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Abstract

The impact of selection of prescription isodose line (IDL) on plan quality has not
been well evaluated during inverse planning (IP). In this study, a total of 180 IP
plans at five levels of IDL were generated for 30 brain metastases (BMs). For
each BM, one round of IP was performed with typical IP settings, followed by a
quick fine-tuning to ensure the same target coverage and comparable confor-
mality index. The impact of the IDL on the quality metrics (selectivity, gradient
index [Gl], and treatment time) was evaluated. The decrease of selectivity and
increase of Gl meant inferior target dose conformality and more dose spillage.
Additionally, a metric directly correlated to the treatment time was proposed.
For all cases, the mean Gl decreased monotonically as IDL decreased from
70% to 30%, and the decreasing rate was significantly different based on tumor
size. The mean selectivity and number of shots decreased monotonically as IDL
decreased for all the tumors. From 70% to 30% IDL, the decreasing rate of the
mean selectivity was 2.8% (p = 0.020), 7.7% (p = 0.005), and 15.4% (p = 0.020)
and that of the number of shots was 75.4% (p = 0.001), 73.2% (p = 0.001), and
50.7% (p = 0.009), for the large, medium, and small tumors, respectively. For
the medium and small tumor groups, the mean treatment time increased mono-
tonically when IDLs decreased (increasing rate was 80.0% [p = 0.002] for me-
dium tumors [p = 0.001] and 130.8% [p = 0.001] for small tumors from 70% to
30%). For the large tumors, the mean treatment time was the shortest at 50%
IDL (59.0 min) and higher at 70% (65.9 min) and 30% (71.9 min). Overall, the
GammaPlan chose smaller sectors for plans with lower IDLs except for the large
size group.
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1 | INTRODUCTION
In Leksell GammaPlan (LGP version 11.1, Elekta
AB, Stockholm, Sweden), the planning procedure for
Gamma Knife (GK) treatment starts from defining tar-
get dose and prescription isodose line (IDL), after target
volumes are drawn by physicians on magnetic reso-
nance images. The planner can either manually place
shots on the target or use the inverse planning (IP) tool
to iteratively search for an optimal target dose. For the
selection of IDL, 50% is a common choice by most clin-
ics, yet great variations of IDLs have been observed.
In a review' by Paddick et al, the IDLs varied between
30% and 94% in treating vestibular schwannoma, when
multiple shots were used during forward planning (FP).

Paddick et al found that the IDL of a GK plan was
correlated to the amount of low dose spillage in the
plan.1 For the same treatment target, the authors per-
formed three forward plans with the same conformality
index (CI). The Cl was a measure of how well the target
dose was conformed to the target shape.2 Despite the
same target dose conformality, the low dose spillage,
considered as one of the major causes of radiation ne-
crosis, was significantly different in three plans. When
comparing these plans, a question was raised imme-
diately of which IDL was optimal and corresponding
to the lowest low dose spillage. For 50 treated plans
with multiple shots, the authors re-prescribed the target
dose at different IDLs (ranging from 20% to about 70%)
and examined the optimal IDL in terms of low dose fall-
off. The gradient index (Gl), defined as the ratio of iso-
dose volume of the half prescription dose to that of the
prescription dose, was used to evaluate low dose falloff
at the half of the prescription dose.! However, simply
re-prescribing a plan could significantly compromise
the conformality of the target dose, and the quality of
the re-prescribed plans would not be acceptable for
clinical treatment. It would be more desirable to com-
pare GK plans at different IDLs with acceptable plan
quality. This was very difficult to achieve in Paddick's
study, because manual planning was the only choice
in GammaPlan with versions earlier than 10; hence, it
was not feasible to generate numerous FP plans with
consistent planning quality. IP has been developed and
reported by multiple groups3‘9 but not available until
LGP version 10.0 was released in 2010. Under the IP
feature, the target coverage, Cl, Gl, and treatment time
could be optimized concurrently based on predefined
planning settings. As evaluated by Schlesinger et al,
the IP tool in the GammaPlan could generate plans
with more consistent quality and in consequence,10 so it
is feasible to quickly generate multiple plans at different
IDLs with acceptable quality. This enabled feasibility of
evaluating the impact of the IDL on the quality of GK
plans.

