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Abstract

The introduction of integrated MRI-radiation therapy systems will offer live intra-fraction imaging.
We propose a feasible low-latency multi-plane MRI-linac guidance strategy. In this work we
demonstrate how interleaved acquired, orthogonal cine-MRI planes can be used for low-latency
tracking of the 3D trajectory of a soft-tissue target structure. The proposed strategy relies on
acquiring apre-treatment 3D breath-hold scan, extracting a 3D target template and performing template
matching between this 3D template and pairs of orthogonal 2D cine-MRI planes intersecting the target
motion path. For a 60 s free-breathing series of orthogonal cine-MRI planes, we demonstrate that the
method was capable of accurately tracking the respiration related 3D motion of the left kidney.
Quantitative evaluation of the method using a dataset designed for this purpose revealed a
translational error of 1.15 mm for a translation of 39.9 mm. We have demonstrated how interleaved
acquired, orthogonal cine-MRI planes can be used for online tracking of soft-tissue target volumes.

1. Introduction

Integrated MRI-radiotherapy systems are currently under development, as described by Lagendijk
et al (2008), Raaymakers et al (2009), Fallone et al (2009), Dempsey and ‘VIEWRAY Inc.” (2011),
Dempsey et al (2005). While not widely available, such systems offer live intra-fraction imaging,
thus facilitating non-invasive, non-surrogate based, low-latency tumor motion tracking with no
additional imaging radiation dose. Online tracking of target volumes in image-guided radiotherapy
has great potential to increase conformality when treating tumors affected by respiratory motion.
Tumor dose is thereby maximized while the dose to surrounding healthy tissue is minimized
(Verellen et al 2007). This enables dose escalation, providing for a higher tumor control probability.

The AAPM Task Group 76 report by Keall et al (2006) concluded that lung tumors can follow
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complex 3D trajectories. An intra-fraction tracking method should therefore preferably provide 3D
coordinates of the tumor. Possible breathing irregularities necessitates that the latency of an online
tracking system be kept as low as possible. Keall et al (2006) suggests that an upper latency limit
for an online tracking system should be 0.5 s. Ries et al (2010) shows that an MRI tracking system
with a 10 Hz imaging rate, 100 ms processing latency and a Kalman predictor provides a 0.9 mm
tracking error for tracking the motion of a kidney. Such tracking error will be close to the voxel size
delivered by most MRI systems.

Acquisition of high-quality live 3D images with subsequent low-latency deformable image registration
(DIR) would be optimal, but is currently not feasible due to the lack of appropriate MRI acquisition
sequences and DIR algorithms.

Previous efforts have focused on tracking in 2D cine-MRI planes. Cervifio et al (2011) suggested
the use of template matching for real-time lung tumor tracking in sagittal cine-MRI scans. An
inherent drawback of tracking a 3D structure in a 2D plane is the inability to detect out-of-plane
motion. They suggest addressing out-of-plane motion by surrogate tracking of the diaphragm. Yun
et al (2012b) investigated the use of an intra-fractional lung tumor auto- contouring algorithm for a
phantom study using sagittal cine-MRI planes. Yun et al (2012a) describes how the auto-contouring
algorithm of Yun et al (2012b) can be extended with an artificial neural network-based motion
prediction algorithm.

Ries et al (2010) performed 3D target tracking by combining 2D-plane imaging with prospective
slice tracking based on pencil-beam navigator sequences. The effect of the update latency was
reduced using a Kalman predictor for trajectory anticipation. One limitation they find is that since
the detected beam signal is predominantly spin-density weighted, it suffers from poor tissue
contrast, which can potentially lead to poor tracking performance.

We have developed and investigated a 3D tracking strategy feasible for low-latency, intrafraction
magnetic resonance imaging-linear accelerator (MRI-linac) guidance. The proposed strategy is
based on template matching between a 3D target template obtained from a pretreatment breath-hold
MRI scan and sets of orthogonal cine-MRI planes. We use interleaved acquired coronal and sagittal
cine-MRI scan planes, intersecting the motion path of the tracked structure in the subject.

We seek to illustrate that the method facilitates 3D motion tracking, that the use of orthogonal
planes is superior to tracking 2D target templates on a single cine-MRI plane, and that the method is
feasible for online tracking of soft-tissue target volumes.



2. Methods

The clinical scenario under which this method would operate involves the acquisition of a pre-
treatment breath-hold 3D MRI scan from which a 3D template containing the target is extracted.

