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Purpose: Interest in adaptive radiation therapy research is constantly growing, but software tools
available for researchers are mostly either expensive, closed proprietary applications, or free open-
source packages with limited scope, extensibility, reliability, or user support. To address these limita-
tions, we propose SlicerRT, a customizable, free, and open-source radiation therapy research toolkit.
SlicerRT aspires to be an open-source toolkit for RT research, providing fast computations, conve-
nient workflows for researchers, and a general image-guided therapy infrastructure to assist clinical
translation of experimental therapeutic approaches. It is a medium into which RT researchers can
integrate their methods and algorithms, and conduct comparative testing.
Methods: SlicerRT was implemented as an extension for the widely used 3D Slicer medical image
visualization and analysis application platform. SlicerRT provides functionality specifically designed
for radiation therapy research, in addition to the powerful tools that 3D Slicer offers for visualization,
registration, segmentation, and data management. The feature set of SlicerRT was defined through
consensus discussions with a large pool of RT researchers, including both radiation oncologists and
medical physicists. The development processes used were similar to those of 3D Slicer to ensure
software quality. Standardized mechanisms of 3D Slicer were applied for documentation, distribution,
and user support. The testing and validation environment was configured to automatically launch
a regression test upon each software change and to perform comparison with ground truth results
provided by other RT applications.
Results: Modules have been created for importing and loading DICOM-RT data, computing and
displaying dose volume histograms, creating accumulated dose voieatresntqriauey;ireprmdecinduanescomparing results produced
and visualizing isodose lines and surfaces. The effectiveness of usyndiffErediiseftwitte tiomksropbsedifferent researchers is a de-
SlicerRT extension for radiation therapy research was demonstratechandimgl@ptearsercpsesie task.
tic results by the adaptation of the treatment plan to the patient There have been initiatives for open-source RT re-
over the course of the treatment. To this end, the radiation search toolkits, such as CERR,
therapy (RT) community has traditionally employed a vari-
ety of commercial and in-house built tools for image analysis
and treatment planning with a few examples of coordinated
software development.

The feature set of the commercial software applications
typically cover only routine clinical procedures and, due to
the strict regulation of commercial medical devices, their flex-
ibility and extensibility are usually very limited. Considering
the variety of software applications and the complexity of RT

1 PLUNC,? dicompyler,® or
MMCTP.# As none of these toolkits fulfill all the required
functions for a powerful RT research platform, their poten-
tial to become a standard platform for RT research is limited.
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limited feature set. At the same time, as a result of exten-
sive and coordinated efforts, a comprehensive open-source
software application framework, 3D Slicer® has been devel-
oped for medical image computing and image-guided inter-
ventions. 3D Slicer provides functions and solutions to many
challenges of RT research software platform development.

We propose the SlicerRT toolkit as a common software
platform to address the limitations of existing software solu-
tions. By adopting 3D Slicer, RT researchers can gain access
to a well-established, widely used software application and
multiple state-of-the-art computational algorithm toolkits. 3D
Slicer also fulfills the requirements of flexibility, extensibility,
free, non-restricted use, full source code, data, and documen-
tation availability, support of common data formats, widely
known development environment, ease of use, comprehensive
data visualization and numerical analysis of research data, and
flexible data import and export.

IIl. METHODS

Key system requirements, features, and priorities were
identified through a series of consensus discussions with
RT researchers, and based on clinically relevant use cases.
The participating researchers are members of the Ontario
Consortium for Adaptive Intervention in Radiation Oncol-
ogy (OCAIRO), which is a diverse community covering over
20 RT research groups in Ontario, Canada, including Can-
cer Centre of South Eastern Ontario, London Health Sciences
Centre, Queen’s University, Robarts Research Institute, Sun-
nybrook Health Sciences Centre, The Ottawa Hospital Re-
gional Cancer Centre, and University of Toronto.

Many required functionalities, such as visualization of
structure sets and anatomical images, multimodality image
fusion were already part of the 3D Slicer core feature set.
The following additional RT-specific key features were iden-
tified: (a) robust DICOM-RT import and export for data ex-
change with commercial RT planning systems, (b) visualiza-
tion of structures, dose distributions, and treatment plans, and
(c) dose calculation and conversion, accumulation, visualiza-
tion, and comparison, dose volume histogram (DVH,®?), and
related metrics.

IlLA. Platform

The required features were implemented using 3D Slicer as
application platform. 3D Slicer provides an immense amount
of functionality to visualize and analyze a wide range of
datasets, such as anatomical/functional images, image seg-
mentation results, surface models, point sets, and rigid and
nonrigid transformations. It contains state-of-the-art algo-
rithms that are also fundamental tools of RT research, such
as image segmentation and registration (rigid, affine, and de-
formable). It supports import and export data from a wide
range of standard data formats, including DICOM.

3D Slicer is an end-user application, but it also pro-
vides many opportunities for customization and extension. 3D
Slicer provides an interactive console that gives access to all
the computational algorithms and loaded data objects using
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Python scripting language. Similarly to MATLAB, the con-
sole allows performing custom calculations on the fly without
modifying and building the source code. 3D Slicer also en-
ables batch processing, i.e., running the desired computation
on multiple inputs without user interaction. Custom modules
can be developed in either Python (for greater flexibility, sim-
pler modification), or C++ (for better performance, more ef-
ficient memory management).

