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Simple Summary: Gamma Knife stereotactic radiosurgery is a precise radiation therapy
technique that delivers a high dose of radiation to treat patients with brain abnormalities.
The treatment planning and dose optimization process can be complicated and time-
consuming, requiring careful calculations to ensure that radiation is precisely and accurately
delivered to the target while minimizing complications in healthy brain tissues. This study
proposes a straightforward method to approximate the distribution of radiation dose in
three dimensions outside of the standard planning software, GammaPlan. By deploying a
simple sector-based superposition method, we aim to create a tool for evaluating treatment
plans and improve flexibility in treatment design. This new approach could help clinicians
and researchers assess plan quality with less reliance on proprietary software, potentially
enhancing the overall treatment planning process.

Abstract: Effective dose calculation is essential for optimizing Gamma Knife (GK) stereo-
tactic radiosurgery (SRS) treatment plans. Modern GK systems allow independent sector
activation, enabling complex dose distributions per shot. This study presents a dose approx-
imation method designed to account for shot flexibility and generate 3D doses external to
GammaPlan. A treatment plan was created with the TMR10 calculation for individual sec-
tor activations using a Radiosurgery Head Phantom. The resulting dose arrays established
a basis set of sector-specific distributions, which were then referenced by shot parameters
from the plan, allowing dose accumulation through superposition. This superposition ap-
proximation (SA) was compared to the original TMR10 using the Dice Similarity Coefficient
(DSC), 95% Hausdorff Distance (HD95), and GK deliverability metrics: coverage, selectivity,
and gradient index, across an isodose normalization range from 10% to 90%. In a cohort
of 30 patients with 71 targets, strong agreement was observed between TMR10 and SA in
the clinically used 50–60% isodose range, with DSC above 85% and HD95 under 2.18 mm.
The average differences for the coverage, selectivity, and gradient index were 0.014, 0.008,
and 0.118, respectively. This method accurately approximates TMR10 calculations within
clinically relevant ranges, offering an external tool to assess 3D dose distributions for GK
treatment plans.

Keywords: gamma knife; dose approximation; TMR10 calculation; treatment planning
optimization; superposition approximation (SA)
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1. Introduction
Optimizing treatment plans in radiation therapy is a challenging task across many

modalities. Depending on the optimizer, this process often requires multiple dose calcu-
lations at various stages. Iterative optimizers, commonly employed in clinical practice,
perform simplified dose calculations between iterations to evaluate the plan’s progress
toward achieving treatment objectives [1]. For this reason, dose calculation approximations,
especially those capable of calculating 3D dose distributions, are necessary to continue
the development of plan optimization systems. In this study, a simplified dose calculation
method was developed to approximate 3D dose distributions from plans generated for the
Leksell Gamma Knife Icon (Elekta AB, Stockholm, Sweden).

Gamma Knife stereotactic radiosurgery (GK-SRS) is commonly used to treat small
targets, such as brain metastases, with doses ranging from 18–24 Gy prescribed to the
50–60% isodose line [2–4]. Larger targets, such as meningiomas, can be treated with lower
doses of 12 Gy or more for patients that are not surgical candidates [5]. Very high doses
of 80 Gy or more may be used to provide relief to patients from function disorders like
trigeminal neuralgia [6].

GK-SRS systems are designed with submillimeter precision. They utilize 192 cobalt-60
(Co-60) sources, each individually collimated in a non-coplanar configuration around the
patient’s head. These sources are grouped into eight sectors, with each sector capable of
collimating its sources independently of the other sectors. Each sector can be blocked or
opened to one collimation of 4, 8, or 16 mm in size [7]. At the isocenter, the convergence of
the 192 beamlets results in a highly focused dose, delivered with an accuracy of 0.15 mm.
During treatment, the combination of machine parameters for patient position relative to
the isocenter, sector activation of the sources, and beam-on time at that position form what
is known as a “shot”. A GK treatment plan contains the collection of this information for all
the shots required to treat that patient. The optimal arrangement of these plan parameters,
namely the number of shots, shot position, sector activation, and shot weighting allows
GK to achieve the core concept of SRS, precisely delivering high doses of radiation to each
target lesion, often in a single fraction (SRS), or fractionated stereotactic radiotherapy (SRT),
while simultaneously sparing surrounding healthy tissues [8,9].