We generated IP plans at five levels of IDL for 30
brain metastases (BMs) of various sizes, each with the

same target coverage and similar Cl. The impact of the
IDL on the quality of the plan, for example, Gl, selectiv-
ity, number of shots, and treatment time, was evaluated.
The decrease of selectivity and increase of Gl mean
worse target dose conformality and worse low dose
spillage at half of the prescription dose, respectively.
We further examined the size of the sectors selected
by the IP optimizer in relation to the corresponding plan
quality. Finally, we evaluated the impact of the numbers
of starting shots for IP on plan quality for certain IDLs.
As IP has started to gain popularity for GK planning,
we expected that the findings from our study would be
useful for GK planning when selecting IDL for tumors
with various sizes.

2 |
21 |

METHODS AND MATERIALS
Patient selection

Under the approval of the Institutional Review Board,
30 patients with a total of 30 BMs treated on the LGK
Perfexion system were retrospectively recruited in the
study. The selection criterion was based on the tumor
size (the maximum size in one dimension) with 30 pa-
tients being equally divided into three groups: large tu-
mors (>2 cm), medium tumors (between 1 and 2 cm),
and small tumors (between 0.5 and 1 cm). Tiny tumors
(<0.5 cm) were not included in the study, as a single
shot was sufficient to cover the target and no IP was
needed for planning. All BMs were treated in a single
fraction. The delivered dose (in mean * standard de-
viation [SD]) was 17.5 + 1.9 Gy for the 10 large tumors
and 20 Gy for the medium and smaller BMs. The sizes
of the large, medium, and small tumor groups were
2.56 £ 0.22, 1.50 £ 0.20, and 0.86 + 0.15 cm, and cor-
responding volumes were 5.36 + 0.12, 1.26 + 0.54, and
0.38 + 0.19 cm®, respectively. None of the tumors had
immediately adjacent organs at risk (OARs). About
70% of the patients treated in our center had no abut-
ting OARs based on a review of patient data in the past
2 years.

2.2 | IP at different IDLs

The functionality of the IP tool was well described by
Schlesinger et al.'® For each patient, IP plans were
generated at individual IDL of 30%, 40%, 50%, 60%,
and 70%, which covered the common range of IDLs
for GK planning. The planning process started from
defining the target dose and the corresponding IDL at
the Target tab in GammaPlan. Shots were filled auto-
matically based on the Fill setting, and composite shots
were allowed. The same Fill setting was used for the
same tumor at different IDLs. In the Optimization tab,
the IP parameters, including coverage, selectivity, Gl,
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and beam-on, were set to 0.81, 0.19, 0.1, and 0.19 for
the large and medium tumor groups. For small tumor
group, only the coverage parameter was increased
slightly to 0.83. The definition of these parameters
could be found in the white paper.11 For each plan,
one round of optimization was performed, which typi-
cally took 2—3 min. The IP objective was defined as a
combination of weighted coverage, selectivity, Gl, and
treatment time.!" The iteration was stopped by the user
when either the objective stabilized or the number of
iterations reached 8000. After optimization, missing
target coverage was often observed in the regions with
abrupt anatomy changes, for example, the most supe-
rior and inferior slices of the target. One to three shots
were manually added to ensure adequate target cover-
age in the regions. For a fair plan comparison, we en-
sured the same target coverage for the same tumor at
different IDLs. For each group of tumors, the selectivity,
Gl, treatment time, and number of shots were evalu-
ated at different IDLs.

