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Purpose: For stereotactic radiosurgery (SRS), accurate evaluation of dose-volume metrics for
small structures is necessary. The purpose of this study was to compare the DVH metric capabili-
ties of five commercially available SRS DVH analysis tools (Eclipse, Elements, Raystation, MIM,
and Velocity).
Methods: DICOM RTdose and RTstructure set files created using MATLAB were imported and
evaluated in each of the tools. Each structure set consisted of 50 randomly placed spherical targets.
The dose distributions were created on a 1-mm grid using an analytic model such that the dose-vol-
ume metrics of the spheres were known. Structure sets were created for 3, 5, 7, 10, 15, and 20 mm
diameter spheres. The reported structure volume, V100% [cc], and V50% [cc], and the RTOG con-
formity index and Paddick Gradient Index, were compared with the analytical values.
Results: The average difference and range across all evaluated target sizes for the reported structure
volume was − 4.73%[−33.2,0.2], 0.11%[−10.9, 9.5], −0.39%[−12.1, 7.0], −2.24%[−21.0, 1.3], and
1.15%[−15.1,0.8], for TPS-A through TPS-E, respectively. The average difference and range for the
V100%[cc] (V20Gy[cc]) was − 0.4[−24.5,9.8], −2.73[−23.6, 1.1], −3.01[−23.6, 0.6], −3.79[−27.3,
1.3], and 0.26[−6.1,2.6] for TPS-A through TPS-E, respectively. For V50%[cc](V10Gy[cc]) in TPS-
A through TPS-E the average and ranger were − 0.05[−0.8,0.4], −0.18[−1.2, 0.5], −0.44[−1.4, 0.3],
−0.26[−1.8, 2.6], and 0.09[−1.4,2.7].
Conclusion: This study expanded on the previously published literature to quantitatively compare
the DVH analysis capabilities of software commonly used for SRS plan evaluation and provides
freely available and downloadable analytically derived set of ground truth DICOM dose and structure
files for the use of radiotherapy clinics. The differences between systems highlight the need for stan-
dardization and/or transparency between systems, especially when evaluating plan quality for multi-
institutional clinical trials. © 2020 The Authors. Medical Physics published by Wiley Periodicals
LLC on behalf of American Association of Physicists in Medicine. [https://doi.org/10.1002/
mp.14645]
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1. INTRODUCTION

For stereotactic radiosurgery (SRS), accurate evaluation of
dose-volume metrics for small structures is crucial. One of
the most common and extensively utilized plan evaluation
tools is the dose-volume histogram (DVH).1–4 The DVH is
an efficient method of quantifying and visualizing dose
coverage for targets and organs at risk (OAR) by convert-
ing three-dimensional (3D) information into a two-dimen-
sional curve for each object and is currently a standard
feature in every treatment planning system. Clinical trials
and protocols rely on DVH analysis to determine

compliance and evaluate treatments, and guidelines for
reporting DVH metrics were recently published in The
Report of AAPM Task Group 263: Standardizing Nomen-
clatures in Radiation Oncology.5

Previous studies have evaluated the capabilities and accu-
racy of DVH calculations with varying grid resolutions,6 bin
width/size capabilities,7 and large complex targets.8 Stereo-
tactic radiosurgery treatment planning offers a unique set of
challenges, namely high doses with steep gradients and very
small structures, which can present a challenge for accurate
DVH evaluations. Previous studies1,2,7–9 have focused on
standard fractionation and volumes; therefore, the need for
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further investigation of the ability to accurately calculate
structure volumes and small dose volumes with high gradi-
ents exists. The evaluation of SRS plan quality typically
includes the conformity index10 and gradient index.11 Accu-
racy of the DVH calculation on these quantities has not been
previously evaluated. This study aimed to expand on the pre-
viously published literature10 to quantitatively compare the
DVH analysis capabilities of software commonly used for
SRS plan evaluation and provide a freely available and down-
loadable analytically derived set of ground truth DICOM
dose and structure files for the use of radiotherapy clinics.

