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Abstract

Background: Cardiac radioablation is a noninvasive stereotactic body radi-
ation therapy (SBRT) technique to treat patients with refractory ventricular
tachycardia (VT) by delivering a single high-dose fraction to the VT isthmus.
Cardiorespiratory motion induces position uncertainties resulting in decreased
dose conformality. Electocardiograms (ECG) are typically used during cardiac
MRI (CMR) to acquire images in a predefined cardiac phase, thus mitigating
cardiac motion during image acquisition.

Purpose: We demonstrate real-time cardiac physiology-based radiotherapy
beam gating within a preset cardiac phase on an MR-linac.

Methods: MR images were acquired in healthy volunteers (n = 5, mean age
= 29.6 years, mean heart-rate (HR) = 56.2 bpm) on the 1.5 T Unity MR-linac
(Elekta AB, Stockholm, Sweden) after obtaining written informed consent. The
images were acquired using a single-slice balance steady-state free preces-
sion (bSSFP) sequence in the coronal or sagittal plane (TR/TE = 3/1.48 ms,
flip angle = 48°, SENSE = 1.5, field-of-view = 400 x 207 mm?, voxel size =
3 x 3 x 15 mm3, partial Fourier factor = 0.65, frame rate = 13.3 Hz). In paral-
lel, a 4-lead ECG-signal was acquired using MR-compatible equipment. The
feasibility of ECG-based beam gating was demonstrated with a prototype gat-
ing workflow using a Quasar MRI*P motion phantom (IBA Quasar, London,
ON, Canada), which was deployed in the bore of the MR-linac. Two volunteer-
derived combined ECG-motion traces (n = 2, mean age = 26 years, mean
HR = 57.4 bpm, peak-to-peak amplitude = 14.7 mm) were programmed into
the phantom to mimic dose delivery on a cardiac target in breath-hold. Clini-
cal ECG-equipment was connected to the phantom for ECG-voltage-streaming
in real-time using research software. Treatment beam gating was performed
in the quiescent phase (end-diastole). System latencies were compensated
by delay time correction. A previously developed MRI-based gating workflow
was used as a benchmark in this study. A 15-beam intensity-modulated radio-
therapy (IMRT) plan (1 x 6.25 Gy) was delivered for different motion scenarios
onto radiochromic films. Next, cardiac motion was then estimated at the basal
anterolateral myocardial wall via nhormalized cross-correlation-based template
matching. The estimated motion signal was temporally aligned with the ECG-
signal, which were then used for position- and ECG-based gating simulations in
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the cranial-caudal (CC), anterior—posterior (AP), and right—left (RL) directions.
The effect of gating was investigated by analyzing the differences in residual
motion at 30, 50, and 70% treatment beam duty cycles.

Results: ECG-based (MRI-based) beam gating was performed with effective
duty cycles of 60.5% (68.8%) and 47.7% (50.4%) with residual motion reduc-
tions of 62.5% (44.7%) and 43.9% (59.3%). Local gamma analyses (1%/1 mm)
returned pass rates of 97.6% (94.1%) and 90.5% (98.3%) for gated scenar-
ios, which exceed the pass rates of 70.3% and 82.0% for nongated scenarios,
respectively. In average, the gating simulations returned maximum residual
motion reductions of 88%, 74%, and 81% at 30%, 50%, and 70% duty cycles,
respectively, in favor of MRI-based gating.

Conclusions: Real-time ECG-based beam gating is a feasible alternative
to MRI-based gating, resulting in improved dose delivery in terms of high
y-pass rates, decreased dose deposition outside the PTV and residual motion

KEYWORDS

1 | INTRODUCTION

Ventricular tachycardia (VT) is a severe cardiac arrhyth-
mia condition in which the ventricles contract at an
exceedingly high rate (110-250 beats per minute [bpm]),
mainly caused by re-entrant circuits in the myocardium
as a result of structural heart disease. VT is managed
by the administration of anti-arrhythmic drugs (AAD)
or implantable cardioverter-defribillator (ICD) therapy.
As a means to permanently terminate VT episodes in
VT patients, invasive catheter ablation is the clinical
standard. A catheter ablation treatment has procedural
limitations and risks, which can lead to complications,
recurrence of the arrhythmia condition, or death.'™
Cardiac radioablation (CR) or stereotactic arrhythmia
radioablation (STAR) has emerged as a promising alter-
native treatment technique for VT patients.>® STAR is
applied by delivering a single high-dose fraction (typ-
ically 25 Gy) to the VT isthmus. STAR presents as a
highly promising procedure with a major decrease in VT
episodes and AAD prescriptions.”~'2

The treatment target region in the myocardial wall
is subject to cardiorespiratory motion that induces
position uncertainties, which makes it challenging to
achieve a conformal dose delivery.'® In addition, adja-
cent organs at risk (OARs) and cardiac substructures
are dose sensitive and the cardiorespiratory motion-
induced dosimetric uncertainties raise radiation-induced
toxicity concerns. Minimizing the treatment target vol-
ume and achieving a conformal dose delivery is thus
crucial for VT patients.'*~16

Today, STAR treatments are primarily performed on
conventional C-arm or robotic linear accelerators. The
target position uncertainties during treatments on these
devices are mainly accounted for by respiratory motion
management. Equally common strategies are the def-

reduction, while by-passing cardiac MRI challenges.

cardiac radioablation, gating, MR-linac

inition of an internal target volume based on an 4D
pre-treatment imaging data set and/or using increased
planning target volume (PTV) margins.'’~"°

