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ARTICLE INFO ABSTRACT

Keywords: Cardiac stereotactic body radiotherapy is a promising noninvasive treatment for patients with refractory ven-
Cardiac radiation tricular tachycardia. With the aim to prove feasibility of a novel image guided radiotherapy and heart motion
Gating

gating device, cardiac proton radiotherapy was performed using a porcine model. Using a novel adaptation of y —
H2AX tissue staining techniques, we have been able to localize a radiation beam in large animal tissue to assess
targeting accuracy within a defined field. Cardiorespiratory-gated irradiations of the animals were successfully
completed and analysis of the y-H2AX staining intensity of the excised heart after radiation demonstrated
radiotherapy was delivered close to or within the expected region. We simulated the irradiated volumes under
different gating scenarios, showing significant reduction when using combined cardiorespiratory gating. The
results of this study show the feasibility of proton irradiation of the heart left ventricle with a novel ultrasound
based cardiorespiratory gating technology with the benefit of reduced irradiation volumes and increased healthy

Ultrasound guidance

tissue sparing.

Introduction

Standard clinical management of sustained monomorphic ventricu-
lar tachycardia (VT) in patients with Moreover, radiation dose to non-
target heart structures by cardiac stereotactic body radiation therapy
structural heart disease generally involves combinations of implantable
cardioverter-defibrillator (ICD) placement, antiarrhythmic drugs, and
catheter ablation [1]. While catheter ablation tools and techniques have
steadily improved, creating effective and durable lesions remains a
challenge, particularly when targeting intramural substrates in thick
myocardium interspersed with fibrosis and fat [2]. Over the last 6 years,
non-invasive cardiac stereotactic body radiation therapy has been pro-
posed and increasingly utilized as an alternative treatment of cardiac
arrhythmias, particularly in patients with recurrent ventricular ar-
rhythmias despite aggressive treatment with antiarrhythmic drug ther-
apy and catheter ablation procedures. While clinical benefit has been
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shown, the response has been variable in studies published to date
[3-7]. The reasons for this variability remain incompletely understood,
but one contributing factor could involve marginal missing of target
substrate due to cardiorespiratory motion. Moreover, radiation dose to
non-target heart structures by cardiac stereotactic body radiation ther-
apy (SBRT) will likely lead to future adverse events events [8,9] and
current techniques to account for cardiorespiratory motion result in the
dramatic expansion of the target cardiac substrate volume in the final
planning volume[10]. In this context, improved, dedicated image-
guidance and gating could provide a valuable tool to both improve the
accuracy of VT substrate targeting and increase healthy tissue sparing
[11,12]. This would allow for potentially more consistent positive
outcome, reduce the possible side effects of radiation on the non-target
heart tissues and the surrounding organs at risk and increase the pop-
ulation eligible for cardiac radioablation. Moreover, as proton technol-
ogies expand to include novel and potentially highly motion sensitive
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techniques such as FLASH [13-15] and proton arc radiotherapy, the
development of novel, real-time motion management take on an
enhanced potential clinical significance for applications outside cardiac
targeting.

Being non-invasive, safe and fast, ultrasound imaging is a natural
candidate technology to address the specific challenges of real-time
image-guidance for the heart, that are different from other applica-
tions in radiotherapy [16,17]. EBAMed SA is developing a novel image
guided radiotherapy and heart motion gating device which in the rest of
this work is referenced as CardioKit. Following first positive assessments
of ultrasound image quality for ventricular tachycardia patients in su-
pine position [18] and the impact of the probe position on the chest for
proton and photon treatment plans [19], this study provides data on the
feasibility of image-guided cardiorespiratory-gated cardiac proton
radiotherapy on a porcine model. The verification of correct radiation
delivery is based on y-H2AX immunochemistry following procedures
adapted from authors™ previous work on small animals [14,20]. These
data serve as input for further CardioKit product development.

