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Abstract

Purpose: High quality radiotherapy is challenging in cases where multiple targets with independent motion 

are simultaneously treated. A real-time tumor tracking system that can simultaneously account for the 

motion of two targets was developed and characterized.

Methods: The multitarget tracking system was implemented on an MRI-Linac and utilizes multi-leaf 

collimator (MLC) tracking to adapt the radiation beam to phantom targets reproducing motion with prostate 

and lung motion traces. Multitarget tracking consisted of three stages: (1) pre-treatment aperture 

segmentation where the treatment aperture was divided into segments corresponding to each target, (2) MR 

imaging where the positions of the two targets were localized and (3) MLC tracking where an updated 

treatment aperture was calculated. Electronic portal images (EPID) acquired during irradiation were 

analyzed to characterize geometric uncertainty and tracking latency.

Results: Multitarget MLC tracking effectively accounted for the motion of both targets during treatment. 

The root-mean square error between the centers of the targets and the centers of the corresponding MLC 

leaves were reduced from 5.5 mm without tracking to 2.7 mm with tracking for lung motion traces and 

reduced from 4.2 mm to 1.4 mm for prostate motion traces. The end-to-end latency of tracking was 

measured to be 328 ± 44 ms.

Conclusions: We have demonstrated the first experimental implementation of MLC tracking for multiple 

targets having independent motion. This technology takes advantage of the imaging capabilities of MRI-

Linacs and would allow treatment margins to be reduced in cases where multiple targets are simultaneously 

treated.

Keywords

MRI-linac, MLC tracking, MRI-guided radiotherapy
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Introduction

There are many cases of radiotherapy treatment that involve the simultaneous irradiation of multiple 

targets. For locally advanced non-small cell lung cancer, primary lung tumors are simultaneously treated 

with the mediastinal lymph nodes and up to 10% of patients will have multiple primary lung tumors.1,2 For 

locally advanced prostate cancer, the prostate is simultaneously treated with the pelvic lymph nodes. 

Similarly, the treatment of oligometastatic cancers can include several small separate targets.

The accuracy and quality of treatment delivery in these cases can be compromised by the motion of the 

separate target volumes, which can be independent of one another. In non-small cell lung cancer, the 

relative movement between the primary lung tumor and the mediastinal lymph nodes can be greater than 10 

mm3,4, while in prostate cancer, the prostate can undergo up to 15 mm of motion during treatment relative 

to the pelvic lymph nodes.5

Despite the AAPM Task Group 76 recommendation for motion management if motion greater than 5 mm is 

observed, independent motion is not accounted for in current clinical practice.6 As there is no ideal solution 

for multiple targets, the primary tumor is usually prioritized for interfraction or intrafraction motion. The 

margins of the secondary targets are expanded to not only account for their own motion, but also for the 

potential displacement of the primary target.7 This method may lead to underdosing of the secondary target 

or the unnecessarily overdosing of surrounding healthy tissue. Independent target motion can be especially 

problematic for stereotactic body radiotherapy, which is becoming the preferred treatment modality for 

early stage primary or metastatic lung tumors but relies on tight margins and high geometric accuracy.8,9

One solution to improve treatment delivery of these challenging cases is to implement real-time image 

guidance and beam adaptation. This would allow margins to be reduced for one or both targets and allow 

dose to be escalated where necessary. While real-time image guidance technology for single targets has 

been implemented clinically10,11, the extension of these solutions to multiple targets is not trivial for two 

reasons. (1) Accurate image-guidance is reliant on imaging to localize the position of the targets. Current 

solutions for single targets include on-board X-ray imaging, surface imaging and electromagnetic 

transponders. However, to the best of our knowledge, none of these technologies can localize multiple 

independently moving targets in real-time. (2) Many of the current approaches to real-time beam adaptation 

are unsuitable for multiple targets. There are currently four real-time beam adaptation techniques that have 

been implemented clinically for single targets: robotic, gimbaled, beam gating and multi-leaf collimator 

(MLC) tracking.12 Of these, only MLC tracking has the capability to simultaneously account for the 

independent motion of multiple targets.A
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MRI-Linacs are a relatively new tool for radiotherapy and are an ideal platform for overcoming these two 

challenges. MRI-Linacs offer an unprecedented quality of real-time anatomical information including the 

motion of the target during treatment. As target volumes can be imaged directly in real-time using 

appropriately selected slices, multiple targets can be accurately localized during treatment.  MLC tracking 

has been shown to be technically feasible on MRI-Linacs13,14 and for tracking single targets, has been 

shown to have similar performance as MLC tracking on conventional linacs.15,16

In this work, we have developed a novel multitarget MLC tracking system for MRI-Linacs. A multitarget 

MLC tracking algorithm has been demonstrated on a conventional linear accelerator for a single target 

moving in combination with a second static target, as well as for target deformation17. This work extends 

this algorithm to simultaneously account for the motion of two targets. This work also describes the first 

implementation of multitarget tracking for an MRI-Linac environment, which leverages the superior 

imaging capabilities on this device.