Alternatively, patients with cardiac treatment targets
(e.g., VT isthmuses and cardiac sarcomas) have also
been treated on the MR-linac.?’~2% The integration of a
linac within an MRI enables superior soft-tissue visual-
ization during radiotherapy and can potentially facilitate
the safe reduction of PTVs?42° During these proce-
dures, MRI-guidance may be used to gate the radiation
delivery on either a predefined target window or extra-
cardiac structures2?26 In a recent experimental study,
we demonstrated that the dose delivery can be gated
in a predefined cardiac phase in parallel with respi-
ratory MLC-tracking based on real-time 2D cine MRI,
which greatly reduced cardiorespiratory motion-induced
dosimetric uncertainty?” Here, single slice real-time cine
MRI was used to capture experimental 1D motion as 3D
cardiac motion capturing remains an imaging challenge
due to the rapid periodicity of the heart. For clinical appli-
cations, the presence of a cardiac implantable electronic
device (CIED) in a VT patient increases the imaging
challenges as CIEDs induce MRI artefacts and require
scan parameter limitations according to MRI safety
guidelines 2832

In the cardiac MRI domain, an ECG-signal is utilized
to acquire images in a predefined cardiac phase to
effectively freeze cardiac motion and acquire images
in a stable cardiac anatomy. Recent studies on con-
ventional linacs have shown the feasibility to gate the
radiation beam with an intensity modulated radiother-
apy (IMRT) and volumetric modulated arc therapy
(VMAT) plan in the quiescent periods based on an
(a priori known) ECG-signal acquired in real-time.
The dosimetric results were improved with respect to
an ungated dose delivery and the radiation beam
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characteristics ~ remained  stable3®3*  Cardiac-
synchronized MRI was recently enabled in research
mode on the 1.5 T Unity MR-linac (Elekta AB, Stock-
holm, Sweden) after installing the clinical Philips
MRI ECG equipment (Philips Healthcare, Best, The
Netherlands).3®

In this study, our aim was to investigate the feasi-
bility of cardiac motion mitigation during dose delivery
based on an ECG-signal as a cardiac motion sur-
rogate. A prototype adaptive dose delivery workflow
was developed in which the installed ECG-equipment
was used to gate the radiation beam in the quies-
cent period of the cardiac cycle in real-time. The
ECG-based dose delivery performance was compared
with position-based radiation beam gating in terms of
system latency, residual motion, and dosimetric perfor-
mance by conducting film dosimetry experiments in an
experimental phantom setup. Additionally, computational
simulations were performed for the ECG-based and
position-based gating approaches for an effective com-
parison over a wider variety of ECG-signal and motion
traces.

2 | METHODS

21 | Experimental setup

All experiments were performed on a 1.5 T Elekta Unity
MR-linac. An MR-compatible Quasar MRI*P motion
phantom (IBA Quasar, London, ON, Canada) was
deployed in the bore of the MR-linac on a support
(20° inclination) for film dosimetry experiments. Cables
for phantom control and ECG-signal acquisitions were
passed through the waveguide to minimize the effect of
radiofrequency (RF) noise interference during imaging.
The phantom contained a movable spherical treatment
target (3-cm diameter) with an intersecting film cas-
sette insert aligned with the coronal plane, which can
be moved with 1D translational motion. Radiation beam
gating was performed in assumed breath-holds by either
using the ECG-signal or MRI-based cardiac position
signal (Figure 1) as inputs for radiation beam gating
(Section 2.4).

Volunteer-derived 1D cranial-caudal (CC) cardiac
motion and ECG-signal (Section 2.3.2) were pro-
grammed in the motion phantom using IBA Quasar-
provided research software. During ECG-based gating,
the motion-synchronized ECG-signal was measured
using the Philips 4-lead ECG equipment and received
on the client PC using Philips-provided real-time phys-
iology streaming software (Section 2.2.1). Alternatively,
for MRI-based gating, the actual position of the treat-
ment target was estimated on cine MR images, which
were streamed in real-time using in-house developed
software (Section 2.2.2).

2.2 | Beam gating methodologies on the
MR-linac
2.21 | ECG-based beam-gating

The ECG-signal was used as a cardiac motion surro-
gate in this approach. The treatment target was moved
according to a volunteer-derived cardiac motion pattern
(Section 2.3.2), which was synchronized with its cor-
responding ECG-signal. The control computer of the
motion phantom returned the voltage (0-5-V range)
via a Bayonet—Neill-Concelman (BNC) connection. The
analog voltage output was captured using the Philips
MRI 4-lead ECG equipment. The ECG equipment is
designed to measure cardiac potentials, which are gen-
erally ©(10~") mV. Therefore, a resistive 1 : 10* voltage
divider was used to decrease the output voltage from
the motion phantom. Alligator clips were attached on
the other end of the coaxial cable adapter to parse the
phantom’s analog voltage output signal to the Philips
MR Host using the ECG equipment (c.f. Figure S-1 in
the Appendix).

The recorded voltage output of the motion phantom
was streamed in real-time from the Philips MR host in
a research software environment to the client PC run-
ning on Debian 11 with a quad-core Intel Xeon E3-1240
(Intel Corporation, Santa Clara, USA) and 16-GB mem-
ory. The research software included vendor-provided
real-time MR physiology reader software in Python and
an increased physiology signal streaming frequency of
20 Hz (compared to 5 Hz in clinical mode).