Materials and methods

Animal Preparation and Handling— Following approval by the Uni-
versity of Pennsylvania s Institutional Animal Care & Use Committee, a
total of three Yorkshire swine (referenced as “animal 17, “animal 27,
“animal 3”) underwent the study sequentially. Male subjects were cho-
sen to minimize biological variabilities, given the insufficient statistical
power to determine any sex-related impact on results and males more
frequently develop scar-related Ventricular Tachycardia than females
[21]. The body weight and age ranged from 57-60 kg and 3.5-4.5
months, respectively. After a quarantine period, surgical implantation of
three to four 2 mm gold fiducial suture-type markers MTNW887866 (CQ
Medical, USA) on the anterior lateral left ventricular wall. The surgery
was performed under general anesthesia and the anatomical location
was chosen to be representative of a ventricular tachycardia target.

Following recovery (3.5-4 weeks post-surgery) and overnight fast-
ing, animals underwent simulation imaging and four days later, treat-
ment. For simulation and treatment, the animals were sedated and
medicated with beta-blockers. Regular respiration was ensured with a
mechanical ventilator set to 18 cycles/min and 800 mL tidal volume.
When, for imaging purposes, an expiratory breath-hold was required,
this was reproducibly enforced by manually switching off the ventilator
at end-exhale for a maximum of 30 s.

Simulation Imaging—All animals underwent data acquisition with
CardioKit followed by Computed Tomography (CT) on a Siemens (For-
chheim, Germany) Somatom Sensation Open using University of Penn-
sylvania’s standard human clinical protocols as previously described
[6]. Briefly, 4D contrast CT imaging was performed with 2 mm slice
thickness with IV contrast given during the 4D scan that was respiratory-
binned using a Varian RPM (Palo Alto, USA). In addition, a contrast-
enhanced static CT was also acquired in expiratory breath-hold by
briefly pausing the ventilator in end expiratory phase. Additionally, for
animals 2 and 3, a 4D cardiac-binned contrast-enhanced CT was ac-
quired using a Siemens (Forchheim, Germany) Somatom Force scanner.
For all animals, transthoracic echocardiographic images were acquired
in expiratory breath-hold prior to CT.

Treatment Planning —Treatment planning was performed using
Eclipse treatment planning system (Varian, Palo Alto, CA) to deliver 25
Gy of stereotactic body radiation therapy with protons and was based on
an end expiratory phase of the respiratory-binned 4D-CT (animals 1 and
3) or an expiratory breath hold CT (animal 2). The target was located at
the center of the fiducial markers and consisted of 1-2 spots in 1-2
energy layers with a single beam direction perpendicular to the target
tissue surface. For animals 1 and 2, a shoot-through method was used
with a contralateral beam to create a sharp lateral penumbra at the
location of the target. For animal 3, an ipsilateral beam with spread-out
Bragg peak was used to more accurately represent a clinically planned
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treatment.

Treatment Delivery— Four days following simulation, the animals
were aligned using Cone Beam Computed Tomography (CBCT) and
irradiated with an Ion Beam Applications (Louvain-la-Neuve, Belgium)
ProteusPlus therapy machine with gating signals provided by CardioKit
(see next paragraph). As an initial test of the system, animal 1 was
planned for treatment using only respiratory gating, whereas for animals
2 and 3, cardiorespiratory gating was used.

Cardiorespiratory gating — Cardiorespiratory gating was performed
using a prototype of the novel ultrasound-based image guidance system
(CardioKit) developed by EBAMed SA. It combines Electrocardiography
(ECG), transthoracic echocardiography and optical tracking to enable
real-time determination of the heart contraction state and heart
displacement due to respiratory motion in the three spatial directions.
The ECG module includes an online R-peak detection to determine the
precise timing of ventricular contraction. The ultrasound probe images
the heart at 50 Hz in two orthogonal planes and the spatial position of
the probe is determined by optical tracking. Each ultrasound image is
registered to a previously acquired reference ultrasound image to
determine in real-time the displacement of the heart. Gating for cardiac
motion is enabled by specifying an allowed motion interval in terms of %
of the R-R interval, whereas gating for respiratory motion is enabled by
specifying an allowed motion interval in terms of motion excursions
from expiratory breath-hold in each spatial direction. The time delays
linked to image and signal acquisition and real-time processing are
precisely measured internally and taken into consideration for motion
prediction. The information on the reaction times for beam generation/
hold of the therapy machine is used to anticipate the generation of the
gating commands, such that the beam is resumed/paused at the desired
point in time.

