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Abstract Stereotactic radiosurgery (SRS) is commonly

used to treat brain metastases, particularly in the oligome-

tastatic setting. This study analyses our initial experience in

treating oligometastatic brain disease using Volumetric

Modulated Arc Therapy (VMAT) to deliver hypofraction-

ated stereotactic radiotherapy (HFSRT). Sixty-one patients

were treated with HFSRT with a median dose of 24 Gy

(range 22–40 Gy) in a median of three fractions (range 2–10

fractions). With a median follow-up of 23 months, the local

control rate was 74 % for the entire cohort. Local control

was 87 % for patients who had surgery with no radiological

evidence of residual disease followed by HFSRT compared

with 69 % in patients treated with HFSRT alone. The overall

median time post radiotherapy to local failure was

8.6 months and to extracranial failure was 7.9 months. The

mean time to distant brain failure was 9.9 months. Twenty-

two patients (36 %) died during the study with median time

to death of 4.4 months. Median overall survival (OS) from

treatment was 21 months and 12 month OS was 60 %. Our

experience with HFSRT using VMAT for oligometastatic

brain metastases in the post-operative setting demonstrates

comparable local control and survival rates compared with

international published data. In the intact brain metastasis

setting, local control using the dose levels and delivery in

this cohort may be inferior to radio-surgical series. Local

control is independent of histology. Careful selection of

patients remains critical.
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Introduction

Brain metastases are common in the cancer population,

documented in 20–40 % of patients, contributing to sig-

nificant morbidity and mortality [1–6]. Approximately
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50 % of patients will present with a solitary brain metas-

tasis [7]. Improved systemic therapies have lengthened

survival, increasing the risk period for development of

cerebral metastases and potential toxicity from treatment

[3, 7–9]. Average OS in this cohort remains poor with most

series suggesting OS of 6 months after diagnosis of brain

metastases [3, 4, 6, 8, 10, 11].

Increasingly, SRS and HFSRT techniques have been

utilised both in the intact and post-operative setting, pro-

viding improved local control and survival compared with

whole brain radiotherapy (WBRT) alone [2, 4, 6]. For

solitary brain metastatic disease, there is a survival

advantage for radiosurgery with or without WBRT [4, 12–

14]. For oligometastases (i.e. 1–3 metastases), there is

evidence that SRS alone provides a local control and

neuro-cognitive benefit [4, 13, 15]. It can maintain per-

formance status with no demonstrated impact on survival,

although there are more frequent intracranial relapses when

WBRT is omitted [4, 14–16]. There is no randomised

evidence for the use of SRS to the resection cavity but

retrospective evidence exists that there is a local control

benefit compared with no post-operative therapy [4, 6]. A

phase III randomised study (RTOG1702/N107C) is cur-

rently accruing which is comparing WBRT and SRS for

1–4 brain metastases in the post-operative setting.

Hypofractionated SRS enables delivery of stereotactic

doses in 2–10 fractions to maintain local control whilst

decreasing the risk of late toxicity by utilising the radio-

biological advantages of fractionation to increase the

therapeutic range between tumour control and late effects.

This enables treatment of larger lesions, close to critical

structures or as a salvage treatment where WBRT has

previously been utilised [2, 5, 8, 16–21]. Limiting dose to

uninvolved areas mitigates toxicity risk and allows salvage

treatment, but requires attentive surveillance for disease

relapse [3, 8, 16, 22]. Radiosurgery is cost-effective [23],

of short duration, decreasing time off systemic treatments

which is particularly relevant in control of extracranial

disease [9, 10, 17].

Volumetric Modulated Arc Therapy has emerged in

recent years as a viable SRS and HFSRT treatment option

for brain metastases in the intact and post-operative setting

[24–27]. It allows highly conformal treatment (comparable

to other stereotactic techniques) with decreased overall

treatment time and with low toxicity profile [25]. There is a

paucity of published data regarding local control rates and

survival analysis, with a limited number of small retro-

spective series and comparative planning studies [24, 26–

29]. Therefore, this study aims to examine our institution’s

experience of HFSRT utilising VMAT and compare rates of

local control, survival and patterns of failure with other SRS

and HFSRT treatments to validate this technique as a viable

stereotactic treatment option for brain oligometastases.

