Physics and Imaging in Radiation Oncology 25 (2023) 100406

ELSEVIER

Contents lists available at ScienceDirect
Physics and Imaging in Radiation Oncology

journal homepage: www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology

phiRO

Physics and/Imaging in
Radiation Oncology

ESTRO

Short Communication

»

Check for

Quality assurance process within the RAdiosurgery for VENtricular o
TAchycardia (RAVENTA) trial for the fusion of electroanatomical mapping
and radiotherapy planning imaging data in cardiac radioablation

Michael Mayinger ', Judit Boda-Heggemann ', Felix Mehrhof ¢, David Krug ¢,

Stephan Hohmann ¢, Jingyang Xie', Stefanie Ehrbar “, Boldizsar Kovacs ¢, Roland Merten ",
Melanie Grehn“, Adrian Zaman', Jens Fleckenstein ", Lena Kaestner ”, Daniel Buergy b
Boris Rudic’, Anne Kluge , Leif-Hendrik Boldt K Jiirgen Dunst 4, Hendrik Bonnemeier,
Ardan M. Saguner ?, Nicolaus Andratschke “, Oliver Blanck 41" Achim Schweikard "'

@ Department of Radiation Oncology, University Hospital Ziirich, University of Ziirich, Ziirich, Switzerland
b Department of Radiation Oncology, University Medicine Mannheim, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany

¢ Department of Radiation Oncology, Charité University Medicine Berlin, Berlin, Germany

4 Department of Radiation Oncology, University Medical Center Schleswig-Holstein, Kiel, Germany

¢ Department of Cardiology and Angiology, Hannover Heart Rhythm Center, Hannover Medical School, Hannover, Germany

f Institute for Robotics and Cognitive Systems, Univesity of Liibeck, Liibeck, Germany

8 Department of Cardiology, University Heart Center Zurich, University Hospital Zurich, Switzerland

" Department of Radiotherapy, Hannover Medical School, Hannover, Germany

I Department of Internal Medicine III, Section for Electrophysiology und Rhythmology, University Medical Center Schleswig-Holstein, Kiel, Germany
) Medizinische Klinik I, Abteilung fiir Elektrophysiologie und Rhythmologie, Universitatsmedizin Mannheim, Medical Faculty Mannheim, Heidelberg University,

Mannheim, Germany

X Department of Cardiology, University Medicine Berlin, Campus Virchow-Klinikum, Berlin, Germany

ARTICLE INFO ABSTRACT

Keywords:
Electroanatomical mapping
Radiotherapy planning
Cardiac radioablation
Quality assurance
CARDIO-RT

A novel quality assurance process for electroanatomical mapping (EAM)-to-radiotherapy planning imaging
(RTPI) target transport was assessed within the multi-center multi-platform framework of the RAdiosurgery for
VENtricular TAchycardia (RAVENTA) trial. A stand-alone software (CARDIO-RT) was developed to enable
platform independent registration of EAM and RTPI of the left ventricle (LV), based on pre-generated radio-
therapy contours (RTC). LV-RTC were automatically segmented into the American-Heart-Association 17-

segment-model and a manual 3D-3D method based on EAM 3D-geometry data and a semi-automated 2D-3D
method based on EAM screenshot projections were developed. The quality of substrate transfer was evaluated
in five clinical cases and the structural analyses showed substantial differences between manual target transfer
and target transport using CARDIO-RT.

1. Introduction

Cardiac radioablation (RA) [1] of refractory ventricular tachycardia
(VT) has been reported to reduce VT rates by 75 % [2-4]. Currently, no
commercial product or clinically validated method for target transport
from electrophysiology to radiation oncology treatment planning sys-
tems (TPS) are available. Several in-house solutions have been proposed
[5-10], but most are based on specific data formats and platforms, while
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others are not publicly available. An alternative to direct target transfer
is to apply a 17-segment decomposition of the left ventricle (LV) and
overlay the decomposition onto the radiotherapy planning imaging
(RTPI) [11,12]. The main disadvantage of this method is the lack of
direct data registration and visualization in addition to possibly larger
than necessary target volumes. The aim of this project was to develop
and demonstrate the feasibility of an open, stand-alone, multi-platform
solution for electroanatomical mapping (EAM)-RTPI registration and
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data display, dedicated specifically for quality assurance (QA) of the
target transfer process from electrophysiological to radiation oncology
systems for RA within the RAdiosurgery for VENtricular TAchycardia
(RAVENTA) trial [16].

