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ABSTRACT
Background: Novel gamma systems with a ring type gantry capable of 
delivering oblique arcs have been developed recently. The expectation is 
that rotational systems not only reduce the number of sources utilized 
but can also introduce better shot modulation as compared to earlier 
gamma machines, which provides additional dosimetric benefits in 
the treatment planning process. Purpose: The aim of this work is to 
investigate the new optimization capabilities with a novel rotating 
gamma ray system (RGS). Methods: The CybeRay system is an RGS 
that rotates 360° in the axial direction and swings 35° in the superior 
direction. It includes 16 Co-60 sources focusing on the isocenter. A 
commercial treatment planning system was used for treatment planning 
with CybeRay and an in-house Monte Carlo based system was used for 
phantom studies. The various shot modulation options gained with this 
novel system were evaluated together with a simple method for dynamic 
dose rate delivery to overcome limitations of such rotating designs. 
Results: Shot modulation methodology has been evaluated in different 
phantoms using Monte Carlo simulations and an in-house developed 
graphical user interphase program. It demonstrated that one shot with 
weighted sectors can achieve the same coverage/conformity index as 
that obtained with multiple shots. This also resulted in a reduction in 
delivery time by 55% based on our results. The proper combination of 
available collimator cone sizes and various oblique beam angles allows 
RGS to shape the isodose lines effectively to match the target volume. 
Conclusion: The novel rotational system extended the gamma system 
capabilities in searching for the best treatment plans.

INTRODUCTION

The Gamma Knife system (Elekta Medical Systems, Stockholm, Sweden) 
has been very successful in stereotactic radiosurgery (SRS) [1]. The 
early designs used 4 collimators (helmets), and the user was required to 
manually change helmets. With the previous Gamma Knife models, there 
was no way of modulating the weight of the radiation beams and many 
research efforts have been directed toward finding solutions to obtain 
better sparing of critical structures [2-10]. In the more recent Perfexion 
Gamma Knife model [11], the collimator is located inside the Gamma 
Knife unit, and the Cobalt-60 sources are situated in 8 independently 
moveable sectors that slide over the collimator and are set in 1 of 4 
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positions corresponding to a 4, 8, or 16 mm collimator or a 
blocked setting. This allows for a hybrid shot where different 
collimator values can be used in different sectors when 
treating patients with lesions close to critical structures. 
Thus, the Perfexion model added a new feature that was 
not feasible with previous Gamma Knife models. However, 
modulation was still limited as it could only be done by 
blocking or changing the weight of only those 8 independently 
moveable sectors that housed the Cobalt-60 sources. The 
Perfexion model uses 192 sources and complete reloading 
of those sources remains a disadvantage for Gamma Knife 
machines.

Novel RGS machines have been developed with a ring type 
gantry [12,13]. The goal is to reduce some of the limitations 
and expand the work envelope when comparing to the 
former gamma systems. They provide a workspace much 
greater than that of the Gamma Knife. The ring gantry design 
used with the CybeRay system (OUR United RT Group, Xian, 
China) allows for both intra and extra-cranial stereotactic 
body radiation therapy (SBRT). In this system, one shot 
represents one full 360° rotation of the head comprising 
the Cobalt-60 sources. In addition, a planner can select a 
starting and ending angle and a shot will be delivered along 

this partial arc. This allows switching off any angles to avoid 
critical structures during shot delivery. Using a regular shot, 
the radiation output can be equal at each discrete gantry 
angle as the head is rotating at a fixed speed. This design 
allows for the modulation of the radiation output at each 
discrete angle. This can be achieved by changing the rotation 
speed and altering the time spent at each angle. The novel 
machine has rotational and swinging features that can 
extend the selective beam blocking abilities.

The schematic diagram in Figure 1 demonstrates how the 
head can be set to a swinging angle in the superior direction 
during patient treatment. Subsequently, the treatment head 
can rotate to deliver a full shot. The radiation beam will be in 
precession motion around an axis parallel to the treatment 
couch. This type of arc will be called, in our study, a non-
coplanar arc, since the beam axis changes the plane as it 
rotates as compared to the coplanar arc where the beam axis 
is always on the same plane perpendicular to the treatment 
couch. The new rotating gamma design is expected to add 
more capabilities in some of the planning methods, in which 
a planner uses hybrid shots or the shot within shot technique 
[14].

Figure 1: A schematic diagram of the machine head with a swinging angle in the superior direction.

In this work, we studied the intensity modulation of the shot 
delivery with the unique RGS design. We also investigated 
the dosimetric outcome from the use of the shot within shot 
technique with realistic patient plans. In the shot within 
shot technique, two shots having different collimator sizes 
are assigned the same stereotactic coordinates. The goal 
is to maintain the conformity of the isodose curves to the 
target volume. A commercial TPS (RT Pro, version 1.00.4557, 
Prowess, Concord, CA) was used for the treatment planning 
with the RGS system and an in-house Monte Carlo system 
was used for the phantom calculations.

