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Abstract

In conventional stereotactic radiosurgery (SRS), treatment of multiple brain metas-
tases using multiple isocenters is time-consuming resulting in long dose delivery
times for patients. A single-isocenter technique has been developed which enables
the simultaneous irradiation of multiple targets at one isocenter. This technique
requires accurate positioning of the patient to ensure optimal dose coverage. We
evaluated the effect of six degrees of freedom (6DoF) setup errors in patient setups
on SRS dose distributions for multiple brain metastases using a single-isocenter
technique. We used simulated spherical gross tumor volumes (GTVs) with diameters
ranging from 1.0 to 3.0 cm. The distance from the isocenter to the target’s center
was varied from O to 15 cm. We created dose distributions so that each target was
entirely covered by 100% of the prescribed dose. The target's position vectors were
rotated from 0°-2.0° and translated from 0-1.0 mm with respect to the three axes
in space. The reduction in dose coverage for the targets for each setup error was
calculated and compared with zero setup error. The calculated margins for the GTV
necessary to satisfy the tolerance values for loss of GTV coverage of 3% to 10%
were defined as coverage-based margins. In addition, the maximum isocenter to tar-
get distance for different 6DoF setup errors was calculated to satisfy the tolerance
values. The dose coverage reduction and coverage-based margins increased as the
target diameter decreased, and the distance and 6DoF setup error increased. An
increase in setup error when a single-isocenter technique is used may increase the
risk of missing the tumor; this risk increases with increasing distance from the
isocenter and decreasing tumor size.
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1 | INTRODUCTION

Volumetric-modulated arc therapy (VMAT) is a modification of inten-
sity-modulated radiation therapy. It produces a highly accurate
three-dimensional dose distribution with single or multi-arc irradia-
tion using a 360° gantry rotation.23 VMAT generates dose distribu-
tions using dynamic multi-leaf collimators and variable dose rates
and gantry speeds.*® By optimizing the dose distributions, the
VMAT irradiation technique provides both a highly controlled dose
to the target(s) and a reduction of the dose to normal tissue(s).® Cra-
nial stereotactic radiosurgery (SRS) administered with a linear accel-
erator has been used with multiple isocenters to treat multiple brain
metastases.”® In conventional SRS, when using multiple isocenters
for multiple brain metastases, one isocenter is set for one target,
resulting in a long dose delivery time for patients”° which is a dis-
advantage of such treatment. A single-isocenter VMAT (SIVMAT)
technique was introduced for multiple brain metastases.'®*? This
technique enables the simultaneous irradiation of multiple targets at
one isocenter, thus making it possible to significantly shorten the
dose delivery time and overcome the disadvantage of conventional
SRS. In addition, SIVMAT can deliver equivalent dose conformity for
each target'®'* and reduce the dose for normal tissues such as
healthy brain tissue, utilizing the advantages of VMAT without the
disadvantages of multiple-isocenter SRS.1>1¢

However, the patient setup accuracy for a SIVMAT treatment
has a greater impact on the dose distribution than multiple-isocenter
VMAT because the planning isocenter is not necessarily located at
the center of the targets in many instances.” ! In SIVMAT, it is
believed that the effect of any rotational error in a patient setup is
dependent on the relationship between the diameter of the target
and the distance from the isocenter to the target. In multiple-isocen-
ter irradiation the distance from the isocenter to the target does not
need to be considered.'”*8 In addition, the dose coverage is affected
by any translational error in the setup.2”2° A six degrees of freedom
(6DoF) setup error is determined by adding the translational error to
the rotational error. It is important to assess the effect of this error
on the dose coverage for gross tumor volumes (GTVs) by varying
the distance from the isocenter to the target, and varying the target
size; however, there have been few studies that made this evalua-
tion for SIVMAT, and none that the margin is calculated to satisfy
the tolerance values of dose coverage reduction for GTV. In SIV-
MAT, the dose coverage is affected by the 6DoF setup error, the
distance from the isocenter to the targets, and the target diameter.
Therefore, larger planning target volume (PTV) margins considering
the 6DoF setup error were thought to be necessary in SIVMAT com-
pared to those needed for multiple-isocenter irradiation.

