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Overcoming Problems Caused by Offset Distance of Multiple
Targets in Single-isocenter Volumetric Modulated Arc Therapy
Planning for Stereotactic Radiosurgery
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Purpose: The purpose of the study is to investigate the impact of large target offset distances on the dose distribution and gamma passing
rate (GPR) in single-isocenter multiple-target stereotactic radiosurgery (SIMT SRS) using volumetric modulated arc therapy (VMAT) with a
flattening filter-free (FFF) beam from a linear accelerator. Methods: Two targets with a diameter of 1 cm were offset by “+2, +4, and 6 cm
from the isocenter in a verification phantom for head SRS (20 Gy/fr). The VMAT plans were created using collimator angles that ensured
the two targets did not share a leaf pair from the multi-leaf collimator. To evaluate the low-dose spread intermediate dose spill (R, ), GPRs
were measured with a criterion of 3%/2 mm using an electronic portal imaging device and evaluated using monitor unit (MU), modulation
complexity score for VMAT (MCS ), and leaf travel (LT) parameters. Results: For offsets of 2, 4, and 6 cm, the respective parameters were:
Ry, 4.75+0.36,5.13 £0.36, and 5.11 + 0.33; GPR, 95.01%, 93.82%, and 90.67%; MU, 5893 =+ 186, 5825 + 286, and 5810 + 396; MCS,
0.24, 0.16, and 0.13; and LT, 189.21 + 36.04, 327.69 + 67.01, and 430.39 + 114.34 mm. There was a spread in the low-dose region from
offsets of >4 cm and the GPR negatively correlated with LT (r = —0.762). There was minimal correlation between GPR and MU or MCS .
Conclusions: In SIMT SRS VMAT plans with an FFF beam from a linear accelerator, target offsets of <4 cm from the isocenter can minimize
the volume of the low-dose region receiving 10 Gy or more. During treatment planning, it is important to choose gantry, couch, and collimator
angles that minimize LT and thereby improve the GPR.
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INTRODUCTION resulting in a smaller radiation dose to healthy brain tissue.!'”
However, in SIMT SRS VMAT planning, targets as small
as approximately 1 cm in diameter can be offset from the
isocenter by more than 6 cm,""'?l which may complicate the
multi-leaf collimator (MLC) motion and increase the monitor
unit (MU) level and thus lead to reduced irradiation accuracy.!'
Ohira et al. reported that gamma passing rates (GPRs) with
3%/3 mm of all SRS VMAT plans for a single target using a
linear accelerator were 100%, whereas these rates decreased

Whole-brain radiotherapy has been widely used to treat multiple
brain metastases. However, stereotactic radiosurgery (SRS) has
recently been recommended for the treatment of this condition
because it improves long-term survival.'*) The high radiation
accuracy required for SRS means that multiple isocenters
must be irradiated when using a linear accelerator.! More
recently, to reduce patient burden and make more efficient
use of equipment,>® single-isocenter multiple-target (SIMT)
SRS volumetric modulated arc therapy (VMAT) has enabled

shorter irradiation time.7! Address for correspondence: Dr. Hajime Monzen,
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to 90% for SIMT SRS VMAT plans.[" Ohira et al. reasoned
that the decreased GPRs may be the result of backscatter
effects from the support arm of the electronic portal imaging
device (EPID),!" although the causes remain unknown and it
is important for clinical treatment planners to determine them
to improve SIMT SRS VMAT plans.

In this study, we clarified how large target offsets result in a
spread of low-dose regions and deterioration of GPRs in a
cylindrical phantom for SIMT SRS VMAT plans with an FFF
beam from a linear accelerator. Furthermore, the pitfalls arising
from large target offsets and their consequences for clinical
practice are discussed.

MetHoDS

Volumetric-modulated arc therapy planning with modified
target offsets

In this study, a cylindrical phantom [MP, Toyo Medic, Tokyo,
Japan; Figure 1] was imaged for head SRS verification
and treatment planning using an Aquilion SP computed
tomography (CT) system (Canon Medical Systems, Tochigi,
Japan) with a slice thickness of 1 mm, resolution of 512 x 512
pixels, and field of view of 35 cm.

