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Abstract 

Purpose: To develop a generic procedure to make 5DCT from ECG 4DCTs and 

respiratory 4DCTs of cardiac RT patients. The 5DCT, whose dimension consists of 3D 

volume, cardiac cycle, and respiratory cycle, will be used for quantitatively evaluating 

respiratory and cardiac motion of the heart, and supporting cardiac RT motion 

management, 5D dose calculation and dosimetry motion assessment.   

Methods: Images of ECG 4DCTs and respiratory 4DCTs for cardiac RT patients 

were obtained from the clinical system with IRB approval. For each patient, ten ECG 

4DCT phases were registered using the groupwise deformable image registration 

algorithm GroupRegNet. The results were the ECG template CT representing the 

accurate average heart anatomy rather than an intensity-averaged CT, and the cardiac 

4D DVF (deformation vector field). The ECG template CT and ten respiratory 4DCT 

phases were registered together using the 2nd groupwise registration to compute the 

2nd respiratory 4D DVF. The computed DVFs from two groupwise registrations 

connected ECG 4DCTs to respiratory 4DCTs. A 10×10 cardiorespiratory 5DCT volume 

was generated by warping the ECG phases using composed DVFs. The final 5DCT 

phases were manually evaluated by visually checking the respiratory and cardiac 

motion of the heart chambers. 
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Results: The 5DCT generation procedure was implemented using Python and 

MATLAB, and was successfully applied to 4DCT images from five cardiac RT patients. 

The registration results were satisfactory based on visual evaluation. Quantitative 

evaluation and quantification evaluation were implemented to check the accuracy. The 

5D dose calculation are planned for future work. 

Conclusion: A practical and effective procedure was developed to assess 5D 

motion of the heart and generate 5DCT phases from the clinical ECG 4DCTs and 

respiratory 4DCTs. The generated 5DCT could be used in dose calculation to assess the 

effect of 5D motion of the heart chambers on dosimetry for cardiac radiation therapy 

treatments. 
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1. Introduction  

1.1 Tachycardia 

Ventricular tachycardia (VT) is a severe disease which can cause more than 

150,000 sudden cardiac deaths per year in the U.S. Currently, there are three kinds of 

treatments for ventricular tachycardia. The first one is the standard drug, which is 

refractory to VT. The second treatment is catheter ablation, which has more than fifty 

percent recurrence at 6 months [1]. Therefore, it is ineffective. The third treatment is 

Noninvasive Stereotactic Cardiac Radiosurgery (NSCR). NSCR uses twenty-five to 

thirty-five GY in a single fraction. Dr. Cuculich and Robinson performed the first NSCR 

in human patients in 2017 at Washington University School of Medicine in St. Louis, 

from which the results showed that, 99.9% reduction of VT episodes after six weeks for 5 

patients and 95.5% reduction of VT episodes after six months for sixteen patients [2]. 

NSCR is noninvasive, fast and can treat arrhythmogenic targets at locations that catheter 

ablation could not treat, which makes it a promising treatment. 

 

1.2 NSRS 

The current NSCR is treated during free breathing without respiratory gating. 

When medical physicist is making NSCR plans, they must expend the target-volume by 

adding 3 mm to get ITVc, 3 mm from ITVc to ITV, and 5 mm from ITV to PTV. Finally, 

the PTV is always 3 times larger than the TV. The healthy tissue accounts for more than 
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seventy five percent volume of PTV. However, radiation of healthy tissue can lead to 

significant rates of complications, including myocardial infarction and arrhythmias. We 

‘ed like to propose a new method to make new PTV as small as possible to minimize the 

damage to surrounding healthy tissues. Therefore, it is necessary to know the effect of 

respiratory and cardiac motion could bring to the radiation therapy. 

 

Figure 1: Illustration of treatment target definition and margin expansion 

procedure in the current (a.) and the proposed (b.) NSCR processes. 

 

1.3 Research goal 

To develop a generic procedure to make 5DCT from ECG 4DCTs and respiratory 

4DCTs of cardiac radiation therapy patients. The 5DCT, whose dimension consists of 3D 

volume, cardiac cycle, and respiratory cycle, will be used for quantitatively evaluating 

respiratory and cardiac motion of the heart, and supporting cardiac radiation therapy 

motion management, 5D dose calculation and dosimetry motion assessment. 



