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Abstract

Background: Utilization of stereotactic radiosurgery (SRS) for brain metastases (BM) has become the technique of choice as 

opposed to whole brain radiation therapy (WBRT). The aim of this work is to evaluate the feasibility and potential benefits in 

terms of normal tissue (NT) and dose escalation of volumetric modulated arc therapy (VMAT) in SRS metastasis treatment. A 

VMAT optimization procedure has therefore been developed for internal dose scaling which minimizes planner dependence.

Materials and methods: Five patient-plans incorporating treatment with frame-based SRS with dynamic conformal arc 

technique (DA) were re-planned for VMAT. The lesions selected were between 4–6 cm3. The same geometry used in the DA 

plans was maintained for the VMAT cases. A VMAT planning procedure was performed attempting to scale the dose in inner 

auxiliary volumes, and to explore the potential for dose scaling with this technique. Comparison of dose-volume histogram 

(DVH) parameters were obtained.

Results: VMAT allows a superior NT sparing plus conformity and dose scaling using the auxiliary volumes. The VMAT results 

were significantly superior in NT sparing, improving both the V10 and V12 values in all cases, with a 2–3 cm3 saving. In addition, 

VMAT improves the dose coverage D95 by about 0.5 Gy. The objective of dose escalation was achieved with VMAT with an 

increment of the Dmean and the Dmedian of about 2 Gy.

Conclusions: This work shows a benefit of VMAT in SRS treatment with significant NT sparing. A VMAT optimization procedure, 

based on auxiliary inner volumes, has been developed, enabling internal dose escalation.
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Introduction

The frequency of brain metastasis (BM) in on-
cologic patients is significant; an incidence high-
er than 20% has been reported and is the most 
common intracranial disease [1–4]. Radiotherapy 
and surgery are the two main treatment options 

for these lesions. Radiation therapy (RT) has been 
demonstrated to be especially beneficial for these 
patients [5–11].

It has been reported in the literature that treat-
ment outcomes and toxicity are improved with the 
use of stereotactic radiosurgery (SRS) or hypofrac-
tionated stereotactic radiotherapy (HFSRT) instead 
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of whole brain radiation therapy (WBRT) [12]. Uti-
lization of SRS for BM has increased, prompting 
a reassessment of WBRT [13, 14], and allowing for 
the possibility of repeated treatments of sequen-
tially diagnosed BM [15]. Barbour et al. [16] have 
analyzed the practice patterns of SRS and WBRT 
for BM in the USA. They concluded that the use 
of WBRT had decreased while SRS utilization had 
doubled and become the first RT option for this 
group of patients.

Intracranial SRS was performed generally with 
a Gamma Knife, however, during the last decade, 
robotic radiosurgery (CyberKnife) and modern 
linacs have also been used [17]. Usually, the SRS 
treatment of metastasis using linac is based on dy-
namic conformal arcs (DA), using a non-coplanar 
approach [18]. In recent years, volumetric modu-
lated arc therapy (VMAT) has been implemented in 
linacs [19] and applied also in HFSRT and SRS [20].

Currently, our departments are applying VMAT 
in SRS for benign tumors of the skull base and 
in most arteriovenous malformations (AVM), tak-
ing advantage of a higher conformation and dose 
increase of a well-defined volume (non-published 
data). Typically, SRS DA is applied in cases of small 
size metastasis. Usually, non-coplanar DA are used, 
the Prescribed Dose (PD) ranging from 16 to 22 Gy, 
depending on the lesion size. For larger or irregu-
larly shaped metastases, the use of VMAT allows 
a better conformational technique. 

In most centers, SRS in BM is commonly per-
formed both frame or frameless. The criteria are 
the relevance of the normal tissue (NT) involved 
because of the margin from the gross tumour 
volume (GTV) to the planning target volume 
(PTV) (set-up) [21]. Examples of cases chosen for 
frame-based SRS would be lesions located in an 
eloquent area, near the brainstem or the optic path-
way. Frameless procedures are more efficient for 
departmental reasons: mask preparation, CT acqui-
sition, MRI co-registration, contouring, treatment 
planning and VMAT experimental verification. In 
contrast with a frameless case, SRS with a frame im-
plies that the whole procedure should be performed 
during a working day.