SIMT SRS VMAT plans were created using the Eclipse
treatment planning system (TPS; version 15.6, Varian
Medical Systems, Palo Alto, CA, USA). A TrueBeam linear
accelerator (Varian Medical Systems, Palo Alto CA, USA)
equipped with standard millennium MLCs and a 6 MV FFF
beam (maximum achievable dose rate of 1400 MU/min). The
whole MP phantom was automatically extracted by the TPS
as “body”. The planning target volume (PTV) comprised two
1 cm-diameter regions with offsets of +2, +4, and +6 cm along
the RL, AP, and SI directions from the isocenter, which was set
at the center of the MP phantom. As a minimum requirement
in SIMT SRS for multiple brain metastases in our institution,
the target size is >1 cm. In addition, considering the average
head diameter, we have set the maximum offset at £6 cm.
An example of target offsets from the isocenter along the RL
direction is shown in Figure 2. One full coplanar arc without
couch rotation and three half-noncoplanar arcs with couch
rotations of 315°, 45°, and 90° were set as shown in Figure 2a
and Table 1.1'Y In addition, the collimator angles were chosen
so that the two targets did not share a leaf pair from the
MLC [Table 1 and Figure 3].0'%

The prescription dose per fraction was 20 Gy/fr to 95% of the
combined PTV of the two targets along each of the RL, AP,
and SI directions.!") Doses were calculated using the Acuros
XB algorithm (Varian Medical Systems, Palo Alto, CA, USA)
with heterogeneity correction on a 1 mm grid.!"*! For each
offset, five plans were created with the same optimization, and
the calculated values were averaged. To achieve a steep dose
gradient and high dose concentration,!'*! the photon optimizer
algorithm was used with a structure resolution of 1.25 mm
and the following parameters: Maximum dose (Upper) to
the PTV,!" unrestricted; minimum dose (Lower) to the PTV,

20 Gy (priority = 200); normal tissue objective distance
from target border, 0.1 cm; starting dose, 100%; end dose,
30%; fall-off factor, 0.45 (priority = 250). Furthermore, the
optimization process used the jaw tracking technique,!?
which dynamically correlates the MLC aperture with the
jaws during irradiation to reduce the size of low-dose regions
by minimizing the leakage and transmission of the MLC
leaves.!®

Collimator, beam, and couch angles were set to ensure that the
two targets did not share the leaf pair for each offset direction,
thereby blocking dose leakage into normal tissue.

Spread of low-dose regions

For all SIMT SRS VMAT plans and each target offset,
dose-volume histogram (DVH) parameters including the
homogeneity index (HI)!'" and Paddick’s conformity
index (PCI)"® of the PTV were evaluated, and the volume
receiving 5 Gy or higher (V) and intermediate dose
spill (R,, )" were used to evaluate the spread of the low-dose
regions into off-target normal brain tissue.*"**) We used R,
instead of the gradient index,!'¥ as both indices assess the
spread of low-dose regions in normal brain tissue outside the
target. The parameters HI, PCI, and R , are defined as follows:

Table 1: Beam arrangement for each offset
direction (anterior-posterior, right-left, superior-inferior)
of the target

Gantry Couch Collimator angle (°)
angle (°)  angle ) ogrsetalong Offsetalong  Offset along
the AP the RL the SI
direction direction direction

179-181 0 90 90 0
181-0 315 90 0 0
0-179 45 90 0 0
179-0 90 90 0 90

AP: Anterior-posterior, RL: Right-left, SI: Superior-inferior

Figure 1: The phantom used in this study to verify treatment plans for
stereotactic radiosurgery on the head
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+2 cm from IC

#

Isocenter (IC)
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+4 cm from IC