Materials and Methods

Experimental setup

The MRI-Linac used for these experiments is a prototype system detailed in Liney et al.18 The magnet 

(Agilent, UK) is a 1.0 T open bore design with a control system based on a Magnetom Avanto spectrometer 

(Siemens, Erlangen, Germany). The treatment beam is provided by a 6 MV linear accelerator (Linatron, 

Varex Imaging, UT, USA) with a 120-leaf (Millennium, Varian, Palo Alto, CA, USA) multileaf collimator 

(MLC). As shown in Figure 1, two MRI-visible spherical targets were set up inside the bore with Target 1 

initially positioned at isocenter and Target 2 initially positioned 75 mm away in the anterior direction. Both 

targets were attached to a programmable MRI-compatible Quasar 1D motion phantom (Modus Medical 

Devices, Ontario, Canada). The motion phantom was modified to translate both targets in approximately 

equal and opposite directions along the superior-inferior (SI) axis.

The motion phantom was programmed with patient motion traces to analyze geometric accuracy and 

sinusoidal motion to analyze tracking latency. Three lung motion traces and three prostate motion traces 

were selected from a large database of CyberKnife Synchrony19 and Calypso5 (Varian) recorded motions, 

respectively. These were: a typical breathing trace (amplitude = 7 mm, period = 4 s), a high frequency 

breathing trace (amplitude = 6 mm, period = 2.5 s), a breathing trace with baseline drift (amplitude = 7 mm, 

period = 4 s, drift = 6 mm), a prostate trace with baseline drift (drift = 7 mm), a prostate trace with high 

frequency motion (motion range = 17 mm) and a prostate trace with erratic motion (motion range = 18 A
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mm). These motion traces have been previously used in a multi-institutional study of real-time adaptive 

radiotherapy20 and were selected to represent a variety of observed motion for lung and prostate tumors, 

two sites commonly treated with multiple targets.

As the motion phantom translated the two targets, they were irradiated with a single angle conformal 

treatment at a source-to-surface distance of 2.4 m. The multitarget tracking system updated the leaf 

positions of the MLC in real-time in order to maintain coverage of both targets. The multitarget tracking 

system consisted of three independent components: aperture segmentation, MR imaging and MLC tracking. 

These components are detailed below, and the overall workflow is shown in Figure 2.

Aperture segmentation (labelled 1 in figure 2)

Prior to treatment with multitarget MLC tracking, the original treatment plan was segmented using a 

multitarget algorithm previously described in Ge et al.17 This algorithm separated the original MLC field 

(Figure 2A) into two segments corresponding to the two targets. The rectangle defined by the jaws in the 

beam’s eye view (BEV) was first discretized to a 0.1 mm grid in the isocenter plane. The planning target 

volume (PTV) of each target at its original position was then projected onto the BEV and each grid element 

was assigned a value, represented as an image in Figure 2B with white representing no target, green 

representing Target 1 and red representing Target 2. The final values of the aperture grid were stored as a 

text file for access during treatment.

MR imaging (labelled 2 in figure 2)

During treatment, 2D cine-MR images were acquired to localize the position of each target. Sagittal slices 

were acquired using the true fast imaging with steady-state free precession (TRUFI) sequence. Images were 

acquired for a 200 mm square field of view and 10 mm slice thickness at a resolution of 64 × 64 pixels, 

resulting in a voxel size of 3.125 × 3.125 × 10 mm. Geometric distortion of the MR images was not 

considered to require correction based on the data published by Shan et al21. The B0 inhomogeneity was 

optimized though active shimming and distortion caused by gradient non-linearity was minimal due to the 

small field of view and the limited range of the motion of the targets (maximum distance of 20 mm from 

isocenter). Imaging was performed using a 6/8 partial Fourier acquisition with TR = 3.54 ms and TE = 1.76 

ms. The image acquisition time per frame was 171 ms with a 40 ± 5 ms gap between frames where magnet 

magnetization preparation occurs, resulting in a final image update rate of one frame every 211 ± 5 ms.