MATERIAL AND METHODS

Shot Modulation

Beam weighting at different angles: In this system, intensity 
modulation is done by weighting the gamma beams at 
different angles. First, we calculated the dose distribution 
resulting from a regular shot delivered to a rectangular 
water phantom using an in-house Monte Carlo based system 
[15,16]. The isodose distribution is influenced by the shape 
of the phantom because the radiation beams traversing 
from the phantom surface to the isocenter will pass through 



ISSN: 2474-6797

3

Mathews Journal of Cancer Science

https://doi.org/10.30654/MJCS.10047 

different distances depending on its orientation. We then 
applied a weighting factor at each angular increment and, 
hence, reshaped the isodose lines. We compared the isodose 
distribution from the regular shot and the modulated arc shot 
in different phantoms. We repeated this study with a lung 
phantom where a regular shot was delivered at the phantom 
center and we calculated the resulting dose distribution. 
Then, we again applied a weighting factor at each angular 
increment such that beams would be depositing an equal 
dose at the shot isocenter despite the differences in the 
traversed path length.

We also tested this approach with different shaped targets 
drawn on a patient CT. The first studied target was oval 
shaped and the second target was C shaped. For both 
targets, optimization was conducted using RT Pro TPS 
utilizing regular shots with the goal of achieving conformal 
dose coverage. We then generated another plan using 
the modulated shot approach to evaluate its capability in 
achieving better conformity. In this approach, the sources 
can rotate in partial instead of full arcs and/or with different 
weighting of partial arc sectors (varying dose rate or rotation 

speed) to shape the isodose lines in accordance with the 
target shape.

Shot within Shot: First, a spherical phantom 15 cm in 
diameter and a cylindrical phantom 30 cm in diameter were 
modeled in the Prowess TPS. A shot is placed at the center of 
each phantom then a shot of a different size is placed at the 
same isocenter such that each shot is contributing half of the 
prescribed dose. We then observed the changes in the shape 
of the resulting isodose line and we measured the width of 
the 50% isodose line as seen in the transverse, sagittal and 
coronal views using a ruler tool from the TPS. We repeated 
the experiment superimposing beam shots with various 
beam weightings with and without swinging angles.

Treatment Planning

All RGS workspace and mechanical limits were incorporated 
in the RT Pro TPS to ensure the deliverability of the generated 
plans. The RT Pro TPS is equipped with an algorithm to 
optimize the shot coordinates arrangement inside the target. 
The algorithm works by searching for the best coverage and 
selectivity as defined by the equation below 

where TVPIV is the target volume covered by prescription 
isodose volume, TV is the target volume, and PIV is the 
prescription isodose volume. Each radiation shot delivers 
a specific dose based on the optimization results which are 
controlled by the gantry rotations/speed. The mechanical 
machine limitations controlled the lowest attainable gantry 
speed at 6min/rotation and the highest speed at 1min/
rotation. These limits were incorporated in the TPS and 
were considered in the planning process. However, these 
limitations impose restrictions on the planning process. One 

method to improve plan optimization is to remove these 
limitations during the optimization process. Then, in order 
to solve the deliverability problem for shots that violate the 
gantry speed limits, we implemented a dynamic dose rate 
delivery approach shown schematically in Figure 2. For a 
shot of a large dose, we allowed the gantry to rotate with the 
lowest speed through multiple arcs.

To deliver a shot with a lower dose, shots were split into 
sectors with radiation beams turned off at equal intervals 
with the gantry rotating at maximum speed.

Figure 2: Schematic diagram to demonstrate the dynamic dose rate approach, a) Full rotation if the plan 
resulted in a shot within the machine limits, b) Multiple rotations at the same shot coordinate if a shot with a 

large dose is needed, c) Sectors turned off at equal intervals if a shot with a small dose is needed.
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For example, assuming the dose rate at the center of a sphere 
phantom is 3.8 Gy/min for a full shot rotation and assuming 
the shot is to deliver a dose on the order of 24 Gy, this means 
that the gantry has to move with a speed equal to 6.3 min/
rotation. This exceeds the machine limitation; however, by 
dividing the delivered dose between two orbits without 
adjusting the shot location, the dose distribution will not be 
altered and the gantry will only need half of the original speed 
to deliver the 24 Gy successfully. On the other hand, if a shot 
is to deliver a dose on the order of 3.7Gy, this means that the 
gantry has to move with a speed equal to 0.97 min/rotation. 
This is lower than the machine minimum attainable speed; 
however, the shot can still be delivered by adjusting the 
speed to 1 min/rotation and blocking small sectors during 
the gantry orbit; the dose distribution is not expected to be 

altered significantly as long as the blocked sectors are small 
and are at equal intervals. Even if one needs to use larger 
blocked sectors, the dosimetric change might still be favored 
if compared to having the shot completely undeliverable.

RESULTS

Shot modulation

Beam weighting at different angles: Figure 3.a. shows the 
isodose distribution resulting from one shot delivered at 
the center of a rectangular phantom by the full rotation of 
the RGS head. Elliptical isodose lines are seen due to the 
influence of the phantom shape as beams from the RGS head 
were traversing different distances at each incremental 
angle of the head rotation.