Previous versions of the GK system lacked the flexibility of the modern Perfexion,
Icon, and Esprit models. Rather than controlling each sector individually, large single-size
collimator helmets were required to be manually plugged prior to shot delivery, resulting
in treatment plans composed almost entirely of what modern systems now refer to as
“classic shots” [10–12]. To enhance optimization routines in treatment planning, algebraic
approximations leveraged this simpler delivery method of older GK systems by first
approximating the dose distribution as spherically symmetric [13]. These approximations
were then improved by shifting from spherical to ellipsoidal distributions [14]. These
endeavors into intermediate dose calculations have allowed researchers to bypass the closed
nature of the GK system while developing the original inverse optimization routine adopted
by Elekta for GK [15]. While these geometric methods remain useful for approximating
dose distributions in classic shots, the independent sector activations introduced by the
modern models complicate the process of approximating their resultant dose distributions.

To address this enhanced complexity, dose calculation efforts have also explored the
option of modeling all sources and collimation options individually, by either summing
their contributions or via Monte Carlo simulations [16–19]. In this work, we developed
an alternative method capable of producing clinically relevant dose approximations for
modern GK systems utilizing a dose distribution superposition approach that relies on
fewer individual models without the computational cost of Monte Carlo. This tool provides
a simple approach to calculating doses based on key machine parameters—patient position,
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sector activations, and beam-on time—enabling an intermediate dose calculation external
to the closed GK system. With this tool, we can batch process any arbitrary plan parameter
combinations, enhancing our understanding of the dose distributions produced by planning
optimizations and automation approaches in GK treatment planning.

2. Materials and Methods
2.1. Data Acquisition and Preparation

Dose arrays and their associated machine parameters were exported from the Leksell
GammaPlan (Leksell GammaPlan, Version 11, Elekta AB, Stockholm, Sweden) treatment
planning system (TPS) for the Gamma Knife Icon unit. Each dose array consists of a
448 × 448 × 448 array with a pixel spacing of 0.5 mm per voxel. The GammaPlan TMR10
algorithm uses a homogenous dose calculation, where the patients’ anatomy is considered
as water. TMR10 accounts for the divergence of each Co-60 beamlet with the inverse
square law, exponential attenuation of each beamlet as they traverse the assumed water
environment, differences in the dose deposition rate between collimation sizes with output
factors, and depth variations with a scaling distance. Any heterogeneities within the
volume bounded by the external boundary are not accounted for with the standard TMR10
dose calculation [20]. This information is also available in documents typically associated
with the Written Directive for the treatment unit, such as the GK Details Document and the
Operator’s Report.

A dataset of 30 anonymized patients, previously treated with the GK system at the
Mary Bird Perkins Cancer Center/Our Lady of the Lake, was curated for this study. This
cohort consisted of patients with a variety of lesions treatable by GK, including 15 patients
receiving treatment for multiple metastases, 5 for meningiomas, 3 for single metastases,
3 for pituitary adenomas, 3 for glioblastomas, and 1 for an oligodendroglioma [9]. The total
target number among this patient cohort was 71. The physician-defined contours for each
of these targets were also exported for the calculation of deliverability metrics.

A standard dose distribution base set for each collimation setting of each sector was
calculated within GammaPlan using the Radiosurgery Head Phantom CIRS Model 605. The
planning position was set as the (100, 100, 100) point in the GammaPlan coordinate system,
corresponding to an axial plane 80 mm inferior to the apex of the phantom’s external
contour. The position was roughly centered in the axial slice along the GammaPlan-
measured lengths of 202 mm in the anterior–posterior direction and 156 mm in the medial–
lateral direction. This base set is composed of three sizes (4, 8, and 16 mm) for each of the
eight sectors, resulting in 24 single-sector dose arrays. After exporting from GammaPlan,
the resulting arrays were cropped to 148 × 148 × 148 voxels for the 4 mm and 8 mm
activations, and 224 × 224 × 224 voxels for the 16 mm activations. This was performed to
optimize storage and processing demands, and the size of each cropped array was chosen
to maintain the sub-10% low-dose region.