The radiation beam gating decision was made based
on the detection of the R-top, which was performed with
a Pan-Tompkins-inspired QRS detection algorithm.3°
After R-top detection, the beam-on signal was sent to
the gating client after a certain delay time T, to ensure
beam gating in the quiescent phase of the cardiac cycle
(Figure 2a). The heart is electrically silent in the qui-
escent phase (end-diastole) and therefore free from
any electric stimuli inducing cardiac motion. With this
approach, the residual cardiac motion will be minimized
based on the ECG-signal. The absolute gating window
duration Tg was prospectively determined based on the
average heart rate of the previous three cardiac cycles.
A beam-off signal was parsed to the gating client to turn
off the beam at the end of the gating window.

2.2.2 | MRI-based beam gating

For comparison purposes, image-derived treatment tar-
get positions for radiation beam gating was used similar
to our previous study?’ The treatment target within the
motion phantom was moved according to a volunteer-
derived cardiac motion pattern (Section 2.3.2). The
images of the motion phantom were acquired using
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purple components were identical in both workflows.
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FIGURE 2 (a) A schematic depiction of the ECG-based gating
decision-making on a synthetic ECG-signal and its effect on the
synchronized artificial position signal. After R-top detection, the beam
is turned on after delay time T, and turned off after beam-on time
Tg. Here, Tg is kept constant for display purposes. The dotted line
indicates that the motion trace is unknown during ECG-based gating.
(b) The MRI-based gating decision-making is shown. The beam is
turned on/off when the position threshold, py,esn, is exceeded.

a single-slice 2D balanced steady-state free preces-
sion (bSSFP) image acquisition sequence in the sagittal
plane (Section 2.3.1) and streamed in real-time to the
client PC via ReconSocket.3” The position of the spher-
ical treatment target was estimated by using the circular
Hough transform. The center of the detected circle was
then defined as the position of the treatment target. The
midposition of the motion trajectory was defined as the
threshold, psresh, for radiation beam gating (Figure 2b).

A schematic overview of both ECG-based (red arrows) and MRI-based (blue arrows) gating workflows on the MR-linac. The

2.2.3 | System latencies and latency
compensation

The ECG- and MRI-based beam gating workflows (Sec-
tions 2.2.1 and 2.2.2) are subject to inherent system
latencies. The end-to-end system latency was defined
as the time difference between the occurrence of a
physical event (i.e., phantom motion) and the reaction
of the system to act on the event (i.e., gating the radia-
tion beam). The contributors to the end-to-end system
latency differ between the ECG- and MRI-based gat-
ing approach. The latency for the ECG-based gating
approach can be defined as

TECG = TSECG + TprocECG + Tgatef (1)

which can be fully compensated under the condition that
Tecg < T4 (delay time).

Here, T is the time between recording of the ECG
and receiving the ECG on the client PC, Ty, the
ECG processing time for R-top detection and gating
window definition and Ty the necessary time to turn
the radiation beam on/off. T, and Tpoc. ., WEre mea-
sured by programming synthetic ECG signals varying
from 50 to 110 bpm in the motion phantom. The phan-
tom’s reference voltage output was received via a wired
connection on the client PC. This reference voltage out-
put was compared with the phantom’s voltage output
that was measured via the Philips 4-lead ECG equip-
ment, which was received on the client PC using the
real-time MR physiology reader software. The process-
ing times of both received data samples were logged
on the client PC and the mean time difference between
the R-tops was computed. The estimated end-to-end
latency was then subtracted from the delay time T,
during the ECG-based gating workflow.
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Similarly, the position-based gating workflow end-to-
end latency can be defined as®’:

Tpos = Ts,m + Tprocpos + Tgate- )

Here, T, is the average time between acquisition
of the k-space center and receiving the image on the
client PC and Tprocpos the image processing time for posi-
tion quantification. T, and Tprocpos were estimated by
programming sinusoidal trajectories (sin, 5-mm peak-
to-peak, 50-110 bpm) in the motion phantom. The
phantom’s reference positions were compared with the
streamed images and processing times were logged.3®
The system latency in the position-based gating work-
flow was compensated by applying a linear (ridge)
regression model*® which in prior work was applied
to predict respiratory motion® and cardiac motion in
an experimental setup?’ Cardiac motion was indepen-
dently predicted at 146 and 249 ms ahead. The desired
position could then be estimated by linear interpolation
depending on the current system latency.

2.3 | Image data acquisition and
processing

2.3.1 | Study group and data acquisition
Image and ECG-signal data were acquired from a total
of five healthy volunteers (mean age = 29.6 years, mean
HR = 56.2 bpm) after obtaining written informed con-
sent. For each volunteer, 2D single-slice cine MR images
were acquired using the bSSFP imaging sequence
(TR/TE = 3/1.48 ms, flip angle = 48", SENSE = 1.5, field-
of-view = 400 x 207 mm?, voxel size = 3 x3 x 15 mm?,
partial Fourier factor = 0.65, frame rate = 13.3 Hz). The
ECG-signal was recorded during each image acquisition
using the Philips MRI 4-lead ECG device.2® Three cine
MRI acquisitions were performed per volunteer. Cine
acquisitions of 1000 frames (acquisition time (TA): 1:24
min) were performed in the coronal and sagittal plane.
Lastly, a longer (16 384 frames) cine (TA: 20:29 min)
was acquired in the sagittal plane only for use during
the dosimetry experiments (Section 2.4). The coronal
and sagittal image acquisition planes orthogonally inter-
sected each other in the basal anterolateral myocardial
wall of the left ventricle.