In SRS, a 0.1-cm PTV margin is often used in clinical settings to
concentrate the radiation on the GTV and to minimize the doses to
surrounding normal tissue.?Y?? The effect of the rotational error
becomes more significant as the distance between the target and
the isocenter increases. It has been speculated that the clinical PTV
margin of 0.1 cm cannot be secured for dose coverage in SIVMAT. It

is therefore important to determine the maximum distance between

the isocenter and target that allows the clinical PTV margin to secure
the dose coverage for the GTV with varying 6DoF setup error. In
this study, we calculated the PTV margin for GTVs that is required
to satisfy the various tolerance values when a 6DoF setup error
occurs.

Furthermore, we calculated the maximum distance between the
isocenter and the target with which a clinical PTV margin secures
the tolerance values of dose coverage reduction in SIVMAT by using

the derivation of coverage-based margin.

2 | MATERIALS AND METHODS

2.A | Phantom design

The diameters of the simulated GTVs were set as follows: 1.0 cm
(GTV1), 1.5cm (GTV2), 20 cm (GTV 3), and 3.0 cm (GTV4) with
MATLAB ver. 2019a software (MathWorks, Natick, MA, USA). The
coordinates (unit: cm) of the GTVs were set such that the distance
between the center of the GTV and the isocenter varied from O to
15 cm.r? The isocenter was set as the origin of the coordinate axes.
We created the dose distribution vectors so that each target was
entirely covered by 100% of the prescribed dose. As shown in Fig. 1,
the axis of rotation was defined by the origin of the rotation and
point P;. The spherical coordinates are the Cartesian coordinates,
that is, X, y, and z. Equation (1) shows the conversion of polar coor-

dinates to the Cartesian coordinate system.

X = dcosgpcosd
y = dcosgsing (1)
z=dsing

2.B | Dose coverage reduction with rotational error

The point Py (x, y, z) is rotated around the x-axis by an angle «,
around the y-axis by an angle f, and around the z-axis by an angle y
to obtain P (Xrots Yrot, Zrot) iN EQ. (2). The rotational angles of «, B,

z
Pi=(x,y2)
=(d, 8, @)
Isocv:ltc?'"*‘\J\e = _: =
(Origin) s A
\\“‘-u

Fic. 1. Locations of the isocenter (the origin of the coordinate
axes) and the target in Cartesian coordinates P; [x, y, z].
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and y were the same, and this value was defined as 8¢ (8,0t = @, B,

2C |
error

y) in this study.

Xrot cosy siny O cospp O —sing 1 0 0 X
Yot | = | —siny cosy O 0O 1 O 0 cosa sina y
Zyot 0 0o 1 sing O cosp 0 —sina cosa z
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Dose coverage reduction with 6DoF setup

The 6DoF setup error was calculated by adding a translational error

to P, (Xrotv Yrot» Zrot)- Ps (Xsetup: Ysetups Zsetup) was therefore calculated

2 as the translational error ;... in the positive direction of the x-, y-,

and z-axes added to P, (X,ot, Yrotr Zrot) [EQ. (3)]. The translational error

The vectors of the target position coordinates with the isocen-

S¢rans cOMponent values were 0.3, 0.5, and 1.0 mm.

ter as a start point were simultaneously rotated clockwise around
the x-, y-, and z-axes with & ranging from 0° to 2.0° in 0.5° incre-
ments.

(a)

Dose distributions vectors

| Target position coordinates vectors

¥ 5.5
/(‘,b/ 5 5

a5 a5

e

Xsetup Xrot + 5xtrans
ysetup Yrot + 5ytrans (3)
Zsetup Zrot + Oztrans
(b)
Overlapped region
6.5
6.
z[em]
(%1 7
[ 65
- &
+ /e o 55
C, 5 < s
K is \\
74 5 4.5 g \C«“\

Fic. 2. The overlapped region of rotated position coordinate vectors and dose distribution vectors: (a) as extracted, and (b) the calculated
volume. The dose distributions, target position coordinates, and overlapped region are shown by a polyhedron consisting of three-dimensional
points meeting the following conditions: distance from the isocenter = 10 cm, diameter = 2.0 cm, rotational error = 2.0°, and translational

error = 1.0 mm.
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FiGc. 3. Relationship between distance
from the isocenter and dose coverage
reduction for different gross tumor volume
(GTV) diameters and rotational errors with
reference to a 5% tolerance value. The
effects on the targets with diameters of