2.2. Sector Activation Superposition

An empty array is initialized to the same dimensions and spacing as the CBCT used
to establish the patient’s stereotactic treatment space. This array is 448 × 448 × 448 voxels
with 0.5 mm/voxel spacing in all three dimensions. The origin coordinate for the stereo-
tactic treatment space is the ImagePositionPatient metadata entry for the first slice of the
patient’s CBCT. Each patient’s target is accessed sequentially. For each shot in a target,
the shot’s position relative to the origin coordinate is calculated. The routine then loops
through each of the shot’s sector activations, retrieving the corresponding dose contribu-
tions from the base set. These contributions are scaled by their shot-weighting parameter
and superimposed into the global patient array at the calculated position relative to the



Radiation 2025, 5, 6 4 of 11

origin coordinate of the stereotactic treatment space. This process is repeated for all shots
in the current target before moving to the next target, if the patient was treated for multiple
targets.

A mathematical representation of the accumulation is provided below:

d([(x, y, z), w, S]) =
m

∑
j=1

wj

8

∑
i=1

Kj
(
Si, xj, yj, zj

)
(1)

where Kj(Si) =


ki, small

ki, medium

ki, large

0

, Si = 4
, Si = 8
, Si = 16
, Si = 0

D(Dmax) =
n

∑
t=1

dt × Dmax,t

max(dt)
(2)

where the process is presented in two steps. The first step, d([(x, y, z), w, S]), is an accu-
mulation of a single target’s dose distribution as a function of all shots, indexed by j, in
the target with individual center positions (xj, yj, zj), shot weighting (wj), and the eight
sector activations Kj(Si). A dose is accumulated for each shot one sector at a time, from
i = 1 to i = 8, by summing the appropriate dose contribution kernel from the basis set at
the (xj, yj, zj) position of the accumulation array. This is repeated for each individual shot,
from j = 1 to j = m, where m is the total number of shots in the target’s plan. The second
step then accumulates all target contributions, indexed by t, after normalizing the dose
distribution for the target and scaling it to units of Gray. The scaling value, Dmax, is equal
to the prescription dose [Gy] divided by the fractional planning isodose level.

Using Figure 1 as an example, the inputs required to achieve Figure 1B would be
d([(70,70,70), 1, (8,8,8,8,8,8,8,8)]) and D(40), where the (70,70,70) position is the center of the
array in voxel coordinates. Similarly, Figure 1C would correspond to inputs of d([(70,70,70),
1, (8,4,0,16,0,4,8,4)]) and D(40). Finally, Figure 1D would require the information of both
shots separated by a distance of 1 cm (20 voxels) along the x-axis, corresponding to inputs
of d([(60,70,70), 1, (8,8,8,8,8,8,8,8)], [(80,70,70), 1, (8,4,0,16,0,4,8,4)]) and D(40).

After producing the superposition approximation (SA) dose arrays for each of the
30 patients, the original and recreated full-size arrays were cropped into additional target-
centered arrays. This resulted in 71 arrays, each cropped to match the dimensions of the
target box used during the original GammaPlan treatment planning. These arrays were
compared as absolute doses or normalized to their maximum for relative dose comparisons.
Both approaches are illustrated in Figure 2, which provides an example of using the SA
method to recreate an entire target’s 3D dose. Figure 2A,B share a color bar that represents
absolute dose in Gy. Figure 2A shows the dose distribution for a meningioma as calculated
with TMR10. Figure 2B shows the result of the SA method for the same target. The black
isodose lines in both figures represent the 52% prescription isodose volume. Pairwise
comparisons and deliverability metrics were then calculated using these binary volumes.
Figure 2C overlaps those volumes along the target’s central axial slice, with the TMR10
calculation shown in green, the SA method in magenta, and their intersection in white.
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the image. (B) shows all 8 sectors activated to the same collimation setting of 8 mm, forming a classic 
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method. (A) is the TMR10-produced dose array for the treatment of a meningioma. (B) shows the 

superposition approximation. The black isodose line shown in both (A,B) highlights the prescription 

isodose of 52% for each dose distribution. (C) highlights differences between the prescription iso-

volumes of (A,B) (shown in black) as an RGB formatted fusion, where green is the TMR10-calculated 

iso-volume, magenta is the superposition approximation iso-volume, and white is their intersection. 