2.3.2 | Image data processing

The acquired coronal and sagittal cine MR images were
used to estimate the CC motion of an artificial car-
diac treatment target in the basal anterolateral segment
of the myocardial wall (which agrees with segment
6 of the 17-segment left ventricle model*?). Motion
was estimated with normalized cross-correlation-based

local rigid registration (i.e., template matching) in Mat-
lab (Mathworks Inc., Natick, MA, USA)*" using a total of
three templates in end-systole, end-diastole, and a car-
diac phase in between. During template matching, the
preferred template was chosen prospectively based on
the highest normalized cross-correlation score. A spa-
tial offset correction between the templates was applied
during template matching. The first five seconds of the
image data were discarded to ensure that only images
were included with an optimal signal for the balanced
scan. An artificial rectangular treatment target region
(27 x 27 mm?) was chosen for local motion estimation
of the myocardial wall (Figure 3). A heart-rate-tailored
band-pass filter was used to isolate the cardiac motion
component. The ECG-signal was obtained in a phys-
iology log-file format, which was processed offline in
Matlab for synchronization with the obtained cardiac
motion component. The synchronized cardiac motion
trajectories and ECG-signals were then used as the
gating surrogates in our dosimetry experiments.

2.4 | Dosimetry experiments

A 15-beam (83 segments) cardiac stereotactic body
radiation therapy (SBRT) treatment plan (1 x 25 Gy) for
the Unity MR-linac was created in Monaco v.5.51.10. A
3-mm isotropic PTV margin was used. Film dosimetry
experiments were conducted to evaluate the perfor-
mance of the beam gating workflows. Gafchromic EBT3
(Ashland Advanced Materials, Bridgewater, NJ, USA)
dosimetric films were used to measure the delivered
dose. The prescription dose was quartered by MU scal-
ing to fit the dynamic range of the dosimetric films. Two
volunteer-derived motion traces (n = 2, mean age = 26,
mean HR = 57.4, max. peak-to-peak amplitude = 14.7
mm), V1 and V2, were programmed in the motion phan-
tom during the dosimetry experiments in which the dose
was delivered with and without gating. These volunteer-
derived motion traces were suitable to test the beam
gating workflows on a wide range of heart frequen-
cies. As reference, a static dose delivery was performed.
The phantom-reported position, ECG-signals, and beam
on/off data samples were logged on the client PC with
their corresponding timestamps during the gating exper-
iments. The obtained log-fles were then processed
afterwards to evaluate the gating performances.

2.5 | Dosimetry performance evaluation

2.5.1 | Dosimetric film processing

The dosimetric films were digitized 24 h after irradiation
using the Epson Expression 10000XL flatbed scanner
(Seiko Epson Corp, Nagano, Japan) with a resolution
of 150 dpi. The digitized films were then processed by
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FIGURE 3

Myocardial cranial-caudal motion was estimated in the red template box using local rigid registration. The image plane

positioning was indicated by the green and yellow colored borders. The obtained cardiac motion traces were synchronized with the ECG-signal

recorded during the cine MRI acquisition.

triple-channel dosimetry analysis with lateral corrections
using inhouse-developed software.*243

The dosimetric films were rigidly registered to the
static reference film using the three indents (created
by the film cassette) on the corners of the films. The
registered films were used to create dose difference
maps and perform local gamma analyses (1%/1-mm
and 2%/2-mm evaluation criteria) with respect to the
static reference. For the local gamma analyses, quan-
tified dose < 10% of the prescribed dose were omitted
to minimize the effect of film calibration uncertainties.
The GTV and PTV coverage were analyzed using dose
area histograms (DAH). The dosimetric effects outside
the PTV were analyzed by looking at the first and

99" percentile dose differences with respect to the
static reference.

2.5.2 | Gating performance evaluation

The gating performance was evaluated by calculating
the residual motion (defined as the standard deviation
of the motion trace during beam-on time) reduction and
duty cycles (defined as the percentage of beam-on time
over total treatment time) in both ECG- and MRI-based
gating approaches. For the ECG-based gating workflow,
the R-top detection performance was retrospectively
calculated by comparing the prospectively detected R-
tops with the total amount of R-tops (retrospectively
detected from the log-files) during dose delivery. For
the MRI-based gating workflow, the motion estimation
performance was investigated by point-wise position
comparison between the image-based predicted posi-
tion and the phantom-reported reference positions. The
mean absolute error (MAE) and root mean-squared
error (RMSE) were calculated as error metrics.

2.6 | Invivo gating performance
simulation

The short cine acquisition datasets were used to retro-
spectively estimate cardiac motion patterns in the three
orthogonal directions (CC, AP, and RL) on the intersec-
tion of the acquisition planes and were aligned with their
corresponding ECG signals. The obtained motion pat-
terns and ECG signals were retrospectively processed
to simulate a wide range of gating windows.

For ECG-gating simulations, the gating windows were
defined per cardiac cycle. The end of each gating win-
dow was fixed at the following R-top (i.e., Ry, 1). The
duration of each gating window was increased with
intervals of 20 ms and limited to the first R-top of each
cardiac cycle (i.e., Ry).

For MRI-based gating simulations, the gating windows
were defined starting from the lowest position over the
whole motion trace. The gating windows were increased
with an interval of 0.1 mm.

The duty cycle for each simulation was calculated by
calculating the percentage of the total beam-on time
with respect to the duration of the whole ECG/motion
trace. The effect of the gating approaches was investi-
gated by analyzing the resulting residual motion (defined
as the standard deviation of the motion trace during
beam-on) and beam-on duty cycle trade-off.

3 | RESULTS

3.1 | System latencies

The end-to-end latency of the ECG-based gating work-
flow was estimated at 78.7 + 18.0 ms with Tg_ ..+
. of 43.7 + 14.6 ms and Ty, Of 35.0 + 10.5 ms.