+ 6 cm from IC

Figure 2: Beam arrangements and offset of the target from the isocenter (IC) along the RL direction. (a) Four arcs (one rotation at 0° couch angle
and three noncoplanar beams at 315°, 45°, and 90° couch angles). (b) Offset of 2 cm along the RL direction. (c) Offset of 4 cm along the RL

direction. (d) Offset of 6 cm along the RL direction

Gantry 0°

Jaw size

Collimator 90°

o

Jaw size

Collimator 0

RL 6 cm

Gantry 40°

Gantry 90° Gantry 130°

Figure 3: Multi-leaf collimator pattern at collimator angles chosen to minimize dose leakage into normal tissue using a half-arc beam at a couch rotation
angle of 45°. (a) Offset of 6 cm along the AP direction (AP 6 cm). (b) Offset of 6 cm along the RL direction (RL 6 cm). The arrows show the jaw size

HI=D, /D (1)

ax ~ prescribed

PCI = (TV,)/(TV x PV) (2)

R50% - I/IDL50‘/TI/ (3)

where D ccribea indicates the prescription dose and TV, TV,
PV, and V., represent the volume of the target covered
by the prescription dose, the target volume, the prescription
isodose volume, and the volume enclosed by the 50% isodose

line, respectively.

Inverse relationship between gamma passing rates and
target offsets

Dosimetric accuracy was determined from the GPRs by
comparing the fluence distribution measured using an
EPID (aS1200 flat panel detector, Varian Medical Systems,
Palo Alto, CA, USA) mounted on the linear accelerator with
the fluence map calculated by the TPS.1?! Portal dosimetry is a
method of fluence verification using EPID ignoring the couch
and patient, irradiating without any scatterers and comparing
the planned fluence to the delivered fluence measurement.4
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Portal dosimetry is commonly used clinically for the verification
of SIMT SRS VMAT.!421 The results of film and portal
dosimetry for gamma analysis are consistent with each other
at our institution. GPRs were obtained using the gantry and
collimator angles shown in Table 1. The GPRs were obtained
with a distance-to-agreement of 2 mm and dose differences of
3% and 2%. Our institution has a clinical target GPR of 95%
with a 3%/2 mm threshold of 10%. If the above threshold is
not achieved, the threshold is set to 25% and a GPR of 90%
or more is allowed.™™ GPRs were evaluated at thresholds of
10% and 25%.! Portal dosimetry software (Varian Medical
Systems) was used for data analysis.!**!

Correlation between multi-leaf collimator performance
and gamma passing rate

To identify the reasons that low GPRs result from large
target offsets, MLC performance was evaluated using the
following parameters: MU; modulation complexity score for
VMAT (MCS );*) and leaf travel (LT).* MCS_ was obtained
for each control point (CP) of the arc (instead of the segments)
from the change in MLC aperture and the LT normalized by the
MU value at all CPs. The MCS_ for each CP was then averaged
to obtain the overall MCS , which represents the complexity
of the irradiation field geometry.?® LT represents the average
travel distance of all MLCs moving within the irradiation
field defined by the collimator jaw.l*®! Smaller values of
MCS_ and larger values of LT and MU indicate more complex
MLC motion. The MLC positions and MU at each CP were
obtained from the DICOM-RT data file and each parameter was
calculated using MATLAB (MathWorks, Natick, MA, USA).
Furthermore, correlations between GPR (3%/2 mm threshold
of 10%) and MLC performance were evaluated to understand
why large target offsets cause low GPRs.

Statistical analysis

The Mann—Whitney U test was used to compare DVH
parameters, GPRs, and MLC parameters for each target offset.
The statistical significance level was adjusted to 0.016 using
Bonferroni correction to ensure statistical reliability in multiple
comparison, taking into account the number of comparisons.
The multiple comparison on the same dataset can increase
the likelihood of obtaining statistically significant results by
chance. Therefore, Bonferroni correction is commonly used
to address this issue.?”! Statistical analyses were performed
using the R analysis software (version 4.0.0, www.r-project.
org). Analysis of correlations between MU, MCS, LT, and
GPR was performed. The resulting Pearson’s correlation (r)
was considered weak for » < 0.4, moderate for 0.4 <r<0.7,
and strong for > 0.7.12

ResuLts

Effect of target offset size on the spread of low-dose
regions

Table 2 shows the HI, PCI, VSGy, and R, parameters for each
plan with the target offset along the RL, AP, and SI directions.
There were no significant differences in HI and PCI at different

target offsets. In contrast, Vg, Was significantly smaller at a
6 cm offset than at 4 cm, and R, was significantly larger at
4 cm and 6 cm offsets than at a 2 cm offset.