Tissue Analysis—We have previously used staining for the DNA
damage marker y-H2AX in cardiac tissues to verify the accuracy of
proton and photon beam delivery in mice [14,20]. To modify this
method to be compatible with the considerably larger volumes in
porcine heart tissues, we first divided the heart tissues into a 1-1.5 cm
grid pattern using the implanted fiducials as a guide and then performed
immunohistochemical analysis. Sections were frozen in Optimal Cutting
Temperature (OCT Tissue-TEK) compound at the ~ 1 h post irradiation
timepoint to maximize y-H2AX signal intensity. Tissues were sectioned
at 5 pm thickness and immunohistochemistry was performed using
y-H2AX with Hoechst nuclear counterstaining. Sections were fixed in 2
% paraformaldehyde, permeabilized in ice cold methanol, blocked with
8 % bovine serum albumen (BSA) in PBS with 0.5 % Tween-20 and 0.1 %
Trition X-100 (PBS-TT) and incubated with Anti-phospho-Histone H2A.
X (Serl39) Antibody (directly FITC-conjugated — Millipore, clone
JBW301 - Ref 16-202A — diluted 1:500, in 1 % BSA in PBS-TT). Nuclei
were counterstained with 5ug/ml Hoechst in PBS and imaged at 10x on
a Zeiss Observer.Z1 inverted Fluorescent microscope with an AxioCam
MRm camera (Zeiss). Once the beam signal was located, a control tissue
section was selected from the sampled field at a distal location. Quan-
titative image analysis was performed using FLJI open source software.
For each stained tissue section, signal intensity was calculated as the raw
integrated density per YH2AX region of interest (ROI) divided by the
total area of the corresponding Hoechst ROI for a minimum of 5 ROI per
section. This was then plotted on a scale of 0 (negative) to 100
(maximum) signal intensity.

Results

Calibration of the optical tracker of the cardiorespiratory gating
system (Fig. 1) was performed prior to simulation imaging and radiation
delivery: the optical tracker was placed on the ceiling (or on a tripod
when temporary placement on the ceiling was not possible) and a
dedicated phantom with precisely placed optical and radio-opaque
reference markers was used to determine the coordinate trans-
formation between the tracker and the room coordinate system used for
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Fig. 1. Ultrasound based image guidance. (Top) Graphical representation of the ultrasound-guidance setup with CardioKit elements circled in gray and a zoom
view of the ultrasound probe with optical markers fixed on the thorax with an adhesive patch. (Bottom left) Simplified diagram of the signal/image processing steps
to generate a cardiorespiratory gating signal. (Bottom right) Schematic for gating using combination of ECG and respiratory motion signals.

simulation imaging and radiation delivery. The response time of the
therapy machine to gating commands was characterized by measuring
on a digital oscilloscope the time delays between the rising/falling edges
of the input gating signal sent to the IBA gating interface and the output
beam signal recorded on an ionization chamber placed at room

isocenter.

The implanted fiducials on the left ventricle surface created a tri-
angle of 3-3.5 cm per side, which was used to identify the target zone for
treatment planning (Fig. 2A). For animal 1, a posterior beam was
designed to target an ~ 1.5 cm area within this fiducial triangle (Fig. 2B)
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Fig. 2. Targeting and treatment planning. (A) For each animal, 3-4 fiducials were placed on the left ventricle surface. (B,C) treatment plan for animal 1 and 2
showing posterior beam targeting area within the fiducial triangle using a shoot through approach. (C) treatment plan for animal 3 showing anterior beam targeting
area within the fiducial triangle using a pencil beam scanned spread out Bragg peak approach. Radiation doses are shown in color wash as indicated in top left of

each panel.

using a shoot through technique. The respiratory gating windows were
empirically adjusted to irradiate only in end expiration. The respiratory
motion allowed in the gating window was 2 mm, 4 mm and 2 mm in the
sagittal, axial and coronal directions, respectively. After irradiation and
animal sacrifice, quantitative image analysis of y-H2AX staining (see
Fig. 3A for representative staining images). As shown in Fig. 3B, the
targeted area from treatment planning (left panel) matches well with the
quantitative image analysis for y-H2AX staining (right panel), demon-
strating excellent target localization using CardioKit respiratory
targeting.