3D Slicer is open-source, with a BSD-style’ license that
allows free, unrestricted use for even commercial purposes.
Very importantly, 3D Slicer has been used by a large and
steadily growing user community in over 100 different re-
search projects since 2003.2 3D Slicer has been downloaded
more than 40 000 times.®

II.B. Design

3D Slicer’s plugin mechanism enables the rapid develop-
ment of custom modules in different programming languages
and levels of integration. The command-line interface mod-
ules are standalone executables operating with built-in data
types and offering basic user interaction (selection of input
and output data and custom parameter values). 3D Slicer au-
tomatically generates the user interface based on a simple text
file that describes the input and output data types of the algo-
rithm, therefore the developers do not have to spend time with
user interface implementation. The loadable modules are plu-
gins implemented in the C++ language that are integrated
tightly with 3D Slicer. These modules have access to all other
modules and the internals of the application and they can de-
fine custom, interactive graphical user interfaces. The scripted
modules are written in the Python language. These modules
can be developed and modified without rebuilding or restart-
ing 3D Slicer and they have similar access to the application
internals as loadable modules.

The SlicerRT features are implemented as multiple
plugin modules, bundled as one downloadable extension.
Each module is independent, addressing only a specific
requirement. This modularization makes development and
maintenance work much easier compared to working with a
monolithic code base. All modules in the SlicerRT extension
are implemented as loadable modules, because this allows
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Fic. 1. Architecture of SlicerRT: Custom loadable modules added in 3D
Slicer.
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F1G. 2. Dose volume histogram module in a standard 3D Slicer layout with basic visualization. The module toolbox can be seen on the left side, and the DVH

chart is found in the upper right corner.

consistent software quality by allowing detection and fixing of
problems quickly. In the course of a nightly test, the test cases
run one by one, driven by the CTest?° test system. Each case
represents a test application with representative input data and
baseline to which the computed result is compared. Test re-
sults are aggregated on CDash,?! a web-based dashboard sys-
tem (shown in Fig. 3) that provides graph views, summary
statistics, and detailed listing of run-time events (warnings,
errors, etc.) for each collaborating development site.

The same infrastructure is used to validate the algorithms
used in SlicerRT by comparing the outputs to reliable in-
dependent computation results. In this case, the script com-
pares the baseline data acquired from another system with the
SlicerRT output using a similarity measure. Figure 4 illus-
trates the data flow of the automatic verification and valida-
tion process.

To validate the dose volume histogram module in SlicerRT
the computed results were compared to the output of a com-

mercial treatment planning software (Eclipse: Eclipse™ ra-
diation therapy treatment planning system, Varian Medical
Systems, Inc.) and a research application (CERR). Anatom-
ical images were acquired with computed tomography (CT).
The images were loaded into Eclipse, structure sets were con-
toured, and treatment plans were created. DVH curves were
computed in Eclipse and the computed dose map and structure
sets were exported to DICOM files. The DICOM data were
imported into CERR and DVH curves were computed. The
DVH curve values computed by Eclipse and CERR served as
validation baseline data.

The DVH curve comparison method described in Ref. 22
was used for comparing the baseline to the results computed
by SlicerRT. The comparison method is similar to the gamma
analysis used for spatial comparison of dose distributions. A
volume-difference criterion of V (as a percentage of the to-
tal structure volume) and dose-to-agreement criterion of D
(as a percentage of the maximum dose) are specified as an
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Fi1G. 3. Part if the dashboard showing the results of the SlicerRT automatic tests.
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Fi1G. 5. Dose accumulation module in a standard 3D Slicer layout. The fused anatomical and dose volumes can be seen on the bottom, the structures together
with the anatomy in the 3D view in the upper middle area, and the compared DVH charts using different line styles in the upper right corner.

dose matrices were then generated using SlicerRT’s dose vol-
ume histogram module and Dgy metrics were then compared.

Dgo from the original plan was reduced to 28.5 Gy from
the prescribed dose at 36 Gy due to risk of overdose to OAR.
The accumulated Dgy without plan adaptation and with plan
adaptation was 27.3 Gy and 33.5 Gy, respectively. The Dgg
from the adapted plan was much closer to the prescribe dose
since doses in day 2 and day 3 were elevated without increase
of dose to OAR. The impact of plan adaptation can be evalu-
ated using the deformable registration and dose accumulation
module of SlicerRT.

Ill.C.2. Use Case 2: Evaluation of improvements
resulting from isocenter shifting

One of the ART techniques is isocenter shifting,?>2° in
course of which the planned dose distribution is translated so
that the target volume is fully covered and the least possible
margin can be used. The shift can be determined automat-
ically by using the image-based registration methods avail-
able in 3D Slicer, using the pretreatment image as the refer-
ence volume, and the planning scan as the moving volume.
Alternatively, the shift can be manually set by utilizing 3D
Slicer’s image fusion capabilities while adjusting the param-
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eters of a rigid transformation applied on the planning image.
To quantify the improvements made on the treatment plan,
DVH is computed using the dose volume histogram module,
using both the original, and the transformed dose distribu-
tions with the structures contoured on the pretreatment plan
as the inputs. A specific D metric (e.g., Dgs) can then be used
to compare the original and transformed dose distributions to
evaluate the improvement from shifting the isocenter.

1Il.C.3. Use Case 3: Implementation of a custom
isocenter shift method

A variant of the isocenter shift method?® determines the
translation by computing the center-of-mass of the target soft
tissue volume in both the planning image and the daily scan.
The beams then can be realigned by the vector difference
of these center-of-mass coordinates. A short Python script can
be developed to calculate the center-of-mass points. All the
input data for the computation are available for the script in
the MRML nodes, the script can be edited and executed while
3D Slicer is running. The development does not require any
additional software installation or development environment
setup, as the script and commands can be either entered into
the Python console window, or loaded from a simple text file.
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