The similarity between the 3D template and pairs of cine-MRI 2D coronal and sagittal planes is
calculated for each combination of investigated (posterior—anterior (PA), right—left (RL), inferior—
superior (IS)) translations of the 3D template. If the resolution of the 3D template differs from the
resolution of the 2D planes, interpolation is required.

The 3D bounding box, Vc, with dimensions Nea X NrL X Nis encompasses the entire irregularly
shaped target volume Vr .

The 3D target template can be thought of as a set of 2D coronal target slices as
well as a set of sagittal target slices encompassing the segmented target

Scor ={Scor,1, -» Scor,Npats (1)
Ssag = {Ssag,1, -+ SsagNgy_ } 2
where each slice spans the target volume in that particular orientation and plane, e.g.

Scor,1 = Ve(1, iR, 1s) 3)
IrL=[mMinrL—D,..., maxrL +b] 4
lis =[minis—b,..., maxis +b)], (5)

where minrL, maxgrc, Minis, maxis are the minimum and maximum voxel indices of segmented target
volume voxels in that particular slice. This means that the set of target slices in one orientation are
not necessarily of the same dimension. Here, b is an additional border that can be added to improve
tracking robustness if necessary. On the other hand, adding too wide a border might deteriorate
accuracy.

For each set of interleaved acquired coronal and sagittal 2D cine-MRI planes, Pcor, Psag, @ Similarity
measure is evaluated between Pcor and the individual slices of the coronal target slice set Scor and
between Psg and the slices of Ssag. The similarity measure is evaluated for all investigated
combinations of PA, RL and IS translations of the target template, with Tea, TrL, Tis being the total
number of investigated translations in each direction. This results in Tpa 2D coronal similarity arrays
deor Of size Tr. X Tis and Tre 2D sagittal similarity arrays dsag Of size Tpa X Tis. The arrays are
normalized by subtracting each array by the lowest of the array itself.

The coronal and sagittal 2D similarity arrays are coalesced into two 3D similarity arrays, Dcor, Dsag
both of size Tea X TrL X Tis. Subsequently, the combined similarity array, Diotal, is determined by
adding the normalized coronal and sagittal similarity arrays,

Dtotal = Dcor,normalized + Dsag,normalized. (6)
The optimal translation is the one with the highest combined similarity measure,
max(Dtotal ) » toptimal. (7)
t

The normalization is performed in order for the similarity values of the coronal and sagittal array to
be approximately on the same scale. If not normalized, one array might dominate Dita. If the



orthogonal slices have different resolutions, further normalization might be needed.

As similarity measure for the template matching we applied mean-absolute-difference (MAD).
Other methods, including mean-squared-error (MSE) and normalized cross-correlation were
considered, but generally gave inferior results for the data at hand. Note that MAD and MSE are
actually dissimilarity measures for which equation (6) is minimized in order to maximize similarity.

Breath-hold scans and cine-MRI scans were acquired using the same sequence so that normalization
was not required. In order to apply traditional template matching algorithms, the template was
interpolated to the same pixel size as the orthogonal planes.

A basic assumption for this method is local rigidity of the target volume. The method should be
suitable for target sites where this approximately holds. We acquired coronal and sagittal planes, but
all directions could be used, as long as the tracked structure is intersected by the orthogonal planes at
all times. If the target volume is too small to ensure this, additional border can be added to the target
template as described above.

2.1. Qualitative evaluation

For a qualitative evaluation of the method, we acquired a 3D exhale MRI scan and a series of
interleaved acquired orthogonal cine-MRI planes. We segmented the 3D target structure from the
exhale scan by manual delineation, and then performed tracking on all pairs of cine planes in a one-
minute sequence, thus estimating the position of the target center in 3D. Since the true position of the
target volume center in 3D cannot be known during this type of acquisition, the result is evaluated
using visual inspection, by superimposing the target volume delineation on the cine-MRI scans
according to the estimated translation of the volume.

The true position can only be known for acquisition of 3D volumes with no motion, i.e. during
breath-hold or using very fast sequences with inherently poor signal-to-noise ratio.

2.2. Quantitative evaluation

In order to quantify the accuracy of the method, we acquired 3D inhale and exhale breath-hold MRI
scans and segmented the target structure in both breathing phases by manual delineation. This gives us
the true difference in position of the target structure in these two breath-hold states. We then
compared the true difference in location of the center of the target volume to the one approximated
using tracking of the 3D target template from the exhale scan on a sagittal and coronal slice pair,
extracted from the 3D inhale breath-hold scan. This approach simulates tracking on cine-MRI planes
while knowing the actual true position of the target center of volume.