2. Materials and methods

The developed EAM-RTPI registration and data display software
CARDIO-RT implements three data registration strategies: 17-segment,
3D-3D [7], and 2D-3D registration (Supplementary Table 1). CARDIO-
RT is available free of charge upon request to the last author.

The 17-segment registration model (Supplementary Fig. 1) employs
the “Image Processing Toolbox™”, “Phased Array System Toolbox™”,
and “Statistics and Machine Learning Toolbox™” [12]. In CARDIO-RT, a
3D 17-segment model is generated after importing the manually delin-
eated CT-based LV contours. To extract the 17 segments, CARDIO-RT
implements a semi-manual method (Supplementary workflow for 17-
segment registration). Regions of interest on the LV can be identified
by listing one or more segment numbers. Since the computed tomog-
raphy (CT) and the 17-segment model are matched, the location of
abnormal tissue on the LV or the radiosurgical target region in CT co-
ordinates can be obtained. The selected region(s) are displayed in a CT
viewer wizard.

For 3D-3D registration, the “Image Processing Toolbox™” is
employed. CARTO (Biosense Webster, Diamond Bar, CA, USA) and
RHYTHMIA (Boston Scientific, Marlborough, MA, USA) EAM systems
are supported. The mapping system is selected at the beginning, as the
exported data formats vary (CARTO: one (.mesh file) or two files (.mesh
file and _car.txt file); RHYTHMIA: MATLAB.m data format). The LV and
aorta contour data are imported, followed by the EAM data. For con-
tours, the aorta is shown in black and the LV in red. For the EAM data,
the LV and part of the aorta are shown in blue, and the manually selected
green points represent the target. A projection plane (cranial/left-

2D-3D EAM-CT registration
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lateral/posteroanterior) is selected. The EAM point cloud is moved
stepwise by elementary planar transformations. When the registration is
complete, the target is exported in DICOM-RT format. The CT data set
and DICOM-RT file can be imported into the visualization sub-wizard to
show the target in CT slices.

2D-3D registration employs the “Image Processing Toolbox™” and
“Phased Array System Toolbox™”. The target is delineated in the EAM
(Fig. 1) and screenshots of this target in standardized anatomical
viewing directions are saved. The CT-based LV contours and one or more
EAM screenshots are imported into 2D-3D EAM-RTPI-registration. The
user selects an anatomical viewing direction (active projection direc-
tion). The planar LV projection is overlaid onto the screenshot (active
projection direction). A target curve is generated on the CT-based LV-
contour by clicking on the appropriate intermediate points of the
overlaid EAM screenshot that includes the previously delineated target.
Anatomical landmarks can be selected for validation. Coordinates of the
selected points can be recorded and added into the original contour file
(DICOM-RT format). The CT data set can be imported into the wizard to
visualize the target in CT slices. If necessary, coordinates of selected
points can be exported in CSV format for further processing or
visualization.

2.1. Participating centers and patient characteristics

CARDIO-RT was implemented and evaluated in five RA centers.
Based on current consensus [13] and the RAVENTA trial protocol [16],
RA treatment was considered in patients with VT where refractory to
dose-escalated antiarrhythmic drug treatment and catheter ablation
(CA) was infeasible or unsuccessful. Five VT cases, one from each center,
were included. The study was approved by the local ethics commissions.
In case 1, the 2D-3D registration tool was not finalized at the time of
treatment and was applied in retrospect. For cases 3 and 4, structural
analyses of the manually transferred targets with targets obtained from

