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Model-Interpolated Gating for Magnetic Resonance Image—
Guided Radiation Therapy
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James M. Lamb, PhD*

*Department of Radiation Oncology, David Geffen School of Medicine, University of California, 
Los Angeles, Los Angeles, California

†Department of Radiation Oncology, University of Colorado School of Medicine, University of 
Colorado, Aurora, Colorado

Abstract

Purpose—To develop and validate a technique for radiation therapy gating using slow (≤1 frame 

per second) magnetic resonance imaging (MRI) and a motion model. Proposed uses of the 

technique include radiation therapy gating using T2-weighted images and conducting additional 

imaging studies during gated treatments.

Methods and Materials—The technique uses a physiologically guided breathing motion model 

to interpolate deformed target position between 2-dimensional (2D) MRI images acquired every 1 

to 3 seconds. The model is parameterized by a 1-dimensional respiratory bellows surrogate and is 

continuously updated with the most recently acquired 2D images. A phantom and 8 volunteers 

were imaged with a 0.35T MRI-guided radiation therapy system. A balanced steady-state free 

precession sequence with a 2D frame rate of 3 frames per second was used to evaluate the 

technique. The accuracy and beam-on positive predictive value (PPV) of the model-based gating 

decisions were evaluated using the gating decisions derived from imaging as a ground truth. A T2-

weighted gating offline proof-of-concept study using a half-Fourier, single-shot, turbo-spin echo 

sequence is reported.

Results—Model-interpolated gating accuracy, beam-on PPV, and median absolute distances 

between model and image-tracked target centroids were, on average, 98.3%, 98.4%, and 0.33 mm, 

respectively, in the balanced steady-state free precession phantom studies and 93.7%, 92.1%, and 

0.86 mm, respectively, in the volunteer studies. T2 model-interpolated gating in 6 volunteers 

yielded an average accuracy and PPV of 94.3% and 92.5%, respectively, and the mean absolute 

median distance between modeled and imaged target centroids was 0.86 mm.

Conclusions—This work demonstrates the concept of model-interpolated gating for MRI-

guided radiation therapy. The technique was found to be potentially sufficiently accurate for 
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clinical use. Further development is needed to accommodate out-of-plane motion and the use of an 

internal MR-based respiratory surrogate

Introduction

Breathing motion degrades radiation therapy targeting accuracy and can result in tumor 

underdosing and critical structure overdosing. Established motion management techniques 

include use of a 4-dimensional computer tomography (4D-CT)—based internal target 

volume (1, 2) and gating based on external surrogates of tumor motion (3, 4) or internally 

implanted fiducial markers (5, 6). Magnetic resonance image (MRI)—guided radiation 

therapy is a relatively new technology that provides, among several potential benefits, an 

opportunity to improve motion management by gating the beam based on imaged target 

position (7–10). The ViewRay MRIdian (ViewRay, Inc Oakwood Village, OH) supports 

real-time respiratory gating by acquiring images using a balanced steady-state free 

precession sequence (bSSFP) in a single sagittal plane at approximately 4 frames per second 

or 3 sagittal planes at 2 frames per second. Targets are tracked using deformable image 

registration. The beam is held if the proportion of the target contour area outside a specified 

gating boundary contour exceeds a specified threshold. A more detailed description of the 

gating algorithm and clinical workflow at our institution can be found elsewhere (8).

A limitation of image-based respiratory gating is the requirement that the image frame rate 

must be rapid with respect to the breathing cycle to avoid unacceptably long gating latency 

(11). This constraint limits the selection of pulse sequences and thereby image contrasts that 

can be used for gating. For example, T2-weighted images require >1 second intervals 

between image acquisitions because of the relatively long duration of longitudinal relaxation 

(T1). However, T2-weighted images may provide superior image contrast for some tumors. 

T2-weighted images are useful for liver cancer detection (12), specifically assisting in both 

delineating and characterizing cholangiocarcinoma (13, 14). T2 images also provide better 

contrast for lung squamous cell carcinoma and adenocarcinoma (15).