Effect of target offset size on gamma passing rate

Table 3 shows the GPRs measured using the EPID for each
plan with target offsets along the RL, AP, and SI directions.
The 6 cm offset yielded significantly smaller GPRs than the
2 cm offset for 3%/2 mm (P=0.011) and 2%/2 mm (P <0.01)
thresholds of 10% [Table 3]. In addition, at the 3%/2 mm
threshold of 10%, the GPRs were all above 90% at the
2 cm offset, while the lowest GPRs for the 4 cm and 6 cm
offsets, both along the RL direction, were 87.7% and 80.6%,
respectively. At the GPR threshold of 25%,%! the average GPR
for the 6 cm offset along the RL direction was 90.1%.

For all target offsets, the GPRs along the RL and SI directions
were lower than those along the AP direction [P < 0.01;
Figure 4]. In addition, at the 3%/2 mm threshold of 10%,
GPRs were above 90% for all offsets along the SI direction,
whereas the GPR for a 6 cm offset along the RL direction was
below 90% [Figure 4].

Correlation between multi-leaf collimator performance
and gamma passing rate

Table 4 shows the measured values of MU, MCS , and LT for
each target offset. There were no significant differences in MU
values for different target offsets. In contrast, MCS_ values for
4 cm and 6 cm offsets were significantly smaller than that for a
2 cm offset (P <0.01). In addition, larger target offsets resulted
in significantly larger LT values (P < 0.01).

Figure 5 shows the values of MU, MCS , and LT for each
target offset direction. Smaller MU values were obtained for
larger target offsets along the AP direction (P < 0.01), and
larger MU values were obtained for larger offsets along the SI
direction (P <0.01). In addition, MCS  was significantly larger
for offsets of 4 cm and 6 cm along the SI direction compared
with the AP and RL directions (P < 0.01). In contrast, LT
values were significantly lower for offsets of 4 cm and 6 cm

mAP ORL ©SI mAP ORL =1
100 = 100
Fa A3
g [ ] g™ g 9 !T = a
£ e e . E
g . = -
a9 L ;ﬂ == o 90 CE
g T I g T s
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: L] f
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*
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Figure 4: Gamma passing rates measured using portal dosimetry with a
threshold of 10% for different target offsets along AP, RL, and Sl directions.
Black lines indicate the median of the data, and boxes range from the
1stt0 3 quartile. All points are plotted because the number of samples
was small. o; Measured values, *: P <0.01
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Table 2: Dose-volume histogram parameters for different target distance offsets

DVH Plan P value
parameter Ofiset0cm  Offset2cm  Offset4cm  Offset6em  2cmversus4cm  2cmversus 6cm 4 cm versus 6 cm
HI 1.32+0.02 1.34+0.03 1.34+0.02 1.34+0.02 NS NS NS
PCI 0.92+0.00 0.92+0.00 0.91=0.01 0.91+0.01 NS NS NS
V,, (em’) 8.35+1.73 19.1742.74 20.24+1.18 18.51£0.90 NS NS <0.01
’ 4.15+0.34 4.75+0.36 5.13+0.19 5.11£0.33 <0.01 <0.01 NS

50%

Offset 0 cm is a single 1 cm target placed at the IC. HI: Homogeneity index, PCI: Paddick’s conformity index, V o Volume receiving 5 Gy or higher,

R, Intermediate dose spill, NS: Not significant, IC: Isocenter

Table 3: Gamma passing rates measured using portal dosimetry for different target offsets

Offset (cm) 3%/2 mm (%) Th 10% 2%/2 mm (%) Th 10%

Mean Maximum Minimum SD Mean Maximum Minimum SD
2 95.01 99.40 90.40 2.72 93.20 98.00 88.50 3.05
4 93.82 97.30 87.70 2.69 90.88 96.00 84.60 3.29
6 90.67 96.10 80.60 4.48 86.80 95.00 76.60 5.68
Offset (cm) 3%/2 mm (%) Th 25% 2%/2 mm (%) Th 25%