Using the Siemens Image Calculation Environment (ICE), the standard MR image reconstruction pipeline 

was modified to stream raw image frames from the MR Image Reconstruction computer immediately 

following reconstruction of k-space data within the ICE pipeline. Each frame of raw image data was A
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analyzed in real-time using in-house software to localize each target. The software used a template 

matching algorithm based on the OpenCV software library that calculated the normalized cross-correlation 

with half-pixel resolution (1.56 mm). The templates of the targets used for this process were delineated on 

an MR image acquired prior to irradiation (Figure 2C). For each cine-MR image, the position of each target 

was calculated (Figure 2D) and converted to a 2D vector that described the motion of that target from its 

original position in the BEV. The position vector was then transferred to the multitarget MLC tracking 

algorithm.

Multitarget MLC tracking (labelled 3 in figure 2)

With each updated position vector, the aperture grid was calculated pre-treatment was modified by 

translating the grid elements corresponding to each target by that target’s motion (Figure 2F). An ideal 

MLC aperture was determined from the updated aperture grid by fitting the MLC leaves to the target shape. 

From the ideal MLC aperture, the closest matching deliverable MLC aperture was calculated using a direct 

optimization leaf sequencing algorithm that accounts for the physical limitations of the MLC such as finite 

leaf velocity, maximum travel range and adjacent leaf position (Figure 2E). This leaf sequencing algorithm 

has previously been implemented in single target MLC tracking for lung and prostate cancer patient 

treatmnts10,22. The updated leaf positions were sent to the MLC controller to achieve the final beam aperture 

that encompasses the motion of both targets.

Geometric accuracy

Images of the treatment beam acquired with an electronic portal imaging device (EPID) simultaneously 

captures both target motion and MLC adaptation and was independently used characterize geometric 

accuracy and system latency (Figure 2G). EPID images were acquired at 3.6 Hz and each frame was 

processed by subtracting a dark frame and applying a median filter to reduce noise introduced by the 

magnetic field of the MRI-Linac. 

For each patient motion trace, the geometric accuracy was defined as the root mean square error (RMSE) 

between the position of the target centers, Ptarget(t), of each target and center of that target’s corresponding 

MLC leaf positions, PMLC(t), at time t. The centroid positions were automatically segmented using in-house 

software (Figure 2H) and the RMSE was calculated for three scenarios:

(1)𝑅𝑀𝑆𝐸𝑛𝑜 𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 =
1
𝑇 ∑𝑇

𝑡 = 0( 𝑃𝑀𝐿𝐶(0) – 𝑃𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) )
2
 

(2)𝑅𝑀𝑆𝐸 𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 =
1
𝑇 ∑𝑇

𝑡 = 0( 𝑃𝑀𝐿𝐶(𝑡) – 𝑃𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) )
2
 A
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(3)𝑅𝑀𝑆𝐸𝑙𝑎𝑡𝑒𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
1
𝑇 ∑𝑇

𝑡 = 0( 𝑃𝑀𝐿𝐶(𝑡 +  𝛥𝑇) – 𝑃𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) )
2

RMSEno tracking was the geometric uncertainty calculated for a treatment delivered with the original MLC 

aperture without MLC tracking. RMSEtracking was the geometric uncertainty calculated for a treatment 

delivered with multitarget MLC tracking. RMSElatency corrected was the geometric uncertainty when system 

latency was accounted in post-processing by shifting the phase of the MLC centroid positions by the 

tracking latency (ΔT). The calculation of RMSElatency corrected separates the geometric uncertainty arising 

from tracking latency from the geometric uncertainty arising from the other sources such as template 

matching and physical leaf motion.

Latency characterization

The end-to-end latency was defined as the time between when a moving target arrives at a particular 

position and when the center of the MLC leaves following that target arrives at the same position. To 

quantify the end-to-end latency, the motion phantom was programmed to move sinusoidally (amplitude = 

20 mm, period = 7.5 and 10 s). As with the patient motion traces, the target and MLC centroids were 

automatically segmented from EPID images. A sinusoidal model with the equation:

(4)𝑃(𝑡) = 𝐴 𝑠𝑖𝑛( 𝜔(𝑡 + 𝜑) ) 

was fitted to the centroid positions of the targets and apertures. The latency was calculated as the time 

difference between the two sinusoids averaged over both targets:

(5)𝛥𝑇 = 𝜑𝑀𝐿𝐶 – 𝜑𝑡𝑎𝑟𝑔𝑒𝑡 

Log files recorded during multitarget tracking were used to analyze the latency contributions of each step of 

the tracking workflow. The latency contributors were divided into three main sections: (1) MR imaging, 

defined as the time from when a target is imaged at a particular position P to when all data for that image 

has been transferred from the MRI, (2) target localization, defined as the time from when all image data 

was transferred to the time when a motion vector for position P was calculated and (3) MLC tracking, 

defined as the time from when the motion vector was received by the MLC tracking software to the time 

when the MLC leaves arrived at position P.