The normal brain tissue is evaluated by the V12, 
volume of NT (brain minus GTV) irradiated with 
a dose greater than or equal to 12 Gy, as recom-
mended elsewhere [22–26]. If the tumor(s) location 
is not so critical, NT V12 up to 10 cm3 is acceptable. 

However, for BM within (or very close to) eloquent 
areas, lower limits are preferred: optimal 4 cm3, 
acceptable 4–6 cm3, mandatory < 6 cm3. Neverthe-
less, in the decision-making process, these general 
guidelines are not a substitute for a thorough, case 
by case analysis. According to these criteria, the 
decision is typically made between HFSRT or SRS 
and the use of a frame or mask. 

The aim of this work is to evaluate the feasibility 
and potential benefits in terms of NT and dose es-
calation of VMAT in SRS metastasis treatment. To 
accomplish this, a VMAT optimization procedure 
has been developed for internal dose scaling which 
minimizes planner dependence.

Materials and methods

In order to evaluate the potential benefit of 
VMAT, plans for five patients with lesions between 
4 and 6 cm3 (4.3, 4.5, 5.6, 5.7 and 6.7 cm3) were ret-
rospectively evaluated. These patients were previ-
ously treated with a frame-based SRS DA technique 
using 4 to 6 non-coplanar arcs.

DA plan characteristics
First, the Brainlab (BrainLAB AG, Feldkirchen, 

Germany) headframe is placed under local an-
esthesia, with mild sedative medication and an-
algesia. Next, on a Philips CT scanner, Brilliance 
Big Bore (Philips HealthCare, Best, Netherlands) 
a cranial CT is obtained with the finer resolution 
available compatible with the required quality for 
contouring, that is 0.8 mm. Contrast media (50 
cm3 with a lapse for image acquisition of 45 s) is 
administered to enhance the tumor visibility. Im-
age co-registration of CT and MRI (done within 2 
weeks previous to SRS) is performed in the Treat-
ment Planning System (TPS) iPlan (v4.5.5. from 
Brainlab). MRI (Signa HDtx from General Electric, 
Milwaukee, WI, USA) characteristics are: MPRGE 
T1 with IVC media, overlapping slices of 0.5 mm 
width; for tumors related with the CSF pathways, 
ventricles or skull base a selective T2 technique is 
employed (FIESTA or CISS). Contouring of GTV 
and organs at risk (OAR) are also performed in 
iPlan; GTV is assumed as PTV and then no extra 
margin is given [12, 28, 29].

From 4 to 6 non-coplanar 6 MV DA are defined 
in iPlan, depending on the lesion laterality. Typi-
cal couch angle separation is 30 to 40 degrees with 
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no opposing arcs. The gantry angle range of arcs 
is about 120 to 140 degrees. In all cases, the col-
limator angle is adjusted by TPS to minimize the 
gap between MLC and the GTV contour along the 
beam eye views. A margin of 1 mm is applied to 
MLC. Furthermore, a grid resolution of 1 mm for 
the calculation procedures is set. The pencil beam 
algorithm is used. The beams are administered in 
a linac TrueBeam v. 2.5 (Varian, Palo Alto, CA) 
with high definition MLC (inner width of 2.5 mm 
at the isocenter). Once the frame is fixed to the 
couch, final patient set-up is performed using a 6D 
couch after CBCT vs. CT matching, although the 
target positioners from the stereotactic guide are 
used only as a starting alignment position.

The planning aim is to have a D95 (being Dx the 
minimum dose to the x% of the target volume in 
Gy) coverage of the GTV, which will receive the PD, 
keeping the PTV homogeneity within 110–115%. 
The PD is established according to the lesion vol-
ume, due to the impact on the NT dose. The dose 
vs volume typically applied is: 21 Gy, 19.5 Gy, 18 Gy 
and 16 Gy for around 1 cm3, 2 cm3, 4 cm3 and 6 cm3, 
respectively. 