We present a technique whereby a breathing motion model is used to interpolate the 

information necessary for a gating decision (“beam-on” vs “beam-off”) between images 

acquired at a low frame rate. The respiratory motion model establishes a physiologically 

guided correlation between respiratory motion and a respiratory surrogate. In this study, the 

model is built and continuously updated based on a sliding window of the most recently 

acquired low-frame-rate images. The model is used to determine the gating decision for any 

surrogate value until the next low-frame-rate image is acquired, thereby reducing the gating 

latency. The purpose of this article is to describe and validate this technique, which we refer 

to as model-interpolated gating (MI gating) and to report an offline proof-of-concept study 

using T2-weighted images for MRI-guided radiation therapy at 0.35 T.

Methods and Materials

Phantom and human volunteer images were acquired using the ViewRay MRIdian 

(ViewRay, Inc, Oakwood Village, OH) under an institutional review board—approved 

research protocol. The MRIdian combines a 0.35T split bore magnet with a 60Co radiation 
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therapy system, enabling real-time MRI during radiation therapy. More details regarding the 

construction of the MRIdian can be found elsewhere (16, 17). The MRIdian uses a Siemens-

sourced image acquisition and reconstruction system interfaced with the 60Co radiation 

therapy system to perform imaging during treatment. A limited set of predefined imaging 

protocols is available in clinical mode. In research mode the 2 systems are disconnected and 

the Siemens control console is operated independently. Research mode enables the user to 

modify sequence parameters as desired and to upload additional pulse sequences for use 

during research mode. All imaging was performed in research mode.

Imaging protocols

We used bSSFP imaging to evaluate the accuracy of our technique and T2-weighted imaging 

to demonstrate a proof of concept of the technique. In this section we provide details of the 

imaging protocols.

bSSFP (18) single-plane 2Dsagittal images were acquired of a phantom and 8 volunteers at 3 

frames per second (fps). Acquisition parameters included a 4.5 mm slice thickness, 2 × 2 

mm2 in-plane resolution, 400 × 400 mm2 field of view (FOV), 1.38 milliseconds echo time 

(TE), 3.26 milliseconds repetition time (TR), 556 Hz/Px bandwidth, 60° flip angle, and 1 

average. This protocol also implemented phase partial-Fourier and generalized 

autocalibrating partially parallel acquisition (GRAPPA) (19) techniques to reduce 

acquisition time (partial-Fourier factor of 6/8 and GRAPPA factor of 2). The same 2D 

gradient nonlinearity distortion corrections provided by Siemens that are used clinically 

were applied. As mentioned above, imaging was conducted in research mode. The most 

frequently used clinical imaging protocol uses a 5.0 mm slice thickness, 3.5 × 3.5 mm2 in-

plane resolution, 350 × 350 mm2 FOV, 1.09 milliseconds TE, 2.49 milliseconds TR, 1000 

Hz/Px bandwidth, 60° flip angle, 2 averages, partial-Fourier factor of 6/8, and GRAPPA 

factor of 2 along with the aforementioned distortion corrections to obtain images at 

approximately 4 fps.

AT2-weighted, half-Fourier, single-shot turbo spin echo (HASTE) sequence was used to 

obtain images of 6 of the volunteers that were scanned using the bSSFP sequence during 

normal breathing (the sequence was not available until after our first volunteer study, and the 

T2 study was not performed in 1 of the other volunteers). The Siemens source code for the 

sequence was modified by our group for use on the ViewRay MRIdian. Acquisition 

parameters included a 7 mm slice thickness, 3.5 × 3.5 mm2 in plane resolution, 488 × 488 

mm2 FOV, 32 milliseconds TE, 3000 milliseconds TR, 751 Hz/Px bandwidth, and 1 average. 

The data acquisition duration for each individual image was 263 milliseconds to minimize 

motion blurring, with a 3 second delay between acquisitions (TR) to preserve T2-weighted 

contrast. Siemens-provided 2D distortion corrections were applied.