 

3 

2. Methods 

2.1 Materials 

This study analyzed five patients who had been treated by Noninvasive 

Stereotactic Cardiac Radiosurgery (NSCR) at Washington University School of Medicine 

in St. Louis, MO. For each patient, the data included one cardiac ECG 

(electrocardiograph) 4DCT (pixel size:512 × 512 × 130 × 10), one respiratory 4DCT 

(pixel size: 512 × 512 × 161 × 10), one radiation plan and structures. All DICOM files 

were anonymized and obtained from clinical system with IRB approval.  

 

2.2 Workflow 

Figure 2 illustrates the workflow of this study, which has two parts. Part A is the 

flowchart of group registration for computing 5D motions in cardiac 4DCTs and 

respiratory 4DCTs. Part B is the flowchart of 5DCT generation by using the DVFs from 

the group registration. 
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Figure 2: Research workflow of this study. 

 

2.3 Group registration 

As shown in Figure 2-part A, Group registration could be divided into two steps: 

cardiac motion registration and respiratory motion registration. All registration process 

was based on GroupRegNet [3]. 
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2.3.1 GroupRegNet optimization 

The deformable image registration (DIR) method utilized in this study was 

GrougRegNet, which is an unsupervised deep learning based DIR algorithm. 

GroupRegNet computes the deformation vector fields to warp all input images into a 

common template, which enables it to support groupwise registration for 4DCTs and 

generate one implicit template [4] by averaging warped images. The loss function in 

GroupRegNet is comprised by three regularization terms: (1) similarity loss term by 

averaging the negative locally normalized cross correlation (NCC) values between 

individual warped images and the implicit template; (2) smoothness regularization loss 

term representing the mean value of displacement fields’ gradient; (3) and cyclic 

consistent regularization loss term to assess if the deformation fields in the group are 

periodic or symmetric. 

To improve the registration accuracy of 4DCTs, we add a new regularization 

term of similarity loss between the implicit template and the AVG_CT in the loss 

function. AVG_CT is the intensity averaged CT of 10 original phases in the 4DCT, which 

leads to the blurring of tumor and organs as shown in Figure 3 (a.). However, the 

implicit template contains the shape alignments as well as the intensity averaging. 

Under this case, the implicit template represents a more accurate average anatomy 

concerning motion and has the maximum locally normalized cross-correlation with 
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AVG_CT. The implicit template is then more appropriate than AVG_CT to compute the 

deformation field from each phase to the average anatomy. 

 

Figure 3: Blurry of heart chambers in AVG_ECG (a.) and clear chamber edges 

in ECG template (b.) of patient BM7479. 

 

Four regularization terms in the loss function emphasize their importance by 

means of hyperparameters: 

𝐿𝑜𝑠𝑠𝑡𝑜𝑡𝑎𝑙 = 𝐿𝑜𝑠𝑠𝑠𝑖𝑚𝑖_𝑤𝑎𝑟𝑝𝑒𝑑 + 𝜆0𝐿𝑜𝑠𝑠𝑠𝑚𝑜 + 𝜆1𝐿𝑜𝑠𝑠𝑐𝑦𝑐 + 𝜆2𝐿𝑜𝑠𝑠𝑠𝑖𝑚𝑖_𝐴𝑉𝐺 (1) 

Optimization of GroupRegNet was performed for all 5 patients data using 

Python scripts and the PyTorch library. Computations were conducted on an 8-core 

CPU AMD Ryzen 7 5800 with a GPU NVIDIA GeForce RTX 3060. Code worked well in 

PyTorch version 1.10.1 with CUDA 11.3. Values for {𝜆𝑖|𝑖 = 0, 1, 2} ranging over 5 orders 
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of magnitude (from 0.0001 to 1) were tested to evaluate the effect of each regularization 

term on registration accuracy. For each combination of {𝜆𝑖}, registration process was run 

for 3000 iterations using Adam optimizer with the learning rate 0.05 for cardiac motion 

registration while 0.01 for respiratory motion registration. Warped images, 4D 

deformation vector fields (DVF), computational time, and plots of loss terms versus 

iterations were saved for subsequential analyzation and processing. 