Similar to the segments in conventional intensity-
modulated radiation therapy (IMRT) plans, we noticed
that the size of the sectors selected by the optimizer
during optimization was a major indicator of the plan
quality, treatment time in particular. For individual shot
in an IP plan, the collimator sizes of the eight sectors
were often different due to the non-sphere shape of the
tumor. The mean sector size of an IP plan was highly
correlated to the quality of the plan when evaluating the
IDL impact. As beam-on time for each shot reflected its
weight in an IP plan, we proposed the time-weighted
mean sector size for plan quality evaluation:

N
Zmean ) # T/ Tootars (1)

where mean (S,) was the mean size of the sectors for
shot j, T; was beam-on time for shot j, T, ., was the total
beam-on time for the plan, and N was the total number of
shots. The mean(S)) is calculated from the shot pattern of
shot i. For example, for a shot pattern of [4 16 8 8 B 16 B
8], the mean size willbe 7.5 (=(16 x 2 + 8 x 3 + 4 x 1)/8).
The number in the brackets was the size (unit of milli-
meter) of the individual collimator in the corresponding
sector, and a shot was composed of eight sectors. The
letter B meant the individual collimator was blocked. All
the parameters employed to calculate S were from the
plan report, and S was calculated for all the plans.

We also evaluated the impact of the starting shots on
the quality of IP plans. The initial shots could be either
manually filled by the planner or automatically filled by
the GammaPlan. For automatic filling, the number of
the initial shots was determined by the setting of col-
limator size under IP option. For a fair planning com-
parison, we chose automatic filling with the same filling
setting for all the plans. It was noticed that the number
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of filled initial shots was correlated to the IDL: Lower
IDL led to fewer initial shots. For example, the initial
shots for plans at 30% IDL were significantly fewer
than others. To evaluate the effect of the initial shots on
plans at 30% IDL, we performed another round of inde-
pendent planning on those plans by forcing the same
starting shots as in those planned at 50% IDL. This was
achieved by choosing 50% IDL when starting planning
and filling in the same number of initial shots for 50%
IDL plans. Before optimization was started, IDL was
switched back to 30% under prescription. The resulting
plans were compared with the plans at 30% IDL with
fewer starting shots.

We performed statistical analysis for our results
(IBM, SPSS Statistics, version 24). To compare means,
paired sample t tests were performed for dependent
data groups. A p value <0.05 was considered statisti-
cally significant.

3 | RESULTS

Not counting the 30 additional plans for the 30% IDL
with identical starting shots to the 50% IDL, a total of
150 plans were generated through IP for 30 brain tu-
mors at five levels of IDL. The overall mean and SD
of the coverage, selectivity, Gl, and treatment time for
all the plans were 98.0 + 0.8%, 0.80 £ 0.09, 3.5 + 0.9,
and 45.3 + 19.5 min, respectively. For each patient, the
coverage was the same for all the plans at different
IDLs. The means of selectivity, Gl, treatment time, and
number of shots for three tumor groups were compared
at different levels of IDL (Figures 1-3). The error bars
meant +1 SD. For all cases, the mean Gl decreased
monotonically as IDL decreased from 70% to 30%,
and low dose spillage was improved correspondingly.
However, the decreasing rate was significantly differ-
ent in terms of the size of the tumors. Using the mean
Gl at 70% IDL as the baseline, the Gl at 30% IDL was
decreased by 17.6% (p = 0.001), 26.6% (p = 0.001),
and 52.4% (p = 0.001) for the large, median, and
small tumor groups, respectively. The mean selectiv-
ity decreased monotonically as IDL decreased for all
the tumors; that is, the conformality of the target dose
became worse. The decreasing rate from 70% to 30%
IDL plans was 2.8% (p = 0.020), 7.7% (p = 0.005), and
15.4% (p = 0.020) for the large, median, and small tu-
mors, respectively. The number of shots decreased
monotonically from high-IDL to low-IDL plans for all the
tumors. The mean decreasing rate from 70% to 30%
IDL plans was 75.4% (p = 0.001), 73.2% (p = 0.001),
and 50.7% (p = 0.009) for the large, median, and small
tumors, respectively. For the medium and small tumor
groups, the mean treatment time increased monotoni-
cally when IDLs decreased from 70% to 30%, and the
increasing rate was 80.0% (p = 0.002) and 130.8%
(p=0.001), respectively. For the large tumors, the mean



292 JOURNAL OF APPLIED CLINICAL

XU ETAL.