Methods

Patient characteristics

The cohort of patients comprised 61 consecutively treated

patients with brain metastatic disease who received HFSRT

between March 2012 and October 2014 at a single Aus-

tralian tertiary referral centre. Where patients had multiple

courses of HFSRT, the initial treatment was utilised in the

series analysis. Patients who had previous intracranial

radiotherapy were included in the analysis. The patient and

treatment characteristics are outlined in Table 1. Institu-

tional ethics approval was obtained for a retrospective

analysis of patient data utilising medical and treatment

records, and the Department’s radiotherapy planning

system.

Simulation/planning

All patients were treated with a frameless linear acceler-

ator based HFSRT technique. Patients were simulated

supine using a Toshiba Aquilion LB CT Scanner (Toshiba

America Medical Systems Inc., Tustin, CA, USA) with

2 mm slice thickness over the entire head region and

immobilised with the Civco Type-S IMRT Reinforced

Style 20 Mask (Civco Medical Solutions, Rotterdam, The

Netherlands). Axial T1-weighted gadolinium (GD) con-

trast-enhanced MR sequence acquisitions with 1–2 mm

slice thickness were obtained and these were co-registered

with planning CT scans. Patients were inverse planned

with volumetric arc radiotherapy (VMAT) either with the

Pinnacle treatment planning system (TPS) versions 9.4

and 9.6 (Phillips, Amsterdam, The Netherlands) or the

Monaco TPS versions 3.1 and 3.2 (Elekta, Stockholm,

Sweden). The gross tumour volume (GTV) or high-risk

target volume (HTV) for each metastasis was defined as

the contrast enhanced lesion on the T1 ? GD MRI with a

2–3 mm circumferential expansion cropped to anatomical

boundaries to generate the clinical target volume (CTV).

The planning target volume (PTV) was generated from a

2–3 mm expansion on the CTV to account for geometric

uncertainties. The median covering isodose to the PTV

was 24 Gy in three fractions which corresponds to the

80 % isodose compared to the point maximum which was

located within the GTV/HTV.

Treatment

All treatments were delivered using a range of Elekta

Linear Accelerators—Synergy head with 1 cm multileaf

collimation (MLC), Agility head with 0.5 cm MLCs or

Axesse with Beam Modulator head with 0.4 cm MLCs
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(Elekta, Stockholm, Sweden). Patient setup was per-

formed using daily pre-treatment verification cone beam

CTs (CBCT). The most common arc design was a full

360� axial co-planar arc with a sagittal (mohawk) non-

coplanar arc. Treatment was delivered over consecutive

days.

All patients received dexamethasone during and for a

minimum of 3 days on completion of treatment, the dose

determined by the pre-treatment requirements. Seizure

prophylaxis was not routinely used.

Post-treatment surveillance and follow-up

Post-treatment, patients were followed with a combination

of clinical review and serial MRI imaging approximately

4–6 weeks post treatment and then every 2–3 months to

assess treatment response, acute and late toxicities and

surveillance for new or recurrent disease. Local failure was

defined as radiological evidence on MRI T1 weighted

contrast enhanced images of increase in size of any

abnormality in continuity to or immediately adjacent to the

irradiated lesion. In cases of equivocal change, a repeat

MRI was ordered at a 6 week interval and local failure

recorded if there was evidence of progressive disease.

Distant brain recurrence was defined as a new enhancing

lesion on MRI consistent with metastases or lep-

tomeningeal enhancement outside of the treated PTV.

Extracranial progression was defined as development of

new lesions, or growth of lesions noted at the time of

HFSRT, on any imaging modality of extracranial sites

following delivery of HFSRT.

Statistical analyses

The primary endpoint for this study was local control.

Other endpoints assessed were distant brain failure and OS.

Time to local failure or distant brain recurrence was cal-

culated from the date of the first fraction of HFSRT to the

date of imaging confirming recurrence. OS from the date of

first HFSRT fraction, date of extracranial failure and

modality of any salvage treatment were also recorded.