 

2.3.2 Cardiac motion registration 

2.3.2.1 Heart mask 

To isolate the moving heart from nearby stationary vertebrae, a 3-D heart volume 

mask was contoured manually on the AVG_ECG (intensity averaging of 10 ECG phases) 

and used in 𝐿𝑜𝑠𝑠𝑠𝑚𝑜 to constrain the DVF smoothness computation to the heart volume. 

As figure 4 shown, the circle colored in orange was the mask we contoured in the axial 

view to separate the heart apart from vertebrae and ribs. Then the registration of heart 

chambers was not influenced by the surrounding vertebrae or ribs. The 3D heart volume 

mask was important for improving the accuracy of the cardiac 4DCT deformable 

registration. 
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Figure 4: 3D mask of heart volume contoured in the axial view on AVG_ECG 

manually. 

2.3.2.2 ECG registration for twice 

As shown on the left side in Figure 2-part A, 10 phases of one cardiac ECG 4DCT 

were stacked together as input images to be fed into GroupRegNet. The results were the 

ECG template CT and 4D DVF of cardiac motion. As mentioned before, the ECG 

template had the maximum NCC value with the AVG_ECG and was more accurate to 

represent the average heart anatomy during one cardiac cycle. To improve the 

registration efficiency and accuracy, we cropped the original ECG images to focus the 

ECG registration on heart volume. The images were also normalized to [-1, 1] according 

to the CT pixel value of the heart tissue range (1000 ± 150). Normalization also held an 

important role to the registration accuracy. Figure 5 provides a comparison of one 

original ECG phase before and after pre-processing. 
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Figure 5: Original ECG phase 00 (a.), ECG phase 00 after pre-processing (b.). 

Due to the limited soft tissue contrast between myocardia and the blood pools, as 

well as the GPU memory and calculation speed, we decided to register the cardiac ECG 

4DCT twice on two different resolutions. The first ECG registration was conducted on a 

low resolution to capture the large deformations, in which the down-sampling factor 

was (0.25, 0.25, 0.5) for x, y, and z direction. From the first ECG registration, the ECG #1 

DVF that encoded the 4D displacements between 10 original phases and the ECG #1 

implicit template in low resolution was computed. Then we up-sampled ECG #1 DVF 

using linear interpolation to the original resolution and warped it back on the original 

ECG 4DCT, through which the firstly warped ECG phases were obtained. As we 

assumed, the firstly warped ECG phases aligned large deformations and they were 

capable to become the input images for the second ECG registration on high resolution 

to consider minor boundaries. The down-sampling factor in the second ECG registration 

was (0.5, 0.5, 1) for x, y and z direction. After the ECG #2 DVF was up-sampled to the 

original resolution and warped it back on the firstly warped ECG phases, the secondly 

warped ECG phases were generated. The ECG DVF from the original ECG 4DCT to the 

ECG #2 template was obtained by composing the ECG #1 DVF and the ECG #2 DVF: 
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𝐸𝐶𝐺 𝐷𝑉𝐹 = 𝑐𝑜𝑚𝑝𝑜𝑠𝑒_𝑑𝑖𝑠𝑝(𝐸𝐶𝐺#1𝐷𝑉𝐹, 𝐸𝐶𝐺#2𝐷𝑉𝐹) (2) 

After the cardiac motion registration, the obtained 4D DVF was the deformation 

vector fields from 10 cardiac phases to the cardiac template: 

𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚
𝐸𝐶𝐺 = {𝑫𝑽𝑭𝑐𝑘→𝑐𝑡

𝐸𝐶𝐺 }
𝑘=1,…, 10

(3) 

where {𝑫𝑽𝑭𝑐𝑘→𝑐𝑡
𝐸𝐶𝐺 }

𝑘=1,…, 10
 was the set of 10 cardiac deformation fields from each cardiac 

phase to the cardiac template. 𝑫𝑽𝑭𝑡𝑒𝑚 𝑡𝑜 𝑖𝑛𝑝𝑢𝑡
𝐸𝐶𝐺 , which was the deformation fields from 

the cardiac template 10 cardiac phases, could be obtained by inversing 𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚
𝐸𝐶𝐺 : 

𝑫𝑽𝑭𝑡𝑒𝑚 𝑡𝑜 𝑖𝑛𝑝𝑢𝑡
𝐸𝐶𝐺 = 𝑖𝑛𝑣𝑒𝑟𝑠𝑒_𝑑𝑖𝑠𝑝(𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚

𝐸𝐶𝐺 ) (4) 

 

2.3.3 Modify ECG template 

One assumption made in this study was that myocardium motion due to cardiac 

contractions is superimposed on the top of the respiration motion [5]. Due to the speed 

and time scale differences of these two motion cycles, we also assumed that what 

appears on each respiratory phase is the average heart anatomy. However, the limitation 

of the imaging device brings some artifacts, which also leads to blurry of heart chambers 

on each respiratory phase. To reduce the blurry and bridge the ECG 4DCT with the 

respiratory 4DCT, we added the ECG template into the respiratory motion registration. 