Template matching accuracy

The accuracy of the template matching algorithm in determining the location of the targets was analyzed by 

comparing the position calculated from MR images to the position reported by the analog output of the 

motion phantom. The analog output transmits a voltage signal directly from the electronic control box that A
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corresponds to the position of the motion phantom and was measured using an oscilloscope. The motion 

phantom was programmed to move sinusoidally (amplitude = 10 mm which was the maximum amplitude 

measurable by the oscilloscope, period = 7.5 s) and sinusoidal curves were fitted to the measured phantom 

positions. Once latency was accounted for, the accuracy of template matching was defined as the RMSE 

between the position reported by the motion phantom and the position calculated from MR images.

Results

Geometric accuracy

Figure 3 shows examples of the first 30 s of multitarget tracking for lung motion traces and the first 90 s of 

multitarget tracking for prostate motion traces. Figure 4 shows the difference between the target and 

aperture centroids and the RMSE for each motion trace. Overall, both targets are independently tracked 

with good agreement between the center of the target and that target’s corresponding MLC aperture. The 

average RMSE was reduced from 5.5 mm without tracking to 2.7 mm with multitarget MLC tracking for 

lung motion traces and reduced from 4.2 mm to 1.4 mm for prostate motion traces.

As we will detail below, the system latency measured for the imaging parameters used was 328 ± 44 ms. 

The system latency is evident in Figure 3 with the aperture centroids trailing the target centroids. 

Accounting for the latency in post-processing, the RMSE was reduced to 1.2 mm for lung motion traces 

and 1.1 mm for prostate motion traces, shown in Figure 4. This showed that for the lung motion traces, this 

was the largest source of geometric uncertainty and RMSE was higher when tracking targets with higher 

frequency and magnitude of motion. For prostate motion traces where motion was slower, the geometric 

uncertainty was not heavily affected by latency. Contributions to geometric uncertainty other than latency 

include the uncertainty in template matching, uncertainty in target or aperture delineation in EPID images 

as well as inherent properties of the MLC such as the maximum leaf speed, control system update speed 

and leaf positioning errors.

The multitarget tracking algorithm tracks each target independently and in the same manner so the 

geometric uncertainty was expected to be the same for both targets. Across all six motion traces, the RMSE 

for Target 1 was 2.3 mm and the RMSE for Target 2 was 2.1 mm. The difference can be attributed to the 

smaller range of motion for Target 2 shown in Figure 5 and the higher signal to noise ratio of Target 2 in 

MR images shown in Figure 2D.
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Latency characterization

Figure 5A shows the position of the target centroids and aperture centroids segmented from EPID images 

acquired during multitarget tracking of sinusoidal motion. The end-to-end latency was calculated to be 328 

± 44 ms when averaged over both targets and sinusoid periods of 7.5 and 10 s. Figure 5B shows the 

aperture centroids shifted by the measured latency.

Figure 6 shows the relative contributions of each of the sources of latency during each of the three stages of 

the tracking workflow. The linear encoding of k-space in the TRUFI sequence yields images where the 

target position corresponds to its location halfway through the MR acquisition when the central lines of k-

space are acquired. The image update time (dark blue) was calculated as half of the total acquisition time 

for each image (half of 171 ms) plus the gap between frames (40 ± 5 ms). The reconstruction and data 

transfer time (light blue) was inferred by subtraction of all other components from the total latency. 

Template matching accuracy

Figure 5C shows the position of Target 1 localized using template matching in cine-MR images compared 

to the position reported from the motion phantom’s analog output. At an image resolution of 64 × 64 pixels, 

the RMSE was 0.51 mm. The accuracy of template matching is limited by the MR image resolution and 

after latency is the second largest source of geometric uncertainty. The accuracy of template matching can 

be improved with higher resolution MR images. For example, when the image size was increased to 128 × 

128 pixels, the RMSE was reduced to 0.36 mm. However, the image update rate at this resolution decreases 

to one frame every 415 ± 8 ms, which in turn increases the system latency and negatively affects the overall 

efficacy of MLC tracking.

