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Radiotherapy beyond cancer: Target localization in real-time MRI and treatment
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Purpose: Atrial fibrillation (AFib) is the most common cardiac arrhythmia that affects millions of patients world-wide.
AFib is usually treated with minimally-invasive, time consuming catheter ablation techniques. While recently non-invasive
radiosurgery to the pulmonary vein antrum (PVA) in the left atrium (LA) has been proposed for AFib treatment, precise
target location during treatment is challenging due to complex respiratory and cardiac motion. An MRI-Linac could solve
the problems of motion tracking and compensation using real-time image guidance. In this study, we quantified target
motion ranges on cardiac MRI and analyzed the dosimetric benefits of margin reduction assuming real-time motion
compensation was applied.

Method: For the imaging study, six human subjects underwent real-time cardiac MRI under free breathing. The target
motion was analyzed retrospectively using a template matching algorithm. The planning study was conducted on a CT of
an AFib patient with a centrally located esophagus undergoing catheter ablation, representing an ideal case for cardiac
radiosurgery. The target definition was similar to the ablation lesions at the PVA created during catheter treatment. Safety
margins of 0 mm (perfect tracking) to 8 mm (untracked respiratory motion) were added to the target, defining the PTV.
For each margin a 30 Gy single fraction IMRT plan was generated. Additionally, the influence of 1 T and 3 T magnetic fields
on the treatment beam delivery was simulated using Monte Carlo calculations to determine the dosimetric impact of MRI
guidance for two different linac positions.

Results: Real-time cardiac MRI showed mean respiratory target motion of 10.2 mm (superior-inferior), 2.4 mm (anterior-
posterior) and 2 mm (left-right). The planning study showed that increasing safety margins to encompass untracked
respiratory motion leads to overlapping structures even in the ideal scenario, compromising either normal tissue dose
constraints or PTV coverage. The magnetic field caused a slight increase in the PTV dose with the in-line MRI-Linac
configuration.

Conclusions: Our results indicate that real-time tracking and motion compensation is mandatory for cardiac radiosurgery
and MRI-guidance is feasible, opening the possibility of treating cardiac arrhythmia patients completely non-invasively.

Key words: Atrial fibrillation, cardiac radiosurgery, real-time tracking, image guidance, MRI-Linac
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1. INTRODUCTION

Atrial fibrillation (AFib) is the most common type of cardiac arrhythmia and is considered a growing epidemic, with
estimates suggesting that up to 7M Americans! and more than 6M Europeans? are affected. Prevalence numbers are
expected to at least double over the next 50 years. AFib has been shown to increase the risk of ischemic strokes and heart
failure by up to five times and is the underlying cause for 20% of all strokes.! AFib is caused by aberrant electrical
impulses originating from the atria of the heart, mostly from the pulmonary veins entering the left atrium (LA). These
signals disturb the natural sinus rhythm of the heart, leading to inefficient atrial contractions at high frequencies (more
than 600 beats per minute) which favor blood clot formation and irregular heartbeats.

A well-established yet highly complex and time-consuming approach for the treatment of AFib patients is the electrical
isolation of the pulmonary veins through catheter ablation. Currently, major complications occur in about 6% of CA
procedures, some of them life-threatening conditions such as cardiac tamponade, a rupture of the heart muscle leading to
major bleedings, or esophageal injury. Especially geriatric patients and those with cardiac comorbidities have low success
rates and are mostly ineligible for this invasive and highly stressful procedure.3

Radiosurgery is currently being used in clinical practice to treat solid tumors throughout the body with high dose ionizing
radiation. For an AFib treatment, radiosurgery could hold the ability to create lesions similar to catheter ablation but non-
invasively. Its potential has been investigated in several animal studies using a robotic radiosurgery platform#*®
(CyberKnife, Accuray Inc., Sunnyvale, USA) and an image-guided radiotherapy system? (Varian Inc., Palo Alto, USA). The
creation of fibrotic lesions in the heart was demonstrated in both systems. The CyberKnife was also used in the first
reported human treatments for ventricular tachycardia® ° with positive early outcomes Reported.