2. MATERIALS AND METHODS

2.A. Evaluated systems

Five commercially available SRS DVH analysis tools were
evaluated in this study: Eclipse version 15.6 (Varian Medical
Systems, Palo Alto, CA), Elements 3.0 (BrainLab, Munich,
Germany), MIM V6.7 (MIM software, Cleveland, OH),
Raystation 8B (Raysearch, Stockholm, Sweden), and Velocity
3.1.0 (Varian Medical Systems, Palo Alto, CA). Note that this
is not an exhaustive list of systems that can perform DVH
analysis for SRS but represents the systems available to the
authors.

2.B. Evaluation plan creation

A ground truth set of DICOM dose and structure set files
were created using MATLAB (MathWorks, Natick, MA) to
be imported and evaluated in each of the systems. Each sys-
tem only interacted with the ground truth plans, which were
not manipulated by another system. Structure sets, each con-
taining 50 target spheres for each specified diameter, were
created for two synthetic CT datasets having 0.6 mm pixel
size with 0.5- and 1-mm slice spacing. Structure sets were
created for sphere diameters 3, 5, 7, 10, 15, and 20 mm for a
total of N = 600 evaluated structures. A dose matrix was cre-
ated using an analytical model developed for linear-accelera-
tor based SRS.14 The dose around each sphere was given by
equation 1 where r is the distance from the center of the
sphere, C is the sphere diameter, and the fitting parameters
from Suh et al. are s1 = 0.249, s2 = 7.019, s3 = 0.029, and
s4 = 1.927.14

D rð Þ¼
1‐s1∗exp ‐s2
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2
‐r
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for r≤C=2
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s3þ 1‐s1‐s3ð Þ∗exp ‐s4 r‐C=2ð Þ½ � for r>C=2
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>>:
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For each target sphere, a spherical evaluation volume was
created where the dose was greater than or equal to 25% of
the dose at the surface of the target sphere (D(C)/4). These
evaluation volumes were used for calculating dose-volume
metrics in the neighborhood of each sphere. For each of the
evaluated systems, a standard dose grid of 1 mm × 1 mm ×
CT slice spacing was used. The target spheres were spaced

such that the evaluation volumes did not overlap. Within each
evaluation volume, there was no contribution to the dose from
target spheres outside of the evaluation volume. The dose out-
side of all of the evaluation volumes was set to 25%. Figure 1
shows a representative sample from Velocity for the 5-mm
target structures and dose distributions.

The DICOM structure sets and dose matrices were
imported into each treatment planning system. The target
sphere volumes reported by the planning system were
obtained, along with the V100% [cc] and V50% [cc] in the
evaluation volume structures. From these values, the RTOG
conformity index13,15,16 and the Paddick gradient index12,13

were computed. The values were compared with the analyt-
ical values, given by πD3

6 for the sphere volume and Eq. (1)
for the dose volumes. Additionally, each system was com-
pared against slice stacking and the improved slice stacking
methodology as described by Ma et al in 2012.11 Briefly,
the slice stacking method computes the volume by multi-
plying the area of the polygons defined by the contours by
the CT slice thickness. The improved slice stacking
methodology includes a correction that improves volume
calculation at the inferior and superior ends.11 The slice
stacking methods require contours and so were used only
for structure volume calculation and not for V100% [cc] or
V50% [cc].

The DICOM files used for this work are available in the
supplementary material.

2.C. Import, settings, export, and analysis

2.C.1. Eclipse 15.6.05

The analytically derived DICOM files were imported
using the standard DICOM media file import filter. The target
sphere volumes and evaluation dose-volume values were
extracted using the Eclipse Scripting API (ESAPI), resulting
in more significant figures than is available in the user inter-
face. Eclipse has two resolutions for the internal voxel repre-
sentation of the structure, low- and high-resolution. The
structure resolution corresponds to the voxel size in the trans-
verse plane and high resolution can only be used when the
corresponding image size is larger than 256 × 256 voxels.
The DICOM import filter automatically sets high resolution
for spheres having diameter ≤15 mm.

2.C.2. Elements 3.0

The analytically derived DICOM files were sent to Brain-
Lab product engineering in Munich Germany, where they
were imported into Dose Review 3.0 prototype (a part of the
Elements package, to be released in October 2020). The
structure and dose volumes were evaluated by BrainLab engi-
neering and recorded in a spreadsheet which was parsed and
analyzed in MATLAB to find the reported structure volume,
V100% [cc], and V50% [cc]. Dose Review 3.0 used an adap-
tive voxel grid size to calculate the volumes of target and
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dose clouds. The grid size was 0.5 mm for the 3- and 5-mm
targets, and 1 for 7 mm and above targets.

