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Abstract 

 

The developments of highly conformal and precise radiation therapy techniques 

promote the necessity of more accurate treatment target localization and tracking. On-

board imaging techniques, especially the x-ray based techniques, have found a great 

popularity nowadays for on-board target localization and tracking. With an objective to 

improve the accuracy of on-board imaging for lung cancer patients, the dissertation work 

focuses on the investigations of using limited-angle on-board x-ray projections for image 

guidance. The limited-angle acquisition enables scan time and imaging dose reduction 

and improves the mechanical clearance of imaging. 

First of all, the dissertation developed a phase-matched digital tomosynthesis 

(DTS) technique using limited-angle (<=30˚) projections for lung tumor localization. 

This technique acquires the same traditional motion-blurred on-board DTS image as the 

3D-DTS technique, but uses the planning 4D computed tomography (CT) to synthesize a 

phase-matched reference DTS to register with the on-board DTS for tumor localization. 

Of the 324 different scenarios simulated using the extended cardiac torso (XCAT) digital 

phantom, the phase-matched DTS technique localizes the 3D target position with an 

localization error of 1.07 mm (± 0.57 mm) (average ± standard deviation (S.D.)). 

Similarly, for the total 60 scenarios evaluated using the computerized imaging reference 

system (CIRS) 008A physical phantom, the phase-matched DTS technique localizes the 
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3D target position with an average localization error of 1.24 mm (± 0.87 mm). In addition 

to the phantom studies, preliminary clinical cases were also studied using imaging data 

from three lung cancer patients. Using the localization results of 4D cone beam computed 

tomography (CBCT) as ‘gold-standard’, the phase-matched DTS techniques localized the 

tumor to an average localization error of 1.5 mm (± 0.5 mm).  

The phantom and patient study results show that the phase-matched DTS 

technique substantially improved the accuracy of moving lung target localization, as 

compared to the 3D-DTS technique. The phase-matched DTS technique can provide 

accurate lung target localizations like 4D-DTS, but with much reduced imaging dose and 

scan time. The phase-matched DTS technique is also found more robust, being minimally 

affected by variations of respiratory cycle lengths, fractions of respiration cycle contained 

within the DTS scan and the scan directions, which potentially enables quasi-

instantaneous (within a sub-breathing cycle) moving target verification during radiation 

therapy, preferably arc therapy. 

Though the phase-matched DTS technique can provide accurate target 

localization under normal scenarios, its accuracy is limited when the patient on-board 

breathing experiences large variations in motion amplitudes. In addition, the limited-

angle based acquisition leads to severe structural distortions in DTS images reconstructed 

by the current clinical gold-standard Feldkamp-Davis-Kress (FDK) reconstruction 

algorithm, which prohibit accurate target deformation tracking, delineation and dose 

calculation.  
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To solve the above issues, the dissertation further developed a prior knowledge 

based image estimation technique to fundamentally change the landscape of limited-angle 

based imaging. The developed motion modeling and free-form deformation (MM-FD) 

method estimates high quality on-board 4D-CBCT images through applying deformation 

field maps to existing prior planning 4D-CT images. The deformation field maps are 

solved using two steps: first, a principal component analysis based motion model is built 

using the planning 4D-CT (motion modeling). The deformation field map is constructed 

as an optimized linear combination of the extracted motion modes. Second, with the 

coarse deformation field maps obtained from motion modeling, a further fine-tuning 

process called free-form deformation is applied to further correct the residual errors from 

motion modeling. Using the XCAT phantom, a lung patient with a 30 mm diameter 

tumor was simulated to have various anatomical and respirational variations from the 

planning 4D-CT to on-board 4D-CBCTs, including respiration amplitude variations, 

tumor size variations, tumor average position variations, and phase shift between tumor 

and body respiratory cycles. The tumors were contoured in both the estimated and the 

‘ground-truth’ on-board 4D-CBCTs for comparison. 3D volume percentage error (VPE) 

and center-of-mass error (COME) were calculated to evaluate the estimation accuracy of 

the MM-FD technique. For all simulated patient scenarios, the average (± S.D.)  VPE / 

COME of the tumor in the prior image without image estimation was 136.11% (± 

42.76%) / 15.5 mm (± 3.9 mm). Using orthogonal-view 30˚ scan angle, the average 
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VPE/COME of the tumors in the MM-FD estimated on-board images was substantially 

reduced to 5.22% (± 2.12%) / 0.5 mm (± 0.4 mm).  

In addition to XCAT simulation, CIRS phantom measurements and actual patient 

studies were also performed. For these clinical studies, we used the normalized cross-

correlation (NCC) as a new similarity metric and developed an updated MMFD-NCC 

method, to improve the robustness of the image estimation technique to the intensity 

mismatches between CT and CBCT imaging systems. Using 4D-CBCT reconstructed 

from fully-sampled on-board projections as ‘gold-standard’, for the CIRS phantom study, 

the average (± S.D.) VPE / COME of the tumor in the prior image and the tumors in the 

MMFD-NCC estimated images was 257.1% (± 60.2%) / 10.1 mm (± 4.5 mm)  and 7.7% 

(± 1.2%) / 1.2 mm (± 0.2mm), respectively. For three patient cases, the average (± S.D.) 

VPE / COME of tumors in the prior images and tumors in the MMFD-NCC estimated 

images was 55.6% (± 45.9%) / 3.8 mm (± 1.9 mm) and 9.6% (± 6.1%) / 1.1 mm (± 0.5 

mm), respectively. With the combined benefits of motion modeling and free-form 

deformation, the MMFD-NCC method has achieved highly accurate image estimation 

under different scenarios.  

Another potential benefit of on-board 4D-CBCT imaging is the on-board dose 

calculation and verification. Since the MMFD-NCC estimates the on-board 4D-CBCT 

through deforming prior 4D-CT images, the 4D-CBCT inherently has the same image 

quality and Hounsfield unit (HU) accuracy as 4D-CT and therefore can potentially 

improve the accuracy of on-board dose verification. Both XCAT and CIRS phantom 
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studies were performed for the dosimetric study. Various inter-fractional variations 

featuring patient motion pattern change, tumor size change and tumor average position 

change were simulated from planning CT to on-board images. The doses calculated on 

the on-board CBCTs estimated by MMFD-NCC (MMFD-NCC doses) were compared to 

the doses calculated on the ‘gold-standard’ on-board images (gold-standard doses). The 

absolute deviations of minimum dose (∆ Dmin), maximum dose (∆ Dmax), mean dose (∆ 

Dmean) and prescription dose coverage (∆ V100%) of the planning target volume (PTV) 

were evaluated. In addition, 4D on-board treatment dose accumulations were performed 

using 4D-CBCT images estimated by MMFD-NCC in the CIRS phantom study. The 

accumulated doses were compared to those measured using optically stimulated 

luminescence (OSL) detectors and radiochromic films.  

The MMFD-NCC doses matched very well with the gold-standard doses. For the 

XCAT phantom study, the average (± S.D.) ∆ Dmin, ∆ Dmax, ∆ Dmean and ∆ V100% (values 

normalized by the prescription dose or the total PTV volume) between the MMFD-NCC 

PTV doses and the gold-standard PTV doses were 0.3% (± 0.2%), 0.9% (± 0.6%), 0.6% 

(± 0.4%) and 1.0% (± 0.8%), respectively. Similarly, for the CIRS phantom study, the 

corresponding values between the MMFD-NCC PTV doses and the gold-standard PTV 

doses were 0.4% (± 0.8%), 0.8% (± 1.0%), 0.5% (± 0.4%) and 0.8% (± 0.8%), 

respectively. For the 4D dose accumulation study, the average (± S.D.) absolute dose 

deviation (normalized by local doses) between the accumulated doses and the OSL 

measured doses was 3.0% (± 2.4%). The average gamma index (3%/3mm) between the 
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accumulated doses and the radiochromic film measured doses was 96.1%. The MMFD-

NCC estimated 4D-CBCT enables accurate on-board dose calculation and accumulation 

for lung radiation therapy under different scenarios. It can potentially be valuable for 

treatment quality assessment and adaptive radiation therapy. 

However, a major limitation of the estimated 4D-CBCTs above is that they can 

only capture inter-fractional patient variations as they were acquired prior to each 

treatment. The intra-treatment patient variations cannot be captured, which can also affect 

the treatment accuracy. In light of this issue, an aggregated kilo-voltage (kV) and mega-

voltage (MV) imaging scheme was developed to enable intra-treatment imaging. Through 

using the simultaneously acquired kV and MV projections during the treatment, the 

MMFD-NCC method enabled 4D-CBCT estimation using combined kV and MV 

projections.  

For all XCAT-simulated patient scenarios, the average (± S.D.) VPE / COME of 

the tumor in the prior image and tumors in the MMFD-NCC estimated images (using kV 

+ open field MV) was 136.11% (± 42.76%) / 15.5 mm (± 3.9 mm) and 4.5% (± 1.9%) / 

0.3 mm (± 0.4 mm), respectively. In contrast, the MMFD-NCC estimation using kV + 

beam’s eye view (BEV) MV projections yielded results of 4.3% (± 1.5%) / 0.3 mm (± 0.3 

mm). The kV + BEV MV aggregation can estimate the target as accurately as the kV + 

open field MV aggregation. The impact of this study is threefold: 1. the kV and MV 

projections can be acquired at the same time. The imaging time will be cut to half as 

compared to the cases which use kV projections only. 2. The kV and MV aggregation 
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enables intra-treatment imaging and target tracking, since the MV projections can be the 

side products of the treatment beams (BEV MV). 3. As the BEV MV projections 

originate from the treatment beams, there will be no extra MV imaging dose to the 

patient. 

The above introduced 4D-CBCT estimation techniques were all based on limited-

angle acquisition. Though limited-angle acquisition enables substantial scan time and 

dose reduction as compared to the full-angle scan, it is still not real-time and cannot 

provide ‘cine’ imaging, which refers to the instantaneous imaging with negligible scan 

time and imaging dose. Cine imaging is important in image guided radiation therapy 

practice, considering the respirational variations may occur quickly and frequently during 

the treatment. For instance, the patient may experience a breathing baseline shift after 

every respiratory cycle. The limited-angle 4D-CBCT approach still requires a scan time 

of multiple respiratory cycles, which will not be able to capture the baseline shift in a 

timely manner.   

In light of this issue, based on the previously developed MMFD-NCC method, an 

AI-FD-NCC method was further developed to enable quasi-cine CBCT imaging using 

extremely limited-angle (<=6˚) projections. Using pre-treatment 4D-CBCTs acquired just 

before the treatment as prior information, AI-FD-NCC enforces an additional prior 

adaptive constraint to estimate high quality ‘quasi-cine’ CBCT images. Two on-board 

patient scenarios: tumor baseline shift and continuous motion amplitude change were 

simulated through the XCAT phantom. Using orthogonal-view 6⁰ projections, for the 
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baseline shift scenario, the average (± S.D.) VPE / COME of the tumors in the AI-FD-

NCC estimated images was 1.3% (± 0.5%) / 0.4 mm (± 0.1 mm). For the amplitude 

variation scenario, the average (± S.D.) VPE / COME of the tumors in the AI-FD-NCC 

estimated images was 1.9% (± 1.1%) / 0.5 mm (± 0.2 mm). The impact of this study is 

three-fold: first, the quasi-cine CBCT technique enables actual real-time volumetric 

tracking of tumor and normal tissues. Second, the method enables real-time tumor and 

normal tissues dose calculation and accumulation. Third, the high-quality volumetric 

images obtained can potentially be used for real-time adaptive radiation therapy. 

           In summary, the dissertation work uses limited-angle on-board x-ray projections to 

reconstruct/estimate volumetric images for lung tumor localization, delineation and dose 

calculation. Limited-angle acquisition reduces imaging dose, scan time and improves 

imaging mechanical clearance. Using limited-angle projections enables continuous, sub 

respiratory-cycle tumor localization, as validated in the phase-matched DTS study. The 

combination of prior information, motion modeling, free-form deformation and limited-

angle on-board projections enables high-quality on-board 4D-CBCT estimation, as 

validated by the MM-FD / MMFD-NCC techniques. The high-quality 4D-CBCT not only 

can be applied for accurate target localization and delineation, but also can be used for 

accurate treatment dose verification, as validated in the dosimetric study. Through 

aggregating the kV and MV projections for image estimation, intra-treatment 4D-CBCT 

imaging was also proposed and validated for its feasibility. At last, the introduction of 

more accurate prior information and additional adaptive prior knowledge constraints also 
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enables quasi-cine CBCT imaging using extremely-limited angle projections. The 

dissertation work contributes to lung on-board imaging in many aspects with various 

approaches, which can be beneficial to the future lung image guided radiation therapy 

practice. 
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1. Introduction 

1.1. Cancer and radiation therapy 

Cancer is the second most lethal human disease following heart illness. In United 

States, every one in four deaths is due to cancer [1].  Different cancer treatment 

techniques have emerged and evolved rapidly during the past several decades. Among 

them, the three primary cancer treatment techniques are surgery, chemotherapy and 

radiation therapy. Radiation therapy is a non-invasive treatment technique that uses 

ionization-induced damage to kill tumors. Over 50% of cancer patients will undergo 

radiation therapy during their treatment courses.  

Radiation therapy treats cancer through irradiating customized radiation beams 

from different directions, generating a conformal ionization field surrounding the tumors 

and avoiding normal tissues. During the treatment, the patients are immobilized so that 

the radiation beams can target the tumors. However, uncertainties such as patient 

positioning errors, patient motion and patient anatomical variations can cause the 

radiation beams to miss the tumor, under-dosing the tumor and over-dosing the 

surrounding normal tissues. Advanced radiotherapy treatment techniques, such as 

intensity-modulated radiation therapy (IMRT) [2] and volumetric modulated arc therapy 

(VMAT) [3], produce highly conformal radiation field to cover the planning target 

volume (PTV) and steep dose gradient outside PTV to spare the adjacent normal tissues. 
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However, the high conformity of these treatments makes them more susceptible to 

treatment errors caused by target misalignments. 

The above issues motivated the development of imaging techniques to visualize 

and track the tumor before or during the treatment for accurate targeting. The application 

of imaging for tumor localization and delineation prior to, during, or after radiation 

therapy is named image guided radiation therapy (IGRT) [4].  

 

1.2. IGRT 

To localize and delineate the tumor before, during or after the radiotherapy 

treatment, multiple imaging modalities have been developed, including radiography 

imaging [5], CBCT imaging [6-8], digital tomosynthesis (DTS) imaging [9-17], and 

electromagnetic transponder based GPS-tracking [18] like Calypso (Calypso, Seattle, 

WA). Among them, radiography lacks accuracy as it only provides 2D information with 

low soft-tissue contrasts. The GPS-tracking requires invasive beacon implant procedure 

and is susceptible to beacon migration, which also limit its wide application.  

Currently, CBCT [6-8] images are often used as the standard of practice for target 

localization. However, the CBCT imaging dose can be as high as 8 cGy [19], which may 

increase the risk of secondary cancers [20]. The CBCT acquisition also requires a full 

(200˚ or 360˚) scan angle, which needs a long scan time (~ 1 minute) and limits its 

mechanical clearance (Figure 1) when imaging peripheral tumors in patients of large size 
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or imaging patients with life supporting devices. To reduce the imaging dose, the scan 

time and to achieve better mechanical clearance, DTS [9-17] was proposed as an 

alternative imaging technique. Reconstructed from limited-angle projections spanning 

from 20º to 60º (Figure 2), DTS can be acquired with scan dose < 1 cGy and scan time < 

10 seconds (s) [21] with better mechanical clearance. Compared with 2D radiography, 

DTS provides pseudo-3D volumetric imaging for better target and normal tissue 

visualization. These advantages make DTS a powerful tool for localizing on-board targets 

in radiation therapy. Recent studies have found DTS promising in accurate target 

localization using either gantry-mounted kV source with on-board imager [9-12, 22-25] 

or MV source with flat panel detector [26, 27]. Potential applications in brachytherapy 

were also demonstrated [28]. 
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Figure 1.  The mechanical clearance issues of two cases: A). mechanical clearance issue 

caused by the size of the patient and the peripheral location of the tumor; B). mechanical 

clearance issue caused by the life supporting equipment blocking a sub-range of gantry 

rotation. Limited-angle imaging can avoid these mechanical clearance issues. 
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Figure 2. The acquisition scheme of CBCT and DTS. The CBCT is reconstructed from 

projections covering a full scan angle. In contrast, the DTS image is reconstructed from 

limited-angle projections. 

 

 

 

1.3. IGRT of lung targets: challenges and limitations 

For lung cancer, target localization and delineation uncertainties due to 

respiratory motion make radiation therapy more challenging [4, 29-34]. With emerging 

hypo-fractionated technologies for lung  like stereotactic body radiation therapy (SBRT), 

accurate localization and delineation of targets in the lung have become even more 

crucial due to the treatment plan’s tight margin, high fractional dose, few treatment 
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fractions and long treatment time [35-39]. The respiratory motion of lung renders the 

imaging modalities in Section 1.2. IGRT insufficient to capture the detailed tumor 

motion. For instance, the respiratory motion induced blurriness in the conventional 

DTS/CBCT images can potentially cause tumor localization errors. The desire for more 

accurate lung tumor treatment motivates further development based on these modalities. 

Fluoroscopy is an imaging modality that acquires radiography continuously with a high 

frame rate to track lung tumor motion. However, similar to radiography, tracking 

accuracy of fluoroscopy is limited by the lack of 3D volumetric information. For 

volumetric imaging, on-board 4D (3D space + time) tomographic imaging techniques like 

4D-DTS [40-43] and 4D-CBCT [44-51] have been investigated recently for moving 

targets verification. Both methods use retrospectively respiratory-phase-sorted limited-

angle (4D-DTS) or full-angle (4D-CBCT) cone-beam projections to reconstruct 

respiratory-phase-resolved volumetric images through the Feldkamp-Davis-Kress (FDK) 

algorithm [52]. Compared with 3D imaging techniques, the 4D capacity of these 

techniques enables the trajectory of moving tumors to be captured, which can lead to 

better alignment of the target volume as well as better target delineation.  

Compared to 4D-CBCT, 4D-DTS enjoys the benefit of less scan time, lower imaging 

dose and better mechanical clearance, and demonstrates promising results for target 

localization [40, 41]. However, 4D-DTS still requires relatively long scan time (at least a 

few respiratory cycles) and high imaging dose, as compared to the traditional 3D-DTS 

technique. In addition, for either 3D-DTS or 4D-DTS, they suffer from degraded 
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resolution along the plane-to-plane direction without full volumetric information [17] due 

to insufficient sampling (Figure 3). The degraded resolution leads to severe tumor and 

normal tissue distortions and prohibits accurate structure delineation and treatment dose 

calculation. 

 

Figure 3. The distortions caused by insufficient sampling in DTS, which is obtained by 

limited-angle acquisition and reconstruction.  200˚ features the full-angle scan in this case as 

the images were reconstructed using full-fan projections. The tumor and normal structure 
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distortions become more severe when the scan angle (shown in the left down corner of each 

row) decreases.     

 

In contrast, 4D-CBCT provides excellent respiration-resolved volumetric images 

of the patients for both target localization and delineation. However, 4D-CBCT 

reconstructed by FDK algorithm requires long acquisition time and generates high 

imaging dose, which limits its wide clinical application at this moment. 

A number of reconstruction methods have been proposed as alternatives to the 

traditional FDK algorithm [53-63], which aim to use more sparsely sampled on-board 

projections to reconstruct 4D-CBCT to reduce the scan time and imaging dose. For 

instance, the ‘volume-of-interest’ method [64] based on the FDK algorithm, and the 

iterative methods based on prior image constraint [62], total variation minimization [65] 

and temporal non-local mean regularization [63]. These methods can improve the image 

signal to noise ratio and reduce the streak artifacts caused by insufficient sampling, 

through introducing additional information or using inherent features of the images as 

additional constraints.  However, one universal limitation of these techniques is that they 

were mostly developed for full-angle but sparser projection sampling. They cannot 

remove the structure distortion or reconstruct full volumetric images when only limited-

angle projections are used for reconstruction. Recently, a new category of methods has 

been developed, which tries to use motion-modeling (MM) to estimate the 4D-CBCT 
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images from prior planning CT images. By these methods, the on-board 4D-CBCT 

images are estimated through applying deformation field maps (DFM) to prior CT 

images. Note that image ‘estimation’ was used instead of ‘reconstruction’ for the above 

introduced MM methods, in order to emphasize that the images were obtained through 

the deformation of a prior CT volume, as compared to traditional tomographic 

reconstruction.  

