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Purpose: Cardiac radioablation is an emerging therapy for recurrent ventricular tachycardia. Electrophysiology (EP) data, including
electroanatomic maps (EAM) and electrocardiographic imaging (ECGI), provide crucial information for defining the arrhythmogenic
target volume. The absence of standardized workflows and software tools to integrate the EP maps into a radiation planning system
limits their use. This study developed a comprehensive software tool to enable efficient utilization of the mapping for cardiac
radioablation treatment planning.
Methods and Materials: The tool, HeaRTmap, is a Python-scripted plug-in module on the open-source 3D Slicer software platform.
HeaRTmap is able to import EAM and ECGI data and visualize the maps in 3D Slicer. The EAM is translated into a 3D space by
registration with cardiac magnetic resonance images (MRI) or computed tomography (CT). After the scar area is outlined on the
mapping surface, the tool extracts and extends the annotated patch into a closed surface and converts it into a structure set associated
with the anatomic images. The tool then exports the structure set and the images as The Digital Imaging and Communications in
Medicine Standard in Radiotherapy for a radiation treatment planning system to import. Overlapping the scar structure on simulation
CT, a transmural target volume is delineated for treatment planning.
Results: The tool has been used to transfer Ensite NavX EAM data into the Varian Eclipse treatment planning system in radioablation on 2
patients with ventricular tachycardia. The ECGI data from CardioInsight was retrospectively evaluated using the tool to derive the target volume
for a patient with left ventricular assist device, showing volumetric matching with the clinically used target with a Dice coefficient of 0.71.
Conclusions: HeaRTmap smoothly fuses EP information from different mapping systems with simulation CT for accurate definition
of radiation target volume. The efficient integration of EP data into treatment planning potentially facilitates the study and adoption of
the technique.
Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Ventricular tachycardia (VT) is the most common
cause of sudden cardiac death in the United States.1 VT

http://crossmark.crossref.org/dialog/?doi=10.1016/j.adro.2023.101272&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Hesheng.Wang@nyulangone.org
mailto:Hesheng.Wang@nyulangone.org
https://doi.org/10.1016/j.adro.2023.101272
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.adro.2023.101272


2 H. Wang et al Advances in Radiation Oncology: November−December 2023
often arises from local structural damage in the ventricu-
lar muscle resulting from myocardial infraction or other
heart diseases. The scar creates a reentry circuit or self-
activated myocardial abnormality, leading to cardiac
arrhythmia. Scar related ventricular arrhythmia can be
challenging to treat and may persist despite pharmaco-
logic and catheter-based therapy. Cardiac radioablation
(CR), also referred as cardiac stereotactic body radiation
therapy, is a novel emerging treatment option for VT.2 A
number of studies have demonstrated the efficacy of the
treatment in reducing VT burden in patients refractory to
drugs and standard catheter ablation3-5 and in patients
with advanced heart failure.6

CR delivers ablative radiation dose precisely to the
arrhythmogenic scar while minimizing damage to sur-
rounding tissue. Stereotactic body radiation therapy plan-
ning is performed on target volumes and organs at risk
contoured on 3-dimensional (3D) simulation computed
tomography (CT). The location within what may be
extensive myocardial scar is often most precisely deter-
mined during a catheter-based procedure in which the
local electrical properties of the myocardium are regis-
tered in 3D space to create an electroanatomic mapping
(EAM). Patients referred for CR typically have ventricular
arrhythmia refractory to catheter ablation, and thus the
EAM can provide critical information for determination
of CR target volume. However, integration of surface-
based electrophysiology (EP) data poses a technical bar-
rier for enabling a modern radiation treatment planning
system (TPS) to use the information.