This was a critical step to link cardiac motion and respiratory motion. 

As for the image size, the ECG 4DCT had smaller field of view (FOV) than the 

respiratory 4DCT. The FOV difference would influence the deformable registration. 
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Therefore, we modified the ECG template to enable it to have the same FOV as the plan 

CT (obtained by intensity-averaging 10 respiratory phases). We replaced the plan CT a 

small portion of FOV with the ECG template by using linear interpolation and made 

pixel adjustments to align the vertebrae, as Figure 6 shown. Then the ECG template in 

plan CT is obtained, and we called it ECGt_in_planCT. 

 

Figure 6: Respiratory plan CT (a.) and ECG-template(b.). 

 

2.3.4 Respiratory motion registration 

As Figure 2-part A shown, the ECGt_in_planCT and 10 respiratory phases were 

put together as the input images for respiratory motion registration. As mentioned in 

the above section, one assumption made in this study was that it is the average heart 

anatomy appears in each respiratory phase and the computed respiratory motion field 

could apply to any cardiac phase [5]. Then the deformation of heart we were interested in 

respiratory motion registration was mainly in the head-to-foot direction and slightly in 

the anterior-to-posterior direction. Therefore, the respiratory motion registration was 
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only conducted once in high resolution. The down sampling factor was (0.5, 0.5, 1) for x, 

y, and z direction. Images were cropped to contain the whole heart, whole lung, most of 

the liver and stomach in this registration. Normalization range is [0, 1200]. Likely to the 

ECG registration, the respiratory template also had the maximum NCC with the plan 

CT. The respiratory DVF mapping the voxel-to-voxel correspondence from 

ECGt_in_planCT and 10 respiratory phases to the respiratory template were obtained 

from this process: 

𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚
𝑅𝑒𝑠𝑝

= {𝑫𝑽𝑭𝑐𝑡→𝑟𝑡

𝑅𝑒𝑠𝑝
} ∪ {𝑫𝑽𝑭𝑟𝑘→𝑟𝑡

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
(5) 

where 𝑫𝑽𝑭𝑐𝑡→𝑟𝑡

𝑅𝑒𝑠𝑝
 was the respiratory deformation vector fields from the cardiac template 

to the respiratory template and {𝑫𝑽𝑭𝑟𝑘→𝑟𝑡

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
 was the set of 10 respiratory 

deformation fields from each respiratory phase to the respiratory template.  

𝑫𝑽𝑭𝑡𝑒𝑚 𝑡𝑜 𝑖𝑛𝑝𝑢𝑡
𝑅𝑒𝑠𝑝

, which means the deformation fields from the respiratory template to the 

cardiac template and 10 respiratory phases, could be obtained by inversing 

𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚
𝑅𝑒𝑠𝑝

: 

𝑫𝑽𝑭𝑡𝑒𝑚 𝑡𝑜 𝑖𝑛𝑝𝑢𝑡
𝑅𝑒𝑠𝑝

= 𝑖𝑛𝑣𝑒𝑟𝑠𝑒_𝑑𝑖𝑠𝑝(𝑫𝑽𝑭𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡𝑒𝑚
𝑅𝑒𝑠𝑝

) (6) 

 

2.4 ECG phases in plan CT 

As mentioned in 2.3.3 Modify ECG template section, the FOV in ECG images was 

smaller than in the respiratory images. ECG phases needed to be modified the in the 
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same way to have the same FOV of the respiratory images. The modified ECG phases 

were called as ECG_in_planCT. 