MEDICAL PHYSICS
Selectivity (L)
0.95

Y N —

0.88 0.877

'

08 — 0869 0869 085
2075 — —_ — — —— —
€
8 07 — -
4

0.65

0.6

0.55

05

70 60 50 40 30
IDL (%)

Treatment Time (minute) (L)
100

Treatment time

70 60 50 40 30
IDL (%)

FIGURE 1
isodose line

treatment time was the shortest at 50% IDL (59.0 min)
and higher at 70% (65.9 min) and 30% (71.9 min). The
treatment time at 70% and 30% IDL plans was 11.7%
(p = 0.009) and 21.9% (p = 0.001) higher than that at
50% IDL plans.

The time-weighted mean sector size for three groups
of tumors at different IDLs was plotted in Figure 4.
Overall, the GammaPlan chose smaller sectors for
plans with lower IDLs. For the small and medium size
groups, the mean sector size decreased monotonically
when IDL decreased. For the large size group, the mean
sector size was the largest at 50% IDL and smallest at
70% IDL. At 70% IDL, the mean sector size was not
significantly different between three groups (8.8 mm for
large and medium groups and 8.0 mm for small group).
But at 30% IDL, the mean sector sizes were very dif-
ferent between groups (8.1 mm for large tumor group,
6.5 mm for medium tumor group, and 4.7 mm for small
tumor group).

The increased number of starting shots did not
improve the quality of plans at 30% IDL significantly
(Table 1). For seven tumors in the small group, the
number of initial shots was the same between 30%
and 50% IDL plans, so they were not included in this
section. The rest of the three small tumors were added
to the medium group. The number of initial shots was

Gl (L)
338
36 i :
34 3.548
32 — 3.3[44 T
s L I :

] 3.153 1
25— 3.031 B
56 | 3L 98
24 ‘

22
2
70 60 50 40 30
IDL (%)
Number of Shots (L)

70 60 50 40 30
IDL (%)

The means of selectivity, gradient index (Gl), treatment time, and number of shots for large tumor group. Abbreviation: IDL,

almost doubled in the replanned cases. For the large
tumor group, the mean selectivity was improved by
0.01 (p = 0.129), the mean Gl was worsened by 0.06
(p = 0.124), and treatment time increased by 5.8%
(p = 0.349) after increasing the number of the initial
shots. For the medium group, the mean selectivity was
improved by 0.04 (p = 0.079), the mean GI was wors-
ened by 0.04 (p = 0.521), and treatment time increased
by 5.1% (p = 0.260). For all patients, the mean selectiv-
ity was improved by 0.03, the mean Gl was the same,
and mean treatment time increased by 5.5% after the
number of the initial shots was increased. Overall, the
number of the initial shots had minimal impact on the
final quality of the plans at 30% IDL.

4 | DISCUSSION
We performed an extensive planning study to evaluate
the impact of the IDL on the quality of GK IP plans based
on a commercially available treatment planning sys-
tem. The impact of the IDL on the plan quality has been
discussed in other cone-based systems, for example,
CyberKnife,'?' but rarely for GK. Johnson et al evalu-
ated the IDL selection on the quality of GK plans, and
the number of shots was limited up to two based on
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FIGURE 2 The means of selectivity, gradient index (Gl), treatment time, and number of shots for medium tumor group. Abbreviation:

IDL, isodose line

their shot within shot technique. In both CyberKnife
and GK systems, the flattening filter-free beam had a
spike peaked in the middle of the beam profile. The rate
of the lateral dose falloff was mostly determined by the
gradient of the beam profile, and the rate of the longi-
tudinal dose falloff mainly followed the gradient of the
beam percentage depth dose curve. Overall, the lateral
dose falloff was significantly sharper than that in the
longitudinal direction and therefore a more determinant
factor for the quality of the plans. The selection of IDL
requested which part of the beam profile was preferred
to paint the target dose. The shape of GK profile has
been similar to those of flattening filter-free beams in
the cone-based system, and the same rational should
follow.