Reduction of dose coverage [%]
Reduction of dose coverage [%]

1.0 cm (GTV 1) (a), 1.5 cm (GTV 2) (b),

Distance [cm] Distance [cm]

2.0 cm (GTV 3) (c), and 3.0 cm (GTV 4) (d)
are shown.
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We extracted the overlapped region of the vectors of the rotated
only and rotated and translated position coordinates based on the
isocenter and the dose distribution vectors, and then calculated the
volume of the overlapped area (Fig. 2). A polyhedron consisting of
three-dimensional points was used for the calculation of the over-
lapped volume (MATLAB). We calculated the reduction in dose cover-
age for the targets at each rotational error and 6DoF setup error. The
results were then compared to those with 0° rotational error and
0 mm translational error for different values of the distance to the tar-
get center from the isocenter and the GTV diameter. In this study, the
tolerance value of the dose coverage reduction for each GTV diameter

was defined as a 3%, 5%, or 10% reduction in the prescription dose.

2.D | Evaluation of coverage-based margin for
different GTV diameters

We defined the conditions under which the reduction in dose cover-
age for a GTV as being acceptable if the reduction was less than
each tolerance value with a O cm margin. We extracted the condi-
tions exceeding each tolerance value for the reduction of dose cov-
erage. The diameter of the target corresponding to each tolerance
value reduction (3%, 5%, and 10%) was introduced with the distance
and 6DoF setup error when the reduction rate of dose coverage
was greater than each tolerance value. In this study, the size of the
margin required for the target to meet the requirement of each

tolerance value reduction was defined as the coverage-based margin.
The coverage-based margin was calculated for each GTV diameter,
different distances from the GTV center to the isocenter, and differ-

ent 6DoF setup errors based on the tolerance values.

2.E | Maximum distance of clinical PTV margin

We defined the “clinical PTV margin” as the 0.1-cm PTV margin added
to the GTV diameter. The clinical PTV margin was needed to satisfy the
3%, 5%, and 10% tolerance values of dose coverage reduction as 6DoF
setup error was introduced. The limiting scenarios where the dose cov-
erage reduction tolerances could not be met, were studied as a function
of distance from isocenter, GTV diameter, and 6DoF setup error. Specif-
ically, the maximum distance at which the clinical PTV margin secures
the tolerance values was calculated for each GTV diameter with set

6DoF setup errors, using the derivation of coverage-based margins.

3 | RESULTS

3.A | Relationship between isocenter distance and
dose coverage reduction with various rotational
errors

We first evaluated the effect of only the rotational error on the dose

coverage. We observed that the dose coverage of each target

TasLe 1 The reduction of dose coverage [%] as a function of the diameter of the target, the distance from the isocenter to the target, and

the rotational angle.

GTV dia.
1.0 cm (GTV 1)

Distance from isocenter to target
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0cm
5.0 cm
10.0 cm
150 cm
1.0 cm
3.0 cm
5.0cm
10.0 cm
15.0 cm

1.5 cm (GTV 2)

2.0cm (GTV 3)

3.0 cm (GTV 4)

Rotational angle

0.5° 1.0° 1.5° 20°
0.8 1.6 23 31
2.3 4.6 6.8 9.1
3.8 7.6 11.5 15.2
7.6 151 22.6 29.9
114 22.6 33.5 441
0.6 11 1.6 21
1.6 3.1 4.6 6.1
2.6 51 7.6 101
51 10.1 151 20.1
7.6 151 22.6 29.9
0.4 0.8 1.2 1.6
12 2.3 3.4 4.6
1.9 3.8 5.7 7.6
3.8 7.6 114 151
57 114 17.0 22.6
0.4 0.6 0.9 11
0.8 1.6 23 31
1.3 2.6 3.8 51
2.6 51 7.6 101

3.8 7.6 114 151
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Relationship between distance
from the isocenter and dose coverage
reduction for different gross tumor volume

reference to a 5% tolerance value. The
effects on the targets with diameters of
1.0 cm (GTV 1) (a), 1.5 cm (GTV 2) (b), 2.0
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cm (GTV 3) (c), and 3.0 cm (GTV 4) (d) are
shown.