SprOCEC
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TABLE 1 Anoverview of the effective gating efficiency. Residual motion reduction is specified relative to a 100% duty cycle (no gating).
Mean + SD Residual
Mean + SD Duty cycle gating Residual motion
HR [bpm] [%] window [ms] motion [mm] reduction [%]
V1
No gating 46.8 + 3.8 100 - 3.6 -
ECG-based 47.0 +3.8 60.6 7781 £72.7 1.4 62.5
MRI-based 46.9 + 4.5 68.9 787.9 + 941 2.0 447
V2
No gating 70.1+4.9 100 - 3.2 -
ECG-based 70.8 + 5.5 47.6 409.4 + 57.0 1.8 43.9
MRI-based 709+ 5.7 50.1 467.1 +53.0 1.5 59.3

The end-to-end latency of the MRI-based gating work-
flow was estimated at 87.7 + 11.8 ms with T, + Tproc,
of 52.7 £ 5.4 ms.

3.2 | Dose delivery evaluation

3.2.1 | Gating performance evaluation

The R-top detection performance of our algorithm dur-
ing the ECG-based gating experiments was evaluated.
Our algorithm detected 100% of the present R-tops dur-
ing the radiation delivery session for both cardiac motion
traces. A constant T, of 450 ms (trace V1) and 400 ms
(trace V2) was used.

The position estimation performance during the MRI-
based gating experiments was evaluated. The MAE
(RMSE) of the obtained position signal with respect to
the phantom-reported positions was estimated at 1.5
(2.1) mm and 1.6 (1.9) mm for V1 and V2, respectively.

The resulting effective duty cycles, average gating
window duration, and corresponding residual motion for
both ECG- and MRI-based gating experiments are sum-
marized in Table 1. Note that the ratio of the mean gating
window over the mean HR for the MRI-based gating
experiments deviated within a range of —5.1 and 7.3
percentage-points from the reported duty cycle due to
beam interruptions after inadequate circle tracking.

3.2.2 | Film dosimetry evaluation

The measured dose distribution, dose difference (with
respect to a static reference delivery), and local y-
analysis maps (1%/1 mm) are shown in Figure 4. The
gamma-pass rates and dose differences outside the
PTV are shown in Table 2.

Local gamma analysis

The gated dose delivery scenarios were in close agree-
ment with the static dose delivery. Local gamma pass

rates with the 2%/2-mm evaluation criterion were in
the range of 98.9%-100.0%. Local gamma analysis
pass rates with the 1%/1 mm evaluation ranged from
70.3% to 98.3% in the film dosimetry experiments.
Cardiac gating improved the gamma pass rates with
a maximum of 27.3 percentage-points with respect
to dose delivery without motion mitigation. Absolute
difference in y-pass rates between the ECG- and
MRI-based gating scenarios were estimated at 3.5 (in
favor of ECG-based gating) and 7.8 (in favor of MRI-
based gating) percentage-points for the first and second
trace, respectively.

Dose differences

Scaled to a full plan with 25-Gy prescription dose, a
maximum median dose difference of 1.1 Gy was mea-
sured within the PTV across all gating scenarios. The
dose outside the PTV was noticably altered. The dose
difference maps (Figure 4) show prominent hot (83.9—
87.3 mm?) and cold spots (36.6-39.2 mm?) at the
edge of the PTV, which decrease by 93.2%-99.7%
by ECG-based gating and 100% by MRI-based gat-
ing. The maximum/minimum dose differences within
the hot/cold spots are shown in Table 2 per gating
scenario (scaled to a full plan with 25-Gy prescription
dose). ECG-based (MRI-based) gating decreased the
maximum dose difference by 36.3% (51.4%) and the
minimum dose difference with 45.4% (53.4%).

3.3 | Invivo gating simulation evaluation

3.3.1 | Gating simulation results

Physiological parameters from the volunteer-derived
motion traces are summarized in Table 3. The resid-
ual motion as function of gating duty cycle for both
ECG- and MRI-based gating approaches are shown in
Figure 5 for a single volunteer data set (V1) and the
results for the remaining four volunteer data sets can
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FIGURE 4 An overview of the dosimetric film results including dose distribution, dose difference, and local y-analysis (1%/1 mm) maps. The
dose levels were rescaled to a full plan with 1 x 25-Gy prescription. The prescription isodose contour is shown with the magenta-colored dashed
line, while the PTV is drawn with the spherical black dashed line. In the dose difference maps, a 3-Gy isodose contour is drawn with the blue line,

while the —3-Gy isodose contour is drawn with the dark yellow line.

TABLE 2 Dose differences (rescaled to full 25-Gy plan) within hot/cold spots and gamma pass rates with respect to the static reference for

the film dosimetry experiments.

Maximum dose differences

Gamma pass rates (> 10% PD)

Cold spot [Gy] Hot spot [Gy] 1%/1 mm [%] 2%I2 mm [%]
V1
No gating -4.0 4.8 70.3 98.9
ECG-based -25 3.3 97.6 100.0
MRI-based -25 23 94.1 99.8
V2
No gating —41 4.8 82.0 99.8
ECG-based -22 3.0 90.5 99.5
MRI-based -1.9 2.8 98.3 100.0

TABLE 3 Physiological parameters of the invivo cardiac motion traces that were used in the in silico experiments.