Motion-modeling models the DFM into a linear combination of several weighted 

spatiotemporal basis functions, such as the B-spline based basis functions [53, 54] or the 

principal component analysis (PCA) based basis functions [55-60]. The coefficients of 

basis functions are optimized through the data fidelity constraints, which require the 

digital reconstructed radiographs (DRRs) of the deformed volumes to match with the on-

board acquired projections. The on-board 4D-CBCT images are then obtained by 

deforming the prior CT images according to the optimized DFMs. Compared with the B-

spline based motion modeling, the PCA-based motion modeling is more robust to motion 

irregularity and enables faster image estimation. However, the PCA-based motion 

modeling procedures heavily rely on the prior information like 4D planning CT to build a 

motion model. Substantial patient breathing pattern and anatomical variations from 4D 

planning CT acquisition to on-board treatment may potentially render the motion model 

outdated and incorrect, which will affect the on-board image estimation accuracy [66]. In 

addition, previous motion modeling based publications mostly focused on evaluating the 
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accuracy of the centroid locations of the reconstructed targets. No comprehensive study 

has been done to evaluate the accuracy of volumetric restorations of the targets. 

In comparison to the motion-modeling based method, the free-form deformation 

(FD) method was another image estimation method [21, 61, 67]. This technique allows 

the prior CT volume to deform with more flexibility without any assumption of patient 

motion models, and uses deformation energy as a cost function to preserve the 

smoothness of the deformation field maps. Results showed that the technique was 

accurate in estimating CBCT using as few as 60 projections acquired over a full scan 

angle. However, similar to the total variation or non-local mean regularization based 

methods, it had limited accuracy when estimating CBCTs using limited-angle 

projections. This is mainly because: 1) there is limited information acquired along the 

central axis of the limited scanning angle, making the image estimation an ill-conditioned 

problem; 2) the large amount of variables in the free-form deformation model makes the 

optimization more susceptible to getting trapped in a local optimum. In addition, the 

optimization algorithm used in [21, 61, 67] was an unconstrained optimization algorithm, 

which required time consuming manual adjustment of the weighting factor of the 

deformation energy constraint. 
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1.4. Summary and Hypothesis  

In summary, for lung cancer localization and delineation as well as dose 

verification, 4D volumetric imaging techniques such as 4D-DTS and 4D-CBCT are 

preferred, which can accurately depict the lung tumor motion. However, the current 4D-

DTS technique needs more scan time and imaging dose than traditional 3D-DTS, and 

cannot avoid the target distortions caused by insufficient sampling, which prohibits it 

from enabling accurate tumor delineation and dose verification. In contrast, the 4D-

CBCT provides images of much better quality which benefits target localization, 

delineation and dose verification, but the long scan time and large imaging dose prohibit 

its wide application in the clinics. In light of these issues, the study conducts investigation 

along two directions: 1.investigate new imaging methods to require less imaging time and 

dose than 4D-DTS, but can still enable accurate tumor localization. 2. Investigate new 

image reconstruction methods to generate 4D-CBCT images using limited-angle 4D-DTS 

projections, to achieve high image quality for target localization, delineation and dose 

verification while substantially reducing the scan time and dose. 

In detail, to achieve a goal of improving imaging accuracy for lung cancer target 

localization, delineation and on-board dose verification using limited-angle projections, 

the hypothesis of this study is threefold:  

Hypothesis 1.  
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A new DTS technique between conventional 3D-DTS and 4D-DTS can be 

developed through incorporating respiratory phase information in reconstruction, to 

achieve the same target localization accuracy as 4D-DTS with imaging dose as low as 

3D-DTS. 

Specific Aim 1-A 

To develop a phase-matched DTS imaging technique using limited-angle 

projections and evaluate the phase-matched DTS technique through digital phantom and 

physical phantom studies. 

Specific Aim 1-B 

To further evaluate the phase-matched technique using patient studies. 

 

Hypothesis 2.  

New prior knowledge based image estimation techniques can be developed to 

obtain high quality 4D-CBCT using only 4D limited-angle projections. 

Specific Aim 2-A 

To develop a motion modeling and free-form deformation (MM-FD) 4D-CBCT 

estimation method using prior knowledge and limited-angle 4D kV projections. 

Specific Aim 2-B 
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To apply the MM-FD method to real clinical acquisition and reconstruction.  

Specific Aim 2-C 

To evaluate the dosimetric accuracy of MM-FD estimated 4D-CBCT images for 

treatment dose verification and 4D dose accumulation. 

Specific Aim 2-D 

To further develop the MM-FD estimation method to enable image estimation 

using limited-angle kV-MV projections acquired during radiotherapy treatments. 

 

Hypothesis 3.  

Based on the development of hypothesis 2, the correlations between consecutively 

estimated images can be utilized to enable quasi-cine CBCT estimation using extremely-

limited angle projections.  

Specific Aim 3 

To develop and compare different estimation methods for quasi-cine CBCT 

estimation using extremely-limited angle (<=6˚) projections. 
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1.5. Potential Clinical Impacts  

In general, the dissertation aims to improve lung IGRT through using limited-angle on-

board x-ray projections. The potential clinical impacts can be categorized into the 

following aspects: 1. the limited-angle acquisition scheme will enable scan dose 

reduction and scan time shortening when compared to the traditional full-angle 

acquisition of CBCT. In addition, the limited-angle acquisition also improves mechanical 

clearance when imaging patients with peripheral tumors and patients with life supporting 

devices. 2. The limited-angle acquisition scheme will enable faster tumor localization 

than before. If the required scan angle can be reduced sufficiently, the lung tumor can 

potentially be localized multiple times within a respiratory cycle. The faster tumor 

localization will help the radiation therapy team to make timely adjustments or 

corrections to ensure the treatment safety and efficacy. 3. The proposed high-quality 4D-

CBCT estimation using limited-angle projections will not only enable tumor localization, 

but also tumor delineation, contouring, deformation tracking and even treatment dose 

verification. 4. The proposed aggregated kV-MV imaging scheme will enable 4D intra-

treatment volumetric verification, which is currently not available in clinical practice.  5. 

At last, the proposed quasi-cine CBCT imaging scheme will provide real-time volumetric 

images for target tracking and dose accumulation, which is also currently not available in 

clinical practice. With multiple research objectives of different clinical impacts, the 

dissertation is expected to contribute to the clinical practice of lung IGRT widely. 
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2. Specific aim 1-A 

Tumor localization accuracy is important for radiation therapy, as it directly 

determines the radiation dose delivered to the tumor and surrounding healthy tissues.  In 

this study, a respiratory-phase-matched (later referred as ‘phase-matched’) DTS 

technique was developed to achieve high localization accuracy for moving target with 

same scan time and dose as the traditional 3D-DTS. Technically, the phase-matched DTS 

technique matches respiratory phase information between reference and on-board DTS 

images to improve DTS localization accuracy of moving targets. It is a new technique 

fitting in between the 3D-DTS and 4D-DTS.  It enables fast and accurate moving target 

localization, which renders it suitable for real-time, quasi-instantaneous (within a sub-

breathing cycle) moving target localization during radiation therapy, preferably arc 

therapy. To evaluate the efficacy of this technique, simulation studies using the 4D digital 

extended cardiac-torso (XCAT) phantom [68], and measurements with the CIRS 008A 

dynamic thoracic phantom (Computerized Imaging Reference Systems, Norfolk, VA) 

were conducted. In both studies, the efficacy of phase-matched DTS technique for 

moving targets localization, relative to that of traditional 3D-DTS technique, was 

evaluated for various combinations of respiratory cycle, scan angle and the fraction of the 

respiratory cycle contained therein. The target size, target location and respiration pattern 

inconsistencies were investigated for their effects on the localization accuracy of the 

phase-matched DTS technique. 
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2.1. Materials and methods 

2.1.1. Respiratory-phase-matched DTS technique 

In radiation therapy, treatment plans were designed on patient reference CT (R-

CT, as shown in Figure 4) to deliver the prescribed dose to the tumor [69]. When the 

patient is positioned on the couch for treatment, the tumor needs to be localized and 

matched to its location in R-CT, so that the radiation beams can precisely target the tumor 

as planned. Conventionally, on-board CBCT [6-8] images are used for registration with 

R-CT for volumetric imaging-based tumor localization. To reduce the imaging dose, the 

scan time and achieve better mechanical clearance, on-board DTS (OB-DTS, Figure 4) 

[9-12] was proposed as an alternative imaging technique.  

However, OB-DTS has spatially variant resolution distributions (Figure 4) caused 

by limited-angle sampling. Thus direct registration between OB-DTS and R-CT images 

for tumor localization is prone to errors [22]. For better tumor localization, a reference 

DTS (R-DTS) was synthesized from the R-CT to register with OB-DTS, through a two-

step approach: first, the R-CT image was used to generate the digitally reconstructed 

radiographs (DRRs) using Siddon’s ray-casting algorithm [70], to simulate the on-board 

projection acquisition process. For each on-board projection, a DRR image was generated 

at the same scan angle using the same imaging geometry; second, the generated limited-
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angle DRRs were used to reconstruct the R-DTS image. The synthesized R-DTS image 

(Figure 4) displayed the same anisotropic resolution feature as OB-DTS, which renders 

the registration between these two imaging sets more accurate [22].  

 

Figure 4. A comparison between the R-CT, the OB-DTS and the R-DTS. The DTS images 

were reconstructed using projections from a 30˚ scan angle. 

 

Lung tumor localization is challenging due to its respiratory motion. To capture 

the periodic tumor motion, respiratory-phase-resolved 4D-CT [71] was acquired as the 

lung R-CT to generate the average intensity projection (AIP) [72], the maximum intensity 

projection (MIP) [73] and the minimum intensity projection (MinIP) for planning and 
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localization. Besides these R-CT sets, free-breathing CT (FB-CT) [74] was another R-CT 

set often used in treatment planning. The traditional 3D-DTS technique synthesizes a 

conventional R-DTS from a 3D R-CT set such as AIP, MIP, MinIP or FB-CT to register 

with the OB-DTS for on-board localization. In clinical practice, AIP and FB-CT are more 

pre-dominantly used in CBCT localization [75-77] as compared to MIP and MinIP, since 

the latter two introduce additional biases to the probability density function of the tumor 

during the generation process. As a result, AIP and FB-CT were selected as the 3D 

reference CTs for the 3D-DTS method in this study. 

For on-board localization, traditional 3D-DTS technique acquires cone beam 

projections with normal gantry rotation speed to provide on-board information. The 

gantry rotation speed is usually at ~6˚/s with a frame rate of 10~11 frames/s. The 

acquired projections are used together to reconstruct the OB-DTS image. Due to patient 

respiration, the OB-DTS images contain motion information represented by mixed 

respiratory phases. By the 3D-DTS technique, the respiratory motion information 

contained in the OB-DTS is not matched during the R-DTS synthesis process, which only 

uses a 3D R-CT set to synthesize the R-DTS. The resulting motion blurriness patterns in 

the R-DTS and OBDTS may not match and lead to target localization errors. Instead of 

using 4D-DTS to fully depict the motion information, a respiratory-phase-matched (later 

referred to as ‘phase-matched’) DTS technique was developed in this study. It uses the 

10-phase 4D-CT as the R-CT to generate phase-matched R-DTS corresponding to the 

OB-DTS to improve the target localization accuracy, while using the same scan time and 
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imaging dose as the traditional 3D-DTS. The general phase-matching scheme is shown in 

Figure 5. 

 

Figure 5. The phase-matched DTS technique scheme. 

As illustrated in Figure 5, the 4D-CT dataset is used as the reference CT to 

generate DRRs that are matched with corresponding on-board projections. Besides the 

scan angle matching, the phase of each DRR is also matched to that of the corresponding 

on-board projection.  

Figure 6 depicts the phase-matching process in more detail.  The OB-DTS is 

reconstructed using limited-angle on-board kV projections (indicated by the dashed line) 

acquired when the gantry rotates (Figure 6 (B)). The respiratory phase of each projection 

is also identified to generate a corresponding DRR using selected 3D volume of the same 
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phase (indicated by the bar each dashed line connects) from the 4D-CT dataset (Figure 6 

(A)). The DRRs, “phase-matched” with the corresponding on-board kV projections, are 

correspondingly used to reconstruct a phase-matched R-DTS for comparison with the 

OB-DTS (Figure 6 (C)). 

 

                                          (A) 

 

                           (B) 

 

                           (C) 

Figure 6. Scheme illustrating the proposed phase-matched method. 
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Phase-matched DTS is a technique that falls between the conventional DTS and 

4D-DTS techniques. Similar to the traditional 3D-DTS technique, the phase-matched 

DTS technique acquires traditional motion-affected OB-DTS with normal gantry rotation 

speed. However, for registration with the OB-DTS image, the phase-matched DTS 

technique uses the 4D-CT set to synthesize a phase-matched R-DTS image to match its 

respiratory phase information to the OB-DTS scan. Through this approach, the 

respiratory phase information contained in the R-DTS image matches with the OB-DTS 

image, leading to similar motion blurriness patterns in both images. As a result, the 

registration between phase-matched R-DTS and OB-DTS will be less affected by the 

motion blurriness, potentially leading to better tumor localization results. 

The efficacy of the phase-matched DTS technique is evaluated through XCAT 

simulation and CIRS phantom measurement study, and compared with that of the 3D-

DTS technique. The evaluation and comparison were performed under various 

combinations of DTS imaging parameters: the respiratory cycle length (RC), DTS scan 

angle (β), and respiratory cycle fraction (FX) contained therein. The relation of these 

parameters, together with the gantry rotation speed (GRS), can be written as: 

 

                                            � = �� × �� × ���                                                   (1) 

 

FX is a parameter measuring the respiratory cycles contained in the DTS scan. 

FX=0.5 indicates only 5 out of 10 respiratory phases were contained in the DTS scan 
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(partial cycle). FX=1.0 indicates the DTS scan contained all 10 phases (a whole cycle). 

When FX>1.0, it indicates that the DTS scan contained all 10 phases but some phases 

had a larger weighting than the others due to more projections being sampled. For 

instance, FX=1.2 indicates two phases had a larger weighting than the others (a whole 

and partial cycle).  

To include the potential variations caused by different scan directions, we 

evaluated DTS sets with three scan directions: anterior-posterior (AP) (central projection 

scan angle:0˚), left-lateral (central projection scan angle: 90˚) and mid (halfway between 

AP and left-lateral, central projection scan angle: 45˚), as shown in Figure 7. All the 

angles defined in the study are according to the International Electrotechnical 

Commission (IEC) 1217 Varian scale convention and will not be discussed further. 

 

Figure 7. Three scan directions for DTS reconstruction. 
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2.1.2. XCAT simulation 

2.1.2.1. Simulation of reference and on-board images using the 4D XCAT  

We used the 4D XCAT, a digital anthropomorphic phantom that can be utilized to 

produce 4D images according to customized anatomy parameters and respiratory profiles 

[68], to generate reference and on-board images. Based on the human anatomical 

database from the National Library of Medicine, XCAT uses non-uniform rational B-

spline surfaces to model highly realistic and detailed human anatomical structures and 

images. XCAT has been widely applied in multiple studies as an evaluation and 

verification tool [48, 58, 59, 78, 79]. 

A spherical tumor was inserted into the lung as the treatment target, and the 

following image data-sets were generated using an in-house developed graphical user 

interface (GUI): 

1. 10-phase 4D-CT dataset, with end expiration at phase 0%, and end 

inspiration at 40%;  

2. AIP of the 4D-CT dataset, by averaging each pixel’s intensity of the 10 

phases; 

3. FB-CT using slices of mixed phases, with each slice’s phase determined 

by predefined CT imaging speed and rows of detector. 
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Each phase of 4D-CT, and each 3D-CT, had 126 slices (2.5 mm in thickness) 

containing 512 × 512 pixels (1 mm × 1 mm) each.  

On-board kV projections were simulated using the CT_proj, a subsidiary 

simulation tool of XCAT. They were generated in full-fan mode at a frame rate of 10 fps 

(frames per second) and 6˚/s GRS to simulate clinical on-board projection acquisition. 

Each on-board projection contained 512 × 384 pixels measuring 0.776 mm × 0.776 mm. 

The simulated x-ray source energy was 140 kVp, with 0.05 mAs per projection.  

For the simulated on-board kV projections, their phases were accurately 

calculated according to the simulation frame rate, GRS and respiratory profiles. One point 

worth mentioning here is that the on-board projections were generated without the 10-

phase approximation, i.e., they were generated exactly according to their tags on the 

respiratory profile. The phase-determination here only serves to correlate each projection 

with the reference 10-phase 4D-CT for phase-matching. 

 

2.1.2.2. Generating DRRs from reference CT  

DRRs were generated from reference CT based on Siddon’s ray-tracing technique 

[70]. Phase-matched DRRs were generated from different reference 4D-CT phases 

corresponding with on-board projection’s phases, while non-phase-matched DRRs were 

generated from reference AIP/FB-CT with only projection geometries matched.  
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2.1.2.3. DTS reconstruction 

For reconstruction of DTS images from the on-board projections and DRRs, the 

FDK algorithm was used. All reconstructed DTS datasets had 512 slices (0.5 mm in 

thickness) containing 512 × 320 pixels (0.5 mm × 0.5 mm) each. Phase-matched R-

DTS4D-CT was reconstructed from phase-matched DRRs, and 3D R-DTSAIP and R-DTSFB-

CT from non-phase-matched DRRs. 

 

2.1.2.4. Incorporation of intentional misalignment  

The R-DTS and OB-DTS, both originating from the XCAT simulations, were 

perfectly aligned. To simulate on-board target position deviations, we introduced 

intentional misalignments to the R-DTS sets (through misaligning the reference CT sets). 

An in-house developed program was applied to shift them in three directions, 

individually or in combination: (shift, 0,0), (0, shift, 0), (0,0, shift) and 

(shift, shift, shift). Three shift values: 2 mm, 5 mm and 10 mm were used. For each 

reference CT set, there were 4 × 3=12 misalignment scenarios in total. 
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2.1.2.5. Scenarios tested 

Different scenarios were simulated by varying the DTS acquisition parameters, 

the respiratory profiles as well as the size and location of the spherical targets inserted. In 

this simulation study, for the scenario with a 30 mm diameter spherical target in the 

middle of lung, three different FX values: 2/3, 1 and 4/3; and three different β values: 20˚, 

30˚ and 40˚ were tested. In total, 9 different combinations of β, FX and RC were 

investigated (Table 1). In addition, scenarios with 30 mm spherical targets near three 

other locations: 1. chest wall, 2. diaphragm, 3. mediastinum were tested for fixed β =
30˚and three different FXs: 2/3, 1 and 4/3. Scenarios with 15 mm spherical targets near 

the same three locations for fixed β = 30˚ and FX = 4/3 were also investigated. 

  

Table 1. Different �, �� and �� combinations tested for the scenario with a 30 mm 

diameter spherical target in the middle of lung.  

��(*) � = 20˚ � = 30˚ � = 40˚ 
�� = 2/3 5 7.5 10 

�� = 1 3.3 5 6.7 

�� = 4/3 2.5 3.8 5 
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2.1.3. Motion phantom measurement study 

Measurements were performed using the CIRS 008A dynamic thoracic phantom 

(Figure 8(A)) to further assess the efficacy of our method. A 30 mm diameter insert 

(Figure 8(B)) of uniform soft-tissue equivalent (1.06 cc/g in density) material was placed 

in the lung-equivalent rod of the phantom to mimic the target. The insert moves 

according to user-specified respiratory profiles using the CIRS Motion Control software. 