Figure 3: Isodose distribution of a single shot in rectangular phantom a) Unmodulated Full ARC shot b) 
Modulated to generate circular isodose lines c) Modulated to generate elliptical shaped isodose lines.

Figure 4: Isodose distribution of a single shot in lung phantom a) Unmodulated Full ARC 
shot b) Modulated to generate circular isodose lines.

By applying a weighting factor at each incremental sector 
angle, circular isodose lines were obtained as shown in Fig. 
3.b. Another modulation is demonstrated in Fig. 3.c where 
elliptically shaped isodose lines were generated with the 
major axis flipped 90 degrees as compared to the isodose 

lines in Fig. 3.a. Fig. 4 shows another example of intensity 
modulation that was done for a lung phantom to generate 
more circularly shaped isodose lines. By modulating the 
weight of the arc sectors, better control can be obtained on 
the target coverage (i.e., isodose line shapes).
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Figure 5: RGS plans with different shot numbers as compared to single modulated shot a) Isodose distribution from 3 shot 
plan, b) Isodose distribution from 5 shots plan, c) Isodose distribution from one single modulated shot plan.

For our first target drawn on a patient CT, a plan was 
generated using RT Pro TPS optimization as shown in 
Fig. 5. The number of shots was limited to 3 during the 
optimization. The resulting plan showed 97% coverage and 
a 1.28 conformity index. We reran the optimization after 
increasing the shot numbers to 5 shots. The resulting plan 
showed better conformity being on the order of 1.09 with a 
slight reduction in coverage being on the order of 95.7%. On 
the other hand, using modulated arc sectors with only one 
shot, a plan was generated with 1.03 CI and 99% coverage. 
Thus, one shot with weighted sectors can achieve the same 

coverage/conformity index as that obtained with multiple 
shots. This also resulted in a considerable reduction in 
delivery time by 55%. Our second studied target was a C 
shaped target. A plan was generated using regular shots 
and, as can be seen in Fig. 6.a, it is challenging to contour 
the isodose lines around this irregularly shaped target. 
Subsequently, another plan was created using modulated 
shot delivery having a combination of full and partial arcs. 
Figure 6.b shows better conformal isodose distribution with 
the use of this approach.

Figure 6: RGS plans using regular shots as compared to modulated shots a) Isodose distribution 
for a plan using regular shots, b) Isodose distribution for a plan using modulated shots.

Shot within shot: It was shown that the width of the 
prescription isodose diameter can be changed at sub-
millimeter increments depending on the superimposed cone 
sizes. For example, a shot delivery of 50% from a 2.5cm cone 
and 50% from a 0.6 cm cone on the same isocenter resulted 
in a 0.6 cm change in diameter in the superior-inferior 
direction. The swinging angle increased the shot diameter 

for the 2.5 cm cone in the superior-inferior direction by 
0.4 cm. Superimposing a shot generated by a 2.5 cm cone 
with shots generated with other cone sizes on the same 
isocenter showed a linear relation when the beam diameter 
was plotted versus the additive cone size. Figure 7.a and 
7.b show results with a zero swinging angle with the two 
phantoms and Fig. 7.c and 7.d show the same calculation, 
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however, after using a 35 degree swinging angle. Other plans 
were also generated using a 2.5 cm cone superimposed with 
a 2 cm cone using different weighting percentages with and 
without a swinging angle. We plotted our results in Fig. 8 for 

the two phantoms. Figures 7 and 8 demonstrated that shot 
within shot plus a swinging angle can provide more abilities 
in shaping the isodose lines to improve target coverage and 
normal tissue sparing.

Figure 7: RGS results for superposition of a 2.5 cm cone with different cone sizes ranging from 0.6 to 2 cm and 
with zero and a 35 degree swinging angle, a) 15cm diameter spherical phantom and zero swinging angle, b) 30 
cm diameter cylindrical phantom and zero swinging angle, c) 15cm diameter spherical phantom and 35 degree 

swinging angle d) 30cm diameter cylindrical phantom and 35 degree swinging angle.

Figure 8: RGS results for superposition of 2.5cm cone with 2 cm cone size with different weighting percentages 
with zero and 35 degree swinging angles, a) 15cm diameter spherical phantom and zero swinging angle, b) 30cm 

diameter cylindrical phantom and zero swinging angle, c) 15cm diameter spherical phantom and 35 degree 
swinging angle d) 30cm diameter cylindrical phantom and 35 degree swinging angle.
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Treatment planning

The dynamic dose rate approach with arc sector modulation 
was used in the treatment planning of a spine case and was 

helpful in tailoring the isodose lines to avoid exceeding the 
spinal dose limit constraints as proposed by 
Timmerman [17]. This can be clearly seen in Figure 9 
showing an axial view of the isodose distribution.

Figure 9: A spine case planned using the dynamic dose rate approach with arc-sector modulation.

CONCLUSION

The non-coplanar multiple source arrangement of the 
rotating gamma ray systems could improve the searching 
abilities in treatment plan optimization to provide superior 
dose distributions for SRS and SBRT applications.
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