 

2.5 5DCT modeling 

{𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
= 𝑐𝑜𝑚𝑝𝑜𝑠𝑒_𝑑𝑖𝑠𝑝(𝑫𝑽𝑭𝑐𝑡→𝑟𝑡

𝑅𝑒𝑠𝑝
, 𝑫𝑽𝑭𝑟𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
)

𝑘=1,…, 10
(7) 

where 𝑫𝑽𝑭𝑐𝑡→𝑟𝑡

𝑅𝑒𝑠𝑝
 is the deformation vector field from the cardiac template to the 

respiratory template and 𝑫𝑽𝑭𝑟𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
 is the deformation vector field from the respiratory 

template to one respiratory phase, by composing these two DVFs, the 

{𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
means the 10 deformation vector fields from the cardiac template to 

10 respiratory phases.  

As mentioned before, what appears on each respiratory phase is the average 

heart anatomy and the computed respiratory motion field could apply to any cardiac 

phase. Combining one cardiac phase and one respiratory phase, a cardiorespiratory 

phase was generated to simulate one selected cardiac phase appear on one selected 

respiratory phase. Thus, for 10 cardiac phases and 10 respiratory phases, there were 

10×10 distinct combinations of cardiorespiratory phases [6] and this was exactly the 

5DCT model built in this study. By registering the cardiac template with 10 respiratory 

phases and applying the above formulas (5) - (7), {𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
 representing the 10 

deformation vector fields from the cardiac template to 10 respiratory phases were 

computed. In the respiratory motion registration, we cared about the deformation of the 
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heart mainly in the head-to-foot direction and slightly in the anterior-to-posterior 

direction. Therefore, the {𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
 could be regarded as the deformation vector 

fields from each cardiac phase to 10 respiratory phases: {𝑫𝑽𝑭𝑐𝑝ℎ𝑎𝑠𝑒→𝑟𝑘
}

𝑘=1,…, 10
, 𝑐𝑝ℎ𝑎𝑠𝑒is a 

selected cardiac phase randomly. As shown in Figure 1-part B, a 10×10 cardiorespiratory 

5DCT volume was generated by warping the ECG_in_planCT using {𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
. 

The final 5DCT phases were manually evaluated by visually checking the 

respiratory and cardiac motion of the heart chambers. 
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3. Results and discussion 

The 5DCT generation procedure was implemented using Python and MATLAB, 

and was successfully applied to 4DCT images from five cardiac stereotactic radiosurgery 

patients. 

 

3.1 Registration 

The registration results were satisfactory based on qualitative and quantitative 

evaluation.  

3.1.1 Qualitative evaluation 

Consideration 1: The plots of regularization terms over iterations in the CNN 

model. Figure 7 is an example of convergence curves from a selected registration case, 

from which we can observe how regularization terms gradually converge over the 

course of 3000 iterations. Both the cardiac motion registration and the respiratory motion 

registration obtained the same convergence tendencies for five patients analyzed in this 

study.  

 

Figure 7: (a) Similarity loss and total loss vs iteration. (b) smooth loss and 

cyclic loss vs iteration. (c) similarity loss between AVG_image and implicit template. 



 

16 

Consideration 2: Difference maps between input images and the template, as 

well as the difference maps between warped images and the template. Figure 8 

compares the difference maps before registration and after registration of one patient 

case BM7497. The three difference images in the upper raw are the ECG phase 90 minus 

ECG template in axial, sagittal and coronal views, while the three difference images in 

the lower raw are the warped ECG phase 90 minus ECG template in three views 

respectively. It could be obviously seen from the color change that organ and tissue were 

aligned very well after registration. Large deformations and minor boundaries were 

both computed well in the registration process. We checked the difference maps of all 5 

patients. 

 

Figure 8: Deformation between ECG phase 90 and ECG template from patient 

BM7497. 

Consideration 3: Deformation vector fields. The DVF could be shown as vectors 

in the MATLAB toolbox v3d, which facilitated our evaluation on deformation vector 
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fields. The yellow vectors in the image comprised the deformation fields. As shown in 

Figure 8, the image in the upper raw is the original ECG phase 90 of patient case BM7497 

with the DVF from ECG phase 90 to the implicit template in the coronal view, while the 

lower image shown the warped ECG phase 90 with the same DVF. From this figure, we 

can see that the motion of the heart chamber wall was reasonable and correspondence 

with the DVF. 

 

Figure 9: Good motion vector fields between ECG phase 90 and ECG template 

from patient BM7497. 