2.C.3. MIM V6.7

The analytically derived DICOM files were imported into
MIM and each dataset containing CT images, RTstructures,
RTplan, and RTdose of size-specific targets was selected and
read by MIM application. Cumulative DVH graphs of all
structures were generated, exported saved as an Excel (Micro-
soft corp., Redmond, WA) format file. The exported Excel
files were analyzed in MATLAB to obtain the reported struc-
ture volume, V100% [cc] and V50% [cc].

2.C.4. Raystation 8b

The analytically derived DICOM files corresponding to
different-sized target and evaluation shells were imported to
Raystation. Once imported into Raystation, DVH metrics are
automatically calculated for all structures. To obtain absolute
data, a Python script was used within Raystation to export the
DVH values directly from structures. Resulting values were
transferred to MATLAB to be used for comparative analysis
between the different TPS systems.

2.C.5. Velocity 3.1.0

The analytically derived DICOM files were imported into
Velocity and automatically registered using the created
DICOM registration. For each RTplan and RTdose combina-
tion, the target and evaluation volumes were manually
exported via the secondary DVH analysis export feature. The
generated text files were parsed and analyzed in MATLAB
(MathWorks, Natick, MA) to find the reported structure vol-
ume, V100% [cc], and V50% [cc].

The goal of this work was to evaluate differences in
reported metrics against reference DICOM structure sets
and dose distributions, not to evaluate the fitness of

specific treatment planning systems. Therefore, we report
the results without identifying the specific systems and
ordered differently than presented above. Readers inter-
ested in the performance of a specific system can down-
load the test data and replicate this work for the system
of interest.

3. RESULTS

Tables I–III show the average difference and range of each
of the evaluated systems for the reported structure volumes
(50 for each sphere size, total N = 600), V100% [cc], and
V50% [cc], respectively. Figures 2–4 show the average differ-
ence of the reported structure volume, V100% [cc], and
V50% [cc], respectively. Additionally, each system was com-
pared against slice stacking and the improved slice stacking
(SSI) methodology as described by Ma et al in 2012. Using
this information, the Paddick index, shown in Fig. 5, and the
RTOG conformity indices, shown in Fig. 6, (analytical CI =
1) were calculated.

4. DISCUSSION

Evaluation of the accuracy of DVH metrics using ana-
lytical methods has been previously reported in the litera-
ture. In 2015, Nelms et al.17 developed a process to
create “simple geometrical objects at different orientations
combined with dose grids of varying spatial resolution
with linear 1D dose gradients” that could be used to ana-
lytically calculate “ground truth DVH curves” to create a
set of applicable tests to serve as the basis of evaluation
of DVH metrics for Task Group 53: quality assurance for
clinical radiotherapy treatment planning.4 Different shapes,
grid resolutions, object orientations, and voxelation meth-
ods for two commercially available systems [Pinnacle
(Philips Medical Systems) and iPlan (BrainLab)] were
evaluated but volumes and dose gradients relevant to SRS
were not included.

FIG. 1. (LEFT) Sample analysis image from Velocity showing the 5-mm target spheres with analytically defined dose distributions surrounded by an evaluation
volume used to calculate V100% [cc], and V50% [cc]. (RIGHT) Close-up of one if the 50 spherical targets for each dataset showing the Target (red), Shell (Blue)
and a color dose distribution with a range of 20 to 5 Gy.” [Color figure can be viewed at wileyonlinelibrary.com]
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In 2012, Ma et al.11 investigated the reliability of contour-
based volume calculations using spheres with sizes represen-
tative of SRS target volumes. High-precision acrylic spheres
were inserted into a phantom, imaged via CT and/or MR, and
contoured within the Leksell GammaPlan (Elekta, Stockholm,
Sweden). Structure sets were then exported into five treatment
planning systems and the volumes were recalculated.11 They
reported significant variability of the reported volumes indi-
cating the need for more transparency in methods for volume
calculation and the need for a standard within treatment plan-
ning systems and radiotherapy contouring software.

