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Introduction: The aim of this study was to analyze the impact of inhomogeneous versus homogeneous
dose distribution on local control (LC) and radionecrosis (RN) in patients treated with fractionated stereo-
tactic radiotherapy (SRT) for newly-diagnosed brain metastases (BM).
Patients and methods: From 2014 to 2017, 134 patients (median age 61 years) underwent SRT for BM (n =
114 with <2, n =20 with 3-6 BM) at our institution. Treatment was delivered using volumetric modu-
lated arc therapy on a linear accelerator. Ninety-one consecutive patients (BM = 136) were irradiated
at a dose of 21-23.1 Gy in 3 fractions delivered homogeneously (99% of the dose had to cover 99% of
the planning target volume (PTV)) (group 1) whereas the following 43 patients (BM = 72) received an
inhomogeneous dose of 10 or 11 Gy prescribed to the isocenter with the 70% isodose line covering the
PTV (group 2). Variables analyzed included dose distribution, age, gender, histology, diagnosis-specific
Graded Prognostic Assessment score, number of brain metastases, presence of extracranial metastases,
and tumor volumes.
Results: After a median follow-up of 12.4 months (range, 1.4-33.1), the 1-year LC and RN rate were 78%
and 7.5% in group 1 and 93% and 0% in group 2, respectively (p=0.005). In multivariate analysis,
improved LC was significantly correlated with SRT dose distribution (p = 0.009) and tumor volume (p
=0.03). The number of metastases (p = 0.03) and SRT dose distribution (p = 0.04) were both associated
with increased risk of RN.
Conclusion: SRT delivered with inhomogeneous dose distribution resulted in better LC and a lower risk of
RN compared to homogeneous distribution.
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It is estimated that 20-40% of cancer patients will develop brain
metastases (BMs) during the course of their illness [1]. Alongside
with whole brain radiotherapy, systemic treatments and surgery,
the role of stereotactic radiosurgery (SRS) or fractionation stereo-
tactic radiotherapy (SRT) for local control (LC) improvement is
now well recognized [2]. In particular, SRS/SRT approaches can
be recommended in patients having 1-4 BMs and a life expectancy
of more than 3-6 months [3,4]. Recently, SRT has been preferred
over whole-brain radiotherapy (WBRT) in order to maximize local
control while minimizing the probability of neurocognitive dys-
functions [5,6].

SRT requires a high accuracy, a very steep dose gradient and a
high level of conformity to ensure tumor coverage and protection
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of the surrounding tissues. Historically, as the SRT technique used
fixed circular collimators, the dose prescription has been using the
so-called “coverage isodoses” to represent some form of minimum
target dose [7-9]. However, for a target volume, the median
absorbed dose is close to the mean absorbed dose in intensity
modulated radiotherapy (IMRT) (and should be as close as possible
to the near minimum dose D98% so as to achieve dose homogene-
ity) [10]. However in SRT, there is generally much less normal tis-
sue within the planning target volume (PTV) and there may be
critical normal tissues very close to the target volume. Hence, the
treatment of these spatially limited volumes with multiple small
photon beams may imply dose heterogeneity to maintain optimal
conformity and acceptably steep dose gradients. But, there is no
consensus and a high variability in dose prescription between
teams and center exists [7,11].
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The main goal of this study was to compare LC and toxicity
between two volumetric modulated arc therapy (VMAT) dosimet-
ric plans using either low or high homogeneity in SRT for BM.

Materials and methods

Patients’ selection

Patients treated using SRT for BMs from 12/2014 to 05/2017 at
our institution were considered in this study. SRT was suggested at
multidisciplinary team meetings, which included a radiation
oncologist, a neurosurgeon, a medical oncologist, and a neuroradi-
ologist. Patients were offered SRT if the following criteria were
met: (a) non critical anatomic position, (b) absence of acute neuro-
logical symptoms, (c) life expectancy >3 months according to
Diagnosis-Specific Graded Prognostic Assessment (DS-GPA), (d)
number of brain metastases <6, (e) and larger diameter <40 mm
according to magnetic resonance imaging (MRI). Patients were
excluded when the SRS was given to surgical cavity.