A current clinically used solution to integrate EAM is
limited to side-by-side visual comparison of 3D simula-
tion images with the surface mapping. Recently, Brett et
al implemented a workflow that converted the maps into
binary volumes and fused the volumes with simulation
CT using anatomic landmarks.7 Hohmann et al developed
a plugin module on the open-source software, 3D Slicer,
to read and use EAM obtained on 3 commonly used map-
ping systems.8 Both studies were performed for specific
EAM data and required physicians to outline the scars on
2-dimensional image slices based on the landmarks
defined on the EAM surfaces. To improve the workflow,
we incorporated the 2 methods and developed a software
tool, named as HeaRTmap, a 3D Slicer module that ena-
bles integration of EP information for CR treatment plan-
ning with minimal user operations. The tool assembled a
number of functionalities in 3D Slicer into a comprehen-
sive solution to facilitate clinical implementation of the
emerging treatment.
Methods and Materials
EAM and electrocardiographic imaging (ECGI) have
been regularly used for CR target definition.9 ECGI builds
patient-specific heart-torso geometries from anatomic
MR or CT images and reconstructs cardiac activation
time and/or voltage maps using the potentials recorded
by skin electrodes during ventricular arrhythmia induced
in a noninvasive program stimulation procedure. Track-
ing the mapping catheters in an invasive EP procedure,
EAM creates electrical property maps of the myocardial
surface using the signals recorded with catheter electro-
des. In comparison, EAM data are in their native space,
while ECGI maps are spatially associated with 3D ana-
tomic images.

As the mapping surface data are incompatible with a
radiation TPS, we designed the tool to enable outlining a
scar on EP maps and then converting the contours into
The Digital Imaging and Communications in Medicine
Standard in Radiotherapy (DICOM RT) that a TPS can
read and process. A modern TPS typically has no capabili-
ties to directly register surfaces to simulation CT but has
rich functions for 3D volume registration. Multimodal
image registration is routinely performed in the treatment
planning process. Therefore, our workflow enforces land-
mark and surface registrations to translate EAM into 3D
anatomic image space. Subsequent registration of the 3D
images to simulation CT in a TPS simultaneously fuses
the scar for delineating target volume on the CT.
EAM

HeaRTmap integrated the open-source 3D Slicer
plugin EAMapReader,8 which can import EAM from cur-
rently available mapping systems, including CARTO 3
(Biosense Webster), Ensite (Abbott), and RHYTHMIA
HDx (Boston Scientific). The maps represent electrical
properties measured on the catheter-sampling points (ie,
vertices), forming a triangular mesh of the endocardial
surface. In 3D Slicer, dedicated color tables (Fig. 1) were
built for Ensite EAM that correspond to the ones that we
are currently using, so the activation time and voltage
maps display in the 3D view in similar color scales as in
the vendor-supplied mapping software.

The tool uses the markup editor module to enable man-
ually drawing a closed curve on the EAM surface to outline
scar area. Physicians can manipulate the surface 3D view
and the mapping color tables to assist the process. As Fig. 1
shows, the software subsequently cuts the annotated patch
from the EP surface, then perpendicularly extends the
open patch outward by 2 mm to generate a closed surface.
The closed surface represents the outlined scar, which can
be converted to a scar structure into a structure set associ-
ated with 3D image space of the EAM. The scar structure
overlaps on the image slices, illustrating the arrhythmo-
genic endocardial area that is derived from EP information
by a multidisciplinary physician team.

The EAM data are translated to 3D image space by
registering it with a cardiac MR or CT volume before scar