Formal neuro-cognitive data was not collected.

Statistical analysis to test relationships between cate-

gorical variables such as histology, treatment in the intact

brain metastasis and post-operative settings and patterns of

failure was made using v2 tests or Fisher’s exact tests when

v2 was not appropriate. Survival time to local brain failure,

distant brain failure, extracranial failure and OS were

estimated by using the Kaplan–Meier method.

Table 1 Patient and treatment characteristics

Parameter No (%)

Number of patients 61

Male 37 (61)

Female 24 (39)

Age (years)

Median 63

\65 34 (56)

C65 30 (44)

Histology

Melanoma 29 (48)

NSCLC 10 (16)

Breast carcinoma 4 (7)

Renal cell carcinoma 4 (7)

Colorectal carcinoma 4 (7)

Ovarian 2 (3)

Other 8 (12)

Tumour size

\20 mm 28 (46)

21–30 mm 14 (23)

31–40 mm 13 (21)

[41 mm 6 (10)

HFSRT alone 29 (48)

HFSRT post surgical resection 32 (52)

No post-op residual disease 20 (63)

Residual disease 7 (22)

Not recorded 5 (15)

Extracranial disease

None 20 (33)

1 site 18 (30)

[1 site 23 (37)

Number of intracranial metastases

Single 49 (80)

2–3 10 (16)

[3 2 (4)

HFSRT dose

3 9 8 Gy 44 (72)

5 9 5 Gy 3 (5)

5 9 6 Gy 4 (7)

6 9 5 Gy 4 (7)

Other doses/fractionation 6 (10)

Histology of retreatments post-HFSRT

Melanoma 6 (67)

NSCLC 1 (22)

Oesophagus 1 (11)

Previous treatment

Intracranial radiotherapy 11 (18)

Chemotherapy 32 (52)
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Results

Patient and treatment characteristics

A total of 107 metastases in 61 patients were treated. The

median age was 63 years (range 24–87) and 61 % were

male (Table 1). Forty-nine patients (80 %) had a solitary

metastasis with mean tumour diameter of 24 mm (range

6–70). Thirty-three patients had ‘‘radio-resistant’’ histology

of melanoma (n = 29) or renal cell carcinoma (n = 4) The

most common histology was melanoma, followed by non-

small cell lung cancer (n = 10). Forty-one patients (67 %)

had extracranial disease present at the time of radiotherapy,

with 32 (52 %) having chemotherapy at some point prior to

HFSRT.

The primary therapy was HFSRT alone for 29 patients

(48 %) and 32 (52 %) had resection of the brain metastasis

immediately preceding HFSRT. Eleven had prior

intracranial radiotherapy (Table 1). Of the previously

irradiated patients, ten had WBRT and one had single

fraction SRS. Of the 32 patients who had surgery, 29

patients had a solitary metastasis resected, while the

remaining three patients had additional metastases left

in situ. Nineteen patients (66 % of the surgical cohort) who

underwent resection of a solitary metastasis had no residual

disease on post-operative MRI.

Radiotherapy was delivered in a variety of schedules.

The median dose was 24 Gy (range 22–40 Gy) in a median

of three fractions (range 2–10). Larger lesions above

40 mm were treated with five or more fractions. Patients

were followed for a median of 21 months (range 0.5–26)

from the date of the first fraction.

Intracranial control

The local control rate was 74 % for the entire cohort

(Table 2). Local control was 87 % for post-operative

patients with no radiological evidence of residual disease

followed by HFSRT compared with 69 % of patients

treated with HFSRT alone. Fourteen patients (23 %) failed

locally during the study with 43 % experiencing distant

brain failure (Table 2). The overall median time post

radiotherapy to local failure was 8.6 months (Fig. 1). Two

patients had leptomeningeal failure. Both of these patients

had surgical resection prior to leptomeningeal failure. The

mean time to distant brain failure was 9.9 months (Fig. 2).