A. Selection of EAM target and generation
of EAM screenshots

B. Alignment of EAM screenshots
and LV point cloud based on CT structures

Definition of target points

C. Depiction of target
in DICOM-RT

Fig. 1. The workflow of the 2D-3D EAM-RTPI registration. (A) Selection of the EAM target (white arrow) and generation of the EAM screenshots in different views
from the invasive three-dimensional mapping system (right ventricle in green, left ventricle in grey, aorta in magenta, and right atrium in brown; (B) Alignment of the
EAM screenshots and LV point cloud based on the CT structures and definition of the target points; (C) Depiction of the target in DICOM-RT. Abbreviations: AP =
anteroposterior; CT = computed tomography; DICOM = Digital Imaging and Communications in Medicine; EAM = electroanatomical mapping; INF = inferior; LL =
left lateral; LV = left ventricle; PA = posteroanterior; RL = right lateral; SUP = superior. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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2D-3D registration were performed. In case 4, the EAMapReader [7] was
employed. The fifth case examined a target transfer with a failed RA
(Supplementary Table 3). The participating experts (electrophysiolo-
gists, radiation oncologists, and medical physicists) at each center were
trained at the national workshop for cardiac RA in Germany and/or had
previous experience in RA. Each center provided case data (epicrisis, 12-
lead surface ECG, EAM and contrast-enhanced cardiac CT; Supplemen-
tary Table 2).

2.2. Target delineation for RA

EAMs of the cardiac chamber were obtained using CARTO,
RHYTHMIA or EnSite (Abbott Laboratories, Chicago, IL, USA). Time-
resolved thoracic treatment planning CT was performed for RTPIL
ECG-gated contrast-enhanced cardiac CT was acquired in the diastolic
phase. Target regions for RA were manually contoured on several EAM
screenshots by electrophysiologists at each center (Fig. 1 & 2, Supple-
mentary workflow for EAM-RTPI registration). The myocardial wall was
delineated on the contrast-enhanced ECG-gated CT and registered with
the planning CT. The target region was manually remodeled by inter-
disciplinary teams on the planning CT as a 3D structure [14] (Velocity
and Eclipse v15 (Varian, Palo Alto, CA, USA), Monaco (Elekta, Stock-
holm, Sweden), and Precision (Accuray, Sunnyvale, CA, USA)). 2D-3D
and 3D-3D matches were applied as a QA measure for the accuracy of
the clinical target volume (CTV) transfer. If major modifications arose,
the manually transferred CTV was revisited (cases 1-4). For case 5, the
software was applied retrospectively on an EAM acquired after RA.

2.3. Structure analysis

CTVs were manually transferred from EAM to planning CT. Slice-by-
slice CTV transfer by 2D-3D match to the CT was performed. CTV
transfer by 3D-3D to the CT and transfer to the 17-segment model was
conducted automatically. All 2D-3D, 3D-3D, and 17-segment matching
were checked and/or performed by the study center. CTVs generated by
manual transfer and using CARDIO-RT (2D-3D and 3D-3D) were
compared for cases 3 and 4 and analyzed with Velocity (Version 3.2.1,
Varian, Palo Alto, CA) [14].

3. Results

In case 1, EAM (Supplementary Fig. 2a) showed two possible target
regions in the anteroseptal region of the LV and in proximity of an
aneurysm of the LV in the basolateral region (for details see supple-
mentary case histories and supplementary EAM-RTPI registrations).
Based on the location of the previous CAs and the morphology of the VT,
it was decided to only treat the left anteroseptal region. The mesh data,
aorta contours from the CT delineation and LV before and after manual
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registration (moving the mesh data in three planar views until optimal
alignment was reached) and software-based CTV could be transferred to
the CT (Supplementary Fig. 2b-k). Based on 4D-CT, treatment was
planned adapting the manually planned CTV with 3D-3D EAM-RTPI
registration.

In case 2, data of cardiac MRI and contrast-enhanced CT in the sys-
tolic and diastolic phase were used for CTV verification and plausibility
check due to scarring after myocarditis and several CAs (Supplementary
Fig. 3a-c). The CT and MRI data suggested slightly different regions as
possible targets. 2D-3D registration was performed based on EAM data
and confirmed the results of the manual registration. Final CTV was
obtained as a union of the target regions defined on CT and MRL

In case 3, a large area of low voltage was recorded at the inferior/
septal/basal/mid ventricular portion of the LV. Programmed ventricular
stimulation with the ICD reproducibly induced a sustained mono-
morphic VT with an exit site in the inferior basal scar area corresponding
to segment 4 (Supplementary Fig. 4). RA was performed by employing
the manually transferred CTV adapted by 2D-3D and 3D-3D transfer.
Comparison between manual, 2D-3D and 3D-3D registration showed
high variation in CTV contours (Supplementary Table 4), with the
smallest CTV observed for 3D-3D, followed by manual registration and
2D-3D. The surface area differed between registration methods, with the
smallest surface area reported for 3D-3D, and the highest for the manual
transfer. Axial, coronal and sagittal location of the center differed be-
tween registration methods. Using 2D-3D as reference, 3D-3D showed
higher conformity than manual registration and a smaller Hausdorff
distance.