Although the results of the previous radiation treatments of AFib have been promising, there are a number of limitations
of the technologies used. The CyberKnife uses respiratory tracking software based on a correlation model between a
continuous external breathing signal, i.e. the chest motion observed with an infrared camera, and internal position data
acquired with discrete 2D x-ray image pairs over the course of treatment.l® The inevitable surgical implantation of
radiopaque markers into the heart for x-ray-based tracking undermines the non-invasiveness of the AF treatment and is a
mere surrogate for the actual target position. Differential motion of the markers and the target cannot be accounted for
and is uncompensated.!? The most recent study’ performed a completely non-invasive procedure to investigate the
optimal therapeutic dose necessary to create atrial lesions, however without using any real-time guidance. The main
limitation of the previously published approaches is the lack of accurate real-time motion data for the continuous tracking
of targets moving with cardiac contraction and respiration.

A potential imaging modality that provides high resolution images with good and variable soft tissue contrast without
requiring additional imaging dose is magnetic resonance imaging (MRI). To date, no real-time localization method for
cardiac targets in combination with motion compensation for radiotherapy exists. We therefore investigate a novel
approach to a non-invasive real-time image-guided AFib treatment using an integrated MRI linear accelerator (MRI-Linac).
Recent research towards MRI guidance during radiotherapy demonstrated that tracking of three-dimensional organ
motion in abdominal regions, e.g. the kidneys, can be implemented using multiple orthogonal interleaved 2D planes and
fast template matching.1? We hypothesize that this non-ionizing, non-invasive imaging technique could also be used for
real-time tracking of the heart to treat AFib. Figure 1 shows a comparison between a catheter ablation procedure and the
potential treatment scenario with an MRI-Linac. Catheter ablation is an extensive and expensive procedure - it can take
several hours and cost up to $50,000 USD.13 We estimate that MRI-guided cardiac radiosurgery could be performed in less
than one hour while being completely non-invasive and potentially of similar cost-effectiveness as lung SBRT compared to
radiofrequency ablation.4

In this letter, we report on our initial findings, the challenges and potential future directions of cardiac radiosurgery.
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Figure 1: Comparison between a conventional catheter ablation procedure and the investigated treatment approach using an
integrated MRI-Linac with real-time guidance. The proposed method could reduce treatment time substantially.

2. METHODS
a. Real-time cardiac MRI

The intended use of MRI for real-time tracking demands a high spatiotemporal resolution. In contrast to conventional
cardiac sequences, images are acquired during free breathing to simulate a realistic treatment scenario in an MRI-Linac.
All the MRI scans were acquired on a 3T Magnetom Skyra (Siemens Healthcare, Erlangen, Germany) using a fast gradient
echo sequence based on modified balanced steady state free precession (TrueFISP - Fast Imaging with Steady state
Precession) with the following parameters (note variations between scans): TE/TR = 1.3-1.5/50-115 ms, flip angle = 43e,
slice thickness = 6-8 mm, in-plane voxel size = 1.4-2 mm, field-of-view (FOV) = 260-380 x 340-380 mm?, parallel imaging
factor 2. An 18-channel long body-coil was used for signal detection. ECG gating / triggering was not required for the real-
time free breathing scans.

Six male healthy volunteers underwent real-time cardiac MRI scans to initially assess the range of observable target
motion. The motion extent is directly related to the margin size that needs to be added to the target structure for
treatment planning. All volunteers were imaged in coronal, sagittal and/or transverse planes (see Figure 2) to cover the
three-dimensional motion path of the LA in all breathing phases. The cine MRI scans consisted of 50-256 frames during
normal free breathing to quantify motion in superior-inferior (S-1), anterior-posterior (A-P) and left-right (L-R) direction
over several breathing cycles.
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Figure 2: Single frames of a cine MRI TrueFISP acquisition. The left atrium is clearly visible in both plane orientations, sagittal
and coronal, as indicated by the white arrows. The center image shows how the orthogonal imaging planes interleave.