Local control was independent of treatment program pre-

scribed (p = 0.11) and of histology (p = 0.31). Distant

brain relapse was significantly more likely for patients with

a ‘‘radio-resistant’’ (melanoma and renal cell) histology

compared with other tumour types (p = 0.04) but inde-

pendent of treatment program prescribed (p = 0.69).

Table 2 Treatment outcomes

Parameter No (%)

Local control at last follow-up

Yes 45 (74)

No 14 (23)

Not recorded 2 (3)

Local control for post-op HFSRT 27 (87)

Local control for HFSRT alone 20 (69)

Distant brain failure 26 (43)

Intraparenchymal 24 (39)

Leptomeningeal 2 (3)

Salvage treatments 21 (35)

Local failure salvage 9

HFSRT 2

WBRT 3

Surgery 4

Distant brain failure salvage 19

HFSRT 7

WBRT 7

Surgery 3

Systemic 2

Status at last follow-up

Alive, no evidence of disease 6 (10)

Alive, disease present 33 (54)

Dead of disease 22 (36)

Toxicity (CTCAE v4 grade)

1 24 (39)

2 8 (13)

3 4 (7)

Fig. 1 Kaplan–Meier local control
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Extracranial control

Thirty patients (49 %) experienced extracranial failure.

The median time to extracranial failure was 7.9 months

(Fig. 3). There was a near significant (p = 0.051) rela-

tionship between the radiotherapy program prescribed and

extracranial failure with those who had surgical resection

prior to HFSRT having greater proportion of extracranial

failure than those who had HFSRT alone.

Survival

Twenty-two patients (36 %) died with median time to

death of 4.4 months. Median OS from treatment was

21 months with 1 year OS of 60 % (Fig. 4).

Retreatment

Of the 14 patients with local failure, nine (64 %) under-

went salvage therapies including further HFSRT, WBRT

and surgery (Table 2). Seventy-six percent of patients who

had distant brain failure were suitable for salvage treatment

that primarily consisted of further HFSRT (31 %) or

WBRT (27 %).

Discussion

This study assessed experience at a single centre in treating

intracranial metastases with HFSRT utilising VMAT. Our

local control rate of 74 % for all lesions treated compares

with other published SRS and HFSRT series, in which

12 month local control ranges from 70–90 % [6, 9, 11, 30].

Single fraction SRS 12 month control rates appear higher

than those reported for HFSRT, in excess of 80 % and our

data would support this finding [4, 6, 31]. Do et al. [6] and

Broemme et al. [30] note that variation in local control

rates may be at least partially attributable to discrepancies

in the definition and determination of local failure, as dif-

ficulty remains in determining progression versus treatment

effect or necrosis on imaging.

Fig. 2 Kaplan–Meier distant brain failure Fig. 3 Kaplan–Meier extracranial failure

Fig. 4 Kaplan–Meier overall survival
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Our cohort of patients had improved median time to

local failure of 8.6 months compared with comparable

research which was less than 6 months [11], and near

equivalent 12 month OS rate of 60 % [9]. This may reflect

our definition of local failure, which required evidence of

successive growth of the lesion. In the post-operative set-

ting, our study demonstrates that HFSRT utilising VMAT

provides an excellent method of ensuring local control,

particularly for patients with no residual disease post-sur-

gery, with a 87 % 12 month local control rate in this group.

These results compare favourably to other studies of

HFSRT to the surgical bed [9, 11]. Ahmed et al. [11]

reported 12 month local control of 86 % for radio-resistant

and 88 % for radiosensitive tumours, with no statistically

significant difference between the two groups [11].

For intact treated brain metastases treated with HFSRT,

similar total dose and fractionation schedules used by

Minniti et al. [2] and Ogura et al. [5] reported 12 month

local control rates of 88 % and 87 % respectively, with

12 month OS of 65 % in both series. These data are con-

sistent with our findings.

Additionally, our series adds weight to the data that

HFSRT offers the potential benefit of overcoming radio-

resistance of traditionally resistant tumour types in both the

intact and post-operative setting [2, 10, 11, 32]. Whereas

other studies have reported that melanoma histology was

predictive of local failure [2, 11], we found local failure

was independent of histology. This series has the highest

proportion of patients with melanoma histology of HFSRT

papers in the current literature, which is reflective of high

incidence in our region, and our facility being a referral

centre for patients with advanced melanoma.