The true difference in location of the target center of volume is established by delineating the 3D target
volume in the 3D inhale and exhale scans, calculating the center of the target volume and calculating
the PA, RL and IS differences in location.

We compared our multi-plane 3D tracking method to 2D tracking as demonstrated by Cervirio et al
(2011). This was done by using the segmented target on one sagittal or coronal slice in the exhale scan
as template and tracking this template in the same coronal or sagittal slice plane of the inhale scan.

2.3. Data for qualitative evaluation

This method is applicable to all tumor sites affected by respiratory motion. We tested the method in a
healthy subject, tracking the left kidney during respiration.



All data was acquired on a 1.5 T Philips Achieva system using an eight channel torso receive coil.

The orthogonal cine-MRI planes were interleaved acquired during free breathing using a balanced
steady-state free precession (bSSFP) sequence with the following parameters TR/TE 2.7/1.34 ms,

FOV 40 x 40 cm?, flip angle = 35°, slice thickness =7 mm, in-plane voxel size =1.05 mm, parallel
imaging factor 2, acquisition time per plane = 0.252 s.

At the intersection between the orthogonal planes, less signal is received which results in a dark line.
This is compensated for prior to the template matching, by multiplying each line of the cine-MRI

plane by 1 + 0.4* G, where G = exp(—0.5 %) is a (non-normalized) 1D Gaussian kernel with a

kernel width of 3 pixel widths and center c at the intersection between the orthogonal planes. The
optimal kernel width has been chosen by visual inspection. This is an ad hoc empirical solution.

A 3D exhale breath-hold scan was acquired using a bSSFP sequence similar to the one used for the
cine-MRI planes using the following parameters TR/TE = 2.7/1.34 ms, FOV = 12 x 31 x 31 cm3

(PA, LR, 1S), flip angle = 35°, slice thickness = 2 mm, in-plane voxel size = 1.1 mm, acquisition time
=25s.

The target structure, the left kidney, was manually contoured using the Varian Eclipse software
(Varian Medical Systems Inc.). For a clinical implementation, target auto-segmentation could be
employed. Using Marias for further pre-processing, the 3D scan was interpolated to the same
resolution as the orthogonal cine-MRI planes, and filtered with a Gaussian kernel for improving
tracking robustness. By applying this low pass filtering operation we sought to ensure that the
algorithm reach a global similarity maximum and not a local one by enhancing the dominant
features of the template.

2.4, Data for quantitative evaluation

3D exhale and inhale breath-hold scans were acquired using the same 3D sequence as for the
qualitative evaluation data. The target structure, the left kidney, was manually contoured in both
scans and pre-processed in the same manner as the scan for qualitative evaluation.

3. Results

3.1 Qualitative evaluation

Figure 1 displays the measured translation of the left kidney during a one-minute interleaved
acquisition sequence of coronal and sagittal cine-MRI planes. The initial use of no additional voxel
border on the sets of target slices resulted in a few deviations (discontinuities of center of volume
trajectory). By using a border width of three voxels these few deviations were avoided due to added
robustness. By visual inspection, tracking accuracy on the remaining frames did not seem
deteriorated by the use of the border. Correlation between the time-series of IS and PA translation
was -0.83. Correlation between IS and RL translation was 0.83. The maximum peak-to-peak
translations in (PA, LR, IS) directions were (4.2, 3.2, 16) mm, respectively. The standard deviation of
target position in (PA, LR, IS) directions were (0.70, 0.75, 3.8) mm, respectively
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Figure 1. This figure displays posterior-anterior (PA), right-left (RL) and inferior—superior (IS)
translation of the left kidney as a function of time during free breathing. In the plot of IS position the
peaks represent exhalation while the troughs represent inhalation. The translation was determined
using the multi-plane guidance method for pairs of interleaved acquired coronal and sagittal cine-
MRI planes. Acquisition frequency was 4 Hz.
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Figure 2. For two points in time during free breathing, t= (7, 45.25) s, this figure displays pairs of
interleaved acquired coronal and sagittal cine-MRI planes. The 3D kidney delineation from the
exhale breath-hold scan is superimposed on the cine-MRI planes (solid white), according to
translation determined using our multi-plane 3D tracking method. The dotted white lines are at the
same positions in the scans and are included only to emphasize the soft-tissue motion between the
time points.