TaBLE 2 The reduction of dose coverage [%] as a function of the diameter of the target, the distance from the isocenter to the target, and

6-axis setup error.

GTV dia.
10cm (GTV1) 1.0cm
3.0cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm

1.5 cm (GTV 2)

2.0 cm (GTV 3)

3.0cm (GTV4)

Distance from isocenter to target

Translational error

0.3 mm 0.5 mm 1.0 mm

Rotational error

0.5° 1.0° 15° 20° 05° 10° 15 20° 05 1.0° 15 20°
4.6 4.8 51 54 7.6 7.7 7.9 81 150 151 151 153
5.1 6.4 82 101 7.9 88 101 118 152 156 164 174
5.9 88 122 157 84 107 136 168 155 167 187 211
88 158 230 302 107 168 237 307 168 211 269 331

122 230 338 443 136 237 343 446 187 269 364 461
3.1 3.2 34 3.6 5.1 5.2 53 54 100 101 101 102
34 4.3 5.5 6.8 53 5.9 6.8 79 101 104 110 116
4.0 5.9 8.1 105 5.7 7.1 91 112 103 112 125 141
59 105 154 203 71 113 159 207 112 142 180 223
82 154 228 30.0 91 159 231 303 125 180 246 314
2.3 24 2.6 2.7 3.8 3.9 4.0 41 7.5 7.6 7.6 77
2.6 3.2 4.1 5.1 4.0 4.4 5.1 5.9 7.6 7.9 8.2 8.7
3.0 44 6.1 7.9 4.3 54 6.8 8.4 7.8 8.4 9.4 10.6
44 79 116 153 54 85 120 156 84 106 136 168
61 116 171 227 68 120 174 229 94 136 185 237
1.6 1.6 1.7 1.9 2.6 2.6 27 2.7 5.0 5.1 5.1 5.1
1.7 22 2.8 34 2.7 3.0 34 4.0 51 53 5.5 59
2.0 3.0 4.1 53 29 3.6 4.6 5.6 52 5.6 6.3 7.1
3.0 5.3 7.7 10.2 3.6 5.7 80 104 5.6 7.1 9.1 112
4.1 77 115 152 4.6 80 116 153 6.3 91 124 159
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Coverage-based margin [cm]
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Fic. 5. Relationship between the
distance from the isocenter and the
coverage-based margin for various gross
tumor volume diameters and rotational
errors with 0.5 mm translational error to
secure 5% tolerance value of dose
coverage reduction. The effects on the
targets with diameters of 1.0 cm (GTV 1)
(@), 1.5 cm (GTV 2) (b), 2.0 cm (GTV 3) (c),
and 3.0 cm (GTV 4) (d) are shown.

TaeLe 3 The coverage-based margins [cm] that satisfy each tolerance value with various target diameters, distances from the isocenter to
the target, and setup errors for 3% as the tolerance value of dose coverage reduction for the GTV.

GTV dia.
1.0 cm (GTV 1)

1.5 cm (GTV 2)

2.0 cm (GTV3)

3.0 cm (GTV4)

Distance
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm
1.0 cm
3.0 cm
5.0 cm
10.0 cm
15.0 cm