Discussion 

In this work, we have developed and characterized a multitarget MLC tracking system on an MRI-Linac. 

We have shown that our end-to-end implementation was effective in accounting for motion of two targets 

moving with sinusoidal, lung and prostate motion traces.

The geometric uncertainty of was found to be similar to single target MLC tracking systems published in 

the literature. The latency corrected RMSE was 1.2 mm on average, which was comparable to the RMSE 

found on Varian (0.7 mm)23 and Siemens (0.7 mm)24 linear accelerators in studies that used prediction 

algorithms used to account for latency. The primary factors that affected the geometric uncertainty were 

system latency, imaging resolution and MLC performance.
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The system latency (328 ± 44 ms) was found to be comparable to values published in the literature for 

single target MLC tracking systems based on kV images (550 ms imaging at 5 Hz)25, electromagnetic 

transponders (230 ± 20 ms)26 and with an Elekta Unity MRI-Linac (205 to 411 ms imaging at 4 to 8 Hz).15 

The imaging capabilities of MRI-Linacs can greatly impact the safety and accuracy of radiotherapy, 

particularly at treatment sites with interfraction and intrafraction motion. Multitarget MLC tracking is a 

technology that takes full advantage of these imaging capabilities to enable real-time image guidance that 

would be too complex or not possible with standard linacs. Rather than attempting to cover the range of 

motion for both targets by expanding treatment margins, tracking each target independently would allow 

for treatment margins for each target to be kept as tight as possible whilst maintaining target coverage. 

Dose delivered to healthy tissue will be reduced and dose delivered to the target can be escalated if desired.

In order to further advance this technology and take it from phantom experiments to patient treatments, 

several improvements could be made to overcome some of the experimental limitations and improve the 

robustness of the technology. These are discussed below.

(1) While the multitarget tracking algorithm accounts for motion in 3D, currently only 1D MRI-compatible 

motion phantoms are commercially available which limited the complexity of patient motion that could be 

achieved. In the case of 3D motion, the targets are translated in the updated aperture grid (Figure 2F) for 

motion in the plane of the BEV and magnified or shrunk for motion along the beam axis27,28. Target motion 

that is perpendicular to the MLC leaves or along the beam axis can compromise an exact leaf fitting to the 

target shape and has been shown to affect tracking accuracy in single target MLC tracking25. Ideally, a 6 

degree-of-freedom MRI-compatible motion phantom29 would be available to assess tracking performance 

with 3D target motion. Furthermore, two separate motion phantoms with an independent input motion trace 

for each target would bring these phantom experiments closer to replicating patient motion. 

(2) A conformal treatment at a single gantry angle was used for this work. The implementation of 

multitarget MLC tracking with IMRT or VMAT will increase its complexity, though its feasibility has been 

demonstrated on conventional linacs by Ge et al.17 IMRT and VMAT treatments require separate aperture 

grids (Figure 2B) to be generated for each control point or gantry angle prior to treatment. During 

irradiation, the control point or gantry angle is monitored as the treatment progresses and corresponding 

aperture grids are accessed for tracking. The geometry of IMRT and VMAT treatments may also introduce 

situations where the two targets overlap in the BEV. In these situations, the aperture grids would record the 

overlapping areas within the grid elements and the MLC leaves are fitted to a union of the two target 

shapes. While the resultant MLC aperture maintains coverage of both targets, the merging of different parts A
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of the aperture could alter the total irradiated area for a given control point and cause the dose delivered to 

the targets or nearby organs to differ from the planned dose. In many cases, beam angles where the targets 

overlap could be avoided during treatment planning or a temporary beam gate could be triggered when 

overlap is detected during imaging, however further investigation is required to fully understand the effects 

of overlapping targets.

