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Purpose: To develop a method to evaluate the positional 
variations of multiple off-axial targets for a single 
isocenter stereotactic radiosurgery (SRS) treatment in 
Novalis Tx linac system.

Method and Materials: Five metallic ball bearing 
(BB) markers were placed sparsely in 3D off-axial 
locations (non-coplanar) inside a skull phantom as the 
representatives of multiple targets mimicking multiple 
brain metastases. The locations of the BB markers were 
carefully chosen to minimize overlapping of each other in 
a portal imaging detector plane. The skull phantom was 
immobilized by a frameless mask and CT scanned with a 
BrainLab Head&Neck Localizer using a GE Optima multi-
detector CT (MDCT) scanner. The CT images were exported 
to iPlan treatment planning software and a multiple target 
PTV was drawn by combining all the contours of the BB 
markers. The margin of the MLC opening was selected as 
3 mm expansion outward. Four non-coplanar arc beams 
were placed to generate a single isocenter SRS plan to treat 
the PTV. The skull phantom was localized to the treatment 
position using ExacTrac 6D Patient Positioning system. 
The four dynamic conformal arc beams were delivered 
using Novalis Tx system with portal imaging acquisition 
mode per 10% temporal resolution. The locations of the 
BB markers were visualized and analyzed with respect 
to the MLC aperture in the treatment plan similar to the 
Winston-Lutz (WL) test.

Results: All the BB markers were clearly identified inside 
the MLC openings. The total positional errors for the 

MLC aperture were 0.61 ± 0.2 mm along the rotational 
path of the four arcs.

Conclusion: This study verified that the spatial deviations 
of multiple off-axial targets for a single isocenter SRS 
treatment plan is within sub-millimeter range in Novalis 
Tx linac system. Accompanied with the WL test, this 
simple test will quality-assure the spatial accuracies of 
the isocenter as well as the positions of multiple off-axial 
targets for the SRS treatment using a single isocenter 
multiple target treatment plan.

Keywords: multiple brain metastases, SRS, Novalis Tx, 
ExacTrac, off-axis, non-coplanar, Winston-Lutz

1. INTRODUCTION

Brain metastases are tumors which originate from 
other sites in the patient body. These tumors are a com-
mon complication of systemic cancer which occurs 
in about 30% of cancer patients [1]. They have a poor 
prognosis for cure; the typical survival time of a patient 
with brain metastases is from several months to a year. 
In the United States, approximately 170,000 cancer 
patients will develop brain metastases each year [2]. Pre-
vious clinical studies have shown that about half of brain 
metastases will be multiple brain metastases which have 
more than one lesion spread in the brain [3-5].
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Historically, whole-brain radiation therapy (WBRT) 
has been a standard palliative care for the multiple 
brain metastases [6]. However, recent studies found that 
WBRT with stereotactic radiosurgery (SRS) boost can 
achieve better local control and median survival time 
[7] or only better local control with no differences in 
overall survival [8]. From these facts, the role of SRS 
treatment became more important in the brain metasta-
ses treatment these days.

It is challenging to treat multiple brain metastases 
with SRS technique. First, it is not appropriate to apply 
the technique to large size metastases due to the high nor-
mal tissue toxicities. Therefore, careful patient selection 
is necessary based on the eligibility test for SRS – size, 
shape, location, neurocognitive function, etc. Second, 
there is a radiation beam overlapping issue when con-
ventional three-dimensional (3D) multiple isocenter non-
coplanar dynamic conformal arc technique is employed. 
For example, if five dynamic conformal arc beams are 
employed per each metastasis for three lesions, fifteen 
arc beams will pass through the whole brain with differ-
ent focusing isocenters which makes it difficult to avoid 
the beam overlapping. Third, treatment delivery for these 
3D non-coplanar dynamic arc beams takes significant 
amount of time due to the patient immobilization and 
gantry-couch rotations; because of complicated couch-
gantry angle combination, multi-isocenter SRS treat-
ment usually requires pre-treatment collision check and 
it could take over an hour to treat a single SRS patient. In 
the previous study, it was shown that the single isocenter 
treatment delivery is more efficient than the multiple iso-
center treatment [9].