A GE lightspeed RT scanner (GE Healthcare, Waukesha, WI) was used to acquire 3D CT 

of the static phantom, and 10-phase reference 4D-CT as well as FB-CT of the moving 

phantom. The AIP was then generated from the 4D-CT using the same method described 

in Section 2.1.2.1. Simulation of reference and on-board images using the 4D 

XCAT.      

 

Figure 8. The CIRS 008A dynamic thoracic phantom. 

On-board kV projections were acquired using a TrueBeam (Varian Medical 

Systems, Palo Alto, CA) medical linear accelerator (LINAC). To align the GE CT 
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coordinates to the TrueBeam kV imager coordinates, a CBCT of the static phantom was 

acquired and registered to the 3D CT of the static phantom for initial setup correction. 

After the correction, before each on-board kV projection acquisition, intentional 

misalignment of (10--, 0, 0), (0, 10--, 0), (0, 0, 10--) and (5--, 5--, 5--) 

were applied to the couch to simulate patient setup errors. The on-board projections were 

acquired at ��� ≈  6 ˚/* with ~11 fps frame rate in full-fan mode. Each projection was 

downsampled to 512 × 384 pixels, with each pixel measuring 0.776 mm × 0.776 mm in 

dimension. The kV source energy was 100 kVp, with 0.4 mAs per projection.  

The phase of each on-board projection was determined through manually 

identifying projections of the target’s trajectory peaks/valleys. For the two projections of 

consecutive respiration peaks/valleys, the phases of projections in between were 

automatically assigned through sorting these projections into 10 equal bins. Similar to the 

XCAT simulation, different β, �� and �� combinations were tested. The respiratory 

profile (�� and amplitude) inconsistencies between R-DTS and OB-DTS were also 

studied for their potential effects on target localization accuracy.  

 

2.1.4. Registration and evaluation method 

Tumor localization is achieved by registering the R-DTS and OB-DTS images. 

By comparing the registered shift to the ‘ground-truth’ misalignment, the tumor 

localization accuracy of different DTS techniques was evaluated. 
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As discussed in 2.1.1. Respiratory-phase-matched DTS technique, due to 

limited sampling, the DTS images (both R-DTS and OB-DTS) will display structure 

distortions. Thus the manual registration between R-DTS and OB-DTS is challenging and 

subjective. For more objective registration, the intentionally misaligned (see Sections 

2.1.2.4. Incorporation of intentional misalignment and 2.1.3. Motion phantom 

measurement study) R-DTS and OB-DTS images were rigidly registered using an in-

house developed automatic registration package [17]. The similarity metric used in the 

automatic registration package was mutual information [80], and the optimization was 

achieved through the downhill simplex algorithm [81]. Internal target volume (ITV) plus 

a 5 mm margin was selected as the region of interest (ROI) for registration. Note that the 

registration method registered both rotations and shifts, although the intentional 

misalignment was shift-only. 

The mismatches between the registered results and the applied misalignments 

were used to evaluate the efficacy of both the phase-matched and the 3D-DTS methods 

(Figure 9). In detail, the localization error was used as a quantitative measure to evaluate 

the localization accuracy.  

 

123456748629 :;2; = <(= − =?@A)B + (D − D?@A)B + (7 − 7?@A)B                     (2) 
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=, D and 7 were the target localization results of each DTS technique through 

image registration; =?@A, D?@A and 7?@Awere the tumor localization results used as 

reference, which were the intentionally applied misalignments in this study.  

In addition, a ‘2 mm and 1˚’ passing criterion was defined to qualify the 

registration accuracy. ‘2 mm’ denotes the localization error should be smaller or equal to 

2 mm. ‘1˚’ indicates any rotational registration error around axis x, y or z should be 

smaller or equal to 1˚. Only registrations satisfying the two criteria concurrently were 

regarded as ‘passing’. 

 

Figure 9. The general scheme of simulation/measurement study. 
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2.2. Results  

2.2.1. XCAT simulation 

 

 

 

Figure 10. Figures of 30˚ OB-DTS (panel A) and corresponding R-DTS4D-CT (panel B), R-

DTSAIP (panel C) and R-DTSFB-CT (panel D) from the AP scan direction with a 30 mm target 

in the middle of lung, with �� = 5 s and  �� = 1. 

Figure 10 (A) shows XCAT-simulated OB-DTS from the AP scan direction with 

a 30 mm target in the middle of lung (�� = 5 *, �� = 1 and � = 30˚).  The other panels, 



 

32 

 

generated with the same parameters are:  R-DTS4D-CT (panel B), R-DTSAIP (panel C), and 

R-DTSFB-CT (panel D). No intentional misalignment was applied between the R-DTS and 

OB-DTS sets. The mutual information (MI) indices calculated between OB-DTS and 

each R-DTS set are shown in panels B-D, and evince that the R-DTS4D-CT is best matched 

to the OB-DTS. 
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Figure 11. Boxplots of localization errors for R-DTS sets of scan angles: 20˚ (panel A), 30˚ 

(panel B) and 40˚ (panel C), when localizing a 30 mm target in the middle of the lung.  In 

each panel, subpanels are for variable �� values of 2/3, 1, and 4/3 respectively. For each 

box, the upper edge, central line and lower edge represent the 75 percentile (Q3), median 

and 25 percentile (Q1) of the data, respectively. The lower error bar extends to the value 

equal to Q1-1.5*(Q3-Q1), and the upper error bar extends to Q3+1.5*(Q3-Q1). The ‘+’ in 

the plots are outliers outside the error bars. 
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Figure 11 shows boxplots of localization errors for different R-DTS sets of � 

values equal to 20˚ (panel A), 30˚ (panel B) and 40˚ (panel C), when localizing a 30 mm 

target in the middle of the lung. In each panel, subpanels are for variable FX values of 

2/3, 1, and 4/3 respectively. Each boxplot includes 36 points (12 misalignment scenarios 

(see Section 2.1.2.4. Incorporation of intentional misalignment) × 3 scan directions 

(Figure 7)). It is clearly evident that the phase-matched technique, i.e. the one using R-

DTS4D-CT for target localization, is the most accurate for all combinations of � and �� 

values.  Comparing R-DTSAIP with R-DTSFB-CT, the former provides more accurate 

registration results. For R-DTSAIP, the results are better for �� =  1 than �� =  2/3. Of 

the 324 different scenarios simulated, the respiratory-phase-matched DTS technique 

localizes the 3D target position to errors of 1.07 mm (± 0.57 mm) (average ± standard 

deviation (S.D.)), as compared to (a) 2.58 mm (± 1.37 mm) and (b) 7.37 mm (± 4.18 

mm), for 3D-DTS using (a) AIP and (b) FB-CT as R-CT. 

The following results focus on the robustness of using the phase-matched DTS 

method to localize the position of XCAT-simulated targets of various sizes and locations. 
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Figure 12. Boxplots of localization errors for R-DTS4D-CT sets of the scan angle equal to 30˚, 

when localizing a 30 mm target near three different locations: the chest wall (subpanel a), 

the diaphragm (subpanel b) and the mediastinum (subpanel c), for �� = 2/3, 1, and 4/3.  

Figure 12 shows the boxplots of localization errors for the phase-matched R-

DTS4D-CT sets of β=30˚, when localizing a 30 mm target near three different locations: the 

chest wall (subpanel a), the diaphragm (subpanel b) and the mediastinum (subpanel c).  
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Figure 13 shows the localization results of phase-matched DTS images when 

localizing a 15 mm target near three different locations as enlisted above. In Figure 13, 

two extreme outliers of large localization errors are excluded from the boxplot, for both 

the applied intentional misalignment is (10--, 10--, 10--). Compared with the 

other registration results, the two extreme outliers (one for target near diaphragm and the 

other for target near mediastinum) have much larger localization errors: 49.28 mm for the 

former one and 29.97 mm for the latter. 
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Figure 13. Boxplots of localization errors for R-DTS4D-CT sets when localizing a 15 mm 

target near three different locations: the chest wall, the diaphragm and the mediastinum, 

for �� = 4/3. 

Table 2 summarizes the target localization passing rates with regard to the ‘2 mm 

and 1˚’ passing criterion for all the XCAT-simulated scenarios described in Section 

2.1.2.5. Scenarios .  
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Table 2.Passing rates of all XCAT-simulated scenarios according to the ‘2 mm and 1˚’ 

passing criterion. 

(A). Comparison between phase-matched and 3D-DTS techniques 

  R-DTS4D-CT R-DTSAIP R-DTSFB-CT 

30 mm target in the middle of the lung 

FX 20˚ � 

 2/3 86% 3% 3% 

1 72% 69% 0% 

4/3 94% 50% 0% 

30˚ � 

 2/3 94% 0% 0% 

1 94% 56% 0% 

4/3 97% 58% 0% 

40˚ � 

 2/3 100% 0% 0% 

1 94% 28% 0% 

4/3 100% 31% 0% 

(B).Robustness test of phase-matched DTS technique for 

different target size/location combinations 

 
30˚ � 

  

30 mm target near the chest wall 

 2/3 100% 

1 97% 

4/3 100% 

   

30 mm target near the diaphragm 

 2/3 89% 

1 94% 

4/3 94% 

   

30 mm target near the mediastinum 

 2/3 86% 

1 83% 

4/3 92% 

   15 mm target near the chest wall 4/3 78% 

15 mm target near the diaphragm 4/3 64% 

15 mm target near the mediastinum 4/3 69%     
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2.2.2. CIRS phantom study 

 

0

5

10

15

20

25

30

35

40

45

R-DTS
4D-CT

R-DTS
AIP

R-DTS
FB-CT

(a).FX=2/3

L
o
c
a
li
z
a
ti
o
n
 E

rr
o
r/

m
m

0

1

2

3

4

5

6

7

8

9

10

(A).DTS with Fixed RC=5 s

R-DTS
4D-CT

R-DTS
AIP

R-DTS
FB-CT

(b).FX=1

0

1

2

3

4

5

6

7

8

9

10

R-DTS
4D-CT

R-DTS
AIP

R-DTS
FB-CT

(c).FX=4/3



 

41 

 

 

 

Figure 14. Boxplots of localization errors for different R-DTS sets of fixed �� = 5 s (panel 

A) and fixed � = 30˚ (panel B), for the CIRS phantom study. In each panel, subpanels 

represent variable �� values of 2/3, 1, and 4/3, respectively. 

 

Figure 14 (A) shows the registration results of CIRS phantom study for fixed 

�� = 5 * and variable  ��*: 2/3, 1 and 4/3. The corresponding �* are 20˚, 30˚ and 40˚ 
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respectively. The phase-matched R-DTS4D-CT provides the most accurate target 

localization results among all. Figure 14 (B) shows the registration results of CIRS 

phantom study for fixed � = 30˚ and variable  ��*: 2/3, 1 and 4/3. The corresponding 

��* are 7.5 s, 5 s and 3.8 s respectively. The target localization accuracy of phase-

matched R-DTS4D-CT also outperforms R-DTSAIP and R-DTSFB-CT. 

For the total 60 scenarios evaluated, the phase-matched DTS technique localizes 

the 3D target position to average localization errors of 1.24 mm (± 0.87 mm), as 

compared to (a) 2.42 mm (± 1.80 mm) and (b) 5.77 mm (± 6.45 mm), for 3D-DTS 

generated from (a) AIP and (b) FB-CT. Table 3 summarizes the corresponding 

registration passing rates according to the ‘2 mm and 1˚’ passing criterion.  

 

Table 3. Passing rates of CIRS phantom study in Figure 14 according to the ‘2 mm and 1˚’ 

passing criterion. 

  R-DTS4D-CT R-DTSAIP R-DTSFB-CT 

30 mm target in the 

CIRS phantom 

FX 5 s �� 

 2/3 67% 17% 17% 

1 92% 67% 17% 

4/3 100% 83% 8% 

                   30˚ � 

 2/3 83% 42% 25% 

1 92% 67% 17% 

4/3 92% 75% 75% 
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Figure 15 and Figure 16 show the study results that investigates the effects of 

�� and respiratory amplitude inconsistencies between R-DTS and OB-DTS on target 

localization accuracy. In Figure 15 the variations of �� show less impact on the target 

localization accuracy of the phase-matched DTS technique. In Figure 16, the variations of 

amplitude, in contrast, lead to less accurate localization results, especially when target 

motion amplitude changes from 10 mm (R-DTS) to 20 mm (OB-DTS).  

 

Figure 15. Boxplots of localization errors for R-DTS sets of fixed � = 30˚ for the CIRS 

phantom study. The respiratory cycle of R-DTS sets is fixed at 5 s. The respiratory cycles of 
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corresponding OB-DTS sets are: 5 s (subpanel a), 3.8 s (subpanel b), and 7.5 s (subpanel c), 

respectively. 

 

Figure 16. Boxplots of localization errors for R-DTS sets of fixed � = 30˚ and �� = 1 for the 

CIRS phantom study. The respiratory amplitude of R-DTS sets is fixed at 10 mm.  The 

respiratory amplitudes of corresponding OB-DTS sets are: 10 mm (subpanel a), 5 mm 

(subpanel b), 15 mm (subpanel c) and 20 mm (subpanel d), respectively. 
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2.3. Discussion 

2.3.1. Phase-matched vs. 3D-DTS technique 

The results of both the XCAT simulation (Figure 11, Table 2 (A)) and the CIRS 

phantom studies (Figure 14, Table 3) evince the use of phase-matched R-DTS4D-CT yields 

improved target localization accuracy, as compared to that using 3D R-DTSAIP and R-

DTSFB-CT. Comparing R-DTSFB-CT with R-DTSAIP, the former provides worse registration 

accuracy (Figure 11, Figure 14, Table 2 (A), Table 3). The discrepancy originates from 

the fundamental differences between AIP and FB-CT. For AIP, each of its slices is an 

average of all 10 phases of 4D-CT. In comparison, each slice of FB-CT only contains 

information from one respiratory phase. The target location and shape in FB-CT can be 

largely shifted and distorted due to the ‘mixed-phase’ effects. Consequently, R-DTSFB-CT 

reconstructed from FB-CT will lead to poorer target localization.  

The target localization results using phase-matched R-DTS4D-CT, for a given β, are 

insensitive to the values of FX and RC (Figure 11, Figure 14 (B), Table 2 (A), Table 3). 

In contrast, changes in �� or �� affect the target localization accuracy of R-DTSAIP 

(Figure 11, Figure 14 (B), Table 2 (A), Table 3). For �� < 1, OB-DTS covers only 

partial target motion trajectory (<10 phases), while R-DTSAIP covers the entire motion 

trajectory (all 10 phases) as it is synthesized from AIP. The ITV shapes in OB-DTS and 

R-DTSAIP will be mismatched, leading to target localization errors. In addition, for �� > 
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1, large localization inaccuracy of R-DTSAIP may also occur, due to the unequal 

contributions of the 10 phases in OB-DTS (Figure 11 (A), Table 2 (A)), in contrast to the 

equal contributions of the 10 phases in R-DTSAIP. 

When �� or �� is fixed, the target localization results of phase-matched R-

DTS4D-CT generally improve when scan angle � increases (Figure 11, Figure 14 (A), 

Table 2 (A), Table 3), as larger scan angle provides more information for accurate 

registration. 

 

2.3.2. Robustness of phase-matched DTS technique against target 
size/location variations 

For the larger (30 mm) target, the localization accuracy of phase-matched DTS 

technique is slightly location-dependent (Figure 12, Table 2 (B)), with worst results 

observed for target near the mediastinum, probably due to the interferences from 

surrounding simulated soft tissues. The localization accuracy of the smaller (15 mm) 

target is worse than that of the larger target (Table 2 (B)), probably due to the lack of 

sufficient ITV information which causes the registration algorithm to be trapped at local 

optima. Nevertheless, the localization errors are mostly < 2 mm for the 15 mm target, 

except for two extreme outliers. For outlier 1, by changing the initial misalignment guess 

from (0, 0, 0) to (10--, 10--, 10--) in the registration algorithm, the localization 

error of the final registration result reduces from 49.28 mm to 1.49 mm. The 

corresponding final mutual information between the registered OB-DTS and R-DTS4D-CT 
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jumps from 1.40 to 2.15. For outlier 2, through the same change of initial misalignment 

guess, the localization error reduces from 29.97 mm to 0.91 mm. The corresponding 

mutual information jumps from 1.69 to 2.86. The results suggest that the extreme outliers 

can be avoided through using more robust image registration algorithms better at global 

optimum searching, such as the simulated annealing algorithm [82]. Another solution is 

to apply manual adjustment after the automatic registration. As shown in Figure 17, 

manual adjustment is feasible with appropriate window/level.  
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Figure 17. Comparison between the slices of R-DTS4D-CT and OB-DTS for the two extreme 

outliers of failed registrations (tumor locations indicated by red arrows). 
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2.3.3. Robustness of phase-matched DTS technique against 
respiration inconsistencies  

As presented in Section 2.2.2. CIRS phantom study (Figure 15 and Figure 16), 

inconsistencies in �� and respiration amplitude between the R-DTS and OB-DTS affect 

registration accuracy differently.  Specifically, the localization accuracy of the phase-

matched technique is insensitive to �� inconsistencies between R-DTS4D-CT and OB-DTS 

(Figure 15), which is expected as the target positions at the same phase for different ��* 

remain approximately the same, so the ITV in R-DTS4D-CT still matches that in OB-DTS. 

In contrast, with respiration amplitude inconsistencies, the target positions will be 

distributed differently in the phase-matched DRRs vis-à-vis the on-board kV projections, 

leading to target localization errors, as observed in Figure 16.  This is further illustrated 

in Figure 18: for a 10 mm amplitude variation, the shapes of two ITVs (in R-DTS4D-CT 

and OB-DTS) become very different, leading to errors in target localization.  
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Figure 18. Comparison between the ITVs of R-DTS4D-CT and OB-DTS with 10 mm 

amplitude variation. 

 

2.3.4. The phase-identification of on-board kV projections 

As introduced in Section 2.1.2.1. Simulation of reference and on-board 

images using the 4D XCAT, for the XCAT study, the phases were accurately 

calculated through predefined parameters. In Section 2.1.3. Motion phantom 
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measurement study, for the CIRS phantom measurement study, the phases were 

determined through manually identifying the peak inspiration/expiration by following the 

target’s trajectory in on-board projections.  

For clinical application, the manual phase identification method used for the CIRS 

phantom study is feasible, though the inter-observer variations and the extra time needed 

for data processing should be considered. Besides this method, other phase-sorting 

techniques based on features of on-board projections include: the Fourier transform 

technique utilizing Fourier domain variations between projections [48, 83]; the 

Amsterdam shroud technique using extracted diaphragm edge displacements or other 

comparable techniques [84]; and the 2D/2D matching technique using DRRs generated 

from all 4D-CT phases to find the phase best matched with the on-board projection etc. 

These methods can provide accurate phase identification results, but one common 

deficiency is that their efficacies are usually relying on the visibility of the selected 

internal markers/features within the projections. 

Compared with the above methods using internal features/markers, the methods 

using external markers like Varian’s Real-time Position Management (RPM) system [85] 

and the strain-gauged Anzai belt system (Anzai Medical Systems, Tokyo, Japan) [86] 

provide faster and more convenient alternatives for phase tagging. However, both 

methods suffer from potential un-synchronization and mismatches between external 

marker motion and the actual internal target motion [87, 88]. One potential solution is to 
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combine external motion tracking with internal motion tracking through correcting the 

phase shifts of the tracked external motion using the phase information intermittently 

acquired from internal tracking. 

 

2.3.5. Scan angle � 

In terms of the scan angle needed for reliable phase-matched DTS localization, 

our study results show 30˚ is desirable (Figure 11, Figure 12, Figure 13, Figure 14, Table 

2 (A), Table 3), although 20˚ may also be acceptable for some scenarios (Figure 11 (A), 

Table 2 (A)). If a priori information or different DTS reconstruction method is used as 

proposed in [21, 67], even smaller scan angle, e.g. 10˚, may enable accurate target 

localizations. 