An example of a GK shot profile was shown in
Figure 5 (8 mm in X-direction with full width at half
maximum [FWHM] of 10.82 mm). We started from a
conceptual 1D single shot to explain the impact of IDL
selection for GK planning. The 1D single shot assumed
a simplified geometry that beam entered from the an-
terior direction, and dose in a coronal plane of the tar-
get was evaluated, without considering any scatter and
leakage. Also, 1D meant the evaluated dose in any
axis of the coronal plane because the shot was circu-
lar symmetry. If lower leakage dose to the left side of
the target (assuming shot and target were overlapping)

was desired, a lower IDL was preferred because that
leakage dose would be obviously minimal. However,
the width of the shot profile inside the target also had
to be considered as the shots were always symmetric.
If a very low IDL was chosen to minimize dose spillage,
the width of the shot profile at that IDL would be in-
creased significantly, which might increase dose spill-
age to the right side of the target. As the size of tumor
in GK stereotactic radiosurgery was often small, simply
requesting low IDL and pushing for better Gl might not
always be feasible. Meanwhile, forcing the optimizer
to choose a smaller collimator might help. However,
even the smallest shot (4 mm) had the size limitation.
The FWHM for the 4-mm collimator in the X-direction
was 6.07 mm, and the shot profile width was about
8.25 mm at 30% IDL. Due to this physical limitation,
it would be more difficult to use lower IDL for smaller
targets while maintaining a reasonable Cl. Note that
the example discussed here was for a 1D single col-
limator case. For clinical cases, the overall dosimetry
effect would be more comprehensive, and more fac-
tors should be included. For example, the target might
not be in the middle of the brain, and shots from all di-
rections might have different attenuations. In addition,
the shot profile is slightly different in Z-direction than in
the other directions. (The FWHM in Z is smaller than
that in X- or Y-direction.) As different collimator size
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TABLE 1

Comparison between the original plans and plans with increased number of initial shots
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Original plans

Plans with increased initial shot number

Selectivity Gl Shots Time Selectivity Gl Shots Time

0.86 +0.03 2.93+0.10 15+ 3.09 71.88+17.83  0.87 £0.04 2.99+0.13 30.4£9.19 76.06 + 18.10
0.74 + 0.11 2.98+0.22 5.31+2.14 54.23+14.29 0.78+0.06 2.94+0.18 9.69 + 3.64 56.99 + 11.10
0.79£0.10 2.96£0.18 9.52+5.53 61.90+17.93 0.82+0.06 296+016 18.69+ 12.32 65.28 + 1717

Note: The unit of time was minute. The top row was the large tumor group, the middle row was the medium tumor group, and the bottom row was all the tumor

groups.
Abbreviation: GlI, gradient index.

shot profile for 8 mm collimator in X-direction

Rel. Dose meas. (%)
------- Rel. Dose LGP (%)

FIGURE 5 Gamma Knife shot profile 120 5
in X-direction for 8-mm collimator. The
figure was copied from Elekta ICON
acceptance report, and the solid profile
was measured using film by Elekta. 1001
Abbreviation: LGP, Leksell GammaPlan
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may be employed in different sectors in each shot, the
final target dose would have a sector overlaying effect
due to combination of different beam sectors. But the
same rational should follow that lower IDL led to lower
dose spillage outside of the target, which was consis-
tent with what we have found in this dosimetry study.
We also noticed that if higher selectivity was desired,
higher IDL would be preferred because the width of the
portion of the shots to paint the dose would be narrower
(beam throughput was also reduced). The concept was
similar to conventional IMRT planning in that higher
number of smaller beam segments would be preferred
for a more conformal target dose. However, on the basis
of the shot profile in Figure 5, the dose spillage outside
the target in this case would increase significantly. This
explained why the selectivity and Gl were competing
with each other at all IDLs for all the cases. It was men-
tioned that the dropping rate of selectivity between IDLs
varied depending on tumor size, and the dropping rate
was the lowest in the large tumor group. The large tumor
group had the size advantage over other groups in that a
larger number of shots of different collimator sizes allow
for more combinations utilized at different IDLs. In other