Respiratory bellows surrogate

A respiratory pneumatic bellows (Lafayette Instrument, Lafayette, IN) was attached to the 

phantom and the volunteers during the imaging studies. A transducer converted the bellows 

pressure to a voltage signal that was recorded during imaging using LabVIEW (Austin, TX) 

on an external computer. Synchronization of the bellows to the MRI scanner’s clock was 
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performed by correlating the bellows to an image-based respiratory surrogate as follows. A 

2D fast-Fourier transform (FFT) of a manually selected portion of the image containing 

anatomic motion was performed. The center inferior—superior line of the resulting 2D FFT 

was then Fourier transformed back to the image domain to obtain a 1D image projection of 

each image. The first acquired 1D image projection was selected as a reference. The inferior

—superior shift between each projection and the reference was determined by maximizing a 

correlation coefficient. This shift was used as the imaging surrogate. The respiratory bellows 

signal was aligned to this imaging surrogate by finding the temporal offset that maximized 

the correlation coefficient between the 2 surrogates. This process is summarized and an 

example is shown in Figure E1 (available online at https://doi.org/10.1016/j.ijrobp.

2018.05.012). A Savitzky-Golay filter was used to reduce noise in the bellows surrogate, 

resulting in a 0.1 second temporal phase shift of the bellows surrogate relative to the image 

acquisition (20).

Phantom studies

An MRI-compatible motion phantom (CIRS, Inc, Norfolk, VA) was used to simulate inferior

—superior respiratory motion. The phantom was composed of a large static cylindrical body, 

which held a sliding target section containing multiple trackable features that were made to 

move freely in the longitudinal direction. Two motion waveforms were used for the phantom 

studies: a cos6 wave with a 6-second period and 20-mm peak-to-peak amplitude, and a 

patient breathing waveform obtained by deformable tracking of a patient’s tumor during 

MRI-guided treatment. The duration of the latter waveform was approximately 15 minutes, 

with a 95th to 5th percentile motion amplitude of 9.8 mm. An image of the phantom’s 

motion rod and a portion of the realistic waveform used to drive the inferior—superior 

motion of the phantom can be seen in Figure 1. A series of 2000 bSSFP images was 

acquired continuously over a duration of approximately 11 minutes for each waveform.

Volunteer studies

Eight healthy volunteers were imaged to evaluate model-interpolated gating in vivo. 

Informed consent and Institutional Review Board approval were obtained. All imaging was 

conducted in the sagittal plane at a single slice position with well-visualized abdominal 

respiratory motion. A normal liver anatomic feature or the gallbladder was used to simulate 

tumor gating. A series of 2000 bSSFP images was acquired for all 8 volunteers, and a series 

of 200 T2-weighted images was acquired for 6 volunteers.

Image registration

For each image series, all images were deformably registered to a manually selected 

reference image using multi-level b-spline deformable registration with the Elastix package 

(21–23). Mutual information was used as the similarity metric. A bilateral filter was used on 

all images before registration to reduce the influence of noise. For the phantom studies, to 

avoid registration errors at the boundary of the motion rod caused by the static portion of the 

phantom, images were cropped before registration was performed. Registration accuracy 

was evaluated as follows. For each study, the same anatomic feature used as a simulated 

gating target was used as a landmark for registration accuracy evaluation. The position of the 

target in the reference image and first 100 registered images was manually identified. The 
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median distance of the registered target from the reference target (accuracy) and the median 

distance from the mean registered target position (consistency) were evaluated.

Motion modeling

Motion modeling was performed with custom software written in the MATLAB 

environment (MathWorks, Natick, MA). The deformation vector fields obtained from image 

registration were used to fit the model parameters of the previously validated 5-dimensional 

linear motion model (24–27):

x = α v + β f + x0 (1)

where x  is the estimated tissue position, α  and β  are voxel-specific model parameters 

representing the correlation between tissue position and the surrogate amplitude v and 

airflow rate f, and x0 is the voxel-specific initial tissue position. The bellows voltage and 

voltage time derivative served as the amplitude and airflow rate surrogates, respectively. The 

parameters α , β , and x0 were fit using least-squares minimization.