The aforementioned studies have highlighted the need for
further investigation into the accuracy of calculating volumes
within the treatment planning system. Rather than using a
physical model, which is vulnerable to inaccuracies in manu-
facturing and imaging reconstructions, this study utilized an
analytical model created within MATLAB to have a ground
truth for analysis. The analytical model was also directly
imported into each system, rather than contoured in a single
platform then exported, for analysis to avoid compounding of
calculation and interpolation artifacts from one system to
another.

TABLE I. The average difference and total range between the reported structure volume and the analytically derived volume for each of the evaluated systems.

Target size (mm) TPS-A ΔV cc½ � Range [%] TPS-B ΔV cc½ � Range [%] TPS-C ΔV cc½ � Range [%] TPS-D ΔV cc½ � Range [%] TPS-E ΔV cc½ � Range [%]

0.5-mm slice spacing

3 −9.8 (−16.4, −6.9) 0.1 (−10.9, 8.2) −1.5 (−12.1, 7.0) −3.8 (−8.5, −0.8) −1.0 (−1.0, −1.0)
5 −3.1 (−5.7, −2.2) −0.1 (−2.1, 1.8) −0.4 (−2.6, 1.5) −1.6 (−3.2, −0.8) −0.5 (−0.7, 0.8)
7 −1.3 (−2.6, −0.9) 0.1 (−1.2, 1.2) −0.1 (−1.3, 1.1) −0.9 (−1.6, −0.3) −0.1 (−0.3, 0.2)
10 −1.3 (−2.6, −0.9) 0.1 (−1.2, 1.2) −0.1 (−1.3, 1.1) −0.5 (−0.8, −0.1) −0.1 (−0.3, 0.2)
15 −0.4 (−1.0, −0.3) −0.0 (−1.1, 0.5) −0.1 (−1.1, 0.5) −0.2 (−0.4, −0.1) 0.0 (−0.3, 0.1)
20 −0.1 (−0.3, 0.2) −0.0 (−0.4, 0.2) −0.0 (−0.4, 0.2) −0.1 (−0.2, −0.1) 0.0 (−0.2, −0.0)

1-mm slice spacing

3 −23.7 (−33.2, −20.1) 1.3 (−8.3, 9.5) −1.3 (−10.9, 7.0) −8.9 (−21.0, −1.8) −2.4 (−15.1, 13.2)
5 −9.6 (−14.0, −7.4) 0.0 (−5.4, 4.0) −0.6 (−5.9, 3.4) −4.9 (−10.0, −2.0) −3.8 (−9.9, 0.8)
7 −5.4 (−9.5, −3.9) −0.1 (−2.4, 2.4) −0.5 (−3.2, 2.0) −3.2 (−6.0, 1.3) −3.1 (−5.9, −0.9)
10 −5.4 (−9.5, −3.9) −0.1 (−2.4, 2.4) −0.5 (−3.2, 2.0) −1.5 (−2.9, −0.8) −3.1 (−5.9, −0.9)
15 −2.2 (−3.6, −1.8) 0.0 (−1.2, 1.0) −0.1 (−1.3, 0.7) −0.8 (−1.5, −0.5) −1.4 (−3.2, −0.3)
20 −0.9 (−1.8, −0.7) −0.0 (−0.5, 0.6) −0.1 (−0.7, 0.5) −0.5 (−0.8, −0.3) −0.9 (−1.6, −0.2)

Average −4.73 0.11 −0.39 −2.24 1.15

Range (−33.2, 0.2) (−10.9, 9.5) (−12.1, 7.0) (−21.0, 1.3) (−15.1, 0.8)

TABLE II. The average difference and total range between the reported V100% [cc] and the analytically derived dose volume for each of the evaluated systems.