Respiratory motion, representing the main driver of target displacement, was assessed using retrospective analysis with
rigid TM. Cardiac contractile motion was not considered in these initial experiments. The left atrium (LA), representing the
treatment region, was delineated manually in the first image I; to create the template T. The sum of squared differences
was calculated as a similarity metric between the subsequent target frames I; and T, the lowest value indicating the best
match. The average template shift u in superior-inferior (S-I), anterior-posterior (A-P) and left-right (L-R) direction
corresponds to the difference of the mean positions at the extrema of the breathing cycle, i.e. end-inhalation versus end-
exhalation, over the number of observed cycles during a single cine sequence. By multiplying the average shift of the
template (see Figure 3) with the pixel spacing of the MRI scan, the target motion in millimeters can be approximated.
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Figure 3: The template shift during one breathing cycle in the coronal plane. The mean template shift u is calculated over all
observed breathing cycles by multiplying the pixel shift with the pixel spacing.

b. Treatment plan generation

Treatment plans were created for one patient with a centrally located esophagus undergoing catheter ablation for AF
using the Pinnacle treatment planning system (Philips Radiation Oncology Systems, Fitchburg, WI). A cardiac-gated CT
scan was acquired on a Somatom Definition AS (Siemens Healthcare, Erlangen, Germany) with a resolution of
0.8x0.8x1 mm?3 (skin to skin reconstruction), ten respiratory phases and intravenous contrast agent for visualizing the left
atrial target. Contouring and planning were performed on the mid-inhalation breathing phase.

The target structure was defined as a circumferential lesion in the left and right pulmonary vein antrum, respectively, with
the goal of blocking the electrical conduction from the pulmonary veins to the LA. The resulting clinical target volumes
(CTVs) were similar to lesion sets created with catheter ablation (see Figure 4) which can be precisely contoured in the
contrast enhanced CT scan. The organs at risk (OARs) included the esophagus, the airways (containing trachea and main
left and right bronchus), the aorta, the spinal cord, the heart, the lung and the skin. To compensate for the artificially
enhanced contrast of the blood pool in the planning CT, the attenuation values of the heart and the aorta were set to the
mean value of the myocardium.
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Figure 4: The target structure for radiosurgical AFib treatment is located at the antral region of the pulmonary veins
(intersection with the left atrium). A three dimensional mesh representation of the target structure is shown on the left. The
right shows the treatment region on a contrast-enhanced, cardiac gated CT scan with contours of the target and the major
OARs (heart, esophagus, airways, aorta and spinal cord). The target structures (left) are shown as four discrete regions in this
2D axial view.

We enlarged the CTV to generate the planning target volume (PTV) based on various margins to encompass untracked
respiratory motion. In this first planning study, five plans with different margin sizes (0, 1, 3, 5, 8 mm) were created. The
stepwise increase of the margin size ranged from Omm, representing perfect tracking, up to 8 mm based on the MRI
respiratory target motion assessed in this work (see results section) and published literature.’> The assumption is that if
treatment planning is performed on mid-inhalation phase and the absolute magnitude of respiratory motion is about 10-
15 mm, then 8 mm isotropic margins would encompass the observed motion. Eleven intensity modulated (IMRT) fields
with a 120-leaf MLC were used to generate treatment plans with 6 MV photons. Based on previous animal studies without
tracking and 4D dose simulation, each plan prescribed 30 Gy to 95% of the PTV in a single fraction, treating both vein
locations simultaneously.”26 The maximum dose threshold was set to 37.5 Gy. Dose tolerance limitations for the OARs16
were based on current radiosurgery practice for single fraction lung stereotactic body radiotherapy (SBRT) and RTOG
0915.

When investigating this new potential indication for MRI-guided radiosurgery, it is crucial to calculate and quantify the
dosimetric impact of the magnetic fields on beam delivery. Therefore, we performed Monte Carlo calculations based on the
software toolkit Geant41? for particle transport simulations. Two different orientations of the magnetic field are under
development; parallel and perpendicular to the therapy beam direction. Both were studied here. Magnetic field strengths of 1 T,
corresponding to a model MRI-Linac, and 3 T, the scanner field strength used for the cardiac MRI studies, were simulated.