Age Mean + SD Peak-to-peak Residual motion
[years] HR [bpm] amplitude (CC-AP-RL) [mm] (CC-AP-RL) [mm]
V1 26 43.8+2.9 18.8-11.4-8.9 4.6-2.8-1.9
V2 26 71.0 +4.7 14.7-7.5-9.0 4.0-0.9-2.5
V3 27 471 +5.2 17.3-7.3-6.5 4.8-1.8-1.1
V4 26 66.1 +2.4 12.8-4.5-10.8 3.9-1.0-3.3
V5 43 53.0+1.3 16.1-7.0-10.8 4.3-1.7-3.2

be found in the Appendix (c.f., Figure S-2). The reduc-
tion of the residual motion with respect to a 100% duty
cycle was calculated at three different duty cycle per-
centages in each direction and is shown in Table 4.
Average residual motion differences of 28, 22, and 27

percentage points were measured at a 70% duty cycle
between the ECG- and MRI-based gating approaches
in the CC, RL, and AP directions, respectively. Average
residual motion differences between ECG- and MRI-
based gating approaches were 8, 11, and 9 percentage
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FIGURE 5 The relation between the residual motion and duty cycle is shown for the ECG- and MRI-based gating approaches in each of

the orthogonal directions for a single volunteer (V1) dataset.

TABLE 4 Anoverview of the reduction of residual motion in
comparison with the total residual motion in each orthogonal
direction for a selection of duty cycle percentages.

Residual motion reduction [%)]

Duty cycle 30% 50% 70%
CC-AP-RL CC-AP-RL CC-AP-RL

V1

ECG 84-80-78 83-65-76 39-29-30

MRI 88-85-84 85-83-79 67-69-59
V2

ECG 81-56-79 71-48-75 14-23-20

MRI 87-68-88 74-55-79 44-36-48
V3

ECG 76-59-50 78-59-42 36—49-18

MRI 88-76-62 85-69-55 66-60—-45
va

ECG 77-48-79 67-41-70 20-23-22

MRI 89-63-87 74-52-77 44-40-49
V5

ECG 85-74-73 85-69-74 31-17-29

MRI 90-79-85 86-72-78 61-48-54
Average

ECG 80-63-72 77-56—-68 28-28-24

MRI 88-74-81 81-66-74 56-51-51

points at 30% duty cycle and 4, 10, and 6 percentage
points at 50% duty cycle.

4 | DISCUSSION

This is the first study in which an adaptive cardiac treat-
ment beam-gating workflow was demonstrated using
an ECG-signal as motion surrogate on an MR-linac.
Cardiac motion was successfully mitigated in real-time
using the ECG-signal in phantom, by-passing cardiac
MRI challenges, and in silico experiments.

Our beam-gating dosimetric results showed close
agreements with the static reference delivery in con-

trast to the dosimetric results without beam gating.
Strict local gamma pass rates (min—-max) of 90.5%—
97.6% and 94.1%—98.3% were observed for the ECG-
and MRI-based beam gating approaches using two
volunteer-derived motion models, respectively, which
represented an increase of 27.3 and 16.3 percentage
points with respect to the unmitigated motion scenarios.
We observed comparable gamma pass rate improve-
ments when using either the ECG- or MRI-based
gating approach.

A real-time workflow was developed on the Elekta
Unity 1.5 T MR-linac in which the ECG-signal of the
subject was received in real-time on our client PC using
Philips hard- and software in a research configuration.
The ECG-data had to be processed prospectively on the
client PC for R-top detection and gating window deter-
mination, which was done using an in-house developed
algorithm in Python. The radiation beam-gating decision
was made prospectively, which allowed us to gate the
radiation beam in real-time during each cardiac cycle.

An MRI-based real-time beam-gating workflow, based
upon our earlier study?’ was created with improved
image streaming functionalities using ReconSocket,?’
which was used as benchmark for ECG-based cardiac
motion beam gating evaluation.

Both ECG- and MRI-based beam-gating workflows
are subject to system latencies. Our strategy for latency
compensation differed for both methods. For our ECG-
based gating approach, the latency compensation was
included in our delay time, T4, and beam-on time, Tg,
determination (i.e., the latency was subtracted from our
desired T,). For our MRI-based gating approach, a lin-
ear ridge predictor model was used that predicted the
cardiac position (in excellent agreement with the mea-
sured positions) allowing radiation beam-gating in each
cardiac cycle.

The dose delivery time of our used cardiac SBRT plan
was 26:20 min without motion mitigation when scaled to
a full 1 x 25 Gy prescription. The ECG-based dosimetric
experiments using volunteer-derived traces V1 and V2
were successfully completed achieving duty cycles of
60.6% and 47.6% resulting in dose delivery times of
43:27 and 55:26 min, respectively. With the ECG-based
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gating approach, the residual motion was reduced by
62.5% and 43.9% using traces V1 and V2, respectively.
The MRI-based gating experiments resulted in duty
cycles of 68.9% and 50.1% using traces V1 and V2
resulting in dose delivery times of 38:13 and 52:14 min,
respectively, when scaled to a full 1 x 25 Gy prescrip-
tion. The residual motion was reduced with 44.7% and
59.3% using traces V1 and V2, respectively. The residual
motion reduction was superior using the ECG-based
gating approach in V1 with 17.8 percentage-points,
while the MRI-based gating approach yielded improved
residual motion reduction with 15.4 percentage-points
in V2 with a higher duty cycle (+2.5 percentage-points).

The dosimetric film results show that the cardiac
motion has a subtle effect on the dose deposition within
the PTV using both cardiac motion traces (V1 and V2).
The subtle dose difference within the GTV and PTV
is mainly a result due to the slim difference (0.2-0.6
mm) between the GTV-to-PTV margin of 3 mm and
the residual motion of both motion traces (c.f., Table 1).
However, the experimental results have still shown that
the cardiac motion has a significant effect on the dose
delivery performance.