The MRI examination done for diagnosis and treatment decision
included Fluid-attenuated inversion recovery (FLAIR) sequence and
T1 weighted sequence. Thoraco-abdomino-pelvic computed
tomography (CT) with contrast enhancement or 18F-

fluorodeoxyglucose (FDG) positron emission tomography/com-
puted tomography (PET/CT) was performed in all patients to define
the extracranial disease status which was defined as no evidence of
disease or decreased/stable burden or progressive disease outside
the central nervous system.

All patients provided signed permission for the use of their clin-
ical data for scientific purposes and informed consent for the
anonymous publication of data. Institutional Review Board
approved this study.

Imaging and delineation

Planning CT (Philips, Somatom) was obtained with a 1.5 mm
slice thickness. Patients were immobilized with a frameless ther-
moplastic mask (BrainLAB®, Feldkirchen, Germany). A co-
registration of volumetric CT and MRI-T1 sequences, typically a
3-dimensional spoiled gradient series with 1-mm slice thickness
performed within the last two weeks before SRT, 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 was equal to clinical target volume (CTV). PTV was
obtained by adding an isotropic margin of 2 mm in all directions.

Table 1
Patients’ characteristics.
Group 1 Group 2 Difference (p-value)
N=91 % N=43 %
Gender
o Male 54 59 26 60 0.94
e Female 37 41 17 40
Age median (range) 62 (26-86) 60 (41-85) 0.89
Prior WBRT
o Yes 9 10 5 12 0.96
e No 82 90 38 88
Primary
o Breast 12 13 6 14 0.91
0 HER-2 + 10/134 7.5 4/72 5.6 0.95
e Lung 61 67 27 63 0.79
o EGFR+ 4/134 3 3/72 4.1 0.83
o ALK+ 8/134 6 4/72 5.6 0.87
o EGFR -/ALK- 122/134 91 65/72 90.3 0.89
e Melanoma 9 10 6 14 0.7
e Renal 4 4 1 2 0.93
e GI 5 6 2 5 0.87
Number of BMs median (range) 2 (1-6) 2 (1-5) 0.81
Tumor size (cm)
. <2 74/134 55.2 39/72 54.2 0.94
¢ 2-3 34/134 254 18/72 25 0.83
>3 26/134 19.4 15/72 20.8 0.97
GTV volume (cc) 1.4 (0.05-33.2) 1.73 (0.05-26.9) 0.73
PTV volume (cc) 3.5(0.4-43.3) 3.9 (0.4-39.2) 0.77
Extra cranial metastases
e Yes 32 35.1 16 37.2 0.97
e No 59 64.9 27 62.8
DS-GPA score median (range) 3(1-4) 2.5(1-4) 0.63
KPS median (range) 90 (60-100) 90 (60-100) 0.71
RPA class
ol 10/91 11 5/43 11.7 0.9
o Il 80/91 87.9 37/43 86 0.96
o III 1/91 1.1 1/43 23 0.74
Neurologic symptoms
o None 29/91 31.9 13/43 30.3 0.97
o Mild 44/91 484 21/43 48.8 0.94
e Moderate 16/91 17.6 8/43 18.6 0.97
o Severe 2/91 2.1 1/43 23 0.51
Systemic treatment
e Prior 89(134) 98 (99) 41 (70) 95 (97) 0.68
e Concurrently 11 (24) 12 (18) 5(13) 12 (18) 0.78
o After 72(113) 79 (83) 34 (59) 79 (82) 0.82