3. RESULTS
a. Leftatrial motion assessment using real-time MRI

The motion of the LA was measured using template matching on cine MRI scans of the beating heart during free breathing.
The focus of this initial study was to quantify the impact of respiratory motion on the target region. By reducing the
matching complexity to rigid transformations, we avoided most of the influence of cardiac contractile motion. Note that
the motion was measured retrospectively on one imaging plane at a time and limited to the LA. Differential motion of the
distal pulmonary veins and the complex contraction pattern of the LA were not investigated in this study.

The results of the motion assessment are shown in Table 1. As expected, the direction of highest motion extent is in the S-I-
plane which can be measured in both the coronal and sagittal MRI planes. The left atrial motion in A-P and L-R direction
was four times smaller than S-1 motion. The variance reflects the variability between different breathing cycles. The
respiratory motion magnitude and also the cycle length varied highly among individuals and even within a single
acquisition. It is possible that patients with cardiac or pulmonary comorbidities show shallower breathing with shorter
respiratory periods.

Table 1: Overview of measured three-dimensional LA motion for the different MRI scan plane orientations.

Scan plane Number of Number of Measured Template shift
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orientation subjects scans direction tstandard deviation (mm)

Axial 5 6 A-P 23+1.0
L-R 1.1+09

Coronal 2 6 S-1 9.9+5.2
L-R 3.0+2.0

Sagittal 4 4 S-1 11.6+3.1
A-P 2.7 +0.5

Overall 8 10 S-1 10.2 + 3.0
10 A-P 24+1.4

12 L-R 2.0+1.2

b. Cardiacradiosurgery treatment planning

The results of the treatment planning study for AFib targets with variable margins in the left atrium of the heart are
illustrated in Figure 5. The dose-volume histogram (DVH) includes the target and the main critical structures (heart,
esophagus and airway). These structures were chosen for their high radiosensitivity and their close proximity to the target
which makes exceeding the pre-defined dose limitations more likely. In this initial planning experiment, it was possible to
achieve an esophagus maximum dose <15.5 Gy and an airway dose well below 22 Gy for all margin sizes. The maximum
point doses and also the dose-volume values to the OARs other than the heart and esophagus were found to be within
acceptable limits except for the airway dose in the 8 mm margin plan which exceeded the recommended tolerance dose of
10.5 Gy to a 4 cm3 volume by over 30%. We also observed a 10% drop in the Dgsg, to the target, decreasing from 30 Gy for
0 mm margins to 27 Gy for 8 mm. The maximum point dose to the target exceeded the pre-defined threshold of 37.5 Gy in
the 5 and 8 mm plans. The heart dose was relatively high, even for the 0 mm plan, and increased further with broader
margins. These values give an indicator for the benefits of margin size minimization in order to spare healthy tissue,
ensure sufficient target coverage and avoid extreme hot spots. Our solution to reduce margins is real-time tracking with
MRI-guidance.

Figure 6 shows the DVH for a simulated AFib treatment plan with no margins added to the target structure in an in-line
configuration of an MRI-Linac. 0 T corresponds to a conventional, non-MRI treatment. When performing real-time tracking
with MRI-guidance, we introduce magnetic fields into the beam delivery and dose deposition process. The impactofa 1 T
and 3 T field is most dominant in the in-line set-up. We observed a mild increase in the mean PTV dose of 0.4 Gy (1.3%) at
1T and 1.3 Gy (4.3%) at 3 T which is caused by a reduction of lateral scatter due to the focusing effect of the magnetic field
on secondary electrons. Changes to the critical structures and the effects of a perpendicular configuration were minimal,
with the Lorentz force effects observed for individual beams. However, these effects are partially cancelled by opposing
beams. These simulations indicate that MRI-guidance does not drastically interfere with treatment delivery for cardiac
radiosurgery. It even increases target dose in the in-line configuration so that further optimization might lead to a
reduction in OAR dose.
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Figure 5: Dose-volume histogram (DVH) for AFib treatment plans with varying margins. The target-PTV margin size ranged
from 0 mm (perfect tracking), indicated by solid lines, to 8 mm (uncompensated respiratory motion), dotted lines. The target
(PTV - red) and the main critical structures (heart - orange, esophagus — green, airway - blue) are shown.
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Figure 6: A dose-volume histogram for the AFib treatment plan with 0Omm margins added to the target (PTV). The simulated
impact of different magnetic field strengths (0 T - solid; 1 T, 3 T - dashed) is shown for the in-line configuration of the linac.