Figure 1 Generation of arrhythmogenic scar from electrophysiology maps. (A) Manually outline scar area. (B) Create
scar closed surface. (C) Overlap scar structure on anatomic images. In the images, I and II indicate electroanatomic map
and electrocardiographic imaging, respectively. Curves on the images of (C): blue is left ventricle segmented on the images;
cyan is left ventricle endocardium converted from electroanatomic map surface; and red is the scar structure.
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contouring, which is necessary for the scar structure to
spatially associate with the image data. Figure 2 shows the
registration flowchart. After cardiac MR/CT data are
imported into 3D Slicer, the endocardial chambers and
other structures are contoured and converted to cardiac
surface models to enable surface-based registration with
EAM. The tool aggregates several registration functionali-
ties in 3D Slicer to carry out the task. A typical procedure
starts with manually placing landmark pairs on the EAM
and cardiac surfaces and performing landmark registra-
tion for initial alignment. A closed curve can be manually
drawn on the EAM to extract a partial surface of interest
Figure 2 Registration of EAM surface to cardiac magnetic res
and left ventricular endocardium on the images and fo
EAM = electroanatomic map; ICP = iterative closest point.
that is a high-quality mesh derived from densely catheter
sampling in the EP study. Automatic iterative closest
point registration of the partial surface with the cardiac
surfaces is then conducted. Lastly, the surface alignment
is manually reviewed and refined in the transformation
module to finalize the registration of EAM to 3D cardiac
images.

The closed surfaces of the scar and the mapped anato-
mies are converted to structures in a structure set for the
cardiac MR/CT. Functions for conversions between struc-
tures and surface models are included in the tool. In addi-
tion, an interface to export the 3D images and structure
onance imaging. It starts from segmentation of left atrial
llows a series of surface registrations. Abbreviations:
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set as DICOM RT files is built. DICOM RT is the stan-
dard protocol for radiation therapy to use and transfer
patient data.10 Subsequently, a TPS reads the files and
integrates the EP structures for delineating a transmural
target volume for irradiation.
ECGI

ECGI cardioelectrical maps are created in association
with their 3D anatomic images. The same workflow,
except registering the maps to additional cardiac images,
is used to integrate ECGI maps in a TPS. The CardioIn-
sight System (Medtronic Inc) combines ECG signals from
the skin mapping vest and CT scan of a patient to con-
struct EP maps on the epicardial surfaces that are con-
toured from the CT.11 The system exports CT DICOM
data, a triangulated surface mesh, anatomic landmarks,
and electric scalar data on the mesh vertices. A reading
function is designed in HeaRTmap to import the CT and
EP maps into 3D Slicer. The same color tables that are
used in the ECGI mapping system are built to display the
maps. Other anatomy surfaces that have been contoured
in the mapping process are also imported using the tool.
The scar area is then outlined on the electrical mapping
and converted into a closed surface. The surfaces are con-
verted to structures as a structure set for the ECGI CT.
Finally, the CT and structure set are exported as DICOM
RT data that can be imported into a TPS to aid in target
volume definition.
Software implementation

The tool was written using Python language as a plug-
in module for 3D Slicer. It is seamlessly integrated into
the platform’s main user interface.12 The various func-
tionalities included in the system can be invoked to pro-
cess and visualize 3D image and surfaces. However, these
functions are provided across different modules, making
it difficult to use for a specific application. HeaRTmap
aggregates these functions as a comprehensive tool, by
either combining the source codes or invoking the mod-
ules. These include the EAMapReader to read EAM
maps,8 DICOM RT to read and export anatomic images
and RT structures,13 iterative closest point registration,
and Insight Segmentation and Registration Tookit/Visual-
ization Toolkit processing of surface meshes.
Results
The tool has been successfully used in cardiac radioa-
blation on 2 patients who had EAM acquired with an
EnSite NavX system. The patients had prior catheter abla-
tions, then radiation was recommended for treating the
residual arrhythmogenic substrate. The first patient was
treated for the VT in the left ventricle (LV). The integra-
tion of EAM data exactly followed the proposed work-
flow. The EAM was registered to the most recent cardiac
MR on which the endocardial chambers were segmented
as reference surfaces. The second patient was treated for
right ventricular tachycardia. The clinical team registered
the EAM to patient’s cardiac CT in the mapping system,
then exported the registered maps and anatomy surfaces
that were segmented on the CT. Using the tool, the physi-
cian teams outlined the scar area on the EAM maps.
Importing into the Eclipse TPS (Varian, Siemens Healthi-
neers), the cardiac images were registered to simulation
CT, and the scar structure was simultaneously overlapped
on the simulation CT and showed the arrhythmogenic area
around the CT endocardial surface (Fig. 3). Accordingly,
radiation oncologists contoured the transmural target vol-
ume on the CT, referred to as gross target volume for radi-
ation planning. The internal target volume (ITV) and
planning target volume (PTV) were then created (Fig. 3) to
account for the patient’s internal motion and treatment
setup uncertainties. Radiation plans with a prescription
dose of 25 Gy to the PTV were designed and delivered
using the volumetric modulated arc therapy technique
(Fig. 3). The 2 patients were treated for PTVs of 142 cm3