Volumetric Modulated Arc Therapy (VMAT) tech-
nique has emerged improving the radiation treatment 
delivery as well as providing the equivalent quality of 
treatment plan compared to IMRT and Helical Tomo-
Therapy plans by utilizing an arc-type intensity modu-
lated cone beam delivery [10-12]. For this benefit of 
treatment delivery, VMAT technique has promptly been 
applied to treat various sites such as prostate, head & 
neck, lung and even breast [13-15]. However, it has not 
been frequently used in SRS treatment due to the reason 
that SRS is typically used to treat a small and spherical 
shape of target where intensity modulation is not neces-
sary for the normal tissue toxicity.

Recently, there are several studies performed in 
applying the VMAT technique [16-17] or dynamic con-
formal arc method [18] to treat the multiple brain metas-
tases using a single isocenter approach. These techniques 
were found to produce a clinically acceptable treatment 
plan while reducing the treatment delivery time [18-20]. 
However, there is no quality assurance (QA) method 
to verify whether the multi-leaf collimators (MLC) are 
correctly opening at the off-axial positions where the 
multiple brain metastases are located. Because SRS is 

designed to deliver the large amount of radiation dose in 
a few fractions unlike conventional radiation therapy, this 
positional verification is important to assure the patient 
safety as well as the treatment quality.

To assure accurate treatment deliveries for SRS 
plans, historically Winston-Lutz (WL) test has been 
used to guarantee that the radiation isocenter matches 
to the mechanical isocenter within sub-millimeter accu-
racy [21-22]. The WL test has been sufficient to vali-
date the targeting accuracy for a single isocentric target 
because the conventional SRS plan normally has the 
isocenter placed at the center of the single target. But, 
for the treatment of brain metatheses sparsely located 
in multiple positions using a VMAT technique with a 
single isocenter treatment plan, the WL test may not 
be sufficient to assure the targeting accuracy because 
it only verifies the isocentricity of the linac system and 
not the positional accuracy for the off-axial targets. 
Again, there is currently no standard QA method for 
the multi-target single isocenter treatment plan to check 
the targeting accuracy of multiple PTVs which are not 
located at the isocenter. In this study, we investigated 
a simple method to evaluate the spatial variations of 
multiple off-axial targets for a single isocenter SRS 
treatment plan in Novalis Tx linear accelerator (linac) 
system (Varian Medical System, USA; BrainLab AG, 
Germany) that can be a part of QA procedure for the 
specific treatments.

2. METHOD AND MATERIALS

We employed a plastic skull phantom to represent a 
brain metastases patient in this study. As shown in Figure 
1 (a), this phantom originally has multiple 3D geomet-
ric shapes (cone, sphere, cylinder and square bar) on the 
plastic base plate typically used for the verification of 
the MLC shapes as well as isocenter verification [23]. 
This phantom was modified for the purpose of this study. 
First, the base plate was replaced to a new base plate in 
order to mount virtual brain metastases in 3D space. By 
creating a new base plate, we were able to preserve the 
original plate which still can be used for the aforemen-
tioned original function of the phantom. Multiple screw 
holes were drilled on the new plate with the distance of 
2.8 cm and nylon bolts (size: 0.25 inch x 2 inch, 64) were 
screwed on the plate. By using this screw design, one can 
adjust the heights of the bolts head where metallic ball 
bearings (BB) are attached as the representatives of mul-
tiple targets mimicking multiple brain metastases.

Five metallic BB markers (steel, 2 mm in diameter) 
were placed on the head of the nylon bolts sparsely in 
3D off-axial locations (non-coplanar) inside a skull 
phantom (See Figure 1 (b)). Metallic BB markers were 

287-296 pp RSBRT 232.indd   288 6/17/2015   6:35:34 PM



Spatial variations of multiple off-axial targets for a single isocenter SRS treatment in Novalis Tx linac system

Journal of Radiosurgery and SBRT  Vol. 3  2015    289

Figure 1. (a) A original skull phantom with multiple 3D geometric shapes (cone, sphere, cylinder and square bar) 
on the plastic base plate typically used for the verification of the MLC shapes as well as isocenter verification, (b) A 
skull phantom with five metallic BBs which represent the multiple target locations placed in 3D space.

(a)

(b)
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Figure 2. CT scanning process with a BrainLab mask and Head & Neck localizer. The Localizer was used for the 
purpose of 3D stereotactic localization in the treatment planning and delivery.

chosen in order to visualize them on the portal images 
acquired by electronic portal image device (EPID, Por-
talVision, Varian Medical System, USA). The locations 
of the BB markers were carefully chosen to minimize 
overlapping of each other in the port imaging detector 
plane. It should be mentioned that the positions of the 
BB markers relative to the isocenter were not estimated 
due to the technical difficulties in physically measuring 
the distances between the BB markers and the isocenter 
in 3D space for our in-house made phantom. Rather 
than defining the position of the BB markers in the 3D 
space, we chose to estimate the spatial shifts of the BB 
markers in a projected 2D space using the EPID device.