 

 

2.3.6. The registration technique 

In this study, the target localization is performed by 3D-3D registration between 

the reconstructed R-DTS and OB-DTS images. Another approach is to match the DRRs 

to on-board projections directly without tomographic reconstruction, and realign the 4D-

CT to maximize the similarities between DRRs and on-board projections. Compared with 

the 3D-3D registration performed by us, the latter 4D-2D registration is an iterative 
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method asks for more computation power and registration time. Moreover, considering 

the potential benefits of 3D tomographic registration over 2D planar projection 

registration, the R-DTS to OB-DTS registration technique is preferred, which is more 

efficient, more clinically implementable and can achieve sub-mm accuracy.  

 

2.4. Conclusion 

The phase-matched DTS technique generates a corresponding DRR for each on-

board kV projection with phase matched between each other, and reconstructs phase-

matched R-DTS4D-CT from the phase-matched DRRs to register with the OB-DTS. The 

preliminary results show that this technique substantially improves the accuracy of 

moving target localization, as compared to the traditional 3D-DTS technique. The phase-

matched DTS technique is also more robust, being minimally affected by variations of 

respiratory cycle length or fractions of the respiration cycle contained within the DTS 

scan. Increasing scan angle improves the registration accuracy of phase-matched DTS 

technique. For different target locations, the targets near the chest wall or in the middle of 

the lung demonstrate slightly better registration accuracy compared to those near the 

mediastinum or the diaphragm. Larger targets enable better localization accuracy than 

smaller targets. Inconsistencies of respiration cycle lengths between R-DTS and OB-DTS 

minimally affect the efficacy of the phase-matched DTS technique, but inconsistencies of 

respiration amplitudes lead to larger registration discrepancies.  
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The XCAT phantom simulation and CIRS phantom measurement studies indicate 

that the phase-matched DTS technique can potentially become an effective tool for prior-

treatment patient setup correction, post-treatment target localization or real-time, quasi-

instantaneous target tracking during arc delivery.  

 

 

 

 

3. Specific aim 1-B 

In 2. Specific aim 1-A, a phase-matched DTS technique has been developed and 

its accuracy was validated through both digital XCAT phantom simulation and CIRS 

physical phantom measurement studies. To further validate the feasibility and efficacy of 

applying the phase-matched DTS in clinical practice, patient studies were conducted. In 

this patient study, the tumor localization accuracy of different DTS  techniques was 

evaluated through comparing their tumor localization results with those of 4D-CBCT, 

which are used as ‘standard’ in clinical practice. The localization accuracy of phase-

matched DTS was compared with that of traditional 3D-DTS and 4D-DTS for three lung 

cancer patients. Effects of DTS scan direction, phase information contained in the DTS 
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scan, and the scan angle scheme (single-view vs. orthogonal-view) on tumor localization 

accuracy were also investigated. 

 

3.1. MATERIALS AND METHODS 

3.1.1. Different DTS techniques evaluated 

In this patient study, three different DTS techniques were compared, including the 

traditional  3D-DTS technique [10, 11], the 4D-DTS technique [40, 41] and the phase-

matched DTS technique [89]. The traditional 3D-DTS and phase-matched DTS 

techniques have already been introduced in 2.1.1. Respiratory-phase-matched DTS 

technique and will not be further introduced here. In this study, AIP was selected to 

synthesize R-DTS for the traditional 3D-DT technique, since the previous study in 2. 

Specific aim 1-A showed that R-DTS synthesized from AIP enabled more accurate 

tumor localization than that synthesized from FB-CT images.  

In contrast to the traditional 3D-DTS technique and the phase-matched DTS 

technique, both of which acquire motion-affected OB-DTS images using a normal gantry 

speed, 4D-DTS technique acquires heavily sampled cone beam projections with slow 

gantry rotation speed to provide on-board information. The gantry rotation speed is 

usually set as < 1˚/s with a frame rate of 10~11 frames/s. The oversampled projections 

are sorted into different respiratory phase bins to reconstruct respiratory-phase-resolved 
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4D-OB-DTS images. The 4D-DTS technique then synthesizes R-DTS sets from each 

phase of 4D-CT to a 4D-R-DTS set to register with the 4D-OB-DTS set. Detailed 

schemes summarizing the three techniques evaluated are shown in Figure 19. 

 

 

Figure 19. (A). The conventional 3D-DTS technique: a static 3D CT (AIP in this study) was 

used as the R-CT. Conventional R-DTS synthesized from the AIP was registered to the OB-

DTS for tumor localization. (B). The 4D-DTS Technique: 4D-CT was used as the R-CT. 

Respiratory-phase-resolved 4D-R-DTS set synthesized from the 4D-CT was registered to 

the 4D-OB-DTS set for tumor localization. Numbers ranging from 1 to x indicated different 

respiratory phases. (C). The phase-matched DTS technique: 4D-CT was used as the R-CT. 

Phase-matched R-DTS was synthesized from 4D-CT and registered to the OB-DTS for 

tumor localization. Numbers ranging from 1 to x indicated different respiratory phases. 

The OB-DTS acquired in (A) and (C) is the traditional motion-affected OB-DTS with mixed 

respiratory phase information. In contrast, the 4D-OB-DTS acquired in (B) requires much 
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more imaging time and higher imaging dose, as it needs to acquire over-sampled 

projections for phase-sorting.  

 

 

3.1.2. Image acquisition and reconstruction 

Three lung cancer patients were enrolled in this study under an IRB-approved 

protocol. For each patient, a 10-phase 4D-CT set was acquired on a GE LightSpeed CT 

scanner with 120 kVp, 100 mA, 0.5 s cine time and cine duration of the average 

respiratory cycle plus 1 s. AIP was generated by averaging the 10 4D-CT phase images. 

The 4D-CT was used as the R-CT for both the phase-matched DTS and 4D-DTS 

techniques. The AIP was used as the R-CT for the traditional 3D-DTS technique 

according to its superior performance as compared with the FB-CT in the phantom study 

(2. Specific aim 1-A).  

To provide ‘standard’ tumor localization, 4D-CBCT full-fan projections covering 

a 200˚ scan angle were acquired for each patient on a LINAC (Trilogy, Varian Medical 

Systems, Palo Alto, CA). The gantry rotated from 290˚ to 90˚ in the counter clockwise 

direction. Each projection was acquired using an adaptive slow-gantry protocol [50] at 

120 kVp, 80 mA and 25 ms. Each projection contained 512 × 384 pixels, with each pixel 

measuring 0.776 mm × 0.776 mm in dimension. The acquired projections were 

retrospectively sorted into 10 respiratory phase bins using the Fourier-transform based 
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sorting technique [48, 83]. 4D-CBCT images were reconstructed from the phase-binned 

projections using the FDK algorithm. Each 4D-CBCT phase image was reconstructed of 

512 planes which contained 512 × 320 pixels. Both the in-plane pixel size and the cross-

plane depth were 0.6 mm.  

To simulate the DTS acquisition, limited-angle 30˚ projection sets of various scan 

directions were extracted from the whole 200˚ 4D-CBCT projection set to reconstruct 

traditional mixed-phase OB-DTS and respiratory-phase-resolved 4D-OB-DTS. Note that 

the 30˚ scan angle was chosen based on previous studies in 2. Specific aim 1-A  which 

suggested 30˚ was sufficient for accurate tumor localization [89]. Similar to the 4D-

CBCT reconstruction, the DTS volumes were reconstructed by the FDK algorithm with 

the same reconstruction parameters.  

 

Table 4. The scan angle of the 4D-CBCT scan and the extracted 30˚ DTS scan sets with 

various scan directions. 

4D-CBCT Scan Extracted DTS Scan  

290-90˚ counter clockwise 

290-260⁰ 

260-230⁰ 

230-200⁰ 

200-170⁰ 

170-140⁰ 

140-110⁰ 
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The traditional mixed-phase OB-DTS sets were used by both the traditional 3D-

DTS technique and the phase-matched DTS technique for tumor localization. The 4D-

OB-DTS set was used by the 4D-DTS technique for tumor localization. The tumor 

localization accuracy between the traditional 3D-DTS, the phase-matched DTS and the 

4D-DTS was compared. The DTS scan direction and the respiratory phase information 

contained in the OB-DTS scan were evaluated for their effects on tumor localization 

accuracy.  

As introduced, all studies above used DTS images reconstructed from 30˚ 

projections. To study the feasibility of further scan angle reduction, we also evaluated an 

orthogonal-view projection acquisition scheme for DTS reconstruction. In contrast to the 

single-view acquisition, the orthogonal-view acquisition splits the whole DTS scan angle 

into two orthogonally-arranged directions. In this approach, the total scan angle is the 

same to preserve similar imaging dose. However, the complementary information from 

the orthogonal direction can potentially contribute to better tumor localization accuracy. 

We compared the localization accuracy of orthogonal-view DTS to single-view DTS, 

with total scan angles of 30˚, 15˚, 8˚ and 0˚, respectively (Figure 20).  
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Figure 20. Illustration of the single-view vs. orthogonal-view acquisition schemes. The oval 

represents the axial view of the patient. 0˚ indicates only one projection. From A-D: single-

view 0˚ projection, single-view 8˚ projections, single-view 15˚ projections, single-view 30˚ 

projections; from E-H: orthogonal-view 0˚ projections, orthogonal-view 4˚ projections, 

orthogonal-view 7.5˚ projections, orthogonal-view 15˚ projections. 

 

3.1.3. Tumor localization through image registration 

Similar to the phantom study, tumor localization is achieved by registering the 

reference images to on-board images. To improve the robustness of registration results, 

we used an open-source registration package-Elastix  [90]  for tumor localization. Elastix 
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is a highly-customizable image registration package with multiple image similarity 

metrics, image samplers, image interpolators, image transforms and registration 

optimizers to choose from. It has been validated and widely used in many research 

projects. [91-94] 

Using Elastix, shift-only rigid registration was performed for tumor localization. 

Specifically, we first performed a coarse registration between the whole 3D volumes of 

reference images and on-board images. Based on the coarse registration, a second 

registration using a ROI encompassing the tumor was further performed to fine tune the 

results.  

 

3.1.4. Tumor localization accuracy evaluation 

We defined the tumor localization results of the fully-sampled 4D-CBCT imaging 

set as the ‘standard’, since previous studies have shown that 4D-CBCT provided high-

quality respiratory-phase-resolved volumetric images for accurate tumor localization 

[45]. The tumor localization of 4D-CBCT was performed by registering the 

corresponding phase images between 4D-CBCT and 4D-CT. The registration results of 

different phases were averaged to obtain the final ‘standard’ tumor localization results. 

The localization error was defined according to Eq. (2) to quantitatively compare 

the tumor localization results of each DTS technique to the ‘standard’ localization results 
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of 4D-CBCT. The localization results of 4D-CBCT were used as the reference shown in 

Eq. (2). 

3.2. Results 

3.2.1. Image comparison  

Figure 21 shows the reconstructed DTS images using single-view 30˚ projections. 

In the left column are the motion-affected OB-DTS sets, which contained five 

consecutive respiratory phases. In the middle column are the traditional 3D R-DTS sets 

synthesized without phase matching. In the right column are the phase-matched R-DTS 

sets synthesized with respiratory phase information matched to the OB-DTS sets. The 

tumor area on each DTS is pointed out with an arrow.  It is evident that the shape of the 

tumors in OB-DTS sets matched better with those in phase-matched R-DTS sets than 

traditional 3D R-DTS sets, especially for patient 2 and patient 3. Consequently, the 

registration between OB-DTS and phase-matched R-DTS will be more accurate than the 

registration between OB-DTS and traditional 3D R-DTS.  
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Figure 21. Comparison between the mixed-phase OB-DTS, traditional 3D R-DTS and 

phase-matched R-DTS sets. All three DTS sets were reconstructed from single-view 30˚ 

projections. The mixed-phase OB-DTS contained five consecutive respiratory phases. The 

arrows pointed to the tumor area. P1, P2 and P3 indicate patient 1, patient 2 and patient 3.  

 

3.2.2. Localization accuracy comparison  

Table 5 shows the tumor localization error comparison between the traditional 

3D-DTS, the 4D-DTS and the phase-matched DTS for different scan directions. As 

shown, the phase-matched DTS generally provided better tumor localization accuracy 

than the traditional 3D-DTS. The localization accuracy of phase-matched DTS was more 
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robust against the scan direction variations, as compared to the traditional 3D-DTS 

technique.  The tumor localization accuracy of phase-matched DTS and 4D-DTS was 

comparable, since both techniques incorporated the respiratory phase information in R-

DTS synthesis. Their tumor localization results were both close to the ‘standard’ 

localization results of 4D-CBCT with the average localization error values < 2 mm for all 

three patients. However, the phase-matched DTS technique acquires the same number of 

on-board projections as the traditional 3D-DTS, which requires much less scan time and 

imaging dose than the 4D-DTS.  

 

Table 5. The tumor localization error comparison between the traditional 3D-DTS, the 4D-

DTS and the phase-matched DTS for different scan directions. For the traditional 3D-DTS 

and the phase-matched DTS techniques, the corresponding mixed-phase OB-DTS contained 

five consecutive respiratory phases.  

 Localization Errors /mm 

Patients Scan Direction Traditional 3D-DTS 4D-DTS Phase-matched DTS 

Patient 1 

290-260⁰ 1.4 1.1 0.7 

260-230⁰ 1.3 1.5 1.2 

230-200⁰ 2.5 2.4 2.5 

200-170⁰ 1.2 1.3 1.0 

170-140⁰ 0.9 1.4 1.2 

140-110⁰ 1.3 1.2 1.7 

 Average ± S.D. 1.4 ± 0.6 1.5 ± 0.5 1.4 ± 0.6 

Patient 2 

290-260⁰ 4.1 1.5 1.4 

260-230⁰ 1.4 1.7 0.7 

230-200⁰ 3.3 1.6 2.1 

200-170⁰ 6.2 1.4 1.0 
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170-140⁰ 1.4 1.8 1.9 

140-110⁰ 3.2 2.4 2.3 

 Average ± S.D. 3.3 ± 1.8 1.7 ± 0.4 1.6 ± 0.6 

Patient 3 

290-260⁰ 1.7 1.3 1.4 

260-230⁰ 3.2 0.8 2.0 

230-200⁰ 2.5 1.8 2.0 

200-170⁰ 1.6 1.7 0.9 

170-140⁰ 2.3 1.2 1.7 

140-110⁰ 1.9 1.7 1.4 

 Average ± S.D. 2.2 ± 0.6 1.4 ± 0.4 1.6 ± 0.4 

 



 

66 

 

 

Figure 22. The comparison between the mixed-phase OB-DTS, traditional 3D R-DTS and 

phase-matched R-DTS images of patient 2 for different FX values. All DTS images are of 

the same scan direction (290˚-260˚). The arrows point to the tumor area in each subfigure. 
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3.2.3. Effects of respiratory phase information contained in the DTS 
scan 

Table 6. The tumor localization error comparison between the traditional 3D-DTS and the 

phase-matched DTS. The results were from DTS images of the same scan direction (290˚-

260˚) but different respiratory phase information. 

Localization Errors /mm 

FX 

Patient 1 Patient 2 Patient 3 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

0.5 
1.4 0.7 4.1 1.4 1.7 1.4 

0.8 
1.4 0.9 3.3 1.7 2.5 1.9 

1.0 
1.4 1.1 1.5 1.8 1.6 1.4 

1.2 
1.9 1.4 2.4 0.9 3.8 2.2 

1.5 
1.7 0.8 1.8 1.5 3.3 2.2 

 

Table 6 shows the tumor localization error comparison between the traditional 

3D-DTS and the phase-matched DTS for various FX values (2.1.1. Respiratory-phase-

matched DTS technique).  

As shown in Table 6, the phase-matched DTS technique provided better or 

comparable tumor localization accuracy than the traditional 3D-DTS technique for 

different FX values. In general, the localization accuracy of phase-matched DTS was 
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more robust to the variations of FX value. As also explained in 2.3.1. Phase-matched 

vs. 3D-DTS technique, this is because the R-DTS of traditional 3D-DTS technique 

was synthesized from the AIP image, which contained equal contributions from all 10 

respiratory phases. When FX was smaller than 1, the OB-DTS didn’t contain the full 

information of all 10 phases. When FX was larger than 1, the OB-DTS contained 

information contributed unevenly from the 10 phases. As a result, the tumor motion 

blurriness pattern in OB-DTS differed from that in traditional 3D R-DTS (Figure 22), 

leading to larger tumor localization errors. 

 

3.2.4. Single-view vs. orthogonal-view acquisition 

Table 7 compares the tumor localization error between the DTS reconstructed 

from single-view projections (single-view DTS) and DTS reconstructed from orthogonal-

view projections (orthogonal-view DTS). In general, the orthogonal-view DTS provides 

better tumor localization accuracy than single-view DTS. The tumor localization 

accuracy of single-view DTS decreases when the scan angle becomes smaller. In 

contrast, the orthogonal-view DTS is relatively more robust to the scan angle reduction, 

except for extremely small scan angles (orthogonal-0˚). Orthogonal-view DTS is superior 

to single-view DTS because it contains complementary information from the orthogonal-

direction projections (Figure 23-D), which is lacking in single-view DTS (Figure 23-B). 
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In Table 7, the phase-matched DTS also provides superior localization accuracy to 

traditional 3D-DTS for orthogonal-view acquisition.   

 

Figure 23. Comparison between the reconstructed DTS images using single-view 15˚ 

projections and orthogonal-view 7.5˚ projections. (A). Sagittal view of the single-view 15˚ 

DTS. (B). Coronal view of the single-view 15˚ DTS. (C). Sagittal view of the orthogonal-view 

7.5˚ DTS. (D). Coronal view of the orthogonal-view 7.5˚ DTS.    

 

Table 7. The tumor localization error comparison between the DTS reconstructed from 

single-view projections and DTS reconstructed from orthogonal-view projections. The scan 

angle details are: A. single-view 0˚: one single projection at 290˚; B. single-view 8˚: 

projections from 290˚ to 282˚; C. single-view 15˚: projections from 290˚ to 275˚; D. single-
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view 30˚: projections from 290˚ to 260˚; E orthogonal-view 0˚: one projection from 290˚ and 

one projection from 200˚; F. orthogonal-view 4˚: projections from 290˚ to 286˚ and 

projections from 200˚ to 196˚; G. orthogonal-view 7.5˚: projections from 290˚ to 282.5˚ and 

projections from 200˚ to 192.5˚; H. orthogonal-view 15˚: projections from 290˚ to 275˚ and 

projections from 200˚ to 185˚. 

Localization Errors/mm 

Scan Angle 

Patient 1 Patient 2 Patient 3 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

Traditional 

3D-DTS 

Phase-

matched 

DTS 

Single-view 

0⁰ 
8.2 8.5 31.1 28.3 35.2 38.2 

Single-view 

8⁰ 
8.3 8.4 13.6 14.1 36.6 36.1 

Single-view 

15⁰ 
1.8 1.1 6.7 3.3 2.0 2.0 

Single-view 

30⁰ 
1.4 0.7 4.1 1.4 1.7 1.4 

Orthogonal-

view 0⁰ 
7.0 5.9 4.8 3.8 2.0 1.4 

Orthogonal-

view 4⁰ 
2.2 1.6 3.4 1.3 1.4 1.8 

Orthogonal-

view 7.5⁰ 
1.9 1.4 2.0 1.2 2.1 1.6 

Orthogonal-

view 15⁰ 
2.0 1.6 2.0 0.8 1.7 1.0 
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3.3. Discussion 

3.3.1. Advantages of the phase-matched DTS technique 

Comparing different DTS techniques, the phase-matched DTS technique achieved 

similar tumor localization accuracy as 4D-DTS (Table 5) while using the scan time and 

imaging dose as low as traditional 3D-DTS. By incorporating the respiratory phase 

information into reconstruction, the phase-matched R-DTS had a tumor motion blurriness 

pattern similar to that in the OB-DTS (Figure 21, Figure 22), which minimized the 

impacts of tumor motion on the localization accuracy. The phase-matched DTS technique 

was also robust to the scan direction variations (Table 5), which potentially enables 

continuous intra-treatment tumor localizations during arc therapy.  