Translational error

0 mm 0.3 mm 0.5 mm 1.0 mm

Rotational error

0.5° 1.0° 15° 20° 05 10° 15° 20° 05 10° 15° 20° 05° 10> 15 20°
0 0 0 0 0 0 0 0 0.8 0.8 0.8 0.8 14 14 14 14
0 0 0.2 0.3 0.3 0.3 0.3 0.3 0.8 0.9 0.9 0.9 14 14 14 14
0 0.5 0.5 0.7 0.3 0.4 0.6 0.8 0.9 1.0 13 14 14 15 1.5 1.5
04 1.2 1.3 1.5 0.9 14 1.6 1.7 1.1 14 1.6 1.7 1.5 1.6 1.7 1.7
0.6 12 1.5 1.6 11 15 1.7 1.8 1.3 1.6 1.7 1.8 1.5 1.6 1.7 1.8
0 0 0 0 0 0 0 0 0.6 0.6 0.6 0.6 1.2 1.2 1.2 1.2
0 0 0.2 0.4 0.1 0.2 04 0.6 0.6 0.7 0.7 0.8 1.2 1.2 12 1.2
0.1 0.3 0.5 0.7 0.2 0.6 0.9 11 0.7 0.8 1.0 1.1 1.2 1.2 1.2 1.3
0.4 0.6 1.0 1.2 0.7 0.7 11 13 0.9 1.2 11 1.3 1.2 1.3 14 15
0.6 1.0 11 13 0.9 1.3 14 15 1.0 1.3 14 15 1.2 14 15 1.5
0 0 0 0 0 0 0 0 0.3 0.3 0.3 0.3 0.9 0.9 0.9 0.9
0 (0] 0 0.1 0 0 0.1 0.3 04 04 0.5 0.6 0.9 0.9 0.9 1.0
0 0.1 0.3 0.7 0 0.3 0.6 0.8 0.4 0.6 0.8 0.9 0.9 10 10 10
0.2 0.5 0.9 1.0 04 0.9 11 1.2 0.6 0.9 11 1.2 1.0 11 1.2 1.2
0.3 0.9 10 1.2 0.6 1.0 1.2 1.3 0.8 11 1.2 1.3 1.0 11 1.2 1.3
0 0 0 0 0 0 0 0 0 0 0 0 0.4 04 0.4 0.4
0 0 0 0 0 0 0 0 0 0 0 0.1 0.4 04 04 0.5
0 0 0 0.1 0 0 0.1 0.3 0 0.1 0.3 04 0.4 04 0.5 0.5
0 0.2 0.4 0.5 0 0.4 0.6 0.7 0.1 0.4 0.6 0.7 0.5 0.6 0.7 0.7
0 0.3 0.5 0.7 0.1 0.5 0.7 0.8 0.3 0.6 0.7 0.8 0.5 0.6 0.7 0.8
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TaeLe 4 The coverage-based margins [cm] that satisfy each tolerance value with various target diameters, distances from the isocenter to
the target, and setup errors for 5% as the tolerance value of dose coverage reduction for the GTV.

Translational error

0 mm 0.3 mm 0.5 mm 1.0 mm
Rotational error
GTV dia. Distance 0.5° 1.0° 1.5° 20° 05° 10° 15> 20° 05 10° 15° 20° 05 10° 15 20°
1.0cm (GTV1) 1.0cm 0 0 0 0 0 0 0 0 03 03 03 03 1.0 1.0 1.0 1.0
3.0 cm 0 0 02 03 O 0.1 02 03 03 03 04 05 1.0 1.0 1.1 1.1
50 cm 0 03 05 04 01 03 05 08 03 05 07 1.0 1.0 11 1.2 1.2
10.0 cm 0.3 0.9 12 14 0.3 1.0 1.3 15 0.5 1.0 1.3 1.5 11 1.3 1.4 15
15.0 cm 0.5 1.1 14 1.5 0.5 1.2 1.5 1.6 0.7 1.2 1.5 1.6 1.2 14 1.5 1.6
1.5cm (GTV2) 1.0cm 0 0 0 0 0 0 0 0 0 0 0 0 0.7 07 07 07
3.0 cm 0 0 0 0 0 0 0 0 0 01 02 02 07 08 08 08
5.0 cm 0 0 02 05 0 0 03 06 01 02 05 07 08 08 09 1.0
100cm O 0.6 1.0 12 01 07 1.0 12 03 08 1.1 12 08 1.0 1.2 1.3
150cm 0.3 10 11 1.3 03 1.0 1.2 14 05 1.0 1.2 14 019 11 1.3 14
20cm (GTV3) 1.0cm 0 (0] 0 0 0 0 (0] 0 0 0 0 (0] 0.5 0.5 0.5 0.5
3.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0.5 05 06 06
50 cm 0 0 0 0.5 0 0 0 03 0 0 02 05 05 06 07 07
10.0 cm 0 0.4 0.7 0.9 0 0.5 0.8 1.0 0 0.5 0.8 1.0 0.6 0.8 0.9 1.0
150cm O 07 09 10 O 0.7 1.0 1.1 12 02 07 10 07 0.9 1.0 1.1
3.0cm (GTV4) 10cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0.1
5.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 01 02 02
100cm O 0 02 04 O 0 03 05 00 0 03 05 01 03 04 05
150cm O 0.1 04 06 O 02 05 06 02 05 06 02 05 05 0.6

decreased as the rotational error increased, and a greater reduction in
dose coverage occurred when the distance from the isocenter was
increased and the target was smaller (Fig. 3). The reduction of dose
coverages for GTV 1 were 3.8% and 11.4% when (d, 5,0t = (5 cm,
0.5°) and (15 cm, 0.5°). Those for GTV 2 were 2.6% and 7.6%, for GTV
3 were 1.9% and 5.7% and for GTV 4 were 1.3% and 3.8% (Table 1).