Mean Maximum Minimum SD Mean Maximum Minimum SD
2 96.48 99.60 92.60 1.99 95.08 98.90 90.50 243
4 95.11 98.80 91.90 2.48 93.50 98.40 89.70 3.12
6 94.45 99.60 89.20 3.72 92.65 99.50 85.80 4.62
SD: Standard deviation, Th: Threshold
Table 4: Multi-leaf collimator performance metrics for different target offsets

Plan P value
Offset 0 cm Offset 2 cm Offset 4 cm Offset6ecm  2cmversus4cm 2 cmversus 6 cm 4 cm versus 6 cm

MU 57544345 5893+186 58254286 5810+396 NS NS NS
MCS, 0.31+0.07 0.24+0.05 0.16+0.05 0.13+0.05 <0.01 <0.01 NS
LT (mm) 104.46£13.60  189.21+36.04  327.69+67.01  430.39+114.34 <0.01 <0.01 <0.01

Offset 0 cm is a single 1 cm target placed at the IC. MU: Monitor unit, MCSv: Modulation complexity score for VMAT, LT: Leaf travel, NS: Not

significant, IC: Isocenter

along the AP direction compared with those along the RL and
SI directions (P < 0.01).

Furthermore, Figure 6 shows the correlations between GPR
and MU, MCS , and LT. There was a weak positive correlation
between GPR and MCS and a strong negative correlation
between GPR and LT.

Discussion

For SIMT SRS VMAT planning using an FFF beam and a
TrueBeam linear accelerator, this study showed that a larger
target offset leads to an extended low-dose region and a smaller
GPR. The dependency of V oy Rsgy MCS, and LT on target
volume and field size [Tables 2 and 4], we compared the results
with those of a 2 cm offset as the reference, rather than using
a zero offset. Larger target offsets resulted in an extended
50% prescribed dose region outside the targets (i.e., low-dose
regions at V. ), and the value of V,, at a 6 cm offset was
significantly lower than that at a 4 cm offset [Table 2], with
the GPR increasing commensurately with the size of the

target offset [Table 3 and Figure 4]. Furthermore, larger target
offsets resulted in a smaller MCS  and larger LT [Table 4
and Figure 5], and there was a strong negative correlation
between GPR and LT [Figure 6]. Therefore, for SIMT SRS
VMAT planning, larger target offsets are associated with a
larger V, oGy low-dose region and larger LT. We suggest that the
expansion of the low-dose region caused by leaf transmission,
which could not be accurately taken into account in the dose
calculation by the TPS, could have contributed to the smaller
GPR [Figure 4]. Hence, LT is a marker of leaf transmission,
and reducing the size of LT could therefore improve the DVH
and GPR [Figure 6].

Notably, when dose calculations were performed under the
same optimization constraints, larger target offsets had no
impact on HI, PCI, or the dose delivered to the target but
expanded the Visay region beyond the target [Table 2]. This
low-dose region containing normal brain tissue has been
reported to be an important predictor of radiation necrosis.2*
Prentou et al. suggested limiting the distance from the target to
the isocenter to within 4 cm to prevent decreased target doses
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Figure 5: Multi-leaf collimator performance metrics evaluation for different target offsets along AP, RL, and Sl directions, including (a) MU, (b) MCSv
and (c) LT. Black lines indicate the median of the data, and boxes range from the 1st to 3rd quartile. All points are plotted because the number of
samples was small. o: Measured values, *: P <0.01, MU: Monitor unit, MCSv: Modulation complexity score for VMAT, LT: Leaf travel
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Figure 6: Relationships between the gamma passing rate with a threshold of 10% and (a) MU, (b) MCS,, and (c) LT. The diamonds, circles, and
squares indicate values measured for target offsets of 2, 4, and 6 cm. Black, white, and gray symbols correspond to offsets along the AP, RL, and SI

directions, respectively

caused by rotational errors in the patient setup, especially in
SIMT SRS VMAT for small targets (<1 cm diameter). They
also proposed dividing the isocenter into two to enhance
robustness against rotational errors.?®! Our results show that a
4 cm target offset extends the V| oGy low-dose region more than
a2 cm target offset. Therefore, we suggest that it is important to
maintain a target distance from the isocenter should be <4 cm.