 Using the modified skull phantom, we performed 
an “End-to-End Test” for a single isocenter VMAT SRS 
treatment in multiple brain metastases. In the test, the 
skull phantom was treated as same as a human patient. 
In the first step, the phantom was immobilized by a 
BrainLab thermoplastic mask in a CT simulation room 
and CT scanned with a BrainLab Head&Neck Local-
izer using an SRS head scan protocol (slice thickness: 1 
mm) in a GE Optima multi-detector computed tomogra-
phy (MDCT) scanner (See Figure 2). Then, the scanned 
CT images were exported to SRS treatment planning 
software (iPlan v 4.1, BrainLab AG, Germany). In iPlan 
RT Image software, the CT images were localized using 

the Head&Neck Localizer geometry and a multiple tar-
get PTV was drawn by combining all the contours of 
the BBs. The margin of the MLC opening was selected 
as 3 mm expansion outward.

After the contouring of the target, a single isocenter 
3D Dynamic Conformal Arc Treatment (3D-DCAT) 
plan was created in IPlan RT Dose software (See Figure 
3). Four non-coplanar arc beams were placed to gener-
ate the single isocenter SRS plan to treat the PTV with 
the prescription dose of 500 cGy avoiding the saturation 
of EPID imaging. The photon beam energy of 6X-SRS 
mode in Novalis Tx linac with HD MLC (Varian Medical 
System, USA) was used in the treatment planning. Table 
1 shows the four dynamic conformal arc beam param-
eters used in this study. Note that the generated treatment 
plan in this study is not a VMAT plan but a 3D-DCAT 
for several reasons. First, the size of the multiple off-axis 
targets was too small and it was not necessary to modu-
late the intensity of the beam. Second, the purpose of the 
single isocenter treatment planning in this study was to 
evaluate the geometrical accuracy of the MLC openings 
versus off-axial locations, not dosimetry verifications. 
Third, it is challenging to evaluate the geometric accu-
racy of irregular MLC apertures in a VMAT plan. There-
fore, the single isocenter 3D-DCAT plan was suitable for 
the intention of this study.
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The 3D-DCAT plan created in the iPlan system was 
exported to Eclipse/Aria treatment planning/verifica-
tion system (Varian Medical System, USA) for the treat-
ment delivery. As can be seen in Figure 4, the modified 
skull phantom was placed on the BrainLab head & neck 
extension of the ExacTrac 6D robotic couch system 
(ExacTrac v 5.5.6, BrainLab AG, Germany) immobi-
lized with the thermoplastic mask. BrainLab Frameless 
Radiosurgery Positioning Array was attached to utilize 

the two-dimensional (2D) stereoscopic infra-red (IR) 
localization system for initial phantom setup. Then, 2D 
stereoscopic x-ray images were acquired to fine-tune 
the setup. The four dynamic conformal arc beams were 
delivered using the Novalis Tx system with EPID portal 
imaging acquisition mode per 10% temporal resolution. 
That is, ten snapshot portal images were acquired per 
arc. The spatial resolution of the portal images was 0.26 
mm/pixel at the isocenter [24]. 

Figure 3. Non-coplanar dynamic conformal arc SRS treatment planning performed in iPlan RT Dose software. Note 
that five BB markers, which represent the multiple brain metastases sparsely spread, are contoured as targets in 
the planning system.

Table 1. A single isocenter 3D-DCAT plan beam parameters used in this study. Note that arc range is 140 degree 
and couch angle of 20 degree is employed for non-coplanar delivery. 