 

Figure 24. Potential scheme of tumor localization during arc therapy using the phase-

matched DTS technique. Every time the treatment gantry rotates a limited angle, the 
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corresponding limited-angle OB-DTS will be acquired simultaneously using the on-board 

imager (indicated by the arrows). The phase-matched DTS technique will be used to 

determine the variations of the tumor location for each scan direction. Continuous on-board 

tumor monitoring and setup correction can be achieved through this proposal.  

 

In the FX dependence study (Table 6), the phase-matched DTS also showed 

robustness to different FX values. Smaller FXs enable tumor localization at higher 

temporal resolutions. For FX<1, the tumor can be accurately localized by the phase-

matched DTS technique within a sub-respiratory cycle for quasi real-time 3D tumor 

tracking. 

Among the three patients evaluated, the localization accuracy of the traditional 

3D-DTS and the phase-matched DTS were closer for patient 1(Table 5). This was 

because the tumor in patient 1 was located superiorly in the upper lobe of the lung and 

was close to the chest wall (Figure 21), with small tumor motion. Thus the benefit of 

phase-matching in this patient case was less prominent than in the other two patient 

cases.   

 

3.3.2. Orthogonal-view DTS  

The preliminary study results (Table 7) indicated that the phase-matched 

orthogonal-view DTS can greatly increase the tumor localization accuracy for small scan 
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angles. To achieve orthogonal-view acquisition, the projections can be acquired 

consecutively using a single kV detector, or concurrently using dual-detector kV/kV [95] 

and kV/MV [96] imaging systems.  

 

3.3.3. Limitations of the current study 

In this study, the tumor localization was performed through shift-only registration 

without considering rotations, similar to what is usually done in clinical practice. The 

registration of rotation is challenging for  DTS images due to its anisotropic resolution 

distributions. In previous phantom study 2. Specific aim 1-A, we registered the 

rotations there as the phantom geometries are much simpler. However, for the patient 

cases, the registration of rotation becomes much harder and leads to inaccurate 

registration results. We used the Elastix package for registration instead of the downhill 

simplex based registration algorithm to improve the robustness and accuracy of 

registration. The Elastix package currently doesn’t offer an advanced registration 

algorithm to overcome this limitation. Moreover, from a dosimetric perspective [97] , 

rotation is less of a concern as compared to translational shifts for radiotherapy of lung 

cancer.   

In this study, on-board images of the three patients were acquired using full-fan 

projections. In current clinical practice, image acquisitions using half-fan projections [12] 

are also widely performed to expand the field-of-view. The study only investigated 
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reconstruction using full-fan projections due to the lack of fully-sampled half-fan 4D-

CBCT projections to provide the ‘standard’ localization. Future studies are warranted 

when fully-sampled half-fan 4D-CBCT projections become available.  

In this study, the localization results of 4D-CBCT were used as the ‘standard’ for 

reference. Breathing irregularities can potentially affect the localization accuracy of 4D-

CBCT. Since our method uses a slow-gantry acquisition protocol to acquire the 4D-

CBCT sets, the imaging time lasts approximately 5 min, which contains 80-100 

respiratory cycles for each patient. The long scan time averages and reduces the effects of 

breathing irregularities in our study. However, the patient breathing irregularity should be 

further studied in future research when more patient data become available to determine 

its effects on tumor localization accuracy for both 4D-CBCT and phase-matched DTS 

images.  

 

3.4. Conclusions 

In conclusion, the pilot clinical study validated the superiority of the phase-

matched DTS technique to the traditional 3D-DTS technique in lung tumor localization. 

Compared with the 4D-DTS, the phase-matched DTS technique provided comparable 

tumor localization accuracy, but greatly reduced the scan time and dose. Orthogonal-view 

phase-matched DTS generally achieved better tumor localization accuracy than single-

view phase-matched DTS, especially for small scan angles. In general, the phase-matched 

DTS technique is an imaging technique that can provide accurate on-board localization of 
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a moving target with short imaging time and low imaging dose. It can be potentially used 

for tumor localization and verification prior-to, during or after radiation therapy 

treatment. Future studies using a large patient sample are warranted. The orthogonal-view 

phase-matched DTS will also be further investigated for its potential benefits in scan 

angle reduction. 

 

 

 

 

4. Specific aim 2-A 

As shown by studies performed in 2. Specific aim 1-A and 3. Specific aim 1-

B, the phase-matched DTS can localize moving targets accurately through matching the 

motion information between R-DTS and OB-DTS sets. However, as shown in 2.3.3. 

Robustness of phase-matched DTS technique against respiration 

inconsistencies, the phase-matched DTS was less robust when respiratory amplitude 

variations exist between 4D-CT acquisition and OB-DTS acquisition. Moreover, in many 

cases, the tumors will undergo both rigid shift and deformation from planning 4D-CT 

acquisition to on-board imaging. Due to the limited-angle acquisition feature of DTS 

imaging (for both phase-matched DTS and 4D-DTS), the deformation of targets cannot 
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be accurately captured using the traditional FDK reconstruction algorithm, as the 

reconstructed images contain inherent structure distortions due to the insufficient 

sampling.  

To track the target shift and deformation, and to achieve more accurate target 

delineation, a new image estimation technique was developed in the following study. The 

new technique enables 4D-CBCT estimation using only 4D-DTS projections, by 

combining the benefits of motion modeling (MM) and free-form deformation (FD) based 

image estimation techniques. As previously described in Section 1.3. IGRT of lung 

targets: challenges and limitations, image estimation techniques aim to solve 

deformation field maps (DFM) that deform a prior CT volume to the new on-board 4D-

CBCT set. Specifically, the newly developed method (MM-FD) in the following study 

uses a high-quality prior planning 4D-CT set to extract a PCA-based motion model to 

obtain a coarse estimation of the DFMs, followed by a free-form deformation step to 

fine-tune the DFMs to solve the final 4D-CBCT.  Instead of using the unconstrained 

optimization algorithm for free-form deformation [21, 67], a constrained optimization 

algorithm (adaptive-steepest-descent free-form deformation, ASD-FD) was developed 

and implemented in the following study to automate the optimization and improve its 

efficiency. 

To evaluate the efficacy of the new MM-FD method, the 4D XCAT phantom was 

used to simulate multiple anatomical and respirational variations from planning 4D-CT 
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acquisition to on-board imaging, including respiration amplitude change, tumor size 

change, tumor average-position change, and phase shift between tumor and body 

respiratory cycles. The 4D-CBCT estimation results of the MM-FD technique were 

compared with those of the motion modeling-only technique and the free-form 

deformation-only technique, under various simulated patient and projection acquisition 

scenarios. The geometric accuracy of the estimated tumors was evaluated. The effects of 

projection sampling sparseness on image estimation accuracy were investigated. The 

limited-angle vs. full-angle acquisition schemes were investigated for their effects on 

image estimation accuracy. In addition, the effects of noise on image estimation accuracy 

were also investigated. 
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4.1. Materials and methods 

4.1.1. General scheme of the MM-FD technique 

 

Figure 25. General flow-chart of the MM-FD method: the scheme contained in the upper 

rounded rectangle is the motion modeling (MM) step and the scheme contained in the lower 

rounded rectangle is the free-form deformation (FD) step.  

In the MM-FD technique, each phase of the new on-board 4D-CBCT (�F�GH@I) 

is considered as a deformation of a CT volume �GJ?KL? acquired previously for treatment 

planning. The �F�GH@I at each phase is generated by deforming �GJ?KL? using a DFM M, 

as shown in Eq. (3). 
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                   �F�GH@I = �F�GH@I(N, �GJ?KL?)                                                      (3) 

 

The DFM N is composed of three matrices MO, MB and MP: 

 

�F�GH@I(6, Q, R) = �GJ?KL?(6 + MO(6, Q, R), Q + MB(6, Q, R), R + MP(6, Q, R)          (4) 

 

MO, MB and MP denote the deformations along three canonical directions of the 

Cartesian coordinate system, respectively. The CBCT estimation problem is now 

converted to a problem of solving the optimal DFM N. To solve N, we used the data 

fidelity constraint, which requires the DRRs of �F�GH@I to match with the acquired on-

board projections S, as shown in Eq. (5) 

 

                              T�F�GH@IUN, �GJ?KL?V = S                                               (5) 

 

T represents the projection matrices that project the 3D volume �F�GH@I to 

DRRs according to the cone-beam geometries. For on-board 4D-CBCT estimation, the 

on-board cone-beam projections are phase-binned and P in Eq. (5) represents the 
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projections belonging to one phase. Using the same �GJ?KL? and different phase-binned S 

sets, DFM N can be solved to estimate different 4D-CBCT phase images.  

For the 4D-CBCT estimation using limited-angle projections, there are not 

enough equations in Eq. (5) to solve all the variables in the DFM N. Therefore, 

deformation models have to be employed to reduce or regulate the variables in N. The 

MM-FD technique uses two deformation models: a model extracted from motion 

modeling (MM) and a free-form deformation (FD) model. As shown in Figure 25, the 

MM-FD technique uses MM model first to obtain a coarse estimation of the DFM (the 

upper module), and then uses FD model to further fine-tune the DFM (the lower module). 

Detailed introductions of each model are described below.  

 

4.1.2. CBCT estimation using MM model    

To reduce the amount of unknown variables in N (unknown variables: N*3. N is 

the total number of voxels contained in the imaging volume; 3 indicates the three 

canonical directions in space), we first use a PCA-based motion modeling (MM) 

approach [55-60] to model N. The general description of the MM approach is shown 

below. 

As previously discussed in Section 4.1.1. General scheme of the MM-FD 

technique, a previously acquired �GJ?KL? is needed for image estimation. To enable 
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motion modeling, the end-expiration phase of a planning 4D-CT is selected as �GJ?KL? in 

this study. The end-inspiration phase is selected due to its relative stability. Assume 4D-

CT has N phases in total. The selected phase image is then deformed to all other (N-1) 

phase images using the VelocityAI deformation package (Varian Medical Systems, Palo 

Alto, CA) to obtain a series of deformation field maps WNXY Z, i=1,2…,(N-1). Using PCA, 

the principal motion modes WN[ X
\ Z are extracted from WNXY Z, which are the eigenvectors of 

the covariance matrix of WNXY Z. The principal motion modes WN[ X
\ Z are sorted with 

descending importance, which is determined by the magnitudes of their corresponding 

eigenvalues. These motion modes represent both the common features and the unique 

variances in the (N-1) deformation fields. 

The PCA-based MM method views the DFM N to be solved for each on-board 

CBCT image as a weighted linear combination of the extracted principal motion 

modes WN[ X
\ Z. In this study, the first three PCA eigenvectors of the largest three 

eigenvalues were used to construct the DFM as they are maximally de-correlated and 

proved sufficient in depicting lung motion [59, 98, 99]. Accordingly, an arbitrary DFM N 

can be modeled as: 

                                                                                                        

                                     N = NX ]^_ + ∑ a\N[ X
\b\cd                                                     (6) 
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Ne fgh is the average of the DFM WMeK Z.  a\ (j=1, 2, 3) are the weightings 

corresponding with each principal motion mode N[ e
i
. Through PCA motion modeling, the 

to-be-determined unknown variables of N decrease significantly from N*3 to 3*3 (aj is a 

vector of three variables denoting the three canonical directions). aj (j=1, 2, 3) can be 

solved by using the data fidelity constraint in Eq. (5), which is to minimize the following 

objective function: 

 

                  k (N) = lT�F�GH@IUN, �GJ?KL?V − SlB
B
                                         (7) 

 

Replacing N with the expression in Eq. (6) , we have (aj (j=1, 2, 3) is written as 

a for simplification) 

 

     k (a) = mT�F�GH@I nNX ]^_ + ∑ a\N[X
\b\=d , �GJ?KL?o − SmB

B                          (8) 

 

The optimization problem then turns into Eq. (9):  

 

                                          ap = 4;q-69k (a)                                                    (9) 
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which is to find the ap  that minimizes k(a). Here, a gradient descent optimizer is 

used to solve Eq. (9) with the gradient for a as (N[ e
i
 (j=1, 2, 3) is written as N[ e for 

simplification)  

 

rA (a)
ra = 2Ts nT�F�GH@I nNX ]^_ + ∑ a\NpX

\b\=d , �GJ?KL?o − So ° ∇�F�GH@I nNX ]^_ + ∑ a\NpX
\b\=d , �GJ?KL?o Np0

G      (10) 

 

“∘ ” is the pointwise product of two matrices. “ ∇ ”   is the gradient operator.  

Because the deformed image �F�GH@I is obtained by deforming prior image based on 

the DFM N using trilinear interpolation, the �F�GH@I can be explicitly written as a linear 

function of the principal component weightings a. As a result, the gradient of  �F�GH@I 

relative to a can be explicitly calculated. Please refer to reference [59] for details about 

numerical implementation of this equation. 

Once ap  is solved, the DFM N can be built according to Eq. (6). Note that the 

DFM N solved by MM method is used as a quick coarse estimation and denoted 

as NwLx?y@.  As discussed in Section 1.3. IGRT of lung targets: challenges and 

limitations, the respiratory and anatomical changes from simulation/planning to 

treatment may render the motion model inaccurate and in turn affect the accuracy of the 

solved DFM. The motion modeling process performed by PCA may also potentially 
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oversimplify and fail to model some motion details. Errors may also exist in the 

deformation field map obtained from VelocityAI, which is based on a multi-resolution 

modified B-spline algorithm. To solve the potential issues discussed above, a further fine-

tuning process on NwLx?y@  is adopted and described below. 

 

 

4.1.3. Fine-tuning of CBCT estimation using FD model  

  

With the coarse DFM NwLx?y@ obtained from PCA-based MM described above, a 

free-form deformation [21, 67] (FD) model is adopted to further fine-tune NwLx?y@ voxel 

by voxel to correct the errors in NwLx?y@. In comparison to MM, the FD process deforms 

the voxels independently from each other to satisfy the data fidelity constraint without 

any assumption of the motion model. The smoothness of the DFM may not be preserved 

during the voxel-by-voxel deformation process. To solve this problem, the deformation 

energy [100] :(N) is introduced to regulate the DFMs and preserve their smoothness: 

    

   :(N) = ∑ ∑ ∑ ∑ znr{|(K,i,})
r~ oB + nr{|(K,i,})

r� oB + nr{|(K,i,})
r� oB�P�cOH�}cO

H�
icO

H�KcO            (11) 
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The optimization objective now is to find the fine-tuned deformation field map 

N���h satisfying  

                                         N�Y�� = 4;q-69: (N)                                             (12) 

 

subject to the data fidelity constraint 

 

                        k (N) = lT�F�GH@IUN�Y��, �GJ?KL?V − SlB
B ≤ �                    (13)       

 

� here accounts for the fact that DRRs cannot be exactly matched to on-board 

projections even when the DFMs are perfect .This is due to the existence of data 

inconsistencies caused by imaging scatter and noise, beam hardening effects and other 

hardware or software-related differences between CT and on-board CBCT imaging 

system.  

It can be observed that Eq. (12) is applied to smoothen DFMs by decreasing their 

deformation energy. In contrast, Eq. (13) increases the deformation energy while 

reducing the data fidelity error through updating the DFM voxel by voxel. To solve the 

constrained (Eq. (13) is the constraint) optimization problem, a balanced approach is 

developed using the ASD-FD algorithm. The ASD-FD algorithm uses a similar 

philosophy as described in reference [65], where Sidky and Pan developed an adaptive 
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technique to balance the total variation (TV) minimization and the projection-onto-

convex-sets (POCS) (constraint) steps. Here in this study, we use the deformation energy 

(Eq. (11)) instead of the total variation. The counterpart of POCS in this study is the free-

form deformation step enforced by Eq. (13). The deformation energy minimization (Eq. 

(12)) and data fidelity constraint (Eq. (13)) are enforced consecutively through gradient 

descent optimization, with a parameter �?@� (needs to be <1, 0.9 was chosen for our 

study) to adaptively control the step size of the deformation energy minimization to reach 

final convergence. Once N���h (Eq. (13)) is solved after optimization convergence, the 

on-board CBCT images are obtained by deforming the prior images according to Eq. (4). 

In the contents below, unless specifically notified, the ‘constrained FD’ is referred as 

‘FD’ for simplification. Figure 26 shows the flowchart of the ASD-FD algorithm using 

pseudo codes. In our study, the iteration stopping criteria were set as iteration number 

n>50.  
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Figure 26. The flowchart of the ASD-FD algorithm with pseudo codes and parameters 

shown. 
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Overall, the MM-FD technique takes advantages of both MM and FD methods. 

Given the much better starting point from the MM method, the FD method is able to 

converge to the optimal DFMs much faster without getting stuck at local optima. Further, 

adding the FD method after the MM method can substantially reduce the errors of the 

MM method caused by patient breathing pattern or anatomical characteristic variations 

from simulation to treatment. Therefore, the MM-FD technique is more accurate than the 

MM or the FD method alone. 

 

4.1.4. Simulation study using 4D XCAT phantom  

4.1.4.1. Prior volume and 4D planning CT simulation 

XCAT was used to simulate the prior planning 4D-CT set, on-board volumes and 

cone-beam projections. As partially covered in the phase-matched DTS study (2.1.2.1. 

Simulation of reference and on-board images using the 4D XCAT), the XCAT 

phantom is a digital human phantom with customizable respiratory motion capabilities. 

Spherical tumors can be simulated inside the phantom body volume with variable sizes 

and locations. The respiratory motions of the body volume and the tumor are controlled 

by four curves: the diaphragm curve-body, the chest wall curve-body, the diaphragm 

curve-tumor and the chest wall curve-tumor. The diaphragm curves mainly control the 

respirational motion along the superior-inferior direction. In contrast, the chest wall 
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curves mainly control the motion along the anterior-posterior direction. Respiratory 

motions can be simulated independently for the body volume and the tumor through 

defining their corresponding diaphragm curves and chest wall curves. 

Using XCAT, a typical lung patient was first simulated as the prior volume, with 

a spherical tumor of 30 mm diameter in the middle of the lung. For the prior volume, the 

tumor and the body volume shared the same diaphragm curve (sinusoidal, 5 s respiratory 

cycle, peak-to-peak amplitude: 3 cm) and chest wall curve (sinusoidal, 5 s respiratory 

cycle, peak-to-peak amplitude: 2 cm). 

A 10-phase 4D-CT of the prior volume was then simulated as the planning 4D-

CT. In this study, we used monochromatic CT source with 40 keV energy for image 

simulation, in order to approach the effective energy of the 120 kVp polychromatic 

spectrum used in clinical CT scans. The CT volume of each phase is composed of 256 × 

256 × 150 voxels, with each voxel measuring 1.67 mm × 1.67 mm × 1.67 mm in 

dimension. As introduced in 4.1.2. CBCT estimation using MM model, the end-

expiration phase of the simulated prior planning 4D-CT is selected as the �GJ?KL?,  

because it is relatively the most stable phase with fewer intra-phase motion artifacts.  
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4.1.4.2.  On-board volume and cone-beam projection simulation 

4.1.4.2.A. On-board volume simulation for different patient scenarios 

 

Based on the patient parameters used for the prior volume simulation described in 

Section 4.1.4.1. Prior volume and 4D planning CT simulation, 8 on-board patient 

scenarios were simulated to reflect different inter-fractional respirational and anatomical 

variations:   

1. The body volume and the tumor still shared the same diaphragm 

and chest wall curves. However, compared with the planning 4D-CT, the on-

board motion amplitude of the diaphragm curve was reduced to 2 cm and that of 

the chest wall curve was reduced to 1.2 cm; 

2. Scenario 1+ tumor shrank 5 mm in diameter; 

3. Scenario 1+ tumor expanded 10 mm in diameter; 

4. Scenario 1+ tumor average position shifted 8 mm along superior-

inferior direction; 

5. Scenario 1+ tumor average position shifted 8 mm along anterior-

posterior direction; 

6. Scenario 1+ tumor average position shifted 5 mm along each of the 

superior-inferior, anterior-posterior and medial-lateral directions; 
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7. Scenario 1+ tumor had 20% phase shift relative to the body 

volume’s respiratory cycle; 

8. The respiratory motions of the body volume and the tumor were 

independently controlled by different diaphragm and chest wall curves. For the 

tumor, the on-board motion amplitude of the diaphragm curve-tumor was 

increased to 4 cm and that of the chest wall curve-tumor was increased to 3 cm. 