Abbreviations: WBRT = Whole Brain Radiation Therapy, HER-2 = Human Epidermal Growth Factor Receptor 2, EGFR = Epithelial Growth Factor Receptor, ALK = activin-like
kinase, GI = Gastro-Intestinal, BM = Brain Metastases, DS-GPA = Diagnostic-Specific Graded Prognostic Assessment, KPS = Karnofsky’s Performance Status, RPA = Recursive

partitioning analysis.
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Table 2
Dosimetric parameters.
Group 1 Group 2 Difference (p-value)
N =91 Median (range) % N = 43 Median (range) %
Dosy 23.1 Gy (21-23.1) 23.3 Gy (21-23.8) 0.41
Doy 24.8 (22.5-25.2) 32.9(29.8-33.2) <0.0001
Dsox 24.2 (21.2-25.4) 28.1 (27.7-29.8) <0.0001
VsGy (brain) 105.9 (43.2-184.8) 104.3 (42.4-172.5) 0.15
Viocy (brain) 9.63 (4.83-29.1) 9.07 (4.42-24.51) 0.18
Vi26y (brain) 3.22 (0.45-9.31) 2.71 (0.15-6.21) 0.08
Va16y (brain) 0.83 (0-2.42) 0.79 (0-2.31) 0.43
Target coverage 99.0 (95.4-100) 98.9 (95.3-100) 0.84
Conformity Index 1.33 (1.05-1.62) 1.32 (1.06-1.61) 0.87
SRT dose
e 23.1 Gy in 3 fractions 101/136 81.7 59/72 81.9 0.81
e 21 Gy in 3 fractions 25/136 18.3 13/72 18.1

Abbreviations: GTV = Gross Tumor Volume, PTV = Planning Target Volume, Dggy, = dose to 98% of the PTV = the near minimum dose, D,y = dose to 2% of the PTV = the near
maximum dose, Dsgy = dose to 50% of the PTV = The median absorbed dose, V2y (brain) = volume of brain receiving dose larger than or equal to 12 Gy, SRT = Stereotactic

Radiation Therapy.

Table 3
Univariate and multivariate analysis for local control (LC).

Variables Univariate analysis Multivariate analysis

HR 95% Cl p HR 95% CI p
Histology (breast vs. others) 0.57 0.28-1.22 0.10 - - -
Age (>57 vs. <57) 2.14 0.78-4.69 0.09 - - -
Gender (Male vs. Female) 1.38 0.69-2.79 0.26 - - -
DS-GPA (<2.5 vs. >2.5) 1.61 0.84-3.11 0.17 - - -
RPA (I vs. >I) 1.45 0.74-2.82 0.25 - - -
Number of BM (>1 vs. 1) 1.46 0.75-2.84 0.25 - - -
ECM (yes vs. no) 1.18 0.59-2.38 0.63 - - -
KPS (<90 vs. >90) 1.47 0.76-2.86 0.24
GTV volume (>2.04 vs. <2.04) 6.77 3.40-13.50 <0.0001 1.04 1.01-1.11 0.03
PTV volume (>4.18 vs. <4.18) 5.75 2.89-11.44 <0.0001 - - -
Size (>13 mm vs. <13 mm) 1.57 0.79-3.13 0.17 - - -
Dose distribution (HG vs. INH) 3.84 1.91-7.71 0.005 1.71 1.52-2.03 0.009
Dy (<30.2 Gy vs. >30.2 Gy) 3.17 1.57-6.81 0.009 1.02 0.91-1.07 0.18
Dsox (<28.0 vs. >28.0 Gy) 2.35 0.89-5.34 0.07 - - -
Dose (21 Gy vs. 23.1 Gy) 1.22 0.47-3.20 0.70 - - -
ST prior (yes vs. no) 0.92 0.14-6.34 0.94 - - -
ST concurrently (yes vs. no) 0.95 0.41-2.20 0.90 - - -
ST after (yes vs. no) 0.58 0.25-1.35 0.14 - - -

Abbreviations: HR = hazard ratio, CI = confidence interval, DS-GPA = Diagnostic-Specific Graded Prognostic Assessment, RPA = Recursive partitioning analysis, BM = Brain
Metastases, ECM = Extra cranial metastases, KPS = Karnofsky’s Performance Status, GTV = Gross Tumor Volume, PTV = Planning Target Volume, HG = Homogeneous, INH =

Inhomogeneous, ST = Systemic Treatment.

OARs included brain, normal brain minus PTV, eyes, lens, optic chi-
asm, optic nerves, brainstem, and spinal cord.