Target size (mm) TPS-A ΔV cc½ � Range [%] TPS-B ΔV cc½ � Range [%] TPS-C ΔV cc½ � Range [%] TPS-D ΔV cc½ � Range [%] TPS-E ΔV cc½ � Range [%]

0.5-mm slice spacing

3 −0.2 (−24.5, 9.8) −12.4 (−19.8, −5.8) −13.1 (−20.7, −6.8) −11.1 (−16.4, −6.6) 0.2 (−22.2, 13.2)
5 0.0 (−6.5, 6.2) −3.5 (−6.5, −2.1) −3.9 (−7.1, −2.4) −3.6 (−8.1, −1.5) −0.2 (−3.7, 7.0)
7 0.1 (−3.0, 2.1) −1.3 (−2.5, 0.3) −1.5 (−2.8, −0.0) −1.6 (−3.8, −0.7) −0.2 (−3.7, 3.0)
10 0.1 (−3.0, 2.1) −1.3 (−2.5, 0.3) −1.5 (−2.8, −0.0) −0.2 (−0.7, 0.4) −0.2 (−3.7, 3.0)
15 0.4 (−2.1, 1.0) −0.3 (−1.4, 0.3) −0.5 (−1.5, 0.1) 0.2 (−0.6, 0.8) 0.2 (−2.6, 1.0)
20 0.3 (−0.2, 0.7) 0.1 (−0.4, 0.2) −0.2 (−0.6, 0.1) 0.3 (−0.1, 0.9) 0.1 (−0.7, 0.7)

1-mm slice spacing

3 −4.3 (−24.5, 2.7) −10.6 (−23.6, −0.7) −10.8 (−23.6, −0.7) −20.1 (−27.3, −16.6) 2.0 (−36.3, 20.3)
5 −1.4 (−7.2, 5.4) −3.4 (−7.8, 0.1) −3.6 (−8.1, −0.1) −6.3 (−10.6, −4.0) −0.5 (−16.0, 10.0)
7 −0.5 (−3.9, 1.6) −1.5 (−4.2, 1.1) −1.8 (−4.3, 0.6) −3.0 (−4.5, −2.0) −0.5 (−5.9, 3.6)
10 −0.5 (−3.9, 1.6) −1.5 (−4.2, 1.1) −1.8 (−4.3, 0.6) −0.7 (−1.3, −0.0) −0.5 (−5.9, 3.6)
15 0.2 (−2.3, 0.7) −0.3 (−1.6, 0.8) −0.5 (−1.8, 0.5) 0.4 (−1.2, 1.3) 0.2 (−4.7, 4.7)
20 0.2 (−0.2, 0.8) 0.0 (−0.5,0.7) −0.2 (−0.7, 0.4) 0.2 (−0.7, 0.9) 0.1 (−1.3, 1.2)

Average −0.40 −2.73 −3.01 −3.79 −0.26
Range (−24.5, 9.8) (−23.6, 1.1) ( −23.6, 0.6) (−27.3, 1.3) (−6.1, 2.6)

Medical Physics, 48 (4), April 2021

1464 Stanley et al.: Accuracy of dose-volume metric calculation for small volume radiosurgery targets 1464



TABLE III. The average difference and total range between the reported V50% [cc] and the analytically derived dose volume for each of the evaluated systems.

Target size (mm) TPS-A ΔV cc½ � Range [%] TPS-B ΔV cc½ � Range [%] TPS-C ΔV cc½ � Range [%] TPS-D ΔV cc½ � Range [%] TPS-E ΔV cc½ � Range [%]

0.5-mm slice spacing

3 0.0 (−0.7, 0.6) −0.6 (−1.2, 0.2) −0.9 (−1.3, −0.2) −0.7 (−1.5, −0.3) 0.3 (−0.6, 1.6)
5 0.0 (−0.5, 0.5) −0.3 (−0.9, 0.5) −0.6 (−1.2, 0.2) −0.3 (−0.6, 0.0) 0.1 (−1.1, 0.9)
7 0.0 (−0.3, 0.3) −0.2 (−0.5, 0.4) −0.4 (−0.7, 0.1) −0.2 (−0.3, 0.1) 0.1 (−0.2, 0.6)
10 0.0 (−0.3, 0.3) −0.2 (−0.5, 0.4) −0.4 (−0.7, 0.1) −0.2 (−0.4, 0.1) 0.1 (−0.2, 0.6)
15 0.0 (−0.3, 0.3) −0.1 (−0.3, 0.1) −0.3 (−0.4, −0.1) 0.0 (−0.1, 0.2) 0.1 (−0.4, 0.8)
20 0.0 (−0.1, 0.2) 0.0 (−0.1, 0.1) −0.3 (−0.4, −0.1) 0.2 (0.0, 0.4) 0.1 (−0.2, 0.3)