Ohira et al. reported that the MCS  parameter can predict the
GPR in SRS VMAT planning for a single target,?” although in
SIMT SRS VMAT planning, there was no correlation between
MCS_ and GPR.I'"Y Similarly, our results showed only a weak
positive correlation between MCS  and GPR [r = 0.404,
Figure 6]. The complexity of MLC motions could not be
evaluated using MCS_ in SIMT SRS VMAT plans because
MCS,  was normalized by MU and because the larger the
irradiation field size, the more nearly motionless MLCs were

taken into account in the calculation. Furthermore, the value
of MU depended on the offset direction [Figure 5]. Therefore,
the depth of the target position below the phantom surface
and the characteristics of the FFF beam, which produces dose
rates that are lower at the edges of the beam profile, were
likely affected.

When two or more targets share a leaf pair, dose spillage
into normal tissue occurs, which is referred to as island
blocking.?” With this effect in mind, we note that the GPR
was smallest for target offsets along the RL direction and
largest for offsets along the AP direction [Figure 4]. This
might be attributed to the larger LT for target offsets along
the RL and SI directions, which are caused by the increasing
jaw size per gantry rotation for beams along the 315° and
45° couch angles [Figure 3b]. In contrast, for target offsets
along the AP direction, the jaw size did not change and the

Journal of Medical Physics | Volume 48 | Issue 4 | October-December 2023 -




Ito, et al.: Effects of large target offset on the dose distribution and GPR in SIMT SRS

two targets were located on an axis perpendicular to the
direction of MLC travel even though the gantry rotated with
each beam, which resulted in no change in LT [Figure 3a].
Ohira et al. reported that changing the collimator angle setting
could minimize the island-blocking problem by improving
the irradiation efficiency and dose distribution and reducing
MU, although it could not improve the GPR.!'"! This was
because the LT could not be shortened.

To the best of our knowledge, there have been no reports on
the impact of large target offsets on dose distribution and
GPR in SIMT SRS VMAT plans. It is important to ensure
the quality of treatment planning because large target offsets
along the RL direction significantly reduce the GPR and
place limits on target offsets from the isocenter in SIMT SRS
VMAT plans.[?$3132 [n addition, shortening the LT by setting
gantry, couch, and collimator angles could reduce the extent
of the low-dose region and improve the GPR. The ideal
solution would be for the collimator to rotate in tandem with
the gantry, although a more practical solution would be to:
Narrow the range of gantry rotation angles (e.g., 60—120°) so
that the targets share no leaf pairs and the jaw does not spread;
change the collimator angle for each beam angle setting; and
increase the number of beams to compensate for the resulting
deterioration of the dose distribution.

In this study, we employed the widely used FFF beam in clinical
with SIMT SRS for multiple brain metastases. However, it is
important to note that FFF beams have nonflat profile shapes.!'”
Therefore, when compared to a flattening filter beam, there
is a possibility of varying impacts of offsets. Furthermore, a
simple planning geometry (i.e., two 1 cm-diameter targets with
symmetrical alignment to the isocenter) and a homogeneous
phantom were used in this study to highlight the impact of target
offset and eliminate other factors. It may be necessary to note
the potential influence of clinical factors, such as heterogeneous
phantoms and patient-specific CT images, on the results.

CoNCLUSIONS

In SIMT SRS VMAT plans with an FFF beam from a linear
accelerator, target offsets of <4 cm from the isocenter can
prevent the spread of the low-dose region receiving V, oGy Large
target offsets result in correspondingly small GPRs, although
offsets <6 cm are acceptable. During treatment planning, it is
important to choose gantry, couch, and collimator angles that
minimize LT and thereby improve the GPR.
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