The shown Dice Similarity Coefficient is the result of a 3D comparison for this target with these 

prescription volumes. 

  

Figure 1. Example sector activations and shot interactions created using the superposition method.
(A) is an example of only sector 1 being active to 8 mm, as indicated by the key in the top right of the
image. (B) shows all 8 sectors activated to the same collimation setting of 8 mm, forming a classic
8 mm shot. In (C), an example shot with mixed activations is displayed. (D) shows the interaction of
the shots in (B,C) when separated by a horizontal distance of 1 cm, with the 50% isodose line shown
in black. “x” and “+” indicate the shot positions for the shot shown in (B,C), respectively.
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Figure 2. An example of the full target reconstruction of the dose array using the superposition
method. (A) is the TMR10-produced dose array for the treatment of a meningioma. (B) shows the
superposition approximation. The black isodose line shown in both (A,B) highlights the prescription
isodose of 52% for each dose distribution. (C) highlights differences between the prescription iso-
volumes of (A,B) (shown in black) as an RGB formatted fusion, where green is the TMR10-calculated
iso-volume, magenta is the superposition approximation iso-volume, and white is their intersection.
The shown Dice Similarity Coefficient is the result of a 3D comparison for this target with these
prescription volumes.
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2.3. Approximation Evaluation

Dose arrays were approximated for all 71 targets from the 30-patient cohort. The
performance of the SA was evaluated by comparing these approximations to the original
TMR10 dose arrays obtained from the GammaPlan system. Due to the known limitation
of the SA not correcting for depth differences, there is an inherent inability to replicate
interactions between shots that would produce hotspots. In GK-SRS, a measure of dose
heterogeneity within the target is not typically used to evaluate plan quality. Clinical
evidence has shown that the presence of these hotspots within the target volume provides
a radiobiological advantage, and penalizing these hotspots in planning optimization nega-
tively impacts dosimetric fall-off around the target [3,4]. To conform with this, evaluation
methods like gamma analysis, which would penalize differences in heterogeneous regions,
were not used. Instead, our focus was to evaluate the clinical performance of the SA using
two methods, especially in the 50–60% isodose level commonly used as the prescription
line in planning. First, the pairwise comparisons of the Dice Similarity Coefficient (DSC)
and Hausdorff Distance (HD) were each calculated at every 10% threshold from 10% to
90%, where higher thresholds provide insight into differences between hotspot regions.
The second method is to compare the deliverability metrics that are commonly used in a
clinical setting to evaluate plan quality. Our goal with both approaches is to demonstrate
the similarity between the SA and the original TMR10 calculation.

2.3.1. Pairwise Comparisons

The Dice Similarity Coefficient (DSC), first proposed by Dice [21], is a measure of over-
lap between two sets. It has commonly been used to evaluate image segmentations [22,23]
and is defined for a 3D implementation in this work as

DSC =
2|VTMR10 ∩ VSA|
|VTMR10|+ |VSA|

(3)

where VTMR10 and VSA refer to the binary volumes produced by the GammaPlan TMR10
calculation and SA, respectively. The DSC ranges from 0 to 1, with high values indicating
higher similarity between the sets. The metric is sensitive to differences between the sets in
both size and position [24]. Figure 2C shows two sets that achieved a high 3D DSC of 0.939
at the prescription line used in planning, indicating very strong agreement between the
two dose distributions for this target.