90 95 100 105 110 115 120
X-AXIS

words, larger shots could provide great throughput, and
smaller shot could paint more conformal dose. At 30%
IDL, the mean number of shots was 15.0 + 3.1 for the
large group, which was significantly higher than those
of the medium (5.9 £ 2.1) and small (3.4 = 0.5) tumor
groups. With the best Gl at 30% IDL, the selectivity for
the large tumor group was still reasonable (only 2.9%
lower than the best selectivity at 70% IDL). At 50% IDL,
the IP plan for the large tumor group was the most bal-
anced in terms of selectivity and Gl (the mean selec-
tivity was 0.3% lower than the best mean selectivity,
and the mean Gl was 7.1% higher than the best mean
Gl). One other factor that could potentially affect the
quality of the plan was the gradient of the profile. From
Figure 5, we could observe that the gradient of the pro-
file was highly depending on the selected IDL. Johnson
et al reported for a single shot setting; the dose gradi-
ent in axial plane was the steepest at 56%—-63%, 62%—
70%, and 77%—84% IDL for 4-, 8-, and 16-mm cones,
respectively, based on their shot within shot technique.15
Unlike other planning systems, shells currently are not
allowed in this version of GammaPlan, and only Gl (the
dose falloff at 50% of the prescription) was incorporated
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in the optimization, which was distal to the target loca-
tion. In the future, the effect of the gradient of profile on
the plan quality should be investigated when immediate
dose falloff was included as the part of optimization, for
example, shell constraints.

Another important factor for GK IP planning was
the treatment time. The impact of the treatment time
on the GK treatment has been no different from linac
treatments. Lengthy treatment led to patient discomfort,
inconvenience, and more treatment uncertainties due
to motion, especially for frameless ICON treatment. We
found that the treatment time increased significantly
when IDL became lower for medium and small tumor
groups. As shown in Figure 5, the shot size (width of
shot profile) became wider at lower IDL, and much
smaller collimators had to be used to maintain Cl in the
medium and small tumor groups for this IDL. This ex-
plained why the time-weighted mean sector size was
much smaller for the small and medium tumor groups at
30% IDL. In consequence, the treatment time became
much longer due to lower throughput from the smaller
collimators. We had to point out that the number of shots
was inversely correlated to the treatment time between
IDLs for these two groups of tumors; for example, the
number of shots was the highest at 70% IDL, and treat-
ment time was actually shortest. As stated in the prior
paragraph, more shots were needed in higher IDL plans
to achieve reasonable selectivity, also due to the lower
beam throughput at high IDL. For these two groups of
tumors, the mean shot numbers at 70% and 30% IDLs
were 6.9 versus 3.4 (small size) and 22 versus 5.9 (me-
dium size), respectively. For GK delivery, shot transition
time, including couch movement and source movement
between shot and block locations, was overall small,
comparing with beam-on time of each shot. Thus, the
effect of smaller time-weighted sector played a more
vital role in determining treatment time and longer treat-
ment time for 30% IDL plans warranted, comparing with
70% IDL plans. Unlike for the small and median tumor
groups, requesting for shots of smaller size at lower IDL
was less critical in IP for the large tumor group. As a
result, more constant mean sector size was observed
between different IDLs in Figure 5. However, the treat-
ment time was still directly correlated to the mean sec-
tor size, as confirmed in the small and median tumor
groups. The time-weighted mean sector size at 50%
IDL was the largest (9.1 vs. 8.8 mm at 70% IDL and
8.1 at 30% IDL). Accordingly, the mean delivery time
at 50% IDL was the shortest (11.7% and 21.8% shorter
than time at 70% and 30% IDLs, respectively).

5 | CONCLUSIONS

We extensively evaluated the impact of the prescrip-
tion IDL on the quality of GK IP plans in terms of Gl,
selectivity, number of total and starting shots, sector

size, and treatment time and expect that it will help
GK users to decide IDL for GK IP. For the large tumor
group, 50% IDL was recommended as it achieved
the most balanced plan in terms of GI, selectivity,
and treatment time. For the medium and small tumor
groups, the GK users should decide preferred plan pa-
rameters in order of priority and chose the IDL based
on findings in our study.
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