Treatment planning

A total dose of 21 or 23.1 Gy in 3 fractions was prescribed at the
PTV periphery, according to different clinical and radiological
parameters including BM size, presence of subacute or acute neu-
rological symptoms, proximity to OARs, and critical anatomical
position.

Treatment plans were generated for a TrueBeamTM STX linac
(Varian Medical Systems, Palo Alto, CA) equipped with standard
Millennium MultiLeaf Collimator (MLC) with 120 leaves (thickness
of 2.5 mm at isocenter and up to 8 cm followed by a thickness of 5
mm from 8 to 22 cm). Every patient was planned using a
Flattening-Filter (FF) VMAT technique with 6X beams in the Pinna-
cle® treatment planning system (Philips, v9.10). We used two arcs
from 182° to 178° for each VMAT plan. The maximum dose rate
was set to 600 MU/min for 6X beams.

The prescribed dose (PD) to the PTV was a uniform dose of 3 x
7.7 Gy in the periphery of the PTV (99% isodose line covering 99% of
the PTV) with a maximal dose of 107% (8.2 Gy) for the first 2 years
(group 1). In the following patients (group 2), the planning proto-

col was modified and a dose gradient was created inside the PTV:
the PD was 3 x 11 Gy at the isocenter with the 70% isodose line
covering 99% of the PTV. In both groups, 99% of PTV received 99%
of the PD (3 x 7.7 Gy) (Fig. 2, Supplementary files). When dose con-
straints to the OAR could not be met, the prescribed dose per frac-
tion was decreased to 7 Gy and 10 Gy in each group, respectively.

The dose at the OAR were the following [12]: maximal dose to
the optic nerves <13.8 Gy, maximal dose to the optic chiasm <10.5
Gy, maximal dose to brainstem <16.8 Gy, and V10Gy and V21Gy of
<5% and <20.9 cc, respectively.

Outcome evaluation

Outcomes were evaluated by neurological examination and
brain MRI performed 6 weeks following SRT completion and then
every 3 months. Radiological response on MRI was assessed by
an expert neuroradiologist according to the Response Assessment
for Brain Metastases (RANO-BM) criteria [13]: Local control was
defined as the absence of new radiographic enhancing abnormality
in the irradiated areas on MR imaging, and distant brain metastasis
(DBM) as the presence of new brain metastases or leptomeningeal
enhancement outside the treated region.
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Radionecrosis (RN) was assessed using contrast enhanced T1-I,
T2 weighted- and perfusion-MRI. It was considered as the presence
of central hypo-density and peripheral enhancement on T1-
weighted post-contrast imaging, associated with edema on T2-
weighted sequences and a lack of perfusion without any nodular
highly vascularized area within the contrast enhanced lesion on
perfusion MRI. If multiparametric MRI was inconclusive, a -F-18
fluoroethyl tyrosine (FET)-PET was performed [14]. Histological
confirmation of RN was not systematically required.

Systemic disease was evaluated by contrast enhanced total body
CT scan, and/or 18-FDG CT-PET, depending on the primary disease.

Statistical methods

Standard descriptive statistics were used to describe the general
data behavior. LC was defined from the SRT start to time of the
local relapse. Intracranial progression was considered from the
SRT start to the time of any new central nervous system progres-
sion. Overall survival (OS) was calculated from the date of diagno-
sis to the death or last follow-up date. In order to investigate the
prognostic role of individual variables, the log-rank test or univari-
ate Cox regression were used, respectively, for categorical and
numerical data. The receiver operating characteristic (ROC) curve
was used to determine cut-off values of significant parameters
according to the Youden index. Multivariate Cox model was used
as a method to estimate the independent association of a variable
set with OS, LC, and brain distant failure (BDF).

Prognostic factors analyzed were age (> or <57), gender, pri-
mary tumor, KPS, RPA classes (I-1II), updated DS-GPA [15], overall
disease control, presence of extracranial metastatic sites at the
time of SRT, number of BMs (<1 vs >1), GTV and PTV volumes,
and administration of systemic or targeted therapies after local
treatments of BMs. Regarding the tumor volume, the largest GTV
and PTV were considered in patients with several irradiated BM.
But, the sum of the GTVs (and PTVs) was also calculated and corre-
lated with outcome.

All statistical analyses were performed using MedCalc Statisti-
cal Software version 15.8 (MedCalc Software bvba, Ostend, Bel-
gium; https://www.medcalc.org; 2015).

Results

Patient and tumor characteristics

Over the considered period, a total of 134 patients presenting
with 208 metastases of various histologies were treated with
SRT: The first group was treated from 12/2014 to 12/2016 and
included 91 patients with a total of 136 metastases. The second
group treated from 12/2016 to 05/2017 included 43 patients with
a total of 72 metastases.

Both groups had similar clinical, histopathological and treat-
ments’ characteristics (Table 1) except for dosimetric parameters
represented by the D2% and the D50% (Table 2). As expected these
two parameters were higher in group 2: 24.8 versus 32.9 Gy for
D2%, and 24.2 versus 28.1 Gy for D50% in group 1 and 2, respec-
tively (p <0.0001 for both parameters). The majority of patients
had a KPS 90-100 (70%), were in RPA class II (87.8%), had lung can-
cer (65.7%), and a DS-GPA score 2.5-3 (46.8%). At the time of BMs
diagnosis, 48 (35.8%) patients had also extra-cranial metastases.
The majority of patients had <2 BMs (70.1%). Mean PTV volume
were 5.63  6.87 cm®.

Local control, distant brain failure and overall survival analysis

The median follow-up times in group 1 and 2 were 13.1 months
(1.4-33.1) and 11.9 months (3.7-17.3), respectively.

Local failure occurred in 36/208 (17%) irradiated metastases.
The 6-month and 1-year LC rates were 94.9 + 1.6%, and 83.3 + 3%,
respectively. On univariate analysis, factors recorded as influencing
LC were dose distribution, tumor volume and D2%. On multivariate
analysis the dose distribution and the tumor volume remained sta-
tistically associated with LC (Table 3). In group 1, 32/136 (23.5%)
metastases were not controlled locally whereas this was the case
for 4/72 (5.6%) metastases in group 2. The estimated 1-year LC
rates of metastases irradiated with homogeneous versus inhomo-
geneous dose were 78% versus 93% (p = 0.005), respectively. Simi-
larly, 92% and 69% metastases with low versus high tumor volume
were still controlled at one year (cut-off 2.04, p < 0.0001) (Fig. 1).

BDF occurred in 37 (28%) patients and the 1-year freedom from
distant brain metastases (FFDBM) rate was 69 + 3.6%. On univariate
analysis, factors recorded as influencing FFDBM were dose distri-
bution, tumor volume and age. On multivariate analysis the only
factor confirmed as affecting FFDBM was the GTV volume of the
largest metastasis (Table 1, Supplementary files). This remained
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Fig. 1. Probability of local control between (A) homogeneous dose vs inhomoge-
neous dose (B) low vs high volume.
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Table 4
Univariate and multivariate analysis for radionecrosis (RN).

Variables Univariate analysis Multivariate analysis

HR 95% Cl p HR 95% Cl p
Histology (breast vs. others) 0.96 0.10-8.83 0.94 - - -
Age (>57 vs. <57) 1.57 0.40-6.23 0.56 - - -
Gender (Male vs. Female) 0.58 0.16-2.11 0.39 - - -
DS-GPA (<2.5 vs. > 2.5) 3.64 1.05-12.58 0.08 - - -
RPA (I vs.> 1) 3.31 0.83-10.67 0.1 - - -
Number of BM (>1 vs. 1) 5.94 1.68-21.01 0.01 1.17 1.07-1.27 0.03
ECM (yes vs. no) 1.04 0.29-3.70 0.95 - -
KPS (<90 vs. > 90) 3.52 0.93-11.71 0.09 - - -
GTV volume (>2.04 vs. <2.04) 2.58 0.71-9.31 0.13 - - -
PTV volume (>4.18 vs. <4.18) 2.58 0.71-9.31 0.13 - - -
Size (>13 mm vs. <13 mm) 3.75 1.09-12.96 0.07 - - -
Dose distribution (HG vs. INH) 0.02 1.14 1.03-1.22 0.04
Dose (21 Gy vs. 23.1 Gy) 0.7 0.12-4.21 0.73 - - -
Vsgy (>98.9 vs. <98.9) 2.51 0.65-9.11 0.14 - - -
Viogy (>15.5 vs. <15.5) 2.57 0.70-9.27 0.13 = = =
Vizcy (>3.8 vs. <3.8) 2.49 0.62-8.93 0.15 - - -
Vaicy (>1.42 vs. <1.42) 2.37 0.54-8.65 0.17 - - -
ST prior (yes vs. no) 0.22 0.04-13.01 0.11 - - -
ST concurrently (yes vs. no) 0.78 0.15-4.19 0.76 - - -
ST after (yes vs. no) 0.92 0.19-4.51 0.92 - - -

Abbreviations: HR = hazard ratio, CI = confidence interval, DS-GPA = Diagnostic-Specific Graded Prognostic Assessment, RPA = Recursive partitioning analysis, BM = Brain
Metastases, ECM = Extra cranial metastases, KPS = Karnofsky’s Performance Status, GTV = Gross Tumor Volume, PTV = Planning Target Volume, HG = Homogeneous, INH =

Inhomogeneous, ST = Systemic Treatment.

true if the sum of the GTVs in patients harboring several BM was
considered. The estimated 1-year FFDBM rate between patients
with homogeneous versus inhomogeneous dose prescription were
58% and 89% (p = 0.002), respectively. The 1-year FFDBM was 76%
for patients with GTV volume < 2.04 compared to 55% in those
having a GTV >2.04 cc (p = 0.0001) (Fig. 3, Supplementary files).

At last follow-up, 86 (64%) patients were alive. The 1-year OS
rate was 74 +3.25%. On univariate analysis, histology, DS-GPA,
number of BM, presence of extra-cranial metastasis, dose distribu-
tion and tumor volume significantly influenced OS. On multivariate
analysis the only factors confirmed as affecting OS were histology,
DS-GPA and tumor volume (Table 2, Supplementary files). The esti-
mated 1-year OS rates between patients with homogeneous versus
inhomogeneous dose prescription were 70% and 83% (p=0.01),
respectively. At one year, 87% and 66% of patients with a low ver-
sus high DS-GPA (cut-off 2.5) were still alive, respectively (p =
0.001) (Fig. 4, Supplementary files).

Acute toxicity was low: Grade 1 nausea and headaches were
reported in 7 patients only (5.2%): 5 of them (5.5%) belonged to
group 1 and 2 (4.7%) to group 2. No visual, motor or sensory deficits
were recorded. PET-FET was performed in 20 (22%) patients in
group 1 and 3 (7%) patients in group 2. As diagnosed on PET-FET
(n=10) and/or confirmed histologically (n = 8), 10 patients devel-
oped RN, giving an overall 1-year RN rate of 6 £ 2%. All ten cases
of RN occurred in group 1, yielding 1-year freedom from RN rates
of 91% and 100% in group 1 and 2, respectively (p = 0.02). Patients
who had more than one BM also had a higher risk of developing
RN. Both variables remained statistically significant on multivari-
ate analysis (Table 4). Patients with one versus >2 BM had a 1-
year freedom from RN of 97% and 90%, respectively (p=0.01)
(Fig. 2). There was no influence of dosimetric parameters like
V5Gy, V10Gy, V12Gy, or V21Gy on RN. Timing of systemic treat-
ment did not correlate with the occurrence of RN either.

Discussion
SRT requires well-defined target delineation, a highly conformal

target dose distribution, steep dose fall-off beyond the target vol-
ume, precise patient setup, and accurate delivery of a high dose

of radiation therapy [11]. A number of treatment techniques,
including GammakKnife, CyberKnife, Linac with MLC, intensity-
modulated radiosurgery (IMRS), intensity-modulated radiotherapy
(IMRT), and helical tomotherapy have fulfilled these requirements
for stereotactic treatments. All of these technologies use different
dose prescription modalities [16], but the prescription’s isodose
is usually not reported in the literature. Moreover, the prescribed
total dose varies considerably from one study to another, making
comparison in terms of efficacy and toxicity difficult.

Whether dose heterogeneity is desirable when homogeneity
with sufficient dose conformity can be achieved remains a matter
of clinical debate. To our knowledge, this is the first study showing
a difference in terms of LC between inhomogeneous versus homo-
geneous dose distribution. A likely explanation might be the effect
of hypoxia on radiosensitivity. Indeed, the center of BM are often
necrotic and data in head and neck cancer have shown that visible
necrosis on pre-treatment imaging could be a surrogate marker for
relevant radiobiological hypoxia [17]. As such, delivering a higher
dose to the hypoxic tumor cells could theoretically lead to
improved LC. Although the near maximum dose did not remain
significantly correlated with LC in multivariate analysis, the trend
observed for a better LC with a higher D2% in our study is consis-
tent with this hypothesis.

ICRU 83 previously recommended that the dose values in the
PTV be confined within 95% to 107% of the PD when using IMRT
[10]. However, SRT was historically delivered using dedicated
devices like the GammaKnife and inhomogeneous dose distribu-
tion was standard. Given the significant experience and the excel-
lent LC rate observed with this technique, a heterogeneous
prescription still continues to be commonly used in the case of
SRS and/or SRT even when using IMRT, especially in the treatment
of BM [7,16,18]. Therefore, the dose is currently often prescribed to
the 60% to 80% isodose line (relative to maximum dose) which is
located on the outer line of the PTV.

However, as highlighted in the ICRU report 91 on SRT, the dis-
advantage of this principle is the loss of the minimum or/and max-
imum dose reporting. Therefore, it is recommended, as in the ICRU
Report 83 [10] that the extent of high and low dose be specified
using dose-volume quantities such as SRT near-maximum dose
(or D2%) and the SRT near-minimum dose (or D98%) for regions
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Fig. 2. Probability of radionecrosis (RN) between (A) homogeneous dose vs
inhomogeneous dose (B) 1 vs >1 metastases.

of high and low dose, respectively. Moreover, it is recommended
that both the mean dose to the PTV and the standard deviation
of the mean are reported.

Our LC rate of 85% at 1 year is similar to the one reported in lit-
erature [19,20]. Like others, we found a worse LC in patients with
large lesions before SRT [18,21]. Indeed, tumor volume was the
strongest predictive factor of LC in our cohort. Moreover, the RN
rate is low as 1 year, as previously reported [22], and the number
of metastases remains a risk factor of developing RN [23]. The
V12Gy of the Brain has also been reported as a parameter linked
to the risk factor of RN, but because we started SRT after the pub-
lication of these reports, we applied strict V12Gy constraints
[24,25].

We are aware that our analysis has several limitations. Firstly,
our patients’ population is heterogeneous with various primary
tumors. As such, some patients received systemic treatments
which could have impacted outcome, even though we couldn’t
identify any impact of the timing of systemic treatments on out-
come, especially LC. Indeed, targeted therapies (Lapatinib,
trastuzumab-DMT1, Afatinib, Alectinib. ..) can cross the blood-brain
barrier [26,27]. However, no statistically significant difference was

found between the two groups in terms of primary tumor histol-
ogy, HER-2 status, EGFR mutation, or ALK rearrangement. Sec-
ondly, toxicity is low but the follow-up is too short for any
further consideration. Some authors also reported that, in this set-
ting, the PD should be at least 40 Gy (with a BED{;) corresponding
to 8.5 Gy per fraction. Thus, the total dose we prescribe, although
commonly used, might be seen as insufficient. However, this
observation is based on 11 studies only, of which only 3 reported
outcome after fractionated SRT [20]. Finally, the presence of unob-
served confounding covariates may have contributed to the
observed differences in LC and risk of RN between the two groups,
especially the learning curve of the SRT implementation.

SRT delivered with inhomogeneous dose distribution resulted
in better LC and lower RN rate compared to homogeneous dose dis-
tribution. FFDBM and OS were not significantly different. These
results support the recommendations of the ICRU report 91 to
use inhomogeneous dose distribution with a high dose in the mid-
dle of the target.
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