Model-interpolated gating algorithm

The model-interpolated gating algorithm using low-frame-rate images is described as 

follows:

1. A reference image for registration is manually selected. This image is also used 

to create the initial target contour.

2. The target contour is generated at an end exhale breathing phase and is expanded 

automatically by the specified margin to form the gating boundary.

3. The most recently acquired N images are deformably registered to the reference 

image. The resulting deformation vector fields and corresponding bellows 

surrogate values are used to build the model.

4. The surrogate value is used continuously with the model to estimate tissue 

motion and deform the target contour prospectively until the next image is 

acquired.

5. If the model-deformed target contour extends outside the gating boundary by a 

prespecified percent excursion, the gating decision is “beam off.” Otherwise, the 

gating decision is “beam on.”

6. The model is updated using a sliding window of the N most recently acquired 

images.

7. Steps 3 to 6 are repeated for the duration of beam gating.
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MI gating evaluation using bSSFP images

The MI gating was evaluated using bSSFP images acquired at 3 fps. The use of low-frame-

rate images was simulated by using only every ith image to build the model (i = 4 or 10). The 

next skipped images (i.e., the next 3 or 9 images not used for model building) were used to 

compare the MI gating decision with the direct-image-based gating decision, which was 

assumed to be the criterion standard. Figure 2 shows a schematic representation of the 

accuracy evaluation method using every fourth image to build the model (i = 4). Accuracy 

and positive predictive value (PPV) were quantified. Accuracy was defined as the fractional 

percentage agreement between MI gating decisions and direct-image gating decisions. PPV 

was defined as the proportion of the model gating decisions that were correct when the 

model decision was “beam on.” Additionally, the absolute distance between modeled and 

imaged target centroids was quantified. The median, standard deviation, and 95th percentile 

model and image centroid absolute distances were calculated for all gating comparisons, and 

separately for only model false positives (when the MI gating decision was “beam-on” but 

the direct image gating decision was “beam-off”). A range of variations in gating boundary 

margin expansion, number, and temporal spacing of images used to build the model were 

explored to test MI gating sensitivity to these parameters. A paired Student t test was 

performed to evaluate whether or not the change in any given parameter yielded a 

statistically significant difference in gating accuracy or PPV.

Proof-of-concept using T2-weighted images

An offline proof-of-concept T2-weighed gating study was conducted by fitting the motion 

model using 10 consecutively acquired images, comparing MI gating and direct image 

gating at the next acquired image. The model was subsequently updated following the gating 

evaluation. The MI gating accuracy and PPV are reported using a 3 mm gating margin and 

10% excursion tolerance (ie, the percentage of the target allowed outside the gating 

boundary before the beam is turned off). The median, standard deviation, and 95th percentile 

absolute distances between model and image centroids are reported for all gating 

comparisons and separately for model false positives.

Results

Gating accuracy evaluation using bSSFP images

Model-interpolated gating accuracy, beam-on PPV, and median absolute distance between 

the model and image centroids were, on average, 98.3%, 98.4%, and 0.33 mm, respectively, 

in the bSSFP phantom studies and 93.7%, 92.1%, and 0.86 mm, respectively, in the bSSFP 

volunteer studies. An example comparison of model-interpolated and direct-image gating is 

shown in Figure 3, and a video corresponding to this example can be found with the 

supplementary materials online (available at https://doi.org/10.1016/j.ijrobp.2018.05.012). 