Gantry Start (deg) Gantry End (deg) Collimator Angle (deg) Couch Angle (deg)

Arc #1 200 340 0 0

Arc #2 200 340 330 20

Arc #3 20 160 0 0

Arc #4 20 160 5 340
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The locations of the BB markers in the acquired portal 
images were visualized and analyzed with respect to the 
MLC aperture in the treatment plan similar to the WL test. 
However, because the MLC opening in this study is vari-
able per control point of the arc beams (not same as a sin-
gle designated square or a circular shape used in the WL 

test), a different approach was introduced for the analysis 
of geometric discrepancies between treatment plan beam’s 
eye view (BEV) image and the portal images. First, the 
individual MLC aperture in the portal image was regis-
tered to the treatment plan BEV image using affine image 
registration method. Then the central distance of the corre-

Figure 4. SRS treatment plan delivery with real-time portal imaging acquisition mode with EPID in Novalis Tx linac 
system. Note that BrainLab Frameless Radiosurgery Positioning Array was used for the initial phantom setup.
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sponding BB markers between the treatment BEV image 
and the portal image was measured using MATLAB 
image processing toolbox software (Mathworks, USA) 
and analyzed.

3. RESULTS

As shown in Figure 5, the MLC aperture in the por-
tal image was found to be virtually identical to that 
of treatment plan BEV image. Additionally all the BB 
markers were clearly identified inside the MLC open-
ings on the EPID portal images. Note that there were 
some abutting MLC leakages at the mid line in the 
portal image. This leakage represents the dosimetric 
leaf gap which is ~0.7 mm/leaf bank for the Varian 
HD MLC. 

The positional variations of the individual BB 
markers are shown in Table 2; mean and standard 
deviation values were evaluated from the EPID portal 
images. It was found that the average position differ-
ences ± standard deviation were 0.56 ± 0. 06 mm, 0.63 
± 0.04 mm, 0.52 ± 0.09 mm, 0.64 ± 0.11 mm, and 
0.71 ± 0.10 mm from the target #1 to target #5 respec-
tively. Total average positional deviation was 0.61 ± 
0.20 mm along the rotational path of the four dynamic 
conformal arcs used in this study. The total mean and 
standard deviations for each dynamic conformal arc 
as well as each target were comparable each other. 
Note that the positional mean was calculated with all 
positive numbers, that is, the direction of the offset 
in each image was not taken into account. In addi-
tion, it should be mentioned that the positional varia-
tions were evaluated from the individual BB positions 
relative to the MLC aperture shapes on a “2D planar 
space” not based on the absolute 3D geometrical posi-
tions. Therefore, farthest targets may not show the 
largest deviations.

4. DISCUSSIONS

There are several studies performed to evaluate the 
phantom or patient setup uncertainties of ExacTrac 
6D patient positioning system [25-32]. Yan et al per-
formed a phantom study on the positioning accuracy 
of the ExacTrac/Novalis Body system and found that 
the average positioning accuracy was 1 mm [30]. Jin 
et al also investigated the target localization accuracy 
of the ExacTrac system and reported the average accu-
racy of ±0.6 mm [31-32]. Most phantom studies used 
anthropomorphic phantoms which contain several hid-
den markers inside the phantoms [25-26, 30- 32]. They 
basically performed the ‘hidden target test’ to evaluate 
the localization accuracy of the ExacTrac couch sys-
tem and reported the localization accuracy overall less 
than 1 mm. Other studies analyzed their recorded Exac-
Trac couch shift data from patient pre/after treatment 
setup parameters and compared them with the regular 

Figure 5. Snapshots of (a) the treatment plan beam’s 
eye view image in the Eclipse treatment planning 
system (each colored sphere in the BEV represents 
an individual target.) and (b) the portal image acquired 
from the SRS arc treatment beam deliveries (white 
small dots within the MLC openings represent the 
metallic BB markers.) Note that the all the five BBs are 
well visualized in the portal image.
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4D patient setup parameters (3 translations + couch 
rotation) [27-29]. The results indicated that the overall 
clinical patient setup accuracy using ExacTrac system 
was less than 2 mm.

Although the results of the previous studies are 
quite useful, there is a limitation on them; all of 
these studies evaluated the phantom/patient setup 
uncertainties focused on “only” ExacTrac robotic 
couch system not the whole Novalis linac treat-
ment delivery system. The targeting accuracy in the 
patient treatment is correlated to not only the setup 
accuracy of the ExacTrac 6D system but also mul-
tiple components from CT simulation to treatment 
beam delivery – (1) CT slice thickness, (2) linac gan-
try stability (gantry sag), (3) MLC leaf positioning 
accuracy, (4) mechanical vs radiation isocentricity. 
Therefore, it is better to investigate the positioning 
deviation of the whole linac system by performing 
an End-to-End test in order to exactly understand the 
limitation of the whole system. The motivation of 
this study started from the questions how accurately 
the Novalis Tx linac system can deliver the radia-
tion to the off-axially located targets which are away 
from the isocenter including all the above systematic 
uncertainties and how to quality assure the treatment 
deliveries of the off-axial targets.