(3) Both targets were translated in the same MR imaging slice, that is, both targets were at the same depth 

along the beam central axis. In a clinical scenario, it is likely that each target would be in a separate 

imaging plane and cannot be tracked by imaging a single 2D slice. One solution would be to acquire 

multiple MR slices, however, performing multi-slice imaging with a single-channel MR body coil as the 

receive coil would require slices to be acquired in an alternating manner. This would increase latency and 

geometric uncertainty.30 The implementation of multi-channel receive arrays will enable the use of parallel 

imaging and simultaneous multi-slice techniques that significantly improve imaging speed and volume 

coverage.31,32

(4) The MR imaging parameters and template matching algorithm worked well for spherical phantoms in 

air but have not been optimized for patients. The 64 × 64 pixel image size was selected to reduce tracking 

latency and may be of inadequate spatial resolution for real anatomy. The template matching algorithm was 

accurate but does not account for target rotation, scaling or deformation that would occur with patient 

imaging. Furthermore, patient images would require a larger field of view to avoid folding artifacts, 

increasing voxel size and reduce spatial resolution during tracking. A larger field of view may also 

introduce significant geometric distortion for off-axis targets due to gradient non-linearity. Distortion 

correction algorithms based on spherical harmonics and the inverse electromagnetic method would need to 

be applied to maintain geometric accuracy during tracking.21 

While solutions to these four challenges exist in the literature, the risk in their implementation for 

multitarget tracking is that they may increase the end-to-end latency. Latency is critical to the performance 

of MLC tracking not only because it is the primary source of geometric uncertainty, but also because it 

determines the effectiveness of the prediction algorithms that are used to compensate for it. The accuracy of 

prediction algorithms have been shown to diminish with longer prediction horizons.33,34 While the current 

measured latency of 328 ± 44 ms is within the latency period that can be accurately predicted,35,36 the 

implementation of the additional steps and algorithms could increase the latency beyond the point at which 

prediction algorithms are effective.
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Figure 6 shows that computational contributions to the total end-to-end latency, for example template 

matching or leaf optimization, are small compared to the contributions of MR imaging (in blue) and 

physical leaf motion (in light red). As the latency of physical leaf motion is an inherent property of the 

hardware, improvements in MRI acquisition and reconstruction can result in the greatest reduction in 

system latency. Novel MR imaging techniques such as golden angle radial imaging and machine learning 

based image reconstruction can localize targets via under-sampled k-space data, reducing the total imaging 

time, decreasing system latency and improving the efficacy of motion prediction algorithms.37

Conclusion

For radiotherapy treatments with multiple targets, for example a primary tumor treated with nearby nodes 

or treatment of oligometastases, independent motion of the targets can compromise treatment delivery. We 

have developed a multitarget tumor tracking system for an MRI-Linac that can adapt a treatment beam in 

real-time to compensate for motion of multiple targets. The clinical realization of this technology would 

allow target margins to be reduced, minimizing healthy tissue toxicity whilst maintaining coverage of 

multiple targets.
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Figure 1. (Left) Schematic of the multitarget MLC tracking experimental set up. Target motion and MR imaging 

occur in the superior-inferior (SI) plane, while the main magnetic field is parallel to the left-right (LR) axis. (Right) 

Photo showing the 1D motion phantom modified to simultaneously translate both targets in opposite directions. A 

video of the motion phantom can be found in the supplementary material.

Figure 2. End-to-end workflow for multitarget MLC tracking and EPID analysis. Steps A to C are performed pre-

treatment, steps D to G are performed during treatment and step H is performed post-treatment. Videos of MR 

imaging (step D), the updated MLC apertures (step E) and EPID imaging (step H) during multitarget MLC tracking 

can be found in the supplementary material.
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Figure 3. Examples of multitarget tracking for (A) typical lung motion, (B) high frequency lung motion, (C) lung 

motion with baseline drift, (D) prostate motion with baseline drift, (E) high frequency prostate motion and (F) erratic 

prostate motion. The solid lines represent the centroids of each target and the dotted lines represent the centers of each 

target’s corresponding apertures, both delineated from EPID images.
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Figure 4. The difference between the target centroids and aperture centroids (top) and the RMSE (bottom) for the six 

motion traces. Tracking (green) represents the geometric error for both targets tracked with multitarget MLC tracking. 

Latency corrected (blue) represents the geometric error with the aperture positions shifted by the measured system 

latency ΔT (328 ms). No tracking (red) represents the geometric error when the apertures are in their original 

positions. 
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Figure 5. (A) Example of multitarget tracking for sinusoidal motion. Sinusoids fitted to the data were used to 

calculate the system latency (ΔT). The solid lines represent the centroids of each target and the dotted lines represent 

the centers of each target’s corresponding apertures, both delineated from EPID images. (B) The aperture centroids 

shifted by ΔT show good agreement with target centroids. (C) The position of Target 1 calculated from 64 × 64 pixel 

cine-MR images compared to the raw position output of the motion phantom.

Figure 6. The components sources of latency during each stage of the multitarget MLC tracking workflow. 
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