Consideration 4: Visually checking the alignments of heart chambers in warped 

phases in three different views. By making the animated GIFs of one specific slice of 

warped 4DCT in original resolution, we could visually check the alignments of heart 

tissue and chambers in different views, especially the edges through one group warped 

phases. This is an effective evaluation method to quickly assess the accuracy of 4DCT 
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registration. Figure 10 is an example of selected slices in different views to make the 

animated GIFs from one patient case. 

 

Figure 10: Selected slices to make the animated GIFs. (a) ECG registration in 

sagittal view. (b) ECG registration in coronal view. (c) Resp registration in coronal 

view. 

 

3.1.2 Quantitative evaluation 

Besides the qualitative evaluation, we also developed a method to assess the 

group registration results quantitatively. On the difference maps between warped 

images and the implicit template, we measured the maximal visible misalignments on 

heart chamber edges manually. Figure 10 shows an example of measurement on one 

difference map of one patient case. The maximal distance in this figure is 3.42 pixel. Ten 

visible large distance of edges, which is the brightest or the darkest gap shown on the 

difference map, were measured on 10 difference maps of each patient. The mean 

maximal registration errors measured were 3.82 mm. Through this method, we could 

approximately evaluated the registration of the optimized GroupRegNet. As comparing 

to the maximal clinical error 2 mm, the optimized GoupRegNet still needs to be 

improved to meet the current standard. 
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Figure 11: The maximal registration errors were measured on visible 

misalignments on heart chamber edges on the difference image manually. (Unit: 

pixel) 

 

3.2 Cardiorespiratory motion model 

By warping the composed Resp DVF on ECG_in_planCT, the 10×10 

cardiorespiratory 5DCT phases were successfully obtained for each patient. For instance, 

ECG 00-Resp 00 means the 3D CT volume was the combination of ECG phase_00 and 

Resp phase_00. Due to the space limitation, Figure 12 only shows 25 cardiorespiratory 

phases of one patient. The yellow line and red ellipse appeared at the same position for 

every image and were served for the reference baseline. By observing the images in the 

same raw, the head-to-foot motion of the liver could be seen while the heart was 

stationary. From images in each column, the motion of heat chambers could also be seen 

while the position of the liver was stable. Specifically, we also made 4DCT animated 

GIFs to evaluate the consistency and alignments of organs and chambers. For example, 

ECG-Resp 00 means a 4DCT contains 10 combinations of ECG phases with Resp 

phase_00. The liver was aligned perfectly when the motion of cardiac cycle could be 

seen in the animated GIFs of ECG-Resp 00. In contrast to ECG-Resp 00, the ECG 50-Resp 
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were 10 combinations of ECG phase 50 with 10 Resp phases. By checking the animated 

GIFs of ECG 50-Resp, we can observe that the heart volume remained the same as 

shown as ECG phase 50, whereas the liver showed the moving of one respiratory motion 

cycle. After visually checking the entire 5DCT, then the one 5DCT motion model was 

successfully built based on ECG 4DCT and respiratory 4DCT for one specific patient. 

5DCT model is the most significant outcome of this study. 

 

Figure 12: 25 cardiorespiratory phases for one patient case. The yellow line and 

red ellipse appear at the same position for every image. 

 

3.3 Average cardiac motion magnitude 

The average cardiac motion magnitude of each point in the heart volume was 

computed by averaging the distance magnitude of vectors in {𝑫𝑽𝑭𝑐𝑘→𝑐𝑡
𝐸𝐶𝐺 }

𝑘=1,…, 10
 of 10 

phases: 
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𝐴𝑉𝐺_𝑚𝑎𝑔 =
∑ √(𝑑𝑥𝑘 ∙ 𝑥_𝑠𝑝𝑎𝑐𝑖𝑛𝑔)2 + (𝑑𝑦𝑘 ∙ 𝑦_𝑠𝑝𝑎𝑐𝑖𝑛𝑔)2 + (𝑑𝑧𝑘 ∙ 𝑧_𝑠𝑝𝑎𝑐𝑖𝑛𝑔)2210

𝑘 = 1

10
(7) 

 

where the x_spacing, y_spacing and z_spacing mean the pixel spacing in x, y and z 

direction respectively, unit in mm.  

The average cardiac motion magnitude ranged from 0 to 10.04 mm, with 97% of 

the motion distances <4 mm and 99% of the motion distances < 5mm, as shown in Figure 

13. 