The Hausdorff Distance (HD) provides a measure of the maximum distance between
two sets [25]. It is defined as

HD = max(d(x, SA) , d(y, TMR10) ) (4)

where x and y represent a point along the surface of the volume created by thresholding the
TMR10 and SA dose arrays, respectively. Following this, d(x, SA) and d(y, TMR10) represent
the minimum distance from a point x or y to a point on the surface of the thresholded SA
or TMR10 volume, respectively. Essentially, HD represents the largest minimum distance
between the surfaces of the SA and TMR10 distributions when each is thresholded to the
same percentage.

In this study, we used a 95% Hausdorff Distance (HD95), which reports the
95th percentile of the distances between points in two sets, rather than the maximum
distances. With the exclusion of the largest 5% of distances, HD95 is more robust and
outlier-resistant than the traditional HD metric [26].
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2.3.2. Deliverability Metrics

The GammaPlan TPS reports three metrics commonly used to evaluate the quality of
a GK treatment plan. These are the coverage, selectivity, and gradient index [27], each of
which is defined as follows:

Coverage =
TTV
GTV

(5)

Selectivity =
TTV
PIV

(6)

Gradient Index =
PIV50%

PIV
(7)

where PIV refers to the prescription isodose volume, GTV refers to the physician-defined
gross target volume, TTV refers to the treated target volume (or the fraction of GTV
receiving PIV), and PIV50% refers to the volume bounded by the isodose line at 50% of the
prescription dose. Coverage describes how well the prescribed dose covers the target and
ranges from 0 to 1. It has an ideal value of 1, with lower values representing an underdosing
of the TV. Selectivity describes how well the prescribed dose is limited to the TV. It shares
a range and ideal value with coverage, with lower values representing an overdosing of
healthy tissue surrounding the TV. The gradient index quantifies the steepness of the dose
gradient, specifically from the prescription dose to 50% of that value. Lower values indicate
a steeper dose gradient and better sparing of healthy tissues.

3. Results
3.1. Results of Pairwise Comparisons

Thresholds were applied to the normalized dose arrays in 10% increments of the
isodose volumes for each of the 71 targets, starting from 10% and continuing to 90% of the
maximum dose. Each target was also thresholded to its specific prescription isodose value.
Using these thresholded binary volumes, the DSC and HD95 were calculated between the
TMR10-calculated isodose volume and the corresponding SA isodose volume. Figure 3
displays the average and standard deviation in the DSC and HD95 for all 71 targets at each
threshold level. The left axis corresponds to DSC values, indicated by the black circles and
bars, while the right axis corresponds to HD95 values, indicated by the cyan diamonds and
bars. Threshold levels ranging from 20 to 60% demonstrate strong agreement in the DSC,
with values above 0.85 (indicated by a black dashed line). In other applications, such as
in evaluating the performance of auto-segmentation routines, a DSC > 0.70 is generally
considered to indicate a good overlap between two volumes [22,24]. This range includes
the prescription isodose used for treatment planning, denoted as “Rx”, where a typical
Gamma Knife target is prescribed 18–24 Gy to an isodose line between 50 and 60% [5]. The
HD95 values also show the strongest agreement in the 50–60% range, with a maximum
discrepancy of 2.18 mm. At the prescription (Rx) isodose level, the maximum HD95 value
reaches 2.24 mm, marked by a cyan dashed line in Figure 3.
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Figure 3. Average Dice Similarity Coefficient (DSC) and 95th percentile Hausdorff Distance (HD95)
comparisons between the original (TMR10-produced) dose arrays and the superposition approxi-
mation (SA) dose arrays for 71 targets at 10 threshold levels. Both metrics are reported at each 10%
isodose threshold between 10% and 90%, as well as at each target’s respective prescription isodose
level, denoted as “Rx”. The DSC, aligned with the left vertical axis, is shown using black circles
and error bars, with a black dashed line marking the 0.85 DSC level. HD95, aligned with the right
vertical axis, is illustrated with cyan diamonds and error bars, with a cyan dashed line marking the
maximum HD95 value at the prescription (Rx) level. Higher DSC values and lower HD95 scores
indicate a closer match between the SA-produced dose and the TMR10-produced dose.