The experimental dosimetry results indicated that
both ECG- and MRI-based radiation beam gating
were feasible options for cardiac motion mitigation for
improved dose deliveries. However, variations in both
dose delivery performances were noticed. The dose
delivery with trace V1 was superior using the ECG-
based approach relative to the MRI-based approach,
while the dose delivery with trace V2 was more suc-
cessful with the MRI-based approach with respect to
the ECG-based approach. It is, however, noticeable that
the duty cycle was higher with the MRI-based approach,
while achieving a better gating performance than using
the ECG-based approach. These gating results indi-
cated that the MRI-based gating approach allowed for
superior spatial confinement of the gating window as
the gating decisions were based on the actual position
of the target and not a surrogate.

Additionally, gating simulations were done to evalu-
ate the gating performance of the ECG- and MRI-based
approaches with subject-derived cardiac motion traces.
For beam gating, there is a clear trade-off between the
chosen duty cycle and resulting residual motion. The
simulation results (Table 4) show maximum residual
motion reductions of 46, 20, and 45 percentage points
in the CC, AR, and RL directions, respectively, when
decreasing the duty cycle from 70% to 50% using the
ECG-based approach. The MRI-based results indicate
an additional reductions of 18, 14, and 20 percentage
points in the CC, AP, and RL directions, respectively. The
limited decrease is a result of improved residual motion
reduction (with a maximum of 30 percentage points) at
a 70% duty cycle with respect to the ECG-based gating
approach, indicating a more effective spatial confine-
ment with MRI-based beam-gating. A maximum residual
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motion reduction of 9% across all subjects and method-
ologies was obtained when decreasing the duty cycle
from 50% to 30%, indicating that motion mitigation was
less efficient at lower duty cycles.

In this study, we were able to demonstrate an
ECG-based adaptive dose delivery workflow, but there
are some aspects that require further development
and/or investigation.

We deliberately decided to omit respiratory motion
mitigation as the ECG-signal is a motion surrogate
for cardiac motion only. Respiratory motion mitigation
should be considered for free-breathing applications
as consecutive breath-holds are physically demand-
ing for VT patients. As cardiac motion is mitigated
by gating, another motion mitigation approach (e.g.,
MLC-tracking**) could be considered for respiratory
motion to maintain a high treatment efficiency. The
combination of MLC-tracking and beam gating was
experimentally demonstrated for CC motion in our pre-
vious study?’ Respiratory MLC-tracking in 3D would
be feasible by interleaved coronal/sagittal MRI due to
the slower periodic respiratory motion and could be
potentially compatible with ECG-based beam gating of
cardiac motion.

The presence of a CIED was not investigated in
this study. The utilized bSSFP cine MRI sequence is
the gold standard for cardiac cine MR acquisitions
due to its superior contrast-to-noise ratio with short
TRs, but it is also highly sensitive to off-resonance
effects*> Metallic and electronic implantable devices
like CIEDs will heavily induce these off-resonance
effects leading to banding artefacts and signal inhomo-
geneities. A CIED will, therefore, corrupt the MR image
quality and possibly even obscure the cardiac target
on the MR images in a VT patient. Alternative MRI
sequences are being explored to reduce CIED-induced
artefacts, such as signal loss and signal hyperinten-
sity. Gradient-echo and spin-echo-based sequences,
such as T4-spoiled gradient echo or turbo spin echo
sequences,*%4" are less sensitive to signal-nullifying
effects and can, therefore, be viable alternatives for visu-
alizing structures that would otherwise be obscured due
to CIED-induced artifacts. The presence of a CIED or
any other metallic objects also disrupt the main mag-
netic field locally and consequentially introduces geo-
metric distortion. Field-mapping can be used to measure
the extent of geometric distortions*®9 and, addition-
ally, MRI sequences can case-dependently be tailored to
reduce metal-induced artifacts (e.g., increasing read-out
bandwidth).>°

Utilizing the ECG-signal of the VT patient for car-
diac motion mitigation might still be a feasible alternative
if cardiac MRI fails due to CIED-induced artefacts.
However, prior clinical cases have demonstrated that
respiratory motion can be mitigated by tracking extra-
cardiac structures,?’ which are likely to be unaffected
by the effects of CIEDs.
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The moving cylinder of the motion phantom moved
according to a 1D motion trace. A second motion dimen-
sion was achieved by installing the motion phantom on
a ramp. The ability of programming a 3D motion trace in
a suitable motion phantom would be ideal as the ECG-
signal could then be experimentally investigated as a 3D
cardiac motion surrogate. To overcome this limitation,
the development of more complex motion phantoms
is desired.

Throughout the study, we estimated the center-of-
gravity motion in the basal anterolateral myocardial wall
of the left ventricle (which agrees with segment 6 of
the 17-segment left ventricle model“?) with a local rigid
registration approach, which provides a reasonable esti-
mate with a relatively small template (27 x 27 mm?2). The
motion is likely the highest in this segment but is not nec-
essarily representative of the left ventricular motion in
the other segments. The motion extents in the other seg-
ments of the heart might be higher or lower depending
on the patient specific anatomy and condition.'?