The rate of Leptomeningeal (LM) recurrence in our

cohort is low (3.3 %) and comparable with other recent

studies [33, 34], and not possible to predict. This rate of

LM recurrence has not impacted on planning or target

delineation at our centre.

There are a variety of HFSRT regimes in clinical practice

and there is a need for prospective, randomised study to

determine the optimal regime. Whilst there remains no

consensus of optimal dose or fractionation for treatment of

brain metastases, our data agrees with Wiggenraad et al. [35]

who suggests that for a a/b value of 12 (BED12) for brain

metastases,[40 Gy is necessary to achieve a 12 month local

rate of greater than 70 % [2, 35]. Our standard fractionation

of 24 Gy in three fractions delivers a BED10 of 43.2 Gy and

BED12 of 42 Gy, and resulted in a 76 % 12 month local

control rate. Märtens et al. [36] reported significant local

control advantage with equivalent dose in 2 Gy fractions

(EQD2) C 35 Gy [36]. Our study concurs as our common

fractionation of 24 Gy in three fractions is equivalent to

EQD210 = 36 Gy and EQD212 = 34.3 Gy. Our study sup-

ports other retrospective research that have concluded that

lesions larger than 25 mm can be safely treated with HFSRT

(albeit with more prolonged fractionation) with promising

local control rates [2].

Selection of patients has previously been demonstrated

as critical as those with poor performance status or

uncontrolled extracranial disease do not benefit signifi-

cantly from radiosurgery to brain metastases [14]. The role

of radiation and radiosurgery in the treatment of brain

metastases have recently been formulated in an ASTRO

evidence-based guideline [4]: In patients with good prog-

nosis and single brain metastasis (\3 cm), either surgery or

radiosurgery may be considered and selected patients with

brain metastasis(es) may be treated with radiosurgery

alone. Our work supports the omission of WBRT in care-

fully selected patients in the hope of decreasing potential

toxicities such as neuro-cognitive dysfunction, somno-

lence, ataxia, steroid dependent oedema and pituitary

dysfunction. However, close surveillance is required to

enable early detection of intracranial progression or

recurrence, enabling the option of salvage treatment.

Whilst 43 % of our patients had distant brain failure, this

represents 57 % who have not required any additional

intracranial treatment outside of the initially treated

metastases. Of those who failed distantly in the brain, 76 %

were suitable for salvage treatment. Given the reasonable

12 month survival in our cohort and improving systemic

therapies particularly for melanoma, there would be an

expectation that more patients may require salvage treat-

ments over time.

Treatment has been well tolerated in our cohort (Table 2).

There were no cases of symptomatic radionecrosis. There

were four cases of CTCAE v4 Grade 3 toxicity. One patient

developed aphasia post-treatment and three patients required

hospital admission and prolonged ([1 month) corticosteroid

dependence.

We acknowledge the issue of paucity of randomised data

regarding comparison of HFRT alone with either surgery or

single fraction radiosurgery in the intact brain metastases or

post-operative setting [1, 2]. There have historically been

study accrual issues with physician and patient bias for

choice of treatment modality. Our study, whilst having a

comparable number of patients and metastases compared

with other retrospective series, is not powered to determine

small advantages between treatment regimes, and has the

usual limitations of a retrospective study. It is also

acknowledged that this study does not report on quality of

life, neurological deficits or treatment-related death. How-

ever, given the range of patients’ age, gender, number of

metastases and primary malignancies, we believe that our

results have generalisability, and contributes to the body of

knowledge supporting the application of HFSRT utilising

VMAT as a useful treatment modality for oligometastatic

brain metastases.
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Conclusions

Hypofractionated stereotactic radiotherapy utilising VMAT

technique demonstrates comparable results to other HFSRT

modalities in treatment of brain metastases in terms of high

rates of local control at 12 month. The fractionation also

enables larger lesions to be treated safely and local control

appears independent of histology. Careful selection of

patients remains critical.
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