VMAT arcs plan characteristics
The VMAT plans were optimized and calculated 

in Eclipse v. 15.5 (Varian, Palo Alto, CA) using an 
RX 6MV Flattening Filter Free (FFF). An AAA 
algorithm (v. 15.511) was used with a 1 mm grid 
resolution and a VMAT optimization done with the 
PO algorithm (v. 15.5.11). The arcs (couch and gan-
try range) used in the DA plans were maintained in 
the VMAT planning case. All structures (included 
the inner auxiliary volumes) were defined as “high 
resolution” volumes in Eclipse. A 20 mm ring was 
built around the target to evaluate the normal brain 
tissue dose. 

VMAT planning was performed in each case in 
an attempt  to scale the dose in the inner volumes 
arranged concentrically. The aim was to evaluate if 
the inner dose escalation by using VMAT is com-
patible with NT sparing. Inner auxiliary volumes 
were successively defined by applying a negative 1 
mm margin. For example, in a 4.5 cm3 case, the in-
ner resulting volumes were C1 = 2.7 cm3, C2 = 1.5 
cm3 and C3 = 0.7 cm3. To explore the potential for 
dose scaling, an increment of 2 Gy was intended for 
each inner volume. For example, in the former 4.5 
cm3 case in which the PD was 18 Gy, the intended 

dose for C1, C2 and C3 was 20 Gy, 22 Gy and 24 Gy 
respectively, keeping the maximum as an extra 2 Gy 
increment, that is 26 Gy, which should be within 
the inner volume C3. For one of the cases, due 
to the small volume, just two inner volumes were 
defined. The selection of the 2 Gy increment value 
along the inner auxiliary volumes was arbitrary, 
with the aim solely to explore the scaling capabili-
ties. No other values were tested.

To minimize planner-dependence in the opti-
mization procedure, a general approach has been 
developed and applied to all 5 cases presented in 
this work. To help in the optimization process, 
auxiliary differential shells were obtained by bool-
ean subtractions, these are GTV–C1, C1–C2 and 
C2–C3; the aim was to guide the overdose volumes 
through the GTV center. Due to the small resulting 
volumes, in some cases with Eclipse the structure 
obtained was not connected. Nevertheless, optimi-
zation worked correctly because the objective was 
to avoid an excessive maximum.

The specific parameters used in the optimization 
are summarized in Table 1. The priority numbers 
are relative, the higher values assigned to the NT 
constraints together with the PD are taken from the 
DA plan case. The coverage of GTV and the inner 
volumes had an intermediate priority, with those 
assigned to the upper dose value in each volume 
being lower. The differential shells had only the 
condition of the maximum dose, with lower prior-
ity, attempting to avoid a potential deviation of the 
maximums from the innermost volume. A maxi-
mum of 1 Gy additional to the coverage of the sub-
sequent inner volume is then selected. Examples of 
the defined inner volumes are shown in Figure 1. 
RefDA10 and RefDA12, the NT V10 and V12 resulted 
in the DA plan respectively, are the baseline values 
for NT in the optimization; during the procedure 
and looking at their competition in the objective 
function against the GTV coverage, these values 
were decreased until the D95 of GTV received the 
PD. 

Plan comparisons
The DA plans performed in iPlan TPS were 

exported and recalculated in Eclipse where both 
dose-volume histograms (DVHs) were evaluated 
and compared. It was done trying to avoid the criti-
cal issue in the volume calculation for very small 
structures, because we noticed small differences 
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Table 1. Optimization parameters in Eclipse