3.2. Results of Deliverability Metrics

The same prescription isodose binary volumes used to generate the DSC and HD95
values in the ’Rx’ column of Figure 3 were also used to calculate the deliverability met-
rics of coverage, selectivity, and gradient index for both the original and approximated
dose arrays. For coverage and selectivity, the cropped and binarized dose arrays were
compared to their respective physician-defined target contours. To calculate the gradient
index, additional binaries were generated at 50% of the prescribed dose level (25% of
the maximum dose). Figure 4 (top row) illustrates a 2D histogram comparison of these
deliverability metrics between the GammaPlan calculation and the SA. Coverage shows a
close agreement between the datasets, with a TMR10 mean value of 0.973 (±0.021) and an
SA mean of 0.959 (±0.044). The selectivity (0.674 ± 0.193 vs. 0.666 ± 0.202) and gradient
index (3.218 ± 0.667 vs. 3.101 ± 0.642) also demonstrate strong similarity. The distribu-
tions of differences between the two calculations are included as 1D histograms in Figure 4
(bottom row). The mean and standard deviation for the coverage difference (0.014 ± 0.035),
selectivity difference (0.008 ± 0.037), and gradient index difference (0.118 ± 0.192) were
also calculated.
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Figure 4. (Top row) Two-dimensional histograms for the deliverability metric scores achieved by
each dose distribution, with the red line representing 1-to-1 correlation. The x-axis corresponds to the
original TMR10-produced dose array, while the y-axis corresponds to the SA-produced dose array.
(Bottom row) One-dimensional histograms for the target-to-target difference for each of the three
metrics. For coverage (A) and selectivity (B), binning was selected as every 1%. For the gradient
index (C), bins were assigned every increment of 0.05.

4. Discussion
We propose a method for recreating Gamma Knife Icon dose distributions using

treatment plan parameters. By superimposing and summing sector-specific dose arrays
from the base set into the positions defined within those plan parameters, dose contributions
for any shot can be accumulated into a full-sized 448 × 448 × 448 array. Dose arrays created
with this method were compared with the original TMR10-calculated dose arrays using
pairwise comparisons for similarity between binarized arrays and the deliverability metrics
reported using GammaPlan during the planning process.

The superposition dose approximation method produced dose arrays closely resem-
bling the TMR10 distributions, especially within the isodose normalization ranges com-
monly used in treatment planning (50–60%). In this isodose range, the DSCs exceeded 85%
and the HD95s were below 2.18 mm. A similar pattern was seen at the prescription (Rx)
isodose level, with a maximum HD95 value of 2.24 mm (Figure 3). This strong agreement
is further supported by the similarity in deliverability metrics between the two dose array
sets, with minimal average differences observed (Figure 4, bottom).

Differences in low- and very high-dose regions arise primarily from two factors: the
absence of depth correction in the SA and the exclusion of very low-dose regions from
the base set arrays. GammaPlan uses the TMR10 dose calculation algorithm to account
for attenuation, scatter, and beamlet divergence across the volume within the external
boundary [18]. In contrast, our method superimposes sector activations based on the
same reference depth for each sector in the base set. This introduces a limitation to the
superposition approximation, since regions with dose levels significantly above or below
the Rx dose may not accumulate accurately.
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5. Conclusions
In conclusion, we introduce a new method for approximating Gamma Knife dose

distributions external to the GammaPlan treatment planning software. This method works
by superimposing sector-specific dose distributions into the correct positions, using the ma-
chine parameters associated with the original treatment plan. Our evaluation demonstrates
that this method yields dose distributions comparable to those produced by GammaPlan
within clinically relevant dose levels, though some differences were noted in the positioning
and size of hotspots and low-dose regions. This tool offers a simple calculation approach
that enables the external calculation of dose distributions given the plan parameters of a
GK treatment and lays the groundwork for future automation approaches to GK treatment
planning. In future work, this dose approximation tool can be deployed to auto-generate
simulated GK plan data and associated dose distributions for use in artificial intelligence
development for prediction models of plan parameters, where large datasets would require
batch processing.
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