For the body volume, the on-board motion amplitude of the diaphragm curve-

body was reduced to 2 cm and that of the chest wall curve-body was reduced to 

1.2 cm. 

Based on the 8 on-board patient scenarios, 4D-CBCT sets were generated with the 

same parameters as 4D-CT. These 4D-CBCT sets served as the ‘ground-truth’ to evaluate 

the accuracy of the estimated 4D-CBCT sets.  

 

4.1.4.2.B. On-board projection simulation  

 

Based on the simulated ‘ground-truth’ 4D-CBCT, on-board cone-beam 

projections of different phases were also simulated based on Siddon’s ray-tracing 

technique. The source to isocenter distance was set to 100 cm, and the isocenter to 

detector distance was set to 50 cm. Each projection contains 512 × 384 pixels, with each 

pixel being 0.776 × 0.776 mm in dimension. Note that the projections were all simulated 
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in full-fan acquisition mode, which led to a limited field of view (FOV) of ~27 cm in 

diameter (axial) and ~20 cm in length (longitudinal). Partial phantom was truncated and 

outside of the FOV. 

 

(i). Different projection acquisition scenarios for scan angle study 

 

To determine the effects of scan angles on the estimation results of the MM-FD 

technique, different projections acquisition scenarios were simulated:  

A. single-view 30˚; 

B. single-view 60˚; 

C. orthogonal-view 3˚; 

D. orthogonal-view 15˚; 

E. orthogonal-view 30˚.  

The single-view here means the limited-angle projections are simply acquired 

from one direction, which was the AP direction in this study. And the orthogonal-view 

means the projections are acquired from two orthogonally-arranged scan directions, 

which were the AP and the left-lateral (LLAT) directions, respectively. A similar scan 

angle arrangement can be found in Figure 20. ‘Single-view x˚’ means using a single scan 

angle of x˚.  ‘Orthogonal-view x˚’ means using two orthogonal scan angles and each scan 

angle is x˚. The projection angular sampling interval was 0.6˚/prj (degrees between 
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consecutive phase-binned projections), same as that used in the CBCT acquisition by the 

Varian On-board Imaging system. Under this angular sampling interval, the total 

numbers of projections for acquisition scenarios A, B, C, D, and E were 51, 101, 12, 52, 

and 102, respectively.  

 

(ii). Different projection acquisition scenarios for angular sampling interval study 

 

To investigate how the projection angular sampling interval affects the MM-FD 

technique, different angular sampling intervals were also simulated for the orthogonal-

view 30˚ scan angle (acquisition scenario E), as shown in Table 8. 

Table 8. Projection acquisition scenarios of different projection angular sampling intervals 

for orthogonal-view 30˚ scan angle (acquisition scenario E). 

 

Projection angular sampling 

interval (˚/prj) 

Total number of projections 

0.6 102 

1.2 52 

2.5 26 

5 14 

10 8 

30 4 

N.A. 2 
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The image estimation results of orthogonal-view limited-angle acquisition were 

also compared with those of 360˚ acquisition using the same number of projections. Note 

that the numbers of projections shown are only for one specific phase. For a 10-phase 

4D-CBCT, 10 times the numbers of projections are needed to estimate the whole image 

set. 

For real clinical applications, two techniques can be adopted for projection 

acquisition. One is through the slow gantry rotation and the other is through the ‘step and 

shoot’ technique. For the slow gantry rotation technique, if the projection angular 

sampling interval (for projections of the same phase) is x˚/prj and the patient respiratory 

cycle is y-second, the gantry rotation speed should be less or equal to 
�
�°/s to meet the 

angular sampling interval requirement. For a 10-phase 4D-CBCT estimation, the frame 

rate should be no smaller than O ��f�h
� �/Oe = Oe

�  fps. In our simulated case, y was fixed at 5 s, 

which makes the minimum frame rate 2 fps. The maximum gantry rotation speed will 

range from 0.12 °/s to 6 °/s, depending on the simulated different acquisition scenarios. 

Due to the fluctuations of patient respiratory cycles in real clinical acquisitions, the 

projections may not be sampled as uniformly as simulated. To solve this issue, the ‘step 

and shoot’ technique [40] can be applied. By this technique, the gantry will pause at each 

angle for a fixed duration to acquire fluoroscopic projections covering all respiratory 

phases and then move to the next angle for a similar acquisition.  
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As our method only uses limited-angle projections for image estimation, the 

acquisition time will be shorter than the typical fully-sampled slow gantry or ‘step and 

shoot’ 4D-CBCT acquisition (at least 5~6 minutes). For instance, for the ‘step and shot’ 

technique, if the respiratory cycle of the patient is 5 s and 26 projections are acquired for 

each phase for MM-FD estimation, the acquisition time will be around 130 s, much 

shorter than a traditional full-angle scan. 

 

(iii). Noise study 

 

To investigate the effects of noise on the estimation accuracy, noise was 

incorporated in the cone beam projections of patient scenario 2 for evaluation. Patient 

scenario 2 was selected because the tumor size of patient scenario 2 is the smallest, which 

makes the effects of noise on estimation accuracy more significant.  The noise was added 

according to Eq.(14) [61]: 

 

                       SK� = −log@  (�LKyyLH U��@���V� L?�x¡Ue,¢£V
�� )                                       (14) 

 

SK is the ray sum of the attenuation coefficients at point i of each projection. ¤e 

(~10¦) designates the intensity of incident photons. The Poisson term represents the 
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Poisson nature of the x-ray quantum noise in CBCT projections. The Normal term 

simulates the background electronic noise. SK� is the simulated noisy data. To evaluate 

how MM-FD will perform under different magnitudes of noise, the noise variation level 

(§B) of the Normal term is gradually increased from 0 to 100. 

 

4.1.5. Evaluation  

Using the MM-FD method, we can deform the  �GJ?KL?, which is the end-

expiration phase of the simulated prior planning 4D-CT in this study, to estimate all 10 

phases of the on-board 4D-CBCT. We first selected a case (patient scenario 2) to estimate 

all 10 phases of on-board 4D-CBCT. For the following evaluations, we mainly focused 

on the estimation accuracy of the end-inspiration phase of on-board 4D-CBCT sets, as 

this phase has the largest deformation from the end-expiration �GJ?KL? image.  

To evaluate the estimation accuracy of the MM-FD method, the tumors were 

automatically contoured in Eclipse (Varian Medical Systems, Palo Alto, USA) based on 

HU value thresholding in both the estimated images and XCAT-generated ‘ground-truth’ 

4D-CBCT images for comparison. Two metrics, volume percentage error (VPE) (Eq. 

(15)) [67] and center-of-mass error (COME) (Eq. (16)) were defined to quantify the 

inconsistencies between the tumors. 
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                                          ¨S: = ©∪©�«©∩©�
©� ∗ 100%                                              (15) 

 

¨ is the tumor volume contoured in the estimated/prior volume and ë is the 

tumor volume contoured in the ‘ground-truth’ volume. If ¨ and ë are perfectly matched, 

volume difference  ¨S: will be 0%.  

 

                                     �¯°: = <∆=B + ∆DB + ∆7B                                              ((((16161616)))) 

 

∆x, ∆y, ∆z are center-of-mass distances from V to Ve  in each of the three 

canonical directions respectively. 

In summary,  ¨S: calculates the volume percentage error between ¨ and ë and 

indicates tumor shape accuracy. �¯°: calculates the center-of-mass error between ¨ 

and ë and indicates tumor location accuracy.  

To evaluate the improvements by the MM-FD method, we also compared it with 

two other methods using: motion modeling-only (MM-only) and free-form deformation-

only (FD-only). MM-only method only uses the PCA-based motion modeling to estimate 

the final DFMs (Section 4.1.2. CBCT estimation using MM model) without the fine-

tuning process of the ASD-FD step (Section 4.1.3. Fine-tuning of CBCT estimation 
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using FD model). FD-only method, in contrast, only uses free-form deformation model 

with zero starting point for DFM. Comprehensive comparisons of the three methods were 

performed on the estimation convergence speed, the VPE, and the COME of the tumor. 

 

4.2. Results  

4.2.1. PCA-based motion modeling 

To evaluate how well the DFMs can be represented by the extracted principal 

components (i.e. principal motion modes), we used least squares fitting method to model 

the known DFMs using the extracted principal components. The residual DFMs were 

calculated by subtracting the modeled DFMs from the known DFMs. The unit of DFM is 

number of voxels, which is dimensionless. Figure 27  plots the L2-norm of the residual 

DFMs with different levels of modeling (i.e. different number of principal components 

used). As shown in Figure 27 (a), the first three principal components (Level 3-5) can 

model the 9 DFMs (from �GJ?KL? to the other 9 phases of planning 4D-CT, obtained 

through deformation in VelocityAI) along the SI direction with a L2-norm of residuals 

~10% of the original one with blank DFM modeling. Similarly in previous studies [59, 

98, 99], the first three PCA eigenvectors of the largest three eigenvalues were proved 

sufficient in depicting lung motion.  
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Figure 27 (b) shows how well these extracted PCA eigenvectors can model the 

new DFMs (from  �GJ?KL? to the 10 phase images of on-board 4D-CBCT, also obtained 

through deformation in VelocityAI). The on-board 4D-CBCT set was from patient 

scenario 2. It can be clearly seen in Figure 27 (b) that even if all the 8 PCA eigenvectors 

were used, it would still be insufficient to model the new DFMs perfectly (as compared to 

Figure 27 (a)) for patient scenario 2 due to the anatomical structure and breathing pattern 

variations.   

 

 

(a) 
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(b) 

Figure 27. (a). L-2 norms of the residuals of DFMs (real - modeled) of XCAT-simulated 

planning 4D-CT with different levels of modeling; (b). L-2 norms of the residuals of DFMs 

(real - modeled) of XCAT-simulated on-board 4D-CBCT (patient scenario 2) with different 

levels of modeling. The average DFM and principal components (i.e., PCA eigenvectors) 

used in both cases were from principal component analysis of the prior planning 4D-CT. 

Here the direct modeling of DFM was done through least squares method.  
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4.2.2. Iteration pattern of the MM-FD method  

 

Figure 28. Data fidelity error (dashed) and deformation energy curves (solid) of the MM-FD 

technique for the end-inspiration phase image estimation of patient scenario 2 using 

orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 projections. 

Figure 28 shows the iterative pattern of the data fidelity error (dashed curve) and 

the deformation energy (solid curve) of the MM-FD technique for the end-inspiration 

phase image estimation of patient scenario 2 using orthogonal-view 30˚ scan angle 
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(acquisition scenario E) with 102 projections. Each curve is composed of two sections: 

MM and FD. The black squares on the data fidelity error curve and the deformation 

energy curve indicate where the PCA-based MM optimization reaches convergence. 

  

4.2.3. Convergence speed comparison between different estimation 

methods 

Figure 29 shows the convergence speed of the data fidelity error for the MM-FD 

technique, the MM-only technique, the unconstrained FD-only technique and the 

constrained FD-only technique, for the end-inspiration phase image estimation of patient 

scenario 2 using orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 

projections. The unconstrained FD-only method is the one previously developed [21, 67] 

and the constrained FD-only method is the one we developed in this study utilizing the 

ASD-FD algorithm (Section 4.1.3. Fine-tuning of CBCT estimation using FD 

model). In the figure the MM-FD & MM-only curves have different starting points 

compared to the unconstrained FD-only and constrained FD-only curves. The cause lies 

in Eq. (6), where Ne fgh, the average of the 9 DFMs of planning 4D-CT, is used as the 

starting point for the MM-FD method and the MM-only method. Ne fgh is an inherent 

component of the PCA study. While for the unconstrained FD-only and constrained FD-

only methods, the starting point is a blank DFM. 
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It can be observed that the MM technique provided the fastest convergence 

compared with the other three techniques. However, the data fidelity error is still large 

and needs to be reduced further. The MM-FD technique converged faster than the FD-

only techniques. Between the two FD-only techniques, constrained FD-only provided 

faster convergence compared to the unconstrained FD-only technique. Among all the 

methods, the MM-FD technique has the smallest data fidelity error after reaching 

convergence. 
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Figure 29. Convergence speed comparison between the MM-FD (solid curve), MM-only (dot 

curve), unconstrained FD-only (dash-dot curve), and constrained FD-only (dashed curve) 

techniques for the end-inspiration phase image estimation of patient scenario 2 using 

orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 projections. The 

unconstrained FD-only method is the one previously developed [21, 67] and the constrained 
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FD-only method is the one we developed in this study utilizing the ASD-FD algorithm 

(Section 4.1.3. Fine-tuning of CBCT estimation using FD model). 

4.2.4. Estimated images comparison between different estimation 
methods 

Figure 30 shows the three views of the estimated end-inspiration phase images of 

patient scenario 2 (Figure 30 (a)), 6 (Figure 30 (b)), 7 (Figure 30 (c)) and 8 (Figure 30 

(d)) (representing four categories of the anatomical and respirational variations), using 

orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 projections by different 

techniques. On the left side is the prior volume, and on the right side is the ‘ground-truth’ 

image. It can be observed that the tumor estimated by the MM-FD method was best 

matched to the tumor in the ‘ground-truth’ image. Besides the tumor, the heart and the 

small lung nodules were also more accurately estimated by MM-FD, as pointed out by 

the arrows. In comparison, MM-only and FD-only methods show obvious mismatches in 

these structures. 
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(a) 

(b) 
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(c) 

(d) 

Figure 30. Comparison between estimated end-inspiration phase images of (a) patient 

scenario 2, (b) scenario 6, (c) scenario 7 and (d) scenario 8. The estimation was based on 
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different methods using orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 

projections. The areas marked by the boxes shown in Figure 30 (a) indicate the field of 

views that can be covered by the projection at coronal view and sagittal view, respectively. 

 

4.2.5. VPE and COME of the estimated 4D-CBCT for patient scenario 2 
using MM-FD 

Table 9. Estimation results of the MM-FD techniques for A. VPE and B. COME, for patient 

scenario 2, using orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) with 

102 projections. The VPE and COME were calculated based on the differences between the 

estimated and ‘ground-truth’ phase images of the on-board 4D-CBCT datasets. The phases 

are listed in columns. The end-expiration phase corresponds to phase 1 and the end-

inspiration phase corresponds to phase 5. 

 Phases 
1 (end-

exp) 
2 3 4 

5 (end-

insp) 
6 7 8 9 10 

A.VPE Prior 
67.29

% 

95.5

8% 

147.0

7% 

178.1

4% 

217.15

% 

210.9

8% 

182.3

1% 

148.2

2% 

106.4

2% 

79.3

2% 

MM-FD 
Orthogona-l  

30˚ (E) 
4.32% 

4.08

% 

4.54

% 

4.63

% 
5.51% 

5.00

% 

5.71

% 

4.04

% 

4.03

% 

5.04

% 

B.CMOS

/mm 
Prior 3.1 6.3 10.6 15.6 17.3 16.7 13.8 10.7 7.1 4.8 

MM-FD 
Orthogona-l  

30˚ (E) 
0.2 0.1 0.1 0.3 0.4 0.4 0.4 0.1 0.2 0.4 

 

Table 9 lists the estimation results of the MM-FD techniques for patient scenario 

2 and orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) with 102 

projections. The VPE and COME were calculated based on differences between the 
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estimated and ‘ground-truth’ phase images of the on-board 4D-CBCT dataset. The phases 

are listed in columns. Phase 1 corresponds to end-expiration and phase 5 corresponds to 

end-inspiration. As the prior volume   �GJ?KL? was the end-expiration phase image of the 

planning 4D-CT, it can be observed that the VPE / COME is smallest between 

the �GJ?KL? and phase 1, and largest between  �GJ?KL? and phase 5. The mean VPE (± 

S.D.) / COME (± S.D.) between  �GJ?KL?  and ‘ground-truth’ phase images of on-board 

4D-CBCT was 143.25% (± 54.08%) / 10.6 mm (± 5.1 mm). All the phase images were 

estimated accurately, with mean VPE (± S.D.) / COME (± S.D.) between estimated and 

‘ground-truth’ phase images being 4.69% (± 0.61%) / 0.3 mm (± 0.1 mm). 

 

4.2.6. VPE and COME Comparison between different estimation 
methods  

Table 10. Comparison of estimation results between the MM-FD, MM-only and FD-only 

techniques for A. VPE and B. COME, for different projection acquisition scenarios 

(indicated in brackets). The columns listed are in correspondence with the 8 patient 

scenarios. The results were calculated based on the estimated and ‘ground-truth’ 4D-CBCT 

end-inspiration phase images. 

 

 Patient 

Scenarios 
1 2 3 4 5 6 7 8 

A.VPE Prior  147.72 217.15 99.25 118.50 106.26 97.17 123.5 179.27
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% % % % % % 3% % 

MM-only 

Orthogonal-15˚ 

(D) 

19.43

% 

91.32

% 

50.58

% 

67.90

% 

83.33

% 

81.68

% 

23.07

% 

63.53

% 

Orthogonal-30˚ 

(E) 

18.40

% 

87.83

% 

51.75

% 

67.63

% 

81.06

% 

80.33

% 

21.66

% 

64.62

% 

FD-only  

Orthogonal-15˚ 

(D) 

103.76

% 

160.36

% 

84.07

% 

84.91

% 

64.70

% 

65.98

% 

86.47

% 

118.35

% 

Orthogonal-30˚ 

(E) 

91.41

% 

109.88

% 

75.14

% 

61.77

% 

44.83

% 

42.31

% 

68.61

% 

113.87

% 

MM-FD 

Orthogonal-3˚ 

(C) 

8.69   

% 

42.23

% 

22.79

% 

32.05

% 

60.90

% 

46.08

% 

11.14

% 

38.31

% 

Single-30˚ (A) 
16.03

% 

32.64

% 

19.72

% 

23.78

% 

34.03

% 

5.36  

% 

4.51   

% 

60.50

% 

Orthogonal-15˚ 

(D)  

3.43   

% 

7.61   

% 

7.92  

% 

9.69   

% 

32.14

% 

16.99

% 

3.76   

% 

10.07

% 

Single-60˚ (B) 
3.32   

% 

8.39   

% 

9.44  

% 

5.03   

% 

28.68

% 

3.88  

% 

3.54   

% 

21.54

% 

Orthogonal-30˚  

(E) 

3.26   

% 

5.51   

% 

4.13  

% 

3.75   

% 

8.91   

% 

4.92  

% 

3.40   

% 

7.89   

% 

B.COME/m

m 
Prior 17.3 17.3 17.3 13.5 11.5 10.7 13.8 22.6 

MM-only 

Orthogonal-15˚ 

(D) 
1.9 2.2 2.1 6.9 8.8 8.3 2.5 6.5 

Orthogonal-30˚ 

(E) 
2 2.2 2.2 6.9 8.5 8.3 2.3 6.8 

FD-only  

Orthogonal-15˚ 

(D) 
14.1 15.3 11.8 10.6 7.5 7.9 10.7 19.2 

Orthogonal-30˚ 

(E) 
11.9 13.1 10.9 7.6 5.7 5 8.3 16.8 

MM-FD 
Orthogona-3˚ (C) 0.9 2.2 1.4 3.6 6.9 5.6 1.2 4.2 

Single-30˚ (A) 2.3 3.1 2.6 3 4.2 0.6 0.5 6.9 
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Orthogonal-15˚ 

(D)  
0.1 0.7 0.4 1.2 4 2.2 0.2 1.4 

Single-60˚ (B) 0.2 0.8 0.5 0.7 3.6 0.2 0.1 2.7 

Orthogonal-30˚ 

(E) 
0.1 0.4 0.2 0.3 1.2 0.5 0.1 1 

 

Table 10 lists the results of the MM-FD, MM-only and FD-only techniques for 

different patient scenarios and projection acquisition scenarios. The VPE and COME 

were calculated based on differences between the estimated and ‘ground-truth’ end-

inspiration phase images of the on-board 4D-CBCT datasets. For all simulated patient 

and projection acquisition scenarios, the mean VPE (± S.D.) / COME (± S.D.) between 

the tumor in  �GJ?KL? and the tumors in ‘ground-truth’ on-board CBCT images were 

136.11% (± 42.76%) / 15.5 mm (± 3.9 mm). Using orthogonal-view 15˚ scan angle, the 

mean VPE / COME for MM-only, FD-only and MM-FD techniques were 60.10% (± 

27.17%) / 4.9 mm (± 3.0 mm), 96.07% (± 31.48%) / 12.1 mm (± 3.9 mm) and 11.45% (± 

9.37%) / 1.3 mm (± 1.3 mm), respectively. For orthogonal-view 30˚ scan angle, the 

corresponding results were 59.16% (± 26.66%) / 4.9 mm (± 3.0 mm), 75.98% (± 27.21%) 

/ 9.9 mm (± 4.0 mm) and 5.22% (± 2.12%) / 0.5 mm (± 0.4 mm). For orthogonal-view 3˚, 

single-view 30˚ and single-view 60˚ scan angles, the results for MM-FD technique were 

32.77% (± 17.87%) / 3.2 mm (± 2.2 mm), 24.57% (± 18.18%) / 2.9 mm (± 2.0 mm) and 

10.48% (± 9.50%) / 1.1 mm (± 1.3 mm), respectively.  
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4.2.7. Effects of projection angular sampling intervals 

Table 11. Comparison of image estimation results of the MM-FD techniques for A. VPE 

and B. COME, for orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) of 

different projection angular sampling intervals. The columns listed are in correspondence 

with patient scenarios 2, 6, 7 and 8.  The results were calculated based on the estimated and 

‘ground-truth’ 4D-CBCT end-inspiration phase images. 