Structure Constraint type Vol (%) Dose (Gy) Priority

GTV Superior 0 PD + 8 150

Inferior 98 PD 200

C1 Superior 0 PD + 8 150

Inferior 98 PD + 2 200

C2 Superior 0 PD + 8 150

Inferior 98 PD + 4 200

C3 Superior 0 PD + 8 150

Inferior 98 PD + 6 200

GTV–C1 Superior 0 PD + 3 100

C1–C2 Superior 0 PD + 5 100

C2–C3 Superior 0 PD + 7 100

Normal tissue Superior RefDA10 10 300

Superior RefDA12 12 300

PD — the prescribed dose, taken from the dynamic conformal arcs (DA) plan of this case, similarly the V10 (RefDA10) and V12 (RefDA12) values for normal tissue; 
GTV — gross tumour volume

	 DA	 VMAT

A1

B1

C1

A2

B2

C2

Figure 1. Dose distribution comparison DA vs. VMAT for three test cases: (A), case #1 small (4.31 cm3),  (B), case #3 medium 
(5.55 cm3) and (C) case #6 large (6.66 cm3 lesion size). Inner auxiliary volumes are shown for each case. Lower isodose level 
corresponds to the prescription dose
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between both TPSs. Target coverage in DA was 
D95 equal to the PD, in the VMAT plans the opti-
mization was done to fulfill at least this coverage, 
keeping or improving the normal tissue sparing 
(RefDA10 and RefDA12).

To evaluate the different plans, the following 
DVH derived parameters were obtained:
•	 coverage: D95, and D98;
•	 homogeneity: D20, D10, D2;
•	 effective dose: Dmean and D50;
•	 normal tissue: V12 and V10;
•	 conformity index: CI = 1 + VNTPD/VPTVPD, where 

VNTPD is the volume (in cm3) of NT that receives 
a dose equal to or higher than the PD, and VPTVPD 
the target volume (in cm3) that receives a dose 
equal to or higher that the PD.
For the specific case of VMAT, the D90 and Dmean 

of each inner auxiliary volume have been scored.
The original treatment plans used for patients 

had a slightly different % of target volume than 
the PD. To make a meaningful comparison, all DA 
plans were normalized to D95 equal to the prescrip-
tion dose, PD, and then the VMAT plans were op-
timized taking into account this reference.

Results and discussion

In Table 2 the results are presented for DA and 
VMAT for the 5 cases evaluated. The VMAT re-
sults were significantly superior in NT sparing V10 
and V12 in all cases, with a 2–3 cm3 saving in each. 
In addition, VMAT improves the dose coverage D95 
by about 0.5 Gy. The objective of dose escalation is 
obtained by VMAT with a huge increment, about 
2 Gy of the tumor mean and median dose. As a con-
sequence of the NT sparing improvement, the CI 
was also significantly better for the VMAT plans in 
all cases. The encouraging general result is that when 
comparing VMAT vs DA, the VMAT improves the 

NT sparing, and target coverage while allowing dose 
escalation.

To illustrate the comparison, isodoses on a slice 
are shown in Figure 1 for both plans for the highest, 
lowest and medium volume metastasis. In addi-
tion, the auxiliary inner volumes are shown. It can 
be seen how VMAT allows for higher conformity 
and dose scaling following the auxiliary volumes. 
In Figure 2, a DVH comparison is presented for 
one case only for illustrative purposes. The NT and 
target for DA and VMAT are presented. VMAT 
provides superior NT sparing plus conformity and 
dose scaling. Dose escalation follows the inner aux-
iliary volumes as can be seen in their DVHs. In 
Table 3, the resulting auxiliary inner structures vol-
ume are detailed, together with the representative 
dose for each one (D90 and Dmean), showing that dose 
intensification follows the modulation according to 
subsequent inner volumes.

Finally, for case #5 with the lower prescription 
dose with DA due to its size (6.66 cm3), another 
VMAT plan was created in which the dose was in-
creased to the NT V10 and V12 parameters obtained 
in DA, RefDA10 and RefDA12. The final V10 and 
V12 were 12.84 cm3 and 8.56 cm3, respectively, ver-
sus the DA corresponding values of 13.48 cm3 and 
9.08 cm3. In this “enlarged” plan the prescription 
dose was increased from the D95 of 16 Gy for DA 
plan to D97 of 18 Gy for VMAT, together with a very 
high mean and median dose of 21.6 Gy and 21.7 Gy, 
respectively. DVHs for both plans are compared in 
Figure 3. This illustrates the potential to scale the 
dose using VMAT that could be of major interest 
in cases of relatively radioresistant metastases such 
as melanoma, sarcoma or renal ones.