In case 4, a large low voltage zone spanning the anterior/postero-
lateral/inferior/basal LV suggested an epicardial substrate with endo-
cardial exits at these sites. The EAM target spanning the basal low
voltage zone was transferred to the CT. A transmural ITV and planning
target volume were planned taking into account respiratory motion
(Monaco, Elekta AB; Supplementary Fig. 5). EAM-RTPI transfer was
confirmed by 2D-3D. Comparison between manual and 2D-3D regis-
tration showed a conformity of 0.5 in CTV contours (Supplementary
Table 4; Supplementary Fig. 6).

In case 5, target volume was defined by manual EAM-RTPI transfer.
A comparison of the manually defined CTV with the target volume ac-
quired from CARDIO-RT prior to RA was not possible, as the software
was not available and a full EAM could not be obtained due to an LV
apical thrombus. Despite RA, sustained VT recurred with recurrent
conversion attempts. An additional invasive CA was performed three
weeks after RA in segment 7, successfully terminating the VT. Retro-
spectively, CARDIO-RT registration was performed using the EAM data
from the successful CA and the CTV from the previously performed RA.
Accordance with the volume selected as RA target was observed (Sup-
plementary Fig. 2). Retrospective analysis with CARDIO-RT revealed
that RA was performed more apical to the region of the successful CA

Target volume identification
on EAM

Manual delineation on CT

CARDIO-RT EAM-RTPI
fusion

Verification of volumes in an
interdisciplinary team

Fig. 2. Workflow of target identification, manual delineation, CARDIO-RT EAM-RTPI fusion and verification during the quality assurance process.
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(Supplementary Figs. 7, 8).
4. Discussion

Feedback from the participating centers confirmed that CARDIO-RT
is easy to use and requires minimal additional training. The same step
sequence is used for any platform combinations (catheter-, CT-, radia-
tion oncology systems). Target volumes and further anatomical struc-
tures can be easily visualized in 3D, with automatic labeling of the
viewing directions. In comparison with previous methods that require
the input of 3D mesh data [5,7,8,10], with the proprietary format of the
mesh data being subject to changes without notice, the input re-
quirements for 2D-3D registration (screenshots from standardized
anatomical viewing directions) are minimal. Compared to 17-segment
decomposition, CARDIO-RT allows for a more accurate data transfer
as it shows the precise region chosen on the EAM data [15]. If new
features are warranted, e.g. ECG data, these can be included in the
MATLAB wizard [9].

The CARDIO-RT software was successfully employed as a QA mea-
sure in five patient cases within the multi-center multi-platform RAV-
ENTA trial [16]. We observed the difference between manual transfer
and two semi-automatic methods to be substantial, underlining the
limited accuracy of manual target transfer, especially when considering
that it was performed and approved by an interdisciplinary team with
exceptional expertise in the field [14]. In case 4, the new 2D-3D regis-
tration method was compared to the previously published EAMap-
Reader [7], showing high conformity of target volumes in both
registration methods. Anatomical landmarks marked and integrated for
both EAM data and CT-based LV contour data provided an additional
tool for spatial validation of the registration result. In case 5, CARDIO-
RT provided a retrospective verification based on newly acquired EAM
data revealing why prior RA may not have been successful.

Due to limited data availability (cases 1&2: as the manually trans-
ferred CTV was not stored, structural CTV comparisons were not
possible; case 5: EAM data prior to RA could not be included), a full
validation of the CARDIO-RT software was not yet possible. Since RA for
VT is a new procedure, patient numbers are limited and no larger scale
clinical trial has been performed until today [2].

In conclusion, the new method for EAM-RTPI registration, 2D-3D
registration, overcomes difficulties and limitations of earlier mesh
data registration methods. 2D-3D registration was implemented in a
freely available, stand-alone software system (CARIO-RT) and evaluated
in a small series of patients. The new approach is suitable for any EAM-
platform. The main visually intuitive registration step may reduce the
risk of large transfer errors. Initially, the provided tools could be used to
provide a second opinion on the validity of any manual or other method
for target transfer.
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