on the LV and 156 cm3 on the right ventricle, respectively.
The third patient who was implanted with a left ven-

tricular assist device received radioablation for late-stage
VT burden. Catheter ablation and EAM acquisition were
considered clinically infeasible for the patient. The clinical
team worked with inHeart (inHeart Medical), whose 3D
cardiac modeling software solution was used to postpro-
cessed a contrast-enhanced cardiac CT of the patient and
create the wall thinning map. The scar target was con-
toured on the map and exported with the cardiac CT in
DICOM RT for treatment planning. On the day of CT
simulation, ECGI of the patient was performed using a
CardioInsight system. The EP maps were used by “side-
by-side” visual comparison to assist the scar delineation
on the wall thinning maps with the inHeart team. In a ret-
rospective evaluation, we used HeaRTmap to generate a
scar structure from the ECGI data. After the clinical
workflow in the TPS, the ECGI CT and the scar structure
were registered to the simulation CT, and a transmural
target volume and then PTV were created. The Dice coef-
ficient (2 times the volume of overlap divided by the total
volumes of both structures), measuring the similarity of
the volumetric overlap between this and the clinically
used PTV (92 cm3), was 0.71.
Discussion
This work developed a software tool to efficiently inte-
grate both ECGI and EAM data into a TPS for CR target
volume definition. The tool was built upon previously



Figure 3 Treatment planning based on a scar structure from electrophysiology data. Top row: physician creates internal
target volume (cyan) and planning target volume (pink) on simulation computed tomography from registered scar (red)
that is generated and exported from 3D Slicer. Bottom row: dose distribution with the color bar in centigray.
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published work. Brett et al first reported a workflow using
3D Slicer to convert CARTO3 EAM to DICOM images
for CR.7 3D Slicer displayed the maps and enabled users
to place fiducial marks to annotate scar boundaries. Con-
verting the map into a binary volume, the users then man-
ually delineated the scar structure to encompass the
fiducial markers on the binary image slices. Registering
cardiac CT with CARTO3 EAM in 3D Slicer, Hohman et
al contoured scar structure on the CT to enclose the
points that were labeled on the maps and projected on the
image slices.8 However, the delineation on image slice
views is prone to user-variability and can be labor-inten-
sive. In comparison, our workflow only requires one-time
annotation of the scar on the maps. The tool automati-
cally converts the outlined surface patch into a structure
associated with 3D anatomic images. Thus, HeaRTmap
allows the clinical team to focus on defining the arrhyth-
mogenic scar based on EP information, minimizing the
physicians’ time and efforts.

The registration of EAM surfaces with 3D anatomic
images determines the accuracy of using EP information
for target definition. The workflow7 performed the fusion
in a TPS based on manual alignment of anatomic land-
mark structures identified on both the EAM data and the
CT. Instead, our workflow follows the procedure,8 which
registered EAM to cardiac images in 3D Slicer using not
only the anatomic landmarks but also the surfaces of the
EAM and the corresponding structures segmented on the
images. The many methods of surface registration pro-
vided in 3D Slicer can therefore be used. Our procedure is
first landmark registration for global matching, then auto-
matic surface registration for local alignment, and finally
manual refining and confirmation. The invasive EAM
procedure likely samples the endocardial surface nonuni-
formly, such as densely sampling the regions surrounding
VT substrate but sparsely on distant areas. By providing a
function to extract a portion of the EAM surface mesh,
the tool enables region-of-interest-based surface registra-
tion. Nevertheless, due to the differences of cardiac cycles
and respiratory phases between the mapping and cardiac
imaging, thorough evaluation and further development of
the fusion process are warranted.