3.B | Relationship between isocenter distance and
dose coverage reduction with different 6DoF setup
errors

We calculated the effect of 6DoF setup errors on the target dose
coverage. After introducing 6DoF setup errors (various rotational
error values and 0.5 mm translational error), the reduction in dose
coverage of each target worsened with distance to isocenter and the
decrease in target size (Fig. 4). Additional impact of additional trans-
lational errors are included in Table 2. Compared to the case of only
the rotational error, the reduction in dose coverage was larger when
considering the 6DoF setup error, and the tendency was more pro-
nounced when the target diameter was smaller and the distance and
6DoF setup error were larger.

The reduction of dose coverages for GTV 1 were 8.4% and 13.6%
when (d, 8ot, Strans) = (5 cm, 0.5°, 0.5 mm) and (15 cm, 0.5°, 0.5 mm).

Those for GTV 2 were 5.7% and 9.1%, for GTV 3 were 4.3% and
6.8%. and for GTV 4 were 2.9% 4.6% (Table 2). For GTV 1 and
GTV 2, the 3% and 5% tolerance values of dose coverage reduction
were never satisfied, even when the distance from the isocenter

was zero.

3.C | Coverage-based margin for different tolerance
values

The coverage-based margin was calculated for each GTV diameter,
distance from the target to the isocenter, and 6DoF setup error
based on the tolerance values. The coverage-based margin that sat-
isfied the 5% tolerance values increased as the 6DoF setup error
increased, and a greater reduction in dose coverage was obtained
when the distance was longer and the diameter of the target was
smaller (Fig. 5). The coverage-based margin for GTV 1 and GTV 2
on 5% tolerance values were 0.3, 0.7, 0.1, and 0.5 mm when (d,
Srotr Otrans) = (5 cm, 0.5°, 0.5 mm) and (15 cm, 0.5°, 0.5 mm),
respectively.

The relationship between the coverage-based margin for each
tolerance value and 6DoF setup error is summarized in Tables 3, 4,
and 5 which show the coverage-based margins for 3%, 5%, and 10%

tolerance values, respectively. The larger the tolerance value, the
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TaBLe 5 The coverage-based margins [cm] that satisfy each tolerance value with various target diameters, distances from the isocenter to
the target, and setup errors for 10% as the tolerance value of dose coverage reduction for the GTV.

Translational error

0 mm 0.3 mm 0.5 mm 1.0 mm
Rotational error
GTV dia. Distance 0.5° 1.0° 1.5° 20° 05° 1.0° 15° 20° 05° 10> 15° 20° 05° 10° 15 20°
10cm (GTV1) 1.0cm 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0.3 0.3
3.0 cm 0 (0] 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0.3 0.3
5.0 cm 0 0 0 0 0 0 0 0 0 0 0.1 0.2 0.3 0.3 04 0.5
10.0 cm 0 0 0.2 0.4 0 0.2 0.6 0.9 0 0.3 0.7 1.0 0.3 0.5 0.8 1.0
150cm O 0.3 0.6 1.0 0 0.5 0.9 1.2 0.1 0.6 1.0 1.3 04 07 11 14
1.5cm (GTV2) 1.0cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1
5.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0.2 0.2
100cm O 0 0 0.2 0 0 0.3 0.7 0 0 0.4 0.7 0.1 0.3 0.6 0.8
150cm O 0 0.3 0.4 0 0.2 0.7 0.9 0 0.3 0.8 0.9 0.1 0.5 0.8 1.0
20cm (GTV3) 1.0cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3.0 cm 0 (0] 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5.0 cm 0 (0] 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10.0 cm 0 0 0 0.2 0 0 0.1 0.7 0 0 0.2 0.8 0 0 0.4 0.9
150cm O 0] 0.1 0.3 0 0 04 0.8 (0] 0 0.5 0.9 0 0.2 0.5 1.0
3.0cm (GTV4) 1.0cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5.0 cm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
100cm O (0] 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150cm O 0 0 0 0 0 0 0.2 0 0 0 0.2 0 0 0 0.2

