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PURPOSE Respiratory-induced motion is a well-known problem in treating abdominal tumors using external beam radiotherapy. The recent introduction of MR-
Linacs1, which enables MR-guidance during radiation, will allow real-time tracking of highly mobile tumors, such as pancreatic tumors, using multiple fast 2D image 
navigators. However, this type of imaging will only provide information on the centroid of the tumor, whereas information of surrounding tissue is unavailable. In order 
to calculate the dose deposition to the entire tumor and surrounding healthy tissue, dose accumulation estimation is required for the complete radiation field, which 
necessitates dynamic 3D information. In this work we propose a PCA-based motion model to characterize the dynamic 3D motion of the surrounding tissue outside the 
field-of-view of the 2D image navigators in order to estimate the deposited dose during treatment, and have the 3D motion information of the centroid of the target 
during treatment, based on the 2D image navigators. For this purpose, a PCA model was formed, based on a previously described 4D-MRI method2, and updated using 
the 2D navigator information.  
METHODS Three healthy volunteers were scanned on a Philips 
Achieva 1.5T. Model formation: First, a 4D-MRI data set (3D bTFE 
with radial in-plane sampling TE/TR=1.45/3.0 ms, α=30°, 
FOV=350x350x96 mm3, voxel-size=2.0x2.0x4.0 mm3, 30 dynamics) 
was acquired during free-breathing for 10:12 minutes and subsequently 
sorted into ten respiratory phases, ϕ (see Fig. 1)2. Non-rigid registration 
was performed using a 3D optical flow algorithm using the exhale phase 
as reference phase2,3. A PCA analysis was performed over the ten 
respiratory phases, resulting in ten 3D eigenvectors for each voxel, 
representing the eigencomponents, as described by King et al.4. Next, 
two orthogonal (coronal to update the model, and sagittal to measure the 
model accuracy independently) 2D cine-MRI slices (MS 2D bTFE, 
TE/TR=1.0/2.0 ms, α=50°, FOV=350x350 mm2, pixel-size=1.76x1.76 
mm2, slice thickness=8 mm, dynamic scan time per slice=0.145ms, 
SENSE=2), positioned on the pancreas, were acquired for 1:35 minutes. 
Processing: The goal of the model is to find the optimal 
eigencomponent-weightings for each 2D acquisition time point. The 
PCA model is described by ̂ ̅ , in which ̂ is an instance of the 
3D motion vector field, ̅  the mean displacement,  is a matrix 
comprising only the first two eigencomponents with the highest 
eigenvalues, and  a vector with the weights for each eigencomponent, 
which are calculated based on the 2D coronal cine-MRI. 
Two components were used to reduce dimensionality and 
noise propagation, while still being able to model the 
motion5. For each 2D slice, the optimal weights are 
calculated using 	 argmax , 4. Here, 

 represents the 3D image warped with the motion field 
computed using the PCA-weights ,  represent the 
2D coronal slice and  is the image similarity index. 
The similarity was solely calculated on the overlapping 
2D anatomy. To allow for differences in contrast between 
the 4D-MRI and 2D navigator data, a gradient-based 
similarity index6 was used. A pattern search was used to 
maximize the similarity. After optimization, the full 3D 
motion vector field was calculated for each 2D 
acquisition time point by applying the weightings to the 
model. To assess the motion calculated by the model, the 
pancreatic motion was also estimated on the 2D cine-MR 
images, using a 2D optical flow algorithm3. Spatial maps 
of the root-mean-squared error (RMSE) were calculated 
for the sagittal slice, as an independent measure for the 
model accuracy, and for the coronal slice, to quantify the correctness of the fit between the 3D volume and the 2D cine-MR images. 
RESULTS AND DISCUSSION Fig. 2a displays the SI motion of the pancreas estimated on the 2D sagittal cine-MR image (red) and calculated using the model (blue) 
for one subject. Differences between the curves are primarily observed for the inhale phase. Fig. 2b and c display the spatial RMSE maps, alongside an anatomical 
reference image for the coronal and sagittal slice, with the pancreas delineated in black. The RMSE of the SI-motion within the pancreas was, on average, 1.45 mm 
when compared to the SI motion on the sagittal slice, whereas the RMSE in LR and AP direction were smaller than 1 mm for all subjects. Moreover, other structures 
close to the pancreas, such as the duodenum (delineated in red on coronal view), which is an organ-at-risk in radiation treatment of pancreatic cancer, showed errors 
below 2 mm, which equals the voxel size. The larger errors on the upper and lower borders of the maps are induced by the reduced amount of information available for 
warping the 3D volume in these areas. Fig. 2d and e displays the motion trajectories of the pancreas calculated using the model (blue) and estimated on the 2D cine-
MRI (red) for the coronal and sagittal view. Cardiac-induced AP motion was observed on the sagittal 2D slices, contributing to larger intra-cycle variation in the motion 
trajectories, which is difficult to model using the PCA-based motion model, since it is formed using a respiratory sorted 4D-MRI. Future studies will focus on 
improving the fit between the 3D volume and the 2D cine-MR images and improving the model accuracy. 
CONCLUSION We presented a method to retrospectively calculate 3D motion vector fields for dose accumulation studies, while still acquiring real-time imaging data 
for MR-guided radiotherapy treatments. This allows dynamic monitoring of all structures in 3D in the radiation field. This methodology is based on a PCA motion 
model, calculated on 4D-MRI data, which is data-driven by 2D cine-MRI data. Using this model, we can investigate both the intra- and inter-cycle respiratory motion of 
all critical structures within the radiation field, which is necessary for retrospective dose accumulation calculations. 
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Fig. 1 Schematic overview of the workflow. First, a PCA-based model is formed using a
retrospective binned 4D-MRI. Next, the PCA-weightings are calculated by maximizing the
gradient-based similarity of the warped 3D reference image and the 2D coronal slice. This
results in a 3D displacement field for each 2D acquisition time point, which is used to
calculate the 3D motion of the pancreas 

Fig. 2 (a) SI motion calculated by the model (blue) and  estimated on the sagittal 2D slice. Anatomical 
reference and the RMSE on the coronal slice (b) and sagittal slice (c) with the pancreas delineated. (d) 
coronal and (e) sagittal view of the motion trajectories of the pancreas calculated using the model (blue) 
and using the 2D-cine MR images (red). 
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