Thanks to Hohman et al,8 our tool integrates their
open-source EAMapReader to import EAM maps from 3
widely used mapping systems. Additionally, we developed
the function to read ECGI mapping from the CardioIn-
sight system. The tool can also handle ECGI data in the
conventional VTK format because 3D Slicer can read and
process them. Volumetric registration of ECGI anatomic
images and simulation CT in a TPS readily fuses the scar
structure for radiation target volume definition. However,
studies have demonstrated there are discrepancies
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between the scars measured by ECGI and EAM.14 We
currently use the ECGI to cognitively assess the scar loca-
tion derived from EAM or contrast-enhanced scar imag-
ing. In all, HeaRTmap provides a comprehensive solution
to use EP data for target definition of CR.

It is important to recognize that registering an EAM
map with the patient’s anatomic images poses the biggest
challenge for the workflow. First, the geometric accuracy
of the EAM surface suffers from the respiratory and car-
diac motions during the procedure, besides the limited
catheter-sampling points of the mapping. Second, the
mapping and imaging are likely performed at different
phases of respiration and cardiac cycle, for example,
ECG-gating EAM versus 4-dimensional free-breathing
CT in our cases. Due to the phase differences, the mor-
phologic changes of the heart may make the registration
problematic. Third, the 2 data types have incomparable
formats and different resolutions and require specific pre-
processing. With various sources of uncertainties, we
acknowledge that while the present cases demonstrate the
workflow’s efficacies, this study lacks quantitative assess-
ment of the registration. Our future work will focus on
evaluating and improving the accuracy and reliability of
the data fusion.

As an emerging treatment modality, CR currently has no
established guidance for target definition. Our method con-
tours the arrhythmogenic area identified on EAM maps as
“gross” disease. Another approach is to first divide the heart
chamber contoured on CT into 17 segments, following the
American Heart Association 17-segment model,15 and then
select the segments including the critical substrate as target
volume.16 The 17-segment model is the current standard in
the cardiologic specialties in describing the heart among dif-
ferent imaging modalities.15 Although the 17-segment
method addresses some of the uncertainties in the registra-
tion of EAM maps by targeting the whole segments, it could
substantially increase radiation to healthy cardiac tissue and
nearby organs at risk. In the current workflow, the clinical
team visually assess the alignment of the maps with CT and
cognitively verify that the EAM scar is located on the specific
segments. A potential approach for quantitative evaluation is
to delineate the 17 segments on simulation CT and assess
the matching of the segments enclosing the fused scar with
those identified by cardiologists during the EP procedure.
With the development of the 17-segment atlas for radiation
oncologists17,18 and automatic segmentation,19,20 the current
workflow incorporating the 17-segment evaluation would
improve the reliability and reproducibility of CR target
delineation. The current software tool will be extended to
develop this aspect in future work.

HeaRTmap was developed as a plugin for 3D Slicer
which hosts numerous functions for medical image proc-
essing, distributed across different modules. Using Python
scripting, the tool has a unified user interface to invoke
the functions and modules to build a custom workflow
for the application. This open-source tool is freely avail-
able at https://github.com/NYU-RadOnc/HEaRTmap as a
3D Slicer module.
Conclusion
Cardiac radioablation is a promising, noninvasive
treatment option for refractory VT. Incorporating electro-
physiological mapping in the treatment planning is criti-
cal for accurate definition of the target volume. This work
built a software tool that enables smooth integration of
EP data with minimal physician effort. It could facilitate
further development and adoption of the emerging ther-
apy for VT, and potentially other cardiac arrhythmias.
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