 Patient Scenarios 2 6 7 8 

A.VPE Prior  217.15% 97.17% 123.53% 179.27% 

MM-FD for 

orthogonal-view 

30˚ scan angle 

(acquisition 

scenario E) 

102 projections 5.51% 4.92% 3.40% 7.89% 

52 projections 5.06% 5.60% 3.29% 8.21% 

26 projections 6.50% 7.83% 3.41% 8.82% 

14 projections 7.35% 16.49% 3.98% 11.39% 

8 projections 14.38% 25.59% 6.03% 20.97% 

4 projections 48.08% 49.03% 11.87% 42.81% 

2 projections (AP/LAT) 50.48% 55.38% 12.74% 48.03% 

B.COME/mm Prior 17.3 10.7  13.8  22.6 

MM-FD for 

orthogonal-view 

30˚ scan angle 

(acquisition 

scenario E) 

102 projections 0.4 0.5           0.1            1 

52 projections 0.4 0.7           0.1          1.1 

26 projections         0.5 1.1           0.1          1.2 

14 projections 0.7 2.1           0.1          1.5 

8 projections 1.0 3.1           0.2          2.7 

4 projections 2.3 5.4           0.9          4.8 

2 projections (AP/LAT) 2.3                      6.2           1.4          5.3 

 

Table 11 lists the image estimation results of the MM-FD technique for 

orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) of different 

projection angular sampling intervals, for patient scenarios 2, 6, 7 and 8 (representing 

four categories of the anatomical and respirational variations). For the ‘2 projections’ 

scheme, the 2 projections were acquired at the AP and LLAT views, respectively. It can 
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be observed that 102 (0.6 ˚/prj), 52 (1.2 ˚/prj), and 26 (2.5 ˚/prj) projections provide 

similar estimation accuracy. 

 

4.2.8. Effects of limited-view vs. full-angle acquisition 

 

Table 12. Comparison of the image estimation results between orthogonal-view 30˚ scan 

angle acquisition (acquisition scenario E) and 360˚ scan angle acquisition with same number 

of projections using the MM-FD technique, for patient scenarios 2, 6, 7 and 8. The results 

were calculated based on the estimated and ‘ground-truth’ 4D-CBCT end-inspiration phase 

images. 

 Patient Scenarios 2 6 7 8 

A.VPE Prior  217.15% 97.17% 123.53% 179.27% 

orthogonal-view 30˚ scan angle 

(acquisition scenario E ) 

102 projections 5.51% 4.92% 3.40% 7.89% 

52 projections 5.06% 5.60% 3.29% 8.21% 

26 projections 6.50% 7.83% 3.41% 8.82% 

360˚ scan angle 

102 projections 3.83% 3.85% 3.40% 3.27% 

52 projections 3.81% 4.05% 3.29% 3.46% 

26 projections 4.07% 7.18% 3.46% 4.35% 

B.COME/mm Prior 17.3 10.7     13.8 22.6              

orthogonal-view 30˚ scan angle 

(acquisition scenario E ) 

102 projections 0.4 0.5 0.1 1 

52 projections 0.4 0.7 0.1 1.1 

26 projections 0.5 1.1 0.1 1.2 

360˚ scan angle 

102 projections 0.0 0.3 0.1 0 

52 projections 0.0 0.4 0 0.1 

26 projections 0.0 0.9 0 0.4 
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Table 12 shows the comparison of image estimation results of patient scenarios 2, 

6, 7 and 8 between orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) 

and 360˚ scan angle acquisition with same number of projections, for the MM-FD 

technique. The image estimation results of scattered 360˚ scan angle acquisition were 

slightly better than those of orthogonal-view 30˚ scan angle acquisition.  

 

4.2.9. Effects of noise  

 

Figure 31. Visual comparison between projections of different noise levels for patient 

scenario 2. The noise level was gradually increased from left to right. 

 

 

 

Table 13. Comparison of the image estimation results for patient scenario 2 using 

orthogonal-view 30˚ scan angle acquisition (acquisition scenario E) with 102 projections, by 
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the MM-FD technique. The noise level of projections was gradually increased, as indicated 

by columns from left to right. The results were calculated based on the estimated and 

‘ground-truth’ 4D-CBCT end-inspiration phase images.   

Different Noise Levels No noise Poisson Noise 

Poisson 

Noise + 

Normal 

(0,10) 

Poisson 

Noise + 

Normal 

(0,50) 

Poisson 

Noise + 

Normal 

(0,100) 

Prior VPE 217.15% 217.15% 217.15% 217.15% 217.15% 

VPE in  MM-FD estimated images 5.51% 10.65% 17.09% 25.75% 29.55% 

Prior COME 17.3 17.3 17.3 17.3 17.3 

COME in MM-FD estimated images 0.4 1.0           1.5 1.9 2.0 

 

Figure 31 and Table 13 show the results of noise study. No noise correction such 

as smoothing or filtration has been applied in the image estimation process.  In Figure 31, 

it can be clearly observed that the noise increased gradually from left to right. The noise 

level seen in Figure 31 (b) was closer to what is usually observed in real clinically 

acquired projections. In Table 13, the estimation accuracy declines as the noise level 

increases. While even for the largest noise level (Figure 31 (e)), which presents a much 

noisier projection compared with the real clinical situation, the VPE / COME after MM-

FD estimation was 29.55% / 2.0 mm, a substantial improvement as compared to the prior 

VPE/COME (217.15% / 17.3 mm).  
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4.3. Discussion 

4.3.1. Iteration pattern of the MM-FD technique 

As shown in Figure 28, the iteration curves of the data fidelity error and the 

deformation energy for the MM-FD technique both display jagged shapes. It is also 

interesting to note that the jags are staggered. This is due to the nature of the constrained 

optimization, which tries to minimize the deformation energy while maintaining the data 

fidelity error constraint, which is a competing factor to deformation energy minimization. 

For consecutive iterations taking turns to reduce the deformation energy and the data 

fidelity error, the former will smooth the DFM, decrease the deformation energy and 

possibly increase the data fidelity error, while in contrast the later will increase the 

deformation energy and decrease the data fidelity error. So jags will present in both the 

deformation energy and the data fidelity error curves after the competing consecutive 

iterations. As each iteration step affects the deformation energy and the data fidelity error 

curves adversely, the jags of them will be staggered. With the ASD-FD algorithm, the 

step size of the deformation energy optimization will adaptively decrease, which 

gradually renders the iteration curves of the deformation energy and the data fidelity error 

smoother to reach convergence at last. 

In Figure 28, it is also interesting to note that after the PCA-based MM 

optimization converges, there is an abrupt increase in deformation energy after the data 
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fidelity constraint enforcement. It is due to the fact that the coarse DFM estimated by 

MM step is based on the eigenvectors extracted from the planning 4D-CT DFMs, which 

are inherently smooth due to the multi-resolution modified B-spline algorithm used in 

VelocityAI. With the free-form deformation applied, the DFM is further altered voxel by 

voxel to reduce the data fidelity error, by which the smoothness is not preserved anymore 

and the deformation energy increases drastically. Introducing deformation energy 

minimization is necessary and important to regulate the DFM and preserve its 

smoothness. 

 

4.3.2. Convergence speed comparison between different estimation 
methods 

As shown in Figure 29, the MM-only technique converges the fastest, followed by 

the MM-FD technique, the constrained FD-only technique, and the unconstrained FD-

only technique. The fast convergence of the PCA-based MM is intuitive as it models the 

deformation into only a few weighted eigenvectors, which requires less computation 

effort for optimization. The MM-FD technique further optimizes the coarse DFM 

obtained by MM and will take more computation time. For the two slower FD-only 

techniques, the unconstrained FD-only technique is the one previously developed in [21, 

67], which takes a non-linear conjugate gradient optimization approach to minimize the 

combined cost function of data fidelity error and deformation energy, as shown in Eq. 

(17). 
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          k′ (N) = lT�F�GH@IUN, �GJ?KL?V − SlB
B + ¶ ∗ :(N)                              (17) 

 

μ is a factor denoting the weighting of the deformation energy relative to the data 

fidelity error. The unconstrained FD-only curve in Figure 29 used μ = 1. Without the 

competing consecutive iteration steps as discussed above, the curve is smooth, compared 

to the other two jagged curves using constrained optimization. For the previous study in 

[21, 67], the weighting of μ is manually and gradually adjusted by monitoring the 

iteration outcomes, which is conceptually equivalent to the ASD-FD algorithm, but is 

labor intensive, requires expertise and lacks efficiency. 

As what has already been partially explained in the results section (Section 4.2.3. 

Convergence speed comparison), the initial starting points of the MM-FD and MM-

only curves are different from those of the unconstrained and constrained FD-only 

curves. The difference lies in the fact that the initial DFM of the MM-FD and MM-only 

curves is the average DFM extracted from the prior planning 4D-CT, while that of the 

unconstrained and constrained FD-only curves is a blank DFM. The average DFM used 

for the former is a natural product of PCA. However, it would be interesting to evaluate 

how the two FD-only techniques will perform with the average DFM as an initial input. 

Figure 32 shows the results below, as compared to Figure 29. 
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Figure 32. Convergence speed comparison between the MM-FD (solid curve), MM-only (dot 

curve), unconstrained FD-only (dash-dot curve), and constrained FD-only (dashed curve) 

techniques for the end-inspiration phase image estimation of patient scenario 2 using 

orthogonal-view 30˚ scan angle (acquisition scenario E) with 102 projections. The 

unconstrained FD-only method is the one previously developed [21, 67] and the constrained 

FD-only method is the one we developed in this study utilizing the ASD-FD algorithm 
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(Section 4.1.3. Fine-tuning of CBCT estimation using FD model).The two FD-only curves 

start with the average DFM (Eq. (5)) instead of the blank DFM. 

 

The case in Figure 32 is based on patient scenario 2 and orthogonal-view 30˚ scan 

angle acquisition (acquisition scenario E) with 102 projections — the same settings as 

used in Figure 29. The only difference is that the two FD-only curves now start with the 

average DFM extracted by PCA, instead of the blank DFM as before. It can be clearly 

identified that when using the average DFM instead of the blank DFM as the initial DFM, 

the estimation accuracies of the constrained FD-only and unconstrained FD-only 

techniques improve. However, the estimation accuracy of the unconstrained FD-only 

technique still remains the worst. In contrast, the estimation accuracy of the constrained 

FD-only technique surpasses the MM-only techniques, but is still inferior to the MM-FD 

technique. For the estimated tumor, the VPE / COME of the constrained FD-only 

technique starting from average DFM Ne fgh is 18.56% / 1.9 mm, which is much better 

than that estimated by the constrained FD-only technique starting from the blank DFM 

(109.88% / 13.1 mm). However, it is still inferior to the estimation result of the MM-FD 

technique (5.51% / 0.4 mm). 
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4.3.3. VPE and COME comparison  

4.3.3.1. Sensitivity of the VPE 

The VPE defined in Eq. (15) is a metric sensitive in revealing the differences 

between two tumor volumes. For instance, for two spherical tumors with perfectly 

registered centers, if one has a 15 mm radius and the other one has a radius 1 mm larger, 

the VPE between the two tumors will be  

 

¨S: = ¸43 ¹ ∗ 15P − 43 ¹ ∗ 16P¸
43 ¹ ∗ 15P

∗ 100% ≈ 21.4% 

For a smaller tumor size like patient scenario 2, the VPE will be even larger as 

 

¨S: = ¸43 ¹ ∗ 12.5P − 43 ¹ ∗ 13.5P¸
43 ¹ ∗ 12.5P

∗ 100% ≈ 26.0% 

Using the VPE defined as such to evaluate the estimation results enables us to 

detect minor differences between the estimated and ‘ground-truth’ tumor volumes 

effectively. 
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4.3.3.2. Comparison between the different estimation methods 

Compared with MM-only and FD-only techniques, the MM-FD technique 

provides a significant improvement in estimation accuracy of on-board 4D-CBCT phase 

images, as shown in Figure 30 and Table 10. In Table 10, it can be observed that larger 

scan angles generally provide more accurate estimation results. Orthogonal-view scan 

angles generally provide higher estimation accuracy than single-view scan angles with 

the same number of projections. Both improvements are due to more effective angular 

information sampling. 

 

4.3.3.2.A. Limitations of the PCA-based MM-only method 

 

For the PCA-based MM-only technique, it is interesting to note that increasing the 

scan angles doesn’t improve the estimation accuracy much; the estimation results using 

the orthogonal-view 15˚ scan angle (acquisition scenario D) with 52 projections are 

similar to those obtained using the orthogonal-view 30˚ scan angle (acquisition scenario 

E) with 102 projections. This is because the errors for the PCA-based MM-only method 

are mainly caused by defects in motion models. Increasing the number of projections will 

not be able to reduce errors in the estimated images caused by the deficiencies inherent to 

motion modeling.   
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In Figure 30, it can be observed that the tumors estimated by the MM-only 

technique are deviated substantially from the ‘ground-truth’ volumes (especially Figure 

30 (a), Figure 30 (b) and Figure 30 (d)). It can be explained by one inherent limitation of 

the MM-only technique: inaccurate motion model due to breathing pattern or anatomical 

structure variations from simulation to treatment. Though the PCA eigenvectors of the 

three canonical directions allow the tumor to move arbitrarily, the motion of the tumor is 

correlated with and constrained by the motion of other structures in the whole volume. 

The correlation inherently exists in the PCA eigenvectors. If the tumor moves or deforms 

in a different manner relative to the rest of the body on the 4D-CBCT acquisition day, as 

compared to the planning 4D-CT acquisition day, the PCA eigenvectors will be partially 

outdated, which leads to estimation errors of the tumor. This explanation is further 

supported by Figure 27 (b), where the PCA eigenvectors extracted from the planning 4D-

CT failed to predict the new DFMs (from �GJ?KL? to new on-board 4D-CBCT sets) 

perfectly.  

In Figure 30, it can also be observed that the small lung nodules and heart 

(pointed out by arrows) are not well deformed by the MM-only technique. It can be 

explained by another limitation of this technique: insufficient modeling. As the PCA-

based MM models the motion into only a few motion modes, some motion details will be 

inevitably omitted in the modeling (Figure 27). So the estimation based purely on the 

MM-only technique will be prone to errors. The following free-form deformation that 
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fine tunes the coarse DFM voxel by voxel is needed to correct the outdated and 

oversimplified motion model. 

 

4.3.3.2.B. Limitations of the FD-only method 

 

Conversely, if the FD-only technique is used without the coarse DFM estimated 

by MM, there will also be two major problems. One problem is the low convergence 

efficiency, as shown in Figure 29. Another issue is more important: the likelihood of the 

optimization being trapped at local optima increases. Though the FD-only technique 

reaches convergence at the end of optimization, the results are not global minima and the 

estimated volumes deviate from the truth (Table 10, Figure 29 and Figure 30). Using the 

DFM generated by MM-only method, the FD method starts from a point much closer to 

the global optimum, which allows the algorithm to reach convergence much more 

efficiently without being trapped at local optima. 

 

4.3.3.2.C. Potential limitations of the MM-FD method 

      

However, it should also be noted that the motion modeling step may not always 

be able to provide a coarse DFM that facilitates the following free-form deformation 

process. If the motion pattern of the tumor changes in an extreme manner, for instance, 
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from SI-only to AP-only, the motion modeling step will provide a coarse DFM of limited 

accuracy. In this case, the relative benefit of MM-FD in comparison to FD-only method 

may be limited. To test the hypothesis, we did a study simulating tumor motion in SI 

direction only (peak-to-peak amplitude: 2 cm) during prior 4D-CT acquisition, and 

motion in AP direction only (peak-to-peak amplitude: 1.2 cm) during on-board 4D-CBCT 

acquisition. The estimation of the end-inspiration phase of the 4D-CBCT based on prior 

volume (end-expiration phase of 4D-CT) was performed. Projections of orthogonal-view 

30˚ scan angle acquisition (acquisition scenario E) were used for the estimation. The VPE 

of the prior tumor without deformation is 66.95%. After the estimation process, the VPEs 

of estimated tumor using MM-only, FD-only and MM-FD are 60.21%, 9.85% and 3.81%, 

respectively.  It can be observed that the drastic change of the tumor motion pattern leads 

to much worse results for the MM-only method. As the motion modeling didn’t benefit 

the MM-FD estimation in this case, the accuracy of FD-only and MM-FD methods are 

comparable.  

In reality, there is very likely some correlation between patient breathing pattern 

during CT and CBCT scans [56, 59]. Therefore, adding motion modeling will help 

improve the efficiency and accuracy of the estimation algorithm. 

 

4.3.3.2.D. Comparison of estimation results of the MM-FD technique for various 

projection angular sampling intervals 
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Although increasing the number of projections will generally improve the 

estimation accuracy of the MM-FD technique, as shown in Table 11, the improvement 

was only moderate from 26 to 102 projections when using the orthogonal-view 30˚ scan 

angle (acquisition scenario E). Therefore, 26 projections, which correspond to a 2.5˚/prj 

projection angular sampling interval, may be enough to provide acceptable estimation 

accuracy. Please note that the 26 projections here are only for estimating one phase image 

of the on-board 4D-CBCT. For 10 phases, 260 projections will be needed to estimate the 

whole 4D-CBCT set. The number is smaller than that of a traditional static CBCT scan 

acquired in full-fan (~360 projections) mode. Using MM-FD technique for 4D-CBCT 

estimation can greatly reduce the number of to-be-acquired projections, which can 

potentially reduce the imaging dose and scan time.  

 

4.3.3.2.E. Comparison between estimation results of the MM-FD technique using 

limited-angle acquisition and 360˚ full-angle acquisition 
 

Results were slightly better for estimations using a 360˚ scan angle. However, the 

orthogonal-view limited-angle acquisition has better mechanical clearance than the 

scattered 360˚ acquisition. The orthogonal-view limited-angle acquisition can be 

implemented using one detector acquiring images at orthogonal directions consecutively 

or a dual-detector acquiring images from orthogonal views at the same time. 
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4.3.4. Limitations of the current study 

Besides all the advantages of the MM-FD technique discussed above, there 

remain some limitations associated with this study that can be further improved in the 

future investigation. 