Table 1 shows all bSSFP comparisons between model-based and image-based gating using a 

model built from 10 images spaced 3.19 seconds apart (ie, using every 10th acquired image 

to build the model, and the 9 subsequent images to evaluate MI gating accuracy) for a 3 mm 

gating margin and 10% gating excursion tolerance. Gating parameters had little impact on 

the MI gating accuracy in the volunteer studies. The following comparisons used the 

parameters reported above unless otherwise specified. Increasing the temporal spacing 
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between images used to build the model from 1.27 to 3.19 seconds reduced gating accuracy 

and PPV, on average, by 1.74% and 2.50%, respectively. Increasing the number of training 

images from 10 to 30 while holding the temporal spacing between images constant reduced 

gating accuracy and PPV, on average, by 0.50% and 1.00%, respectively. Expanding the 

margins from 3 mm to 5 mm improved gating accuracy and PPV, on average, by 0.49% and 

2.76%, respectively. A paired Student t test revealed that none of the changes in gating 

parameters resulted in a statistically significant difference in gating accuracy or PPV.

Gating accuracy evaluation with T2-contrast images

For the T2 image series, using a 3 mm target margin, 10% target excursion tolerance and 10 

images to train the motion model yielded an average gating accuracy, PPV, and median 

absolute distance between model and image centroids of 94.3%, 92.5%, and 0.86 mm, 

respectively, across the 6 volunteers. Table 2 shows the T2-model gating results for each of 

the volunteers using a model built from 10 images, a gating margin of 3 mm, and a gating 

tolerance of 10%. Figure 4 shows the bSSFP and T2-weighted half-Fourier single-shot turbo 

spin echo images obtained from 1 of the volunteers. No formal process was performed to 

select sequence parameters so as to optimize T2 contrast. However, the gallbladder and 

kidney are more visible in the T2-weighted image.

Registration accuracy

Registration median accuracy and consistency were, on average, subvoxel for all volunteer 

studies. The median registration accuracy and consistency were, on average, 1.01 mm and 

0.54 mm, respectively, in the bSSFP volunteer studies and 1.64 mm and 0.84 mm, 

respectively, in the T2 volunteer studies. Registration error may have been larger in the T2 

registrations because of the larger voxel size.

Discussion

This work demonstrated that MI gating, or radiation therapy gating using a motion model to 

interpolate between low-frame-rate images, agreed well with gating directly on high-frame-

rate images. Several evaluation metrics are reported in the results section. Accuracy was 

defined as the fractional percentage of agreement between MI gating decisions and direct-

image gating decisions; an accuracy less than 100% indicates the possibility of either a 

reduction in duty cycle (false negative) or irradiation of tissue outside the intended target 

(false positive). The PPV metric indicates the fraction of time when the target is in the 

correct location when the beam is on (using direct image gating as a ground truth), 

corresponding to dosimetric feasibility. It should be noted that dose spillage outside the 

target is inevitable in photon radiation therapy even without respiratory motion and that 

further dose distribution blurring occurs even in direct image gating as a result of gating 

latency (8, 28). Modeled versus imaged target centroid differences are reported because they 

are an objective measure of model performance independent of application (i.e., specific 

gating parameters, such as margin and excursion tolerance). Finally, modeled versus imaged 

centroid differences for false positive gating decisions (i.e., the model incorrectly determines 

the beam should be on) are reported because they give an indication of the spatial magnitude 
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of error when the gating decision was incorrect. These values should be compared with 

spatial tolerances typically used clinically.

MI gating was robust to changes in gating parameters; none of the changes in parameters led 

to a statistically significant difference in gating accuracy or PPV. The largest average change 

resulted from increasing the gating margin from 3 mm to 5 mm, increasing accuracy and 

PPV by 0.49% and 2.76%. This was likely a result of the larger proportion of true positives 

(i.e., higher gating duty cycle resulting from larger gating margin). Model gating accuracy 

and PPV decreased, on average, by 0.50% and 1.00% when the number of training images 

used to build the model increased from 10 to 30. Incorporating more images enables more 

respiratory states to be included during modeling, but it decreases the rate at which the 

model can adapt to changes in breathing patterns. Gating accuracy and PPV averaged 94.0% 

and 92.2%, respectively, with an average absolute median distance between model and 

image target centroids of 0.86 mm across all studies.