smaller the required coverage-based margin. A large margin was
needed to satisfy the 3% and 5% tolerance values. When the toler-
ance was 10%, the coverage loss met the tolerance value under
most conditions. Under many of the conditions, that did require a
margin to meet the 10% threshold, the margin was within what is

clinically acceptable in SRS.

3.D | Maximum distance to secure clinical PTV
margin for different tolerance values

The maximum distance from the isocenter, at which the 0.1-cm PTV
margin is sufficient to meet each dose reduction tolerance value for
different GTV diameters, was shorter with decreasing diameter and
increasing 6DoF setup error (Table 6).

4 | DISCUSSION

We evaluated the effects of the 6DoF setup error during SIVMAT
on the dose coverage of a GTV while varying both the distance from
the isocenter and the diameter of the target with various dose cov-
reduction tolerance values.

erage Using a clinically acceptable

margin, the 1, 1.5, and 2 cm GTVs cannot meet the 3% tolerance
value under any tested conditions, when the translation error
equals or exceeds 0.5 mm (Table 6). In addition, the 1, 1.5, and
2 cm GTVs cannot meet the 5% tolerance value under any tested
conditions when the translation error equals or exceeds 1.0 mm.
For the same margin, when the tolerance value was 10%, the
1.5-3 cm GTVs could meet the tolerance value of dose coverage
reduction in most cases, even at distances >15 cm from isocenter,
with up to 0.5° rotational error and up to 0.5 mm translation error.
Therefore, when the single-isocenter technique is used for multiple
brain metastases, the relationship between the 6DoF setup error,
GTV size, and the distance from the isocenter should be considered
when setting margins and expectations for potential dose coverage
reduction.

Based on clinical data, Roper et al.?* observed that a 0.5° rota-
tional error had no significant impact on dose coverage, whereas a
2.0° rotational error had significant effects on the dose to 95% of
the PTV (Dgs%) and the volume covered by 95% of the prescribed
dose (Vgs9) of the PTV using a single-isocenter technique. Their
qualitative finding that the reduction of dose coverage increases
when the distance between the isocenter and target increases and

the target diameter reduces is consistent with our present findings.
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TaBLeE 6 The maximum distance [cm] of the clinical PTV margin that secured each tolerance value of dose coverage with setup error.

Translational error

0 mm 0.3 mm 0.5 mm 1.0 mm
Rotational error
Tolerance value GTV dia. 0.5° 1.0° 15° 20° 05° 1.0° 15° 20° 05> 10° 15° 20° 05° 1.0 15> 20°
3% 10cm(GTV1) 55 33 24 18 0 0 0 0 0 0 0 0 0 (0] 0 0
1.5ecm(GTvV2) 75 43 32 25 36 23 18 15 O 0 0 0 0 0 0 0
20cm (GTV3) 110 54 40 32 69 40 30 25 O 0 0 0 0 0 0 0
3.0cm (GTV4) 192 89 66 51 144 68 49 39 94 52 38 32 0 0 0 0
5% 1.0 cm (GTV 1) 7.6 3.8 25 1.9 5.7 3.3 24 1.8 0 0 0 0 0 0 0 0
1.5cm(GTV2) 109 55 36 27 104 54 34 25 55 32 25 21 O 0 0 0
20cm (GTV3) 143 7.1 48 36 140 69 46 34 119 60 43 32 0 0 0 0
3.0cm (GTV4) 214 107 71 54 212 105 69 52 175 96 62 45 106 57 41 33
10% 1.0cm(GTV1) 119 76 51 38 98 72 47 32 93 67 43 29 O 0 0 0
1.5cm(GTV2) 220 110 74 55 202 98 67 45 194 92 61 39 112 58 43 33
20cm (GTV3) 247 144 97 72 232 132 87 62 228 127 82 55 213 112 73 51
3.0cm (GTV4) 282 178 150 129 272 167 138 115 260 162 131 108 248 151 119 102