For Animal 2, in an attempt to simulate gated treatment only during
the end expiratory respiratory phase, treatment planning was completed
on an end expiratory breath hold CT, although both cardiac binned and
respiratory binned CT series were also obtained to estimate cardiore-
spiratory motion parameters. Similarly to animal 1, a posterior shoot
through proton beam plan was used (Fig. 2C). During treatment, the
allowed respiratory motion in the gating window was 3 mm, 2 mm and

Unirradiated

A B

Irradiated

z

3 mm in the sagittal, axial and coronal directions, respectively. The
cardiac gating window was defined as the interval between the end of
the T-wave and the start of the P-wave in the ECG signal (45-80 % R-R
interval), which corresponds to the end of the filling phase of the heart.
This interval was chosen to increase the possibility to spare healthy
myocardium and critical cardiac structures. Analysis of the targeting by
v-H2AX staining demonstrates that the area treated was more apical-
laterally located that the area that was targeted (Fig. 4A). Further
analysis comparing the 4D respiratory CT end expiratory phase to the
expiratory breath hold CT suggested that the position/angle of the heart
is different on these two scans, possibly due to differences in cardiac
filling induced by breath hold.

To account for these differences, animal 3 irradiation was planned
using the end expiratory phase of the respiratory binned CT. Moreover,
to better simulate an actual patient treatment with proton beam radio-
therapy, the treatment area was planned using a ~ 1.5 cm target treated
with an anterior beam and a pencil beam scanned, spread out Bragg
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Fig. 3. Analysis of y-H2AX staining with respiratory gated delivery. (A) Representative images of staining from non-targeted (top) vs targeted (bottom) areas of
heart (B) 3 dimensional representations of the planned target area (left panel) vs plot of y-H2AX staining intensity (right panel) of heart sections near the fiducial
markers (demonstrated as red dots) for animal 1. For (B), each heart tissue section is represented by a rectangle with lateral dimensions along x and y directions
corresponding to the position measured on the dissection board and color proportional to the relative y-H2AX staining intensity.
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Fig. 4. Analysis of y-H2AX staining for cardiorespiratory gated delivery. 3 dimensional representations of the planned target area (left panel) vs plot of y-H2AX
staining intensity (right panel) of heart sections near the fiducial markers (demonstrated as red dots) for animal 2 (A) and animal 3 (B). For (B), each heart tissue
section is represented by a rectangle with lateral dimensions along x and y directions corresponding to the position measured on the dissection board and color

proportional to the relative y-H2AX staining intensity.

peak approach (Fig. 2 D). During treatment, the allowed respiratory
motion in the gating window was 4 mm, 5 mm and 5 mm in the sagittal,
axial and coronal directions. To maximize target size homogeneity and
spare maximum healthy tissues, the left ventricular volume on the car-
diac gated CT was analyzed to determine when the heart would be be-
tween 80-100 % of its end diastolic volume. Based on this, the gating
window was set to 60-99 % of R-R interval. Analysis of the cardiac
tissues by y-H2AX staining demonstrates excellent correspondence be-
tween the planned and actual irradiated tissues (Fig. 4B), thus showing
that the CardioKit can provide accurate gated treatment of cardiac tis-
sues using a clinically relevant treatment plan.

Gated irradiation of the animals was successfully completed with an
average total irradiation time of 4 min. No extra systole or other
arrhythmic event was recorded during the procedures. The heartbeat
varied between 60 beats per minute (BPM) and 105 BPM, with for each
animal variations of max 15 BPM during simulation and 10 BPM during
treatment. The maximum difference between heart rates between
simulation and treatment was 10 BPM.