1-mm slice spacing

3 −0.2 (−0.8, 0.4) −0.6 (−1.2, 0.1) −0.8 (−1.4, −0.0) −1.0 (−1.8, −0.8) 0.2 (−1.1, 2.7)
5 −0.2 (−0.6, 0.4) −0.3 (−0.7, 0.1) −0.6 (−1.0, −0.1) −0.5 (−0.8, −0.2) 0.0 (−1.4, 1.1)
7 −0.1 (−0.4, 0.3) −0.2 (−0.5, 0.5) −0.4 (−0.7, 0.3) −0.3 (−0.5, 0.1) −0.0 (−0.7, 0.7)
10 −0.1 (−0.4, 0.3) −0.2 (−0.5, 0.5) −0.4 (−0.7, 0.3) −0.3 (−0.6, 0.1) 0.0 (−0.7, 0.7)
15 −0.1 (−0.3, 0.3) −0.1 (−0.4, 0.3) −0.3 (−0.6, −0.0) 0.0 (−0.1, 0.3) 0.0 (−0.6, 0.7)
20 0.0 (−0.2, 0.2) 0.0 (−0.1, 0.3) −0.3 (−0.4, −0.1) 0.2 (0.1, 0.5) 0.0 (−0.5, 0.3)

Average −0.05 −0.18 0.44 −0.26 0.09

Range (−0.8, 0.4) (−1.2, 0.5) ( −1.4, 0.3) (−1.8, 2.6) (−1.4, 2.7)

FIG. 2. The average difference from the reported structure volume and the analytically derived volume for each of the evaluated systems. [Color figure can be
viewed at wileyonlinelibrary.com]

FIG. 3. The average difference between the reported V100% [cc] and the analytically derived dose volume for each of the evaluated systems. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIG. 4. The average difference between the reported V50% [cc] and the analytically derived dose volume for each of the evaluated systems. [Color figure can be
viewed at wileyonlinelibrary.com]

FIG. 5. The difference between the average GI calculated in each TPS and the expected Paddick GI as a function of sphere diameter. [Color figure can be viewed
at wileyonlinelibrary.com]

FIG. 6. The calculated RTOG conformity index (CI) for each TPS vs the sphere diameter. The expected CI is also shown. [Color figure can be viewed at wileyon
linelibrary.com]
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The work presented here also includes the accurate calcu-
lation of commonly used DVH metrics, which are dependent
on the accurate calculation of the target and dose volumes.
These volumes and metrics are commonly reported in the lit-
erature10,18,19 and are used to correlate plan quality when
reporting patient outcomes. Without a standard for volume
calculation within treatment planning systems, comparisons
of metrics between systems are complicated and problematic,
especially in the context of clinical trials,20–23 and compara-
tive planning studies.24–27

Note that the results by Ma et al.11 were published in 2012,
and there has been no discernable improvement with regard
to the transparency of volume calculation methodology. Cal-
culations of volumes within the treatment planning system
continue to be a black box. Understanding the cause of the
differences between each of the systems is challenging
because they arise from the implementation details which are
not readily accessible to users. Additionally, this information
is often proprietary or is out of the scope of a standard cus-
tomer service representative. This leaves users without the
knowledge to understand any software specific shortcomings
or the means to accurately intercompare results between sys-
tems. This study provides an analytical set of structures and
doses for users to validate their systems and form an under-
standing of the functionality of clinically utilized software.
The comparisons here also give the radiotherapy community
a baseline comparison for SRS DVH metrics between com-
monly used software tools.

5. CONCLUSION

This study expanded on the previously published literature
to quantitatively compare the DVH analysis capabilities of
software commonly used for SRS plan evaluation and pro-
vides a freely available and downloadable analytically
derived set of ground truth DICOM dose and structure files
for the use of radiotherapy clinics. The differences between
systems highlight the need for standardization and trans-
parency between systems, especially when evaluating plan
quality for multi-institutional clinical trials.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Data S1. A ground truth set of DICOM dose and structure
set files that can be imported and evaluated.
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