The novelty of our study is the quantitative evaluation of the
important parameters (i.e., the GTV diameter and the distance from
the isocenter) in addition to the 6DoF setup error. Our results
demonstrated that the minimal coverage-based margin needed to
maintain GTV coverage varied for different coverage reduction tol-
erance values. The coverage-based margin was obtained by chang-
ing the tolerance values to 3%, 5%, and 10% dose coverage
reduction. When setup error is introduced, margins must increase
to achieve fixed coverage as targets get smaller or are located fur-
ther from the isocenter (Tables 3, 4, and 5). In order to choose a
coverage-based margin, it is necessary to know what tolerance for
dose coverage reduction is acceptable. However, the tolerance
value for reduction in dose coverage needs to be determined based
on clinical data obtained from SIVMAT. Further research concern-
ing the tolerance value is needed to determine how the reduction
of dose coverage affects the target control rate and the side
effects on normal tissue.

In SRS for brain metastases, the clinical PTV margin has fre-
quently been set by adding 0.1 cm to the GTV diameter to concen-
trate the high dose on the GTV and minimize the doses to
surrounding normal tissue.823-2% Herein, the coverage-based mar-
gin greater than 0.1 cm is necessary in many of the conditions in
this study. In brain SRS on multiple isocenters, a high dose to the
brain could cause necrosis by extending the PTV margin.2®? It has
also been reported that a PTV margin exceeding 0.1 cm does not
affect the local control rate but can have side effects such as radia-
tion necrosis in the brain after SRS.282? Other researchers have
reported that a 0.1 cm PTV was appropriate in SRS.2%%° Thus, for
patients with brain metastases, it would be advisable to apply SIV-
MAT so that a 0.1-cm PTV margin ensures the dose coverage
within the tolerance value at a given distance from the isocenter to
the target. We observed that the maximum distance at which the

clinical PTV margin satisfied each tolerance value for each GTV
diameter decreased with a decreasing diameter and an increasing
6DoF setup error (Table 6).

Imaging guidance systems such as the ExacTrac (BrainLAB,
Feldkirchen, Germany) and SyncTraX FX4 (Shimadzu, Kyoto, Japan)
and cone beam computed tomography, are used for cranial SRS in
clinical settings, as they improve the accuracy of the patient local-

ization setup.t831-3>

It was reported that these systems can correct
the 6DoF setup errors with accuracy within approximately 0.5° and
0.5 mm.?*3¢ Therefore,
0.5 mm are not possible due to device-specific uncertainty, it
would be prudent not to use SIVMAT when the GTV diameter is as

small as 1.5 cm. When the likely patient localization set up error is

if patient setup corrections < 0.5° and

no more than 0.5° and 0.5 mm, the maximum distances at which
the clinical PTV margin satisfied the 5% tolerance values were
55cm for 1.5 cm diameter, 11.9 cm for 2 cm diameter and
17.5 cm for 3 cm diameter GTV. The GTV dose coverage may be
reduced by 5% or more for targets that are <1.5 cm in diameter
and >5.5 cm from the isocenter, even with small 6DoF setup errors
(0.5° and 0.5 mm) with SIVMAT. This study has two limitations.
First, the dose calculation differs as path lengths, electron densities,
and the penumbra of dose distribution change, and immobilization
systems move. Our present calculations were purely geometric. The
effect of the 6DoF setup error would be evaluated more accurately
by considering them. Second, we also evaluated the effect of 6DoF
setup error on the target dose coverage in SIVMAT by using a sim-
ulated spherical target, but the shape of a target in clinical settings

is not necessarily a sphere.3”8

It is thought that the dose coverage
may be further reduced by simulating the shape of the target
instead of assuming it to be a sphere. The shape of the target must
be considered in future evaluations of the effect of the 6DoF setup

error in SIVMAT.
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5 | CONCLUSION

In this study, we evaluated the effect of 6DoF error in the patient
setup on the dose distribution in SIVMAT. We found that the
increasing setup error on SRS for multiple brain metastases with a
single-isocenter technique increases the risk of the dose missing the
tumor with an increase in the distance from the isocenter and a

decrease in the tumor size.
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