A dose–volume response relationship has been 
demonstrated for BM treated with SRS. In addition, 
mean dose per volume is strongly predictive of local 
control [27]. The possibility of dose escalation in in-

Table 2. Dosimetric parameters comparison of dynamic conformal arcs (DA)/(VMAT) plans for the 5 cases. DX parameters 
for the tumor (in Gy) and Vx for normal tissue (in cm3). Conformity index is also included

Case# D95 D98 D20 D10 D2 Dmean D50 NTV10 NTV12 CI

1 18/18.5 17.6/17.6 20.2/23.0 20.3/23.6 20.5/24.0 19.5/21.4 19.7/21.5 11.38/8.02 7.77/5.04 1.278/1.097

2 18/18.5 17.7/17.7 20.3/24.4 20.6/24.9 20.8/25.5 19.6/22.2 19.7/22.5 7.02/4.81 4.85/3.05 1.162/1.049

3 18/18.3 17.6/17.6 20.4/23.8 20.6/25.1 20.8/25.8 19.6/21.5 19.8/21.2 11.61/8.28 8.08/5.25 1.267/1.063

4 17.5/18.1 17.1/17.3 19.8/23.4 20.1/24.5 20.3/25.3 19.1/21.2 19.2/21.0 8.64/5.95 6.07/3.82 1.249/1.087

5 16/16.6 15.5/15.7 18.3/21.4 18.4/22.4 18.6/23.6 17.6/19.5 17.8/19.2 8.88/5.85 5.98/3.69 1.278/1.101
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dividual cases can be very useful during the evalua-
tion of the most radical SRS dosimetry, while at the 
same time the dose constraints are kept within the 
established criteria. 

During recent years, there has been a trend to-
ward frameless SRS treatments. Nevertheless, care 
must be taken with NT irradiation in those patients 
with BM within eloquent areas, or close to the optic 
pathway or brainstem, due to the extra set-up mar-
gin. In our current practice, if frameless treatment 
is used, the VMAT technique is always employed 
because the treatment planning and verification can 
be done in advance. VMAT is also used in SRS with 
a frame for benign cases as Schwannoma due to the 
irregular shape and OAR vicinity. 

Until now, the established approach in our de-
partments for frame-based SRS in small size metas-
tases has been the DA technique. The present study 
was motivated to evaluate the benefit of conformity 
even in these small lesions. This potential VMAT 
advantage together with the dose escalation op-

tion is promoting the current technique reevalua-
tion in our departments. The use of VMAT in SRS 
frame-based cases has an impact on workflow and 
resources, VMAT planning takes more time than 
the DA and the VMAT verification must be includ-
ed in the workflow. This verification requires spe-
cific preparation, phantom set-up (in our case the 
Octavius 4D with the high definition array Octavius 
Detector 1000 SRS [PTW, Freiburg, Germany]) and 
analysis.

In frame-based SRS, there are situations in 
which a reduction of NT is required. Usually, in 
the DA technique we have used a 1 mm MLC mar-
gin; the reduction of this margin (by 0.5 mm for 
instance) improves NT sparing but, consequently, 
the dose inhomogeneity increases. For some cases, 
we have seen that it is also possible to do a correc-
tion of dose distribution inside the tumor by using 
field-in-field compensation along with some arc 
frames. However, this DA technique cannot man-
age concave shapes of the target as VMAT can. 