4. Discussion

205 In this letter, we present the first results on target localization in real-time MRI and treatment planning for cardiac
radiosurgery with an MRI-Linac. Retrospective analysis of the acquired 2D real-time cine MRI planes shows that it is
possible to visualize the target, i.e. the left atrium (LA), during free breathing, localize it in subsequent MRI frames and
measure the respiration-induced translation in three dimensions. Our measurements in six healthy volunteers showed a
mean respiratory LA motion of 10.2 mm in S-I direction. This aligns with a previous study which found respiration-

210 induced motion of the pulmonary veins (PV) of about 15 mm which generally show higher mobility than the LA itself.15
Ector et al.'> also found the left and right PV to move differently to each other in the breathing cycle, potentially requiring

7
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additional margins for differential motion. But as our intended target is the PV antrum in the relative fixated LA, the
differential motion in the target area may be small, requiring further investigation.

MRI offers superior soft tissue contrast, relatively high spatiotemporal resolution and could potentially be used for scar
tissue visualization following cardiac ablation.'® However, it is also prone to imaging artefacts, e.g. caused by flowing
blood, and geometric distortions. Flow artefacts can be reduced by optimized cardiac shimming prior to image acquisition.
Though image distortions mainly occur in the peripheral region of the FOV, their concrete impact on cardiac tracking
accuracy has yet to be determined.??

The complexity and challenges of cardiac tracking should not be understated. Cardiac tracking is one of the most challenging
problems for image guidance. Not only is the heart beating rapidly causing local deformation, the respiratory system
causes motion of the heart of over 1cm per respiratory cycle on average (Table 1). For 2D imaging strategies, both of these
motion sources can cause out of plane motion which challenges target identification strategies. The fast motion of the
cardiac cycle, and the overlaid respiratory motion, challenges real-time response systems, both in terms of the latency
requirements and mechanical constraints. Despite these complexities, on the 8-subject dataset used here, an image-
guidance strategy using multiple orthogonal interleaved 2D planes and fast template matching!? successfully tracked the
left atrium. For the real-time response, we have previously demonstrated sub-millimeter accuracy for EPI-based tracking
with MLC adaptation for pig irradiation experiments where both respiratory and cardiac motion were included.2® The
latency in the pig tracking study was 400 ms, which matches the estimated upper bound of latency for our current
guidance strategy, based on an earlier study on kidney tracking with real-time MRI!2 and 3D-2D template matching
reported an acquisition time of 252 ms per 2D plane and a processing/tracking time of another 153 ms (both
unoptimized). The results demonstrate that real-time volumetric template matching is feasible.

Though a feasible guidance strategy has been demonstrated, the optimum for MRI-based tracking would be the availability
of volumetric anatomical data in real-time. However, the acquisition time in MRI is the main limiting factor for potential
real-time applications. For single-plane acquisition, we could reach temporal resolutions down to 50 ms. While ultrasound
imaging can create fast 4D information it cannot not provide comparable image quality. Our results are based on the
retrospective analysis of single 2D MRI planes, therefore do not render “true” 3D position information. The parallel
acquisition of multiple orthogonal planes that we envision for MRI-Linac guidance will yield volumetric data but
potentially also increase the acquisition time. An array of image acceleration methods, k-space sampling methods (e.g.
radial and spiral), iterative reconstruction of sparse data and the use of priors could all be investigated to improve the
spatial and temporal resolution of real-time cardiac MRI guidance for radiotherapy applications. The focus of further MRI
studies will be to determine the optimal balance between high spatial resolution and imaging speed and to accelerate
current imaging techniques. As local rigidity cannot be assumed in the heart, we see three options to account for cardiac
contraction (with ascending complexity):

(1) An internal target volume (ITV) approach where the magnitude of contractile motion is measured prior to the
treatment and accounted for by extending the target structure over all observed cardiac phases. The patient’s
breathing would then be compensated by the aforementioned real-time MRI tracking (translation only). This
approach potentially increases the dose to surrounding tissues but is the easiest to implement.