In image-based gating as currently implemented in commercial MRI-guided radiation 

therapy systems, accurate gating requires images to be acquired rapidly with respect to the 

breathing cycle. Model-interpolated gating decreases the required frame rate to as low as 

0.33 fps with a slight reduction in accuracy (average accuracy and PPV of 93.7% and 92.1% 

in the volunteer studies). The use of a lower frame rate allows T2-weighted image gating, 

which requires a long enough time between image acquisitions to allow for nearly complete 

T1 relaxation. Furthermore, model-interpolated gating could be used to allow the acquisition 

of additional imaging studies simultaneously with gated treatment (i.e., interleave functional 

imaging between low-frame-rate bSSFP imaging used for model-interpolated gating), 

potentially making it easier to incorporate daily functional imaging into routine treatment 

workflows (29–31). Alternatively, inasmuch as the respiratory surrogate is acquired 

continuously, MI gating could be used to decrease gating latency relative to even fast MRI 

imaging, potentially improving the dosimetric accuracy of gated treatments (11, 32). 

Incorporating MI gating in the clinical workflow is logistically feasible because it would 

extend treatment times only by the duration required to obtain the first set of training images 

(e.g., 10 training images spaced 3 seconds apart would require 30 seconds). The respiratory 

bellows would need to be considered in treatment planning during a clinical implementation 

of MI gating. The bellows are visible in the MRI images and could be incorporated in the 

planning workflow in a manner similar to the way treatment couches and immobilization 

devices are included in dose calculations.

A short computation time is necessary to avoid introducing additional gating latency. Our 

work was performed with a central processing unit, largely single-thread implementation in 

MATLAB. For 1 volunteer, fitting the models required to describe the target contour took, 

on average, a total of 0.003 seconds. Once the surrogate was obtained, deforming the 

contour and computing the gating decision using the model took, on average, a total of 0.004 

seconds. A clinical implementation of the proposed method could be performed on a 

graphics processing unit to further reduce computation time by exploiting the fact that all 

points are modeled independently.
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The technique of MI gating is subject to some limitations. Model accuracy may be reduced 

if the surrogate or tissue motion lies outside the training range used to build the model, or in 

the case of large out-of-plane motion. Out-of-plane motion could be addressed by 

implementing a slice-to-volume registration algorithm, but that remains a work in progress. 

These issues are not limited to model-based interpolation: direct image-based gating may 

also lose accuracy in cases of unusually large breaths, large out-of-plane motion, or both. 

Model inaccuracy may also result from a change in the correlation between the respiratory 

surrogate and anatomic motion during treatment. Updating the motion model using a sliding 

window allows the model to accommodate slow changes in breathing pattern and 

correspondence between internal and external motion. However, it is more difficult for the 

model to quickly adjust to rapid changes in the correspondence between the surrogate and 

anatomic motion (e.g., if the bellows shifts positions or if the patient moves). For example, 

during both the bSSFP and T2 Volunteer 6 studies, the volunteer stretched and changed the 

way they breathed during the study (e.g., predominantly abdominal breathing vs chest 

breathing). These changes were associated with a reduced correlation coefficient between 

the bellows and the image-derived surrogate used for bellows alignment and with a reduced 

gating accuracy and PPV compared with those reported in the other studies. The use of a 

correlation coefficient—based beam veto to increase PPV is under study but is beyond the 

scope of the present study. Recent work indicates that the correlation between the respiratory 

surrogate and anatomic motion could be improved by providing audiovisual feedback, and it 

may help to avoid sudden voluntary motion (33). Our current work uses a bellows as a 

respiratory surrogate, but our technique is generalizable to the use of other surrogates such 

as a navigator echo. Using a respiratory bellows enables a rapid, continuous acquisition of 

the respiratory surrogate without the need for additional pulse sequence modifications that 

may slow down or interfere with image acquisition (34).

Previous works using motion models in MRI-guided radiation therapy have primarily 

focused on predicting tumor position (35–37) and on estimating tumor motion in 3 

dimensions by building a motion model using multiple orthogonal imaging planes (38, 39). 