In this study, we presented a simple QA method to 
verify the multiple off-axial target positions for a sin-
gle isocenter SRS treatment in Novalis Tx linac system 
using an in-house made skull phantom. We also esti-
mated the spatial variations of the multiple off-axial 
targets and found to be ~0.6 mm on average. There are 
several possibilities that cause the deviations - (1) CT 
slice thickness of 1 mm could produce the maximum 
positional error of 0.5 mm for the BB markers in the 
CT scan, (2) maximum 1 mm localization error of the 
ExacTrac 6D system (3) linac gantry could sag at the 

range of 0.7 – 1 mm in maximum [33], and (4) spatial 
resolution of portal imager at the isocenter (0.26 mm/ 
pixel) [24]. It should be mentioned that sensitivities 
of the above causes were not thoroughly investigated. 
It is beyond the scope of this study and left for the 
future.

Although we only investigated for the single 
isocenter multiple targets using a skull phantom in 
this study, the application can be extended to other 
anatomical phantoms. That is, a torso or abdominal 
phantom can be manufactured embedded with multi-
ple metallic markers and used with the same purpose 
of this study for the body sites. However, it should be 
mentioned that the application with the body phan-
tom has a technical limitation in using non-coplanar 
arc beams due to the limited couch/patient-gantry 
clearance; skull phantom is advantageous in apply-
ing this study’s method because of its large clearance 
in couch/patient-gantry collision owing to its distal 
location in the body as well as smaller size. However, 
the couch collision issue can be resolved by limiting 
couch rotation as well as arc beam range (e.g. half 
arc).

Although the original purpose of the study was to 
evaluate the positional deviations of the off-axial tar-
get positions for a single isocenter SRS treatment in 
Novalis Tx linac system that can be considered as a 
part of machine quality assurance (QA), the method 
used in this study can be extended to the patient spe-
cific QA of multiple brain metastases for 3D geomet-
ric and dosimetric evaluation if an effective mapping 
method can be developed to accurately correlate the 
patient tumor positions to the BB markers in the 
phantom. For this 3D dosimetric QA application, an 
alternative approach could be developed to use a 3D 
printer to generate the patient geometry with 3D gel 
dosimeters in the future.

Table 2. Mean and standard deviation of BB markers positional variations for the 3D-DCAT beams. Note that 
Targets were numbered as positional sequence. e.g. Target #1 and #5 represent the farthest targets from the 
isocenter located in the Y2 direction of linac collimator coordinate system. (Positional mean was calculated with all 
positive numbers, i.e. the direction of the offset in each image was not taken into account.)

Positional Difference: Mean (mm) ± Standard Deviation (mm)

Target #1 Target #2 Target #3 Target #4 Target #5 Total

Arc #1 0.42 ± 0.22 0.58 ± 0.17 0.51 ± 0.16 0.72 ± 0.12 0.77 ± 0.06 0.60 ± 0.20

Arc #2 0.67 ± 0.19 0.73 ± 0.08 0.38 ± 0.27 0.49 ± 0.31 0.54 ± 0.29 0.56 ± 0.27

Arc #3 0.47 ± 0.21 0.66 ± 0.12 0.66 ± 0.07 0.64 ± 0.10 0.78 ± 0.11 0.64 ± 0.16

Arc #4 0.68 ± 0.09 0.57 ± 0.09 0.55 ± 0.12 0.73 ± 0.08 0.78 ± 0.17 0.66 ± 0.14

Total 0.56 ± 0.06 0.63 ± 0.04 0.52 ± 0.09 0.64 ± 0.11 0.71 ± 0.10 0.61 ± 0.20
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5. CONCLUSION

This study found that all the BB markers were 
clearly identified inside the MLC openings on the 
EPID portal images for a single isocenter SRS treat-
ment delivery. The positional variations of the off-
axial targets for a single isocenter SRS treatment 
using Novalis Tx linac system were overall less than 
1 mm along the rotational path of the four dynamic 
conformal arc beams.

This study demonstrated that the Novalis TX linac 
system can precisely localize the multiple target PTV 
in 3D space with sub-millimeter accuracy. Accompa-
nied with the WL test, this simple test will quality-
assure the spatial accuracies of the isocenter and the 
locations of multiple targets for the SRS treatment 
using a single isocenter multiple target treatment 
plan.
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