(2) Utilizing the real-time ECG signal for cardiac gating of the treatment delivery as suggested by Wang et al.2! We could
utilize the same fast signal processing methods that current scanners are using for cardiac MRI for image acquisition
and adapt it to turn the beam on and off according to the diastole gating window, while the respiratory motion would
be compensated by MRI tracking. This could spare surrounding tissues better but would also increase treatment time
by an estimated 50%. The applicability in arrhythmic patients needs to be determined.

(3) The tracking process incorporates cardiac deformation, for example through deformable TM. This can be a very time-
consuming process, especially in 3D. Another challenge is the sparsity of the volumetric data to drive the deformation
since the images acquired during the treatment only show a small number of real-time planes.

For the respiratory-only tracking in (1) and (2), the target motion could be compensated by gating, robotic radiosurgery or
dynamic MLC leaf adaption, while the deformation tracking described in (3) requires an MLC.22 When moving towards
tracking and compensation of cardiac motion which may be small in the target area of the LA antrum?3, prediction will
become essential since the cycle length is much shorter than the respiratory cycle. The dosimetric impact of cardiac
contraction during treatment delivery must be investigated in order to determine the actual benefit of the different
approaches. A study from 2009 suggests that 2 mm margins could compensate for untracked cardiac motion of 1 cm
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during robotic radiosurgery.2* Projecting this to the small LA antrum motion this margin could potentially be reduced to a
minimum without the need of tracking or motion compensation, requiring further investigation.

The treatment planning for left atrial AFib targets was performed on a single data set, not covering any anatomical
variations. While the preliminary findings of this planning study cannot be generalized, they can give first indications
about the challenges of cardiac radiosurgery. In our planning study, we have chosen detailed OAR dose limitations of the
Grimm et al. and the RTOG 0915, which to our knowledge is the most conservative approach.1®6 We chose to prescribe
30 Gy to 95% of the PTV in a single fraction according to our previous studies.”- 25 It is still an open question as to which
target dose is really necessary to create a conduction-blocking lesion around the pulmonary veins. The two reported
human phase I studies have prescribed a potentially safe 25 Gy for cardiac ablation of ventricular tachycardia® °, while the
most recent animal studies for AF suggested that doses over 30-32.5 Gy might be needed for the treatment to be effective.>
7 The transferability of the animal results to human treatment however remains unclear.

Our results indicate that larger margins cause conflicts between the sparing of critical structures and the desired target
dose and coverage. The patient selected for this study was an ideal case for cardiac radiosurgery with a medial esophagus
location. The esophagus is a very radiosensitive organ lying in direct proximity to the LA. A much smaller distance
between target and esophagus and broader margins covering untracked motion might prohibit satisfactory compliance
with the planning objectives due to overlapping structures. Planning studies with more data sets will be performed to
investigate the inclusion criteria of patient selection for this treatment.

Any clinical radiosurgical cardiac targeting implementation needs to be treated with extreme caution. Radiosurgical
treatment of AFib involves high heart doses, and necessarily exceed the RTOG 0915 maximum heart dose for a single
fraction (22 Gy). It has been reported that breast cancer patients showed increased cardiac mortality following
radiotherapy with differences emerging after 12-15 years post-treatment.2¢6 While a low toxicity profile was reported for
the two cases where patients were successfully treated with cardiac radiosurgery® °, none of the studies, animal or human,
has investigated the long-term effects of the highly localized ablative cardiac dose. Nevertheless, the initial patient cohort
might be those with severe comorbidities and too unwell to receive other treatment where the benefit of non-invasive
symptom relief might outweigh the potential long-term effects.

5. Conclusion

We have presented our initial findings for target localization in real-time MRI and treatment planning for cardiac
radiosurgery. Our results indicate that real-time cardiac MRI holds the potential to be used for tracking and that real-time
motion compensation is essential to keep margins at a minimum. This is the groundwork towards an entirely non-invasive
treatment of atrial fibrillation using an MRI-Linac with real-time image guidance. Our next goal is to buid upon the
guidance method, integrate with real-time adaption, the initiation of animal studies and eventually human trials to further
investigate the potential of this innovative treatment approach.
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