Correlative motion models such as ours have also been proposed in the context of multileaf 

collimator tracking (40). Our proposed technique bears similarities to the correlation method 

used by the Cyberknife Synchrony respiratory tracking system (41).

Significant differences from the Cyberknife system include the following. First, our 

technique is able to predict the locations of arbitrary points in the imaged plane, whereas 

Synchrony predicts the locations of discrete points; in fact, our technique could be easily 

extended to 3D with 3D images acquired using novel rapid 3D imaging techniques (42). 

Second, our technique can be used to produce synthetic images at arbitrary breathing phases, 

as shown in Figure 3. Third, because our technique uses MRI instead of planar kV x-ray 

imaging, the model is updated every 1 to 4 seconds, compared with typically 1 to 5 minutes 

between updates with the Synchrony system (43), which potentially leads to greater 

robustness to changes in breathing patterns. The Cyberknife Xsight lung does allow 

continuous 2D tracking of tumors that are visible in the treatment beam image; however, this 

is possible only for 20% to 40% of lung tumors (44). Fourth, our technique incorporates 

prior knowledge of possible tissue trajectories through a biomechanically motivated 

breathing motion model that acts to constrain the correlation between tissue motion and 
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breathing surrogate, and it may be more accurate than correlation models alone. It has been 

reported that 6.9 mm and 4.6 mm treatment margins in the inferior—superior and 

anteroposterior directions, respectively, is required to account for 95% of tracking error 

when the Synchrony system is used (45). In our work, the 95th percentile model and image 

centroid absolute difference in the sagittal plane was, on average, 2.85 mm in the bSSFP 

studies and 2.96 mm in the T2 studies. In our implementation, we have used the 5-

dimensional motion model, but many other lung motion models exist (46–49), and some of 

them could be used equivalently for MI-gating.

Conclusions

This work demonstrates that radiation therapy gating using a motion model agrees well with 

gating directly on high-frame-rate images. Model-interpolated gating could potentially 

enable the use of frame-rate-limited pulse sequences for radiation therapy gating and allow 

the acquisition of additional imaging studies during gated radiation therapy. Further 

development is needed to accommodate out-of-plane motion and the use of an internal MR-

based respiratory surrogate.
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Summary

A model-interpolated gating algorithm was developed for magnetic resonance image—

guided radiation therapy. A breathing motion model was used to deformably interpolate 

target position between magnetic resonance images acquired at low frame rates (≤1 frame 

per second). This technique enables radiation therapy gating based on pulse sequences 

that require long acquisition delays, such as T2-weighted sequences, potentially 

enhancing the accuracy of tumor targeting. Phantom and volunteer studies were 

conducted to evaluate the accuracy of model-interpolated gating compared with that of 

direct image gating.
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Fig. 1. 
(A) Phantom’s motion rod. (B) Realistic breathing waveform used to simulate inferior-

superior anatomic motion.
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Fig. 2. 
Example of the model interpolated (MI) gating accuracy evaluation using a sliding window 

of 10 images composed of every fourth image to build the model (open circles). Skipped 

images (crosses) are omitted from model building to simulate MI gating using training 

images obtained with a large temporal spacing (T2-weighted images). The accuracy of 

model gating is evaluated using the images marked with open squares. The model is then 

updated with a newly acquired image (solid square).
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Fig. 3. 
Example of balanced steady-state free precession image and model-based radiation therapy 

gating using a 3 mm contour margin and 10% excursion tolerance. A sliding window of 10 

images, each separated by 3.19 seconds, was used to build the model. The surrogate values 

corresponding to the time the raw images (A, C) were acquired were used to generate the 

model images (B, D). The static contours show the gating boundary (which is fixed in 

space), and the moving smaller contours represent the tracked targets. The horizontal line 

serves as a reference to assist in visualizing respiratory motion.
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Fig. 4. 
(A) Balanced steady-state free precession image interpolated to the same in-plane resolution 

as the T2-weighted half-Fourier single-shot turbo spin echo image (B) showing the 

gallbladder target region. The horizontal line serves as a reference to assist in indicating 

respiratory phase.
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