During the in silico experiments, 3D motion of the
basal anterolateral myocardial wall was estimated via
local rigid registration by processing linearly upsam-
pled 2D single-slice cine acquisitions that were acquired
consecutively in the coronal and sagittal planes. The
acquired data were sufficient to retrospectively estimate
3D motion in the orthogonal directions, but the quality of
the analysis would likely to be improved in the case when
3D cardiac motion could be acquired within a single
acquisition. Research studies have demonstrated the
possibility to estimate 3D cardiac motion using an MRI
or MR-linac, which show potential to overcome the 3D
cardiac motion estimation limitation.>"-°? In a successful
deployment of an MRI-based 3D cardiac motion mitiga-
tion, the real-time ECG signal acquisition could then be
used as an independent sensor for dose delivery qual-
ity control during treatment. Here, the improvement of
the temporal and spatial resolution of cardiac cine MRI
for motion estimation is also desired. Recent studies
demonstrated the achievement of a 16-fold accelerated
cardiac cine MRI imaging with a spatial resolution of 1.8
x 1.8 x 8 mm? and temporal resolution in the range of
28-34 ms using compressed sensing combined with a
deep learning model>®> However, the investigation for a
hybrid (MRI + ECG) approach for 3D cardiac motion mit-
igation was outside the scope of this paper, but it would
be desirable to achieve the same performance on the
MR-linac in the future.

Obtaining a reliable ECG-signal is crucial for efficient
ECG-based radiation beam gating. The ECG-signal can
become distorted within the presence of the magnetic
field of the MRI due to the magnetohydrodynamic effect
and noise induced by rapidly switching RF fields. Addi-
tionally, in the phantom experiments, RF noise can affect
the ECG-signal reliability and MR image quality since
electrical cables were passed through the waveguide. In
the future, adaptations to the RF-filterbox of the Unity

MR-linac may be made to avoid passing electric cables
through the waveguide. Alternatively, fiberoptic cables
passed through the waveguide may also be used.>* This
is not an issue for clinical applications, in which ECG-
signals are recorded directly from the subject/patient
and transmitted wirelessly.

One of the key consequences of the magnetohy-
drodynamic effect is the elevated T-wave, which can
compromise the true positive detection of the R-top. For
radiation beam gating applications, additional fail-safe
mechanisms should be applied in the R-top detection
algorithm to prevent undesired radiation beam gating. In
this study, no false positive R-tops were detected due to
the elevated T-waves. However, a bigger study group is
desired to optimize our R-top detection algorithm.

The ECG equipment should also be tested in a treat-
ment setting (i.e., during dose delivery) to investigate the
effect of radiation (scatter) on the ECG-equipment lead-
ing to potential beam treatment issues.®° In this study,
the ECG-equipment was placed outside the bore within
the treatment room. During a treatment session, the
ECG-equipment has to be placed close to the subject
within the bore and needs to be robust during the whole
treatment session.

In this study, we proposed a prototype real-time gat-
ing workflow in which we used the ECG-signal as
a motion surrogate signal and conducted dosimetric
experiments on healthy volunteer data to test its perfor-
mance. While the technical feasibility was demonstrated
successfully, we acknowledge that the clinical feasibility
for VT patients should be investigated in future studies.

An effective duty cycle of 60.6% was achieved with
a heart rate of 47.0 bpm, while the effective duty cycle
decreased to 47.6% with a heart rate of 70.8 bpm.
The effective duty cycle decreases with increasing heart
rate due to the shortened quiescent phase suitable for
treatment gating. Based on our experimental results, the
effective duty cycle is prone to decrease below 30% with
heart rates greater than 90 bpm. For such high heart
rates, the ECG-gating workflow is still capable of mitigat-
ing cardiac motion, but the dose delivery time would be
significantly prolonged. In this case, the practical/clinical
feasibility must be questioned.

VT patients carry the risk of experiencing VT
episodes during the dose delivery, therefore it is impor-
tant to have an arrhythmia detection feature in our setup.
In this study, the Philips MRI 4-lead ECG equipment
was used that is also being used in other Philips MRI
scanners during clinical scan sessions. Importantly,
the MRI scanner has an arrhythmia detection feature
incorporated which could be translated to use during
radiation beam gating. We have, however, not explored
this feature within our real-time prototype workflow,
which should be done in future works for clinical feasi-
bility purposes. Additionally, the Philips MRI scanners
sample physiology-signals with a frequency of 496 Hz
(with a wireless setup). A potential integration in the
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low-level software environment of the Philips MRI scan-
ners could enable an ECG-signal processing pathway
similar to current implementation for MR imaging pur-
poses. By integrating the beam-gating pathway in a
similar environment, the radiation beam-gating work-
flow would be synchronized with MR imaging during a
treatment session and, more importantly, attain higher
duty cycles at higher heart rates. The patients within
the eligible patient group are likely to have an ICD with
additional cardiac pacing mode. The ICD is often pro-
grammed in a constant pacing mode when the patient is
positioned within an MRI (often at 70 bpm, but the set-
ting remains patient-dependent) based on instructions
from the CIED manufacturer or responsible medical
staff to minimize the risk of an arrhythmia episode
occurrence.”®

5 | CONCLUSION

This work demonstrated the feasibility of using an ECG-
signal to gate the radiation beam in real-time reducing
cardiac motion-induced dosimetric uncertainties. The
dose deposition was greatly improved in presence of
cardiac motion using the ECG-signal and its perfor-
mance was comparable with MRI-based gating, while
by-passing MR imaging challenges for cardiac motion
mitigation. The dose delivery performance using the
ECG-signal as a beam gating surrogate depends on
the combination with its corresponding motion trace,
but also on the true positive R-top detection rate,
given gating conditions and fail-safe mechanisms. Fur-
ther research with a wider variety of ECG and motion
traces is required to improve the robustness of the
demonstrated ECG-based gating approach. With these
improvements, the clinical feasibility should then be
tested by using VT patient data.
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