 

Figure 13: Average motion magnitudes in heart volume of patient BM7497. 

Figure 14 is a heatmap built on the base of ECG template 3D volume to represent 

the average cardiac motion magnitude at each point in the heart volume. According to 

the histogram and heat map, different heart parts have different motion magnitudes. As 

can be seen from the heat map, the positions at heart chamber edges have the hottest 
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color, which means organs at here have the maximal motion magnitude during one 

cardiac cycle, especially the left ventricle clearly moves more than other heart 

substructures [7]–[10]. 

 

 

Figure 14: ECG template images (left) and heatmaps (right) of average cardiac 

motion magnitudes of patient BM7497 in different views. 
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4. Discussion 

4.1 innovation and impact 

A new procedure was developed to compute the respiratory motion and cardiac 

motion in cardiac ECG 4DCTs and respiratory 4DCTs, and then generate the 

cardiorespiratory 5DCT. A dose prediction model could be implemented based on the 

5DCT and offer references to clinical cardiac RT planning. In this study, the groupwise 

deformable image registration algorithm GroupRegNet was used for computing 4D 

motion in 4DCTs, through which the average anatomy of cardiac was generated. During 

the cardiac motion registration, to isolate the moving heart from nearby stationary 

vertebrae, a 3D heart volume mask was contoured manually and used in GroupRegNet 

to constrain the DVF smoothness computation to the heart volume. The 3D heart volume 

mask was important for improving the accuracy of the cardiac 4DCT deformable 

registration. 

 

4.2 Clinical significance 

The generated 5DCT could be used in dose calculation to assess the effect of 5D 

motion of the heart chambers on dosimetry for cardiac radiation therapy treatments. The 

5DCT reconstruction and 5D dosimetry procedure could be applied to individual 

patient to evaluate the patient specific 3D plan against the 5D motion. The 5D dosimetry 

could plays an important role to offer references for optimizing the treatment plan.  
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4.3 Future work 

As Figure 15 shown, the future work will be based on the 5DCT model towards 

to the 5D dosimetry. The treatment plan will be calculated on each cardiorespiratory 

phase to obtain 10×10 dose maps, which is the process to simulate the dose delivered to 

the target region and organ-at-risk (OARs) during one Stereotactic Radiosurgery 

treatment without cardiac gating or respiratory gating. The {𝑫𝑽𝑭𝑐𝑛→𝑐𝑡
𝐸𝐶𝐺 }

𝑛=1,…, 10
, 

{𝑫𝑽𝑭𝑐𝑡→𝑟𝑘

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
 and {𝑫𝑽𝑭𝑟𝑘→𝑟𝑡

𝑅𝑒𝑠𝑝
}

𝑘=1,…, 10
 could be composed to obtain the 5D 

deformation vector fields {𝑫𝑽𝑭(𝑐𝑛, 𝑟𝑘)→𝑟𝑡

𝑅𝑒𝑠𝑝+𝐸𝐶𝐺
}

𝑛=1…10,   𝑘=1… 10 
 to describe the 3D 

displacements of each voxel between one cardiorespiratory phase and the respiratory 

template. As demonstrated before, the respiratory template has the maximal NCC value 

with the plan CT, which means the respiratory template represents a more accurate 

average anatomy of respiratory cycle without blurring. Therefore, we use the  

{𝑫𝑽𝑭(𝑐𝑛, 𝑟𝑘)→𝑟𝑡

𝑅𝑒𝑠𝑝+𝐸𝐶𝐺
}

𝑛=1…10,   𝑘=1… 10 
 to warp 10×10 dose maps back to the plan CT and 

compare the predicted dose with the dose plan. The 5D dosimetry could make 

contributions to the clinical decision on the target margin expansions and treatment 

planning optimization. 

 

Figure 15: Workflow of the 5D dosimetry. 
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5. Conclusion 

In this work, a practical and effective procedure was developed to assess 5D 

motion of the heart and generate 5DCT phases from the clinical ECG 4DCTs and 

respiratory 4DCTs. The cardiorespiratory 5DCT phases had been successfully built for 

five VT patients. By analyzing the DVFs, the cardiac motion magnitudes are found to be 

location dependent and mostly within 5 mm. The expansions added to form the PTV 

should be decided according to the cardiac substructures. Future studies will focus on 

more precisely motion assessment and the 5D dosimetry. 
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