Figure 2 displays two pairs of coronal and sagittal cine-MRI planes from the sequence. The 3D
kidney delineation from the exhale breath-hold scan is superimposed on the cine-MRI planes,
according to the translation providing maximum similarity, using our multi-plane 3D tracking
method.

See supplementary material for a video that shows all orthogonal cine-MRI pairs of the acquired
one-minute sequence with superimposed delineation.

The mean processing time for a slice pair was 153 ms for a 53 x 83 x 111 voxel template with a
non-parallelized MatLag implementation on an Intel 17-620 M processor.

3.2. Quantitative evaluation



Table 1 presents the results of the quantitative evaluation. The table compares the difference in

accuracy between 3D tracking on orthogonal cine-MRI planes and 2D tracking on a single sagittal or
coronal plane.

The use of different border widths around the delineated area in the slices of the 3D template was
investigated. The use of no border gave the most accurate result.



Table 1. This table compares the true difference in location of the center of volume of the left
kidney between 3D inhale and exhale breath-hold MRI scans with the approximated difference in
location. The difference is approximated using 3D tracking of the 3D kidney template from the
exhale scan on a sagittal and coronal slice pair from the inhale scan, emulating cine-MRI planes
(denoted by S+C) as well as by using 2D tracking of single sagittal or coronal slice kidney templates
from the exhale scan tracked on the same sagittal or coronal slice of the inhale scan (denoted S and
C, respectively). The calculated error is the Euclidean difference between the true and estimated
position.

Appr.difference (mm) Error (mm)
True difference in S C S+C S C S+C
location (mm)
Posterior- 10.5 9.38 0 9.38 1.09 10.5 1.09
anterior
Right-left —3.46 0 —6.25 -3.13 ~3.46 2.79 -0.34
Inferior- -38.3 -38.5 -38.5 -38.5 0.2 0.2 0.2
superior
Total 39.9 39.7 39.0 39.8 3.63 10.8 1.15
(Euclidean)
4. Discussion and conclusions

We have developed a low-latency MRI-linac guidance strategy, feasible for intra-fraction image-
guidance during radiotherapy. Obtaining low-latency information about the 3D target trajectory is
the single most important feature of our multi-plane tracking method.

Intra-fraction image guidance allows for improved conformality and maximization of the therapeutic
ratio by increasing dose to target tissues and decreasing dose to healthy tissue. We have shown that
by using orthogonal, interleaved acquired cine-MRI planes it is possible to track the 3D trajectory of
a soft-tissue target structure. From visual inspection, tracking of the kidney in the one-minute cine-
MRI sequence appears very accurate and robust.

It is interesting but not surprising that there was a relatively large correlation between motion in the
three dimensions. However, based on the translations in figure 1, it is not possibly to predict the PA
and LR translations from the IS translation alone.

The quantitative evaluation results indicate errors of total 3D motion on the scale of the width of a
cine-MRI pixel (1.04 mm). The use of orthogonal planes was superior to using only a sagittal or
coronal plane. Investigations using 3D breath-hold scans at different inhalation states or 4D MRI
could be used to further validate these results. This is merely the overall translational error,
assuming local rigidity, and does not reflect on any delineation uncertainty or deformation between
the phases, nor the uncertainty related to the breath-hold acquisition. It is noteworthy that any number



and orientation of intersecting live planes could be used,

as long as the target is intersected by the planes at all times. Further investigation on a variety of
patient cases and target sizes/locations will be needed to more broadly characterize the performance
of this guidance strategy.

The use of two orthogonal cine-MRI planes inherently increases the time between two successive
scans of the same plane. In cases with linear trajectory of the target volume it would be possible to
avoid the out-of-plane motion when using a single cine-MRI plane by choosing an appropriate
orientation. In these cases, using a single cine-MRI plane could be superior to using the proposed
multi-plane method due to the higher temporal resolution.

The processing time for the current implementation allows the total system delay to be below the
0.5 s prescribed by Keall et al (2006), thus allowing the method to be fast enough for online
tracking. It should be straightforward to implement parallel processing for a further reduction of
processing time. Parallel processing could also facilitate rotation-invariant template matching by
processing 3D templates with different rotation. For further robustness, and in order to prevent any
eventual deviations, the described method could be extended with a prediction algorithm. The
adoption of a scale-space strategy might be appropriate for improving tracking robustness and
further reduce processing time, see e.g. Witkin (1984).

While this work focuses on MRI-linac guidance, the described method is relevant for other
applications as well, including MRI high-intensity focused ultrasound systems.
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