higher dose rate compared to
FF mode. [20, 34] In contrast to this assumption, available
data remain inconclusive.

Several authors reported the dosimetric characteristics of
FFF modality in different anatomical sites, including pros-
tate, lungs, or liver [35—41], but despite the utilization of
FFF modality is increasing, few clinical data regarding its
safety and clinical efficacy have been reported, especially
for BMs [19].

Focusing in brain metastases, two experiences have been
recently published on the impact of FFF in the treatment of
brain metastases [21, 22].

Stieler et al. analyzed the combination of the FFF deliv-
ery for radiosurgery of brain metastases in comparison to
delivery with FF intensity-modulated radiotherapy (IMRT)
and volumetric modulated radiotherapy (VMAT). Authors
reported that FFF treatment plans had similar quality when
compared to FF plans. In FFF approach, a BOT reduction
was observed, even though an increased number of monitor
unit was requested. [22].

Lai et al. published similar results. Authors evaluated
the dosimetric superiority of FFF—volumetric modulated
arc therapy when compared to FF—volumetric modulated
arc therapy in the setting of single brain metastasis in 68
patients with a dose prescription of 20 Gy in single frac-
tion. Authors performed a dosimetric comparison analyz-
ing target coverage, dose gradients, BOT, gantry speed,
and number of monitor units (MU). Authors reported an
advantage in the use of FFF in terms of BOT (5.45 min),
treatment delivery time, and mean dose rate (p < 0.001)
when compared to FF. Additionally, normal brain sparing
was higher in FFF approach with reduction in brain irra-
diation of about 2% reductions in low-dose regions (about
5-10 Gy). Authors reported a Dmean brain irradiation of
0.935 +£ 0.46 in the setting of SRS treatment [22]. In our
experience, we obtained a lower BOT (mean SRS 140 s)
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and a lower brain irradiation (Dmean brain: 0.71 Gy) in
patients receiving a SRS treatment.

In terms of clinical outcomes, the first analysis was
reported by Rieber et al. [19]. Authors analyzed the dosi-
metric and clinical outcomes of 21 consecutive patients
(with a total of 25 BMs). In regards to the dosimetric
parameters, the Authors showed a significant reduction of
the average BOT with FFF modality respect to the stand-
ard FF, reporting a median value of BOT was 128 s (range
45-278 s). Moreover, they showed a median brain Dmean
of 0.38 Gy (range 0.13-0.89) and brain V10 Gy of 31 ml
(5-136). In terms of outcomes, with a median follow-up of
5.1 months (range 0-12.4 months), the Authors reported a
6-month OS, local PFS, and extracerebral PFS of 63.3, 100,
and 36.1%, respectively. The acute and late toxicities were
mild: nausea and headaches in acute setting, and for late
side effects, only one case of asymptomatic intracerebral
hemorrhage [19]. In terms of dosimetric and clinical out-
comes, the present results were similar to those reported by
Rieber et al., despite in the present population, the median
number of lesions for patients was two respect to one in the
Rieber’s analysis.

An important limitation of the present study is related to
the absence of basal neurocognitive state evaluation of the
patients before and after radiotherapy. This information can
be in fact considered useful in follow-up clinical assess-
ment. However, detailed basal neurocognitive state defini-
tion will be object of prospective future evaluation.

Moreover, in the here discussed data, correlation
between dosimetric parameters and toxicity/outcomes was
not analyzed because the number of events (radionecrosis/
bleeding) was very limited (only two cases) and follow-up
was too short for any further consideration.

Conclusion

Despite the limitations of the study (retrospective evalu-
ation, relatively short follow-up time, and limited sample
size), and considering the few clinical data published, the
present results add clinical information about safety and
efficacy of the SRS/SFRT in BMs oligometastatic patients.
Moreover, when compared to other dosimetric experiences,
we observed a lower BOT and Dmean brain irradiation in
SRS setting. Further studies and a longer follow-up are
mandatory to confirm our preliminary results in the treat-
ment of BMs.
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