The goal of obtaining a small, irradiated area with the sharpest
possible lateral dose fall-off resulted in treatment plans which are not
representative of ventricular tachycardia treatment plans. In order to
provide a more accurate representation of the potential clinical benefit
of gating, we analyzed the motion of the left ventricle free wall. To es-
timate the potential changes in treatment volume that might be obtained
with cardiorespiratory gating, a target area on the inferolateral wall was
identified on all cardiac and respiratory phases of CTs for animals 2 and
3 using cardiac landmarks including papillary muscle insertions as a
guide for contouring. The gross target volume (GTV) for each animal
was the volume of ventricle wall on either the CT average scan
(“ungated” scenarios) or the end expiratory phase of the scan (“gated”
scenarios). For the ungated analyses, the internal target volume (ITV)
was the sum of the target volumes on respiratory or cardiac gated phases
for each animal. For the gated analyses, the respiratory ITV was created

using the residual motion recorded by the CardioKit system and the
cardiac ITV was created by summing the cardiac target volumes only
from the gated cardiac phases. This analysis demonstrates a 23-37 %
saving of ITV volume for gated as compared to ungated treatments
(Table 1).

Discussion

The study shows that proton irradiation of the heart left ventricle
with a novel ultrasound-based cardiorespiratory system was feasible in
all 3 healthy swine. Irradiation times were clinically acceptable and the
workflow for calibration, configuration and operation of the system was
viable. The small sample size does not allow to make a statistical
assessment of the findings but does provide solid proof-of-concept data.
The limitations of the study are linked to: the use of sedated animals
under controlled ventilation (with enforced breath-holds), the idealized
target locations due to the absence of a clinical target in the healthy
myocardium and the simple treatment plans with a single beam
direction.

The determination of the effective radiation delivery using y-H2AX
that we and others have used in previous small animal work was found
to be applicable also for the larger volume of the heart of swine. The
imaging post-treatment showed delivery of the radiation at the expected
area for two animals and close to the expected area for one animal. This
radiation delivery confirmation method allows to provide a rapid
assessment, compared to other animal imaging studies involving radi-
ation to the heart [22]. We note that even with our analysis methods,
quantitative assessment of the accuracy of the ultrasound-based motion
management system on a millimetric scale would be challenging given
the inherent difficulties processing large animal tissues for later patho-
logic evaluation.

The simulation work presented in this study comparing the irradia-
tion volumes for a target in the left ventricle of two animals under
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Analysis of potential target volume sparing achieved by gating. Volume comparisons of: static target (contoured on 70% R-R phase of contrast-enhanced cardiac-
binned 4D-CT), internal target volume including target expansions linked to cardiac contraction (based on contrast-enhanced cardiac-binned 4D-CT), respiratory

motion (based on respiratory-binned 4D-CT) and the combination of both.

Animal 2 Animal 3
Volume in mL Ungated Gated % Change Ungated Gated % Change
Target 22.6 20.8 - 8.0 26.9 22.6 - 16.0
ITV_Cardiac 61.4 33.4 —45.6 73.5 42.6 —42.0
ITV_Respiratory 44.7 31.9 — 28.6 57.4 46 —19.9
ITV_Cardiorespiratory 63 39.5 —37.3 77.3 59.5 - 23.0

different gating scenarios demonstrates the benefit of gating in signifi-
cantly reducing the target volume expansions required for motion
management, opening the way to potentially safer treatments. However,
the related increased sparing of healthy tissues could not be demon-
strated in this acute study and will need to be assessed in further work
with a long post-irradiation follow-up to record the possible occurrence
of any side-effects. It should also be noted that the volumetric compar-
isons may not be representative of the situation for STAR patients with
large scarred ventricular myocardium and thus reduced contractility.
Indeed, the target in this animal study is in a healthy myocardium, the
mediastinum of pigs is different compared to humans and adhesions
between the heart and the chest wall linked to the surgical procedure of
metal clip implantation could have reduced the amplitude of heart
motion linked to respiratory motion.

Finally, the results of this study also suggest that changes in repro-
ducibility in cardiac anatomy between breath holding and free breathing
CT averaged based targeting could present unique challenges that merit
further analysis and consideration going forward. Further work could
focus on proving the feasibility of ultrasound-based image guidance for
FLASH irradiations.
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