(1). Currently, the validation of the MM-FD technique is limited to the 

simulations using XCAT. The simulation made some assumptions to simplify several 

issues occurred in clinical acquisitions. One assumption is that the image intensity for 

tissues of the same electron density matches well between 4D-CT and on-board 4D-

CBCT, which is implicitly assumed when calculating the data fidelity error. Due to the 

hardware and software inconsistencies like energy spectrum difference, scatter and etc., 

there will be inconsistencies between the intensity values of 4D-CT and 4D-CBCT, 

which will in turn affect the estimation accuracy using data fidelity constraint shown in 

Eq. (7).  The error tolerance parameter � we introduced in Eq. (13) can partially account 

for the mismatches. For a general solution, a calibration between the CT simulator and 

on-board CBCT imaging system can be performed. Besides, software-based correction 

such as linear histogram matching [58, 59]; or using other similarity metrics such as 

normalized cross-correlation coefficient for data fidelity computation can potentially 

improve the accuracy.   

For CT simulation in this study, we used the monochromatic 40 keV energy to 

mimic the effective energy of the polychromatic 120 kVp spectrum used in clinics. In 
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reality, the effective energy of the 120 kVp spectrum can be different from 40 keV. To 

evaluate how different effective energy simulated will affect the estimation accuracy 

using MM-FD, we evaluated cases featuring different monochromatic energies, using 

patient scenario 2 and orthogonal-view 30˚ scan angle acquisition (acquisition scenario 

E). The results are listed below in Table 14. 

 

Table 14. Estimation results of images simulated under different effective energies, using 

patient scenario 2 and orthogonal-view 30˚ scan angle acquisition (acquisition scenario E). 

The results were calculated based on the estimated and ‘ground-truth’ 4D-CBCT end-

inspiration phase images.  

Energy/keV 40 60 80 100 120 

VPE 5.51% 5.05% 3.91% 3.99% 3.99% 

 

It can be observed that the estimation accuracy is barely affected by the different 

effective energies used. Future experimental studies using polychromatic beams are 

warranted to investigate their effects on the estimation accuracy of the MM-FD 

technique. 

(2). In Figure 30, it can be observed that the borders of the diaphragm in the 

sagittal view were not perfectly deformed. As introduced in Section 4.1.4.2.B. On-board 

projection simulation, the projection dimension was not large enough to cover the 
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whole body volume and had truncation issues. In Figure 30 (a), we have calculated and 

indicated the field of views (in the boxes) that can be covered by the coronal-view and 

sagittal-view projections, respectively. 

As the imaging system was rotating around the longitudinal axis, the 

longitudinally truncated area would not be covered, which explained why the posterior-

inferior border of the diaphragm was not deformed well by the MM-FD technique. As the 

projection size in this study was simulated to match what we use in the clinics (512 × 384 

pixels, each pixel measuring 0.776 mm × 0.776 mm), we would like to keep using the 

same projection size as it is more realistic and shows the potential limitations of the MM-

FD method when there are truncation issues. For real clinical application, if a patient 

experiences weight loss etc. that alters the peripheral body contours, the method may not 

be able to accurately capture the outside-of-FOV morphological change.  

(3). Currently, on a PC of Intel i7-3770 CPU, 8 GB RAM and AMD Radeon HD 

7470 graphics card, image estimation using the MM-FD method for a volume of 256 × 

256 × 150 voxels takes around 50 ~ 60 min for 26 projections. In future, parallel 

computing like GPU-based accelerations [57, 59] can be utilized to accelerate the 

optimization.  
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4.4. Conclusion 

Compared with the MM-only and FD-only techniques, the MM-FD technique 

substantially improves the estimation accuracy for on-board lung 4D-CBCT using prior 

planning 4D-CT and limited-angle projections. The optimization efficiency of the MM-

FD technique is also superior to the FD-only techniques. For the XCAT phantom studies, 

MM-FD technique was able to estimate CBCT images accurately using 26 projections 

within an orthogonal-view 30˚ scan angle. Increasing the scan angle improves estimation 

accuracy of the MM-FD technique. The orthogonal-view scan angle provides higher 

estimation accuracy than the single-view scan angle with the same number of projections 

and the same projection angular sampling interval. Using limited-angle projections, the 

MM-FD technique can potentially improve the inter/intra-fractional 4D-localization 

accuracy for lung treatments, which paves the way for further margin reduction and dose 

escalation. 
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5. Specific aim 2-B 

In 4. Specific aim 2-A, we developed a motion modeling and free-form 

deformation (MM-FD) method to estimate 4D-CBCT images using prior planning 4D-CT 

and phase-binned limited-angle projections. XCAT based phantom studies have 

preliminarily validated the accuracy of this method. This following study aims to 

investigate its clinical feasibility through both physical phantom and patient studies.  

 

5.1. Materials and Methods 

5.1.1. MMFD-NCC method 

Previously in 4. Specific aim 2-A we developed a new technique: MM-FD to 

estimate high-quality 4D-CBCT images using a priori information and limited-angle 

projections from 4D-DTS acquisition [101]. A simulation study using digital 

anthropomorphic XCAT phantoms demonstrated the feasibility of this method. However, 

that study was limited to simulated idealized, scatter-free imaging data from perfectly 

matched CT and CBCT imaging systems of monochromatic energy (4.3.4. Limitations 

of the current study). A preliminary investigation of noise effects (4.2.9. Effects of 

noise) implies that the MM-FD technique is less robust to the real clinical imaging data, 
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which contains scatter, beam-hardening effects and energy spectrum mismatches between 

CT and CBCT imaging systems.  

Considering the intensity mismatches between clinical CT and CBCT images, Eq. 

(5) will not hold even if the true deformation field map N is applied. This discrepancy 

can impair the image estimation accuracy when the optimization searches for the optimal 

N by enforcing the data fidelity constraint based on the sum of squared differences (SSD) 

in Eq. (7).  To solve this problem,  we introduce the normalized cross-correlation (»��) 

[102] metric in the data fidelity constraint to measure the similarity between the DRRs 

and the on-board projections. Defining DRR image as k(=, D) and the corresponding on-

board projection as 8(=, D), »�� is calculated as follows:  

 

                         »��¼k, 8½ = ∑ (k(=,D)−k(=,D)¾¾¾¾¾¾¾¾¾=,D )∗(8(=,D)−8(=,D)¾¾¾¾¾¾¾¾¾)
¿∑ (k(=,D)−k(=,D)¾¾¾¾¾¾¾¾¾)2=,D ∗¿∑ (8(=,D)−8(=,D)¾¾¾¾¾¾¾¾¾)2=,D

                                 (18) 

 

x and y represent the pixel coordinates on the DRR and the on-board projection 

image. As shown in Eq. (18), »�� measures the linear correlation between the DRR and 

the on-board projection, which is more robust against intensity mismatches.  

Correspondingly, the image estimation problem turns into finding the deformation 

field map N that maximizes the NCC  between the DRRs and on-board projections, as 

shown in Eq. (19): 
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                N = 4;q-69 Â−»��UT�F�GH@IUN, �GJ?KL?V, SVÃ                          (19) 

 

Similar to the MM-FD method, the MMFD-NCC method uses motion modeling 

to quickly derive a coarse NÄ�, followed by free-form deformation to correct the residual 

errors in the NÄ�. The whole optimization process has been tailored for the NCC based 

similarity metric. 

 

5.1.2. Evaluation study 

Studies using one phantom and three patients’ data [50] were conducted to 

evaluate the clinical feasibility of using MMFD-NCC technique to estimate 4D-CBCT.  

5.1.2.1. Phantom study 

The anthropomorphic CIRS 008A lung phantom was used for the study. During 

the 10-phase planning 4D-CT acquisition, a 3 cm-diameter and soft tissue-equivalent 

spherical insert was placed inside the phantom to simulate a tumor and was programmed 

to move based on a 32*Å(=) curve in longitudinal direction with 4 s cycle and 2 cm peak-

to-peak amplitude. The 32*Å(=) curve was used to approach a more realistic patient 

breathing pattern, in which the expiration takes more time than inspiration (Figure 33).  
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Figure 33. 
��(�) breathing curve used in the phantom study. The arrow indicates that the 

expiration is longer than the inspiration, which is usually observed in real patient breathing 

curves. 

 

The 4D-CT was acquired by a PET-CT scanner (Siemens Biograph mCT, 

Siemens Medical Solutions, Malvern, PA) in helical mode using 120 kVp and 40 mAs 

per rotation. Similar to the XCAT phantom study, the end-expiration phase of the 4D-CT 

was selected as the prior CT volume �GJ?KL? for deformation in this study. After the 4D-

CT scan, the phantom was positioned on a TrueBeam LINAC couch for 4D-CBCT 

imaging. To simulate anatomical structure and motion pattern variations from 4D-CT to 

4D-CBCT acquisition, the 3 cm insert was replaced by a 2 cm insert, and its motion 
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amplitude was increased to 3 cm. Although 3 cm tumor motion is rare in clinical cases 

(may exist occasionally for small tumors in the lower lobe of the lung), this study aims to 

simulate a difficult scenario with large tumor motion to evaluate the accuracy of the 

MMFD-NCC estimation method under extreme conditions. The on-board 4D-CBCT 

projections were acquired by a slow-gantry technique using TrueBeam developer mode, 

which runs the LINAC using preset ‘control points’ defining the machine accessories’ 

parameters. The in-house developed slow-gantry technique was able to run the gantry to 

acquire full-fan projections with varying speeds. The acquisition frame rate was 7 frames 

per second (fps), using 120 kVp, 20 mA and 16 ms for each projection. The details of the 

five acquisitions with different gantry rotation speeds are listed in Table 15.  

 

Table 15. Five imaging sets acquired with varying gantry rotation speeds for the phantom. 

Acquisitio

-n Set 

Scan 

Angle 

GRS 

(˚/s) 

No. of 

Projection

-s 

Sampling Interval 

(˚/prj) 

Imaging Time 

(s) 
mAs 

1 

-15˚~15˚ 

& 

75˚~105˚ 

0.25 1671 0.4 ± 0.4 240 + 10 535 

2 0.5 834 0.7 ± 0.9 120 + 10 267 

3 1 416 1.4 ± 1.7 60   + 10 133 

4 2 207 2.8 ± 3.5 30   + 10 66 

5 4 103 5.5 ± 6.8 15   + 10 33 

* No. of projections: total number of 4D projections acquired; Sampling Interval: average 

sampling interval (± S.D.) of phase-binned projections.  
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In Table 15, the average sampling interval (ASI) and its standard deviation were 

calculated according to the Eq. (20) and Eq. (21) below.  

 

                   Æ�¤ = O
∑ ( Ç��ÈÉÇ �È«O) ∑ ∑ UÊi�O,�Ë − Êi,�ËV �È«O

icOOe�ËcO                                        (20)                       

                       �. M. = �849Ì4;Ì ÌÍÎ648629 2k 455 Uθj�O − θjV                                               (21) 

 

Êi,�Ë and θj�O,ÐÑ are scan angles of consecutive (jth and (j + 1)th ) projections in 

phase Pℎ. NÐË is the number of projections in phase Pℎ. ASI calculates the average 

interspacing between adjacent projections within each respiratory phase. S.D. calculates 

the standard deviation of projection interspacings. The S.D. is non-negligible compared to 

the ASI, which are caused by the ‘clustering’ and ‘gap’ [103] seen in the phase-binned 

slow-gantry projections. The ‘step and shoot’ technique (4.1.4.2.B. On-board 

projection simulation) , which acquires fluoroscopy for over a respiratory cycle at pre-

selected scan angles, is an acquisition technique that can avoid the ‘clustering’ and ‘gap’ 

to achieve evenly spaced projections. More-evenly spaced projections offer more 

effective sampling, as suggested in another study [104]. However, the ‘step and shoot’ 

technique is not used in this study, because the current developer mode of Varian 

TrueBeam machines does not support very low frame rate acquisition (below 3 fps), 

which makes the dose of the ‘step and shoot’ technique much higher than the slow-gantry 



 

137 

 

technique. Besides the ‘step and shoot’ technique, recently developed active acquisition 

technique triggered by tracked tumor motion [103-105] can also achieve more evenly-

spaced projections through adjusting gantry rotation speed/acquisition frame rate or 

dropping excessive projections. Due to the lack of supporting hardware and software, 

they were not used in this study either. 

In Table 15, the imaging time for MMFD-NCC was calculated based on a limited 

orthogonal-view 30˚ scan angle, comprising 30˚ (-15˚~15˚) around the AP direction and 

30˚ (75˚~105˚) around the LLAT direction. The additional 10 s imaging time accounted 

for the gantry rotation time between the two scan directions, using a gantry rotation speed 

of 6˚/s. The mAs values were calculated based on the total number of projections 

acquired. From acquisition sets 1 to 5, both the scan time and dose were reduced as the 

gantry rotation speed increased. However, the projections became more sparsely sampled, 

with the average sampling interval increased. 

The 4D projections of different acquisition sets were individually post-processed 

and sorted into 10 phases by manually identifying the projections with tumor motion 

peaks and then dividing the projections in-between into equally distributed phase bins. 

The effects of the projection average sampling interval on the estimation accuracy were 

evaluated by comparing the estimation results for acquisition sets 1-5. 

To evaluate the effects of the scan direction, 4D projections from the orthogonal-

view-oblique 30˚ scan angles, i.e. 30˚-60˚ at left-anterior-oblique (LAO) direction and 
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120˚-150˚ at left-posterior-oblique (LPO) direction were also acquired with the same 

gantry rotation speeds as in acquisition sets 1-5 for image estimation. 

To provide the ‘gold-standard’ on-board reference 4D-CBCT image, fully-

sampled 4D projections covering a 200˚ scan angle were acquired in the full-fan mode 

with a gantry rotation speed at 0.25˚/s. The projections were then manually sorted 

through identifying projections with tumor motion peaks and reconstructed by the 

conventional FDK algorithm to obtain a 10-phase reference 4D-CBCT. Note that the 

gantry rotation speed of 0.25˚/s led to an average sampling interval of 0.4˚ per projection 

(0.4˚/prj) for each phase, which is sufficient for FDK reconstruction. Please note that we 

used ‘gold-standard’ here instead of ‘ground-truth’ (which is used in the XCAT phantom 

study), since we cannot obtain the ‘ground-truth’ for real clinical studies. Acquiring fully-

sampled 4D cone beam projections is currently the best available way to reconstruct a 

‘gold-standard’ 4D-CBCT that is close to the ‘ground-truth’. 

 

5.1.2.2. Patient study 

The patient imaging data were acquired under an IRB-approved protocol. The 4D-

CTs of three patients were acquired on a CT scanner in cine mode [50]. Scan parameters 

were set at 120 kVp, 100 mA, 0.5 s cine time, and cine duration of average breathing 

cycle plus 1 s. For 4D-CBCT acquisition, 200˚ on-board full-fan projections of each 

patient were acquired within two weeks from 4D-CT acquisition, using an adaptive-speed 
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slow-gantry rotation setting [50] using 120 kVp, 80 mA and 25 ms. The projections were 

phase-sorted using an in-house developed Fourier-transform based method [48, 83]. The 

average sampling intervals (± S.D.) of phase-binned projections for patient 1, 2 and 3 are 

0.9 ± 1.0˚/prj, 0.9 ± 0.9˚/prj and 1.1 ± 1.2˚/prj, respectively. Similar to the phantom study, 

full 200˚ projections were used to reconstruct the reference 4D-CBCT and orthogonal-

view 30˚ projections around the posterior-anterior (PA) (150˚~180˚) and the right-lateral 

(RL) (240˚~270˚) directions were used for MMFD-NCC estimation.  

 

5.1.2.3. Evaluation Metrics 

To evaluate the estimation results, the tumors in both the estimated and the 

reference images were contoured for comparison. For the phantom images, the tumors 

were automatically contoured in Eclipse using HU threshold. For the patient cases, the 

tumors were manually contoured and cross-validated by two clinicians. Furthermore, ITV 

of the patients were generated by combining the tumor contours from all 10 phases. For 

target localization of lung cancer patients, ITV captures the entire motion range of the 

tumor. Therefore, accurate estimation of ITV is the key for localizing the moving tumor.  

Both ¨S: and �¯°: were evaluated to see how the estimated tumors match with the 

reference. 
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5.2. Results 

 

5.2.1. Phantom study 

5.2.1.1. Image comparison between different techniques 

 

Figure 34. Slice cuts from the prior CT image, the image reconstructed by FDK, the image 

estimated by MMFD-SSD, the image estimated by MMFD-NCC and the reference CBCT 

image of the CIRS phantom at the end-expiration (50%) phase.  The FDK reconstruction, 

MMFD-SSD estimation and MMFD-NCC estimation all used orthogonal-view 30˚ 

projections around anterior-posterior and left-lateral directions from acquisition set 2 

(Table 15). The ‘gold-standard’ on-board reference image was reconstructed by FDK 

algorithm using 200˚ fully-sampled projections.  
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Figure 34 shows the slice cuts of different images. The prior image differed from 

the ‘gold-standard’ reference image as the latter had a smaller tumor with shift along the 

longitudinal direction. The FDK image displayed excessive streak artifacts and 

distortions in the axial view due to lack of information from only orthogonal-view 30˚ 
projections. The MMFD-SSD image was very noisy and the tumor was not well 

deformed, due to the intensity mismatches between CT and CBCT systems. Compared 

with the FDK image, the MMFD-NCC image was free from streak artifacts by using the 

information from high quality prior image. Compared with the MMFD-SSD image, the 

MMFD-NCC image largely removed the noise and estimated the tumor volume more 

accurately due to the introduction of the »��, which is a more robust similarity metric to 

handle intensity mismatches between CT and CBCT. Note that the peripheral phantom 

surface appeared slightly distorted in the MMFD-NCC images. It is mainly due to the 

limited field-of-view of full-fan projections, which cannot fully cover the peripheral parts 

of the phantom.  

 

5.2.1.2. Geometric accuracy of the estimated tumor (VPE and COME) 

Table 16. VPE and COME values of the tumor in the prior volume and the MMFD-NCC 

estimated tumors for all ten 4D-CBCT phases. All image estimations used orthogonal-view 
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30˚ projections around anterior-posterior and left-lateral directions from acquisition set 2 

(Table 15). 

  
Phas-

e  

Peak-

insp 

(0%) 

10% 20% 30% 40% 

Peak-

exp 

(50%) 

60% 70% 80% 90% 

VPE 

/% 

Prior 357.7 220.8 183.0 254.4 268.1 268.5 252.1 183.2 230.0 353.1 

MMF

D-

NCC 
6.8 8.4 7.1 9.8 5.8 7.2 8.8 7.1 6.9 8.9 

COM

E/m

m 

Prior 17.4 7.7 4.1 10.0 11.2 11.2 10.0 4.0 8.5 16.8 

MMF

D-

NCC 
1.5 1.4 1.0 1.2 1.1 1.4 1.4 1.3 1.0 1.0 

 

Table 16 compares the VPE and COME values of the tumor in the prior image to 

those of the estimated tumors by MMFD-NCC. The average (± S.D.) VPE for the tumor 

in the prior image and the MMFD-NCC estimated tumors was 257.1% (± 60.2%) and 7.7% 

(± 1.2%), respectively. The corresponding COME was 10.1 mm (± 4.5 mm) and 1.2 mm 

(± 0.2 mm), respectively. The MMFD-NCC greatly reduced the VPE and COME by 

deforming the tumor in the prior image to the correct locations and size for each 4D-

CBCT phase. 
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5.2.1.3. Effects of scan directions and sampling intervals 

Table 17. Evaluation of projections’ scan direction and sampling interval on the estimation 

accuracy. The VPE and COME values were calculated as the average (± S.D.) of all 10 

phases. 

  Acquisition Set  1 2 3 4 5 

VPE/% 
AP&LLAT 6.9 ± 1.2 7.7 ± 1.2 7.7 ± 2.1 9.7 ± 2.4 13.4 ± 2.5 

LAO&LPO 6.2 ± 2.5 6.6 ± 2.0 8.0 ± 3.7 9.8 ± 4.1 10.0 ± 4.8 

COME/mm 
AP&LLAT 1.1 ± 0.1 1.2