Table 3. Volume (cm3) of lesions and auxiliary inner structures together with D90 and Dmean (Gy) in each auxiliary structure

Case # Vol Vol C1 Vol C2 Vol C3 D90/Dmean C1 D90/Dmean C2 D90/Dmean C3

1 4.31 2.19 0.71 NA 21.5/22.7 22.7/23.5 NA

2 4.48 2.73 1.50 0.67 22.0/23.7 23.5/24.5 24.4/25.0

3 5.55 3.38 1.90 0.91 20.9/22.9 22.6/24.1 24.4/25.2

4 5.70 3.76 1.89 0.89 20.4/22.4 22.2/23.7 24.0/24.7

5 6.66 3.93 2.02 0.78 18.9/20.8 20.6/22.0 22.5/23.1
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Figure 2. DVH comparison of DA plan (triangle) vs. VMAT (square) for case #6. Normal tissue (magenta), target (red) and inner 
auxiliary volumes (pink) are shown. PD was 16 Gy for this case
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According to the target shape, it is reasonable to 
decide between DA and VMAT based on the com-
mented benefits.

This study has been limited to just 5 cases, rang-
ing through different volumes, treated with DA. 
This limited number was selected because of the 
illustrative purpose of the work regarding the role 
of VMAT. The NT values of all these DA cases 
are representative ones; typically, the plans resulted 
with V10 and V12 lower than our limit values of 15 
cm3 and 10 cm3, respectively, reducing the risk of 
radionecrosis.

The selection of an increment of 2 Gy/mm 
through the inner auxiliary volumes has been ar-
bitrary with the sole aim of exploring the scaling 
capabilities. No other values were tested. It should 
be added that the final tuning NT sparing vs target 
coverage (and then the specific V10 and V12 result-
ing values) in VMAT included some subjectivity 
derived from the competivity in the objective func-
tion. 

The VMAT procedure has been fully described 
with the aim of being planner-independent. Auxil-
iary shell design procedure and dose gradient have 
been well described; moreover, the optimization 
parameters have been included in detail in Table 1. 
However, it is necessary to add that these are spe-
cific for the TPS used (Eclipse) and even the version 
(v. 15.5) and probably should be adapted according 
to other TPS and versions.

The VMAT technique for SRS BM is not new 
[19]. In our study, we tried to demonstrate the 
feasibility to manage this technique in both dose 
conformation, then NT sparing, and modulation 
through the lesion center with dose inhomogene-
ity control through auxiliary shells. The presented 
method based on VMAT has been compared using 
only the DA technique. Cones were also used clas-
sically to treat BM, but with the small leaf width 
MLC availability, the higher conformity of DA and 
IMRT-VMAT have been imposed. 

Although this study has been focused on SRS 
frame-based cases, in our opinion it is also appli-
cable to frameless cases in both SRS and HFSRT in 
which the inner auxiliary volumes and steep gradi-
ents could be adapted. This method, and other tools 
for dose scaling, could enable a more effective and 
safe application of SRS-HFSRT to large volume or 
tumors with complex spatial configuration.

Munshi et al. [30] evaluated the dose fall-off 
pattern for linear accelerator based on frameless 
stereotactic radiotherapy and radiosurgery using 
two different techniques, three-dimensional con-
formal radiotherapy and volumetric modulated 
arc therapy. Their results showed similar 100–80%, 
100–50%, 100–20% distance values. Although they 
used conformal beams instead of DA, these results 
seem in some contradiction with ours. In our opin-
ion, the NT sparing improvement comes from the 
higher conformity to the target surface available 

Figure 3. DVH comparison of DA plan (red squares) for case #5 with VMAT plan (red triangle) with nearly the same values 
for normal tissue (magenta squares and triangles) V10 and V12. Dose to the tumor (red) can be increased from the prescribed 
dose in DA plan of D95 16 Gy to 18 Gy for D97 for the VMAT case
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with VMAT, even for these small volume targets. 
This is what we have tried to demonstrate in this 
work.

Conclusions

In this work, feasibility and potential benefit of 
VMAT in SRS treatment of the 4–6 cm3 size me-
tastasis with respect to NT sparing and internal 
dose escalation has been demonstrated. A practical 
VMAT optimization procedure, based on auxiliary 
inner volumes, for dose scaling has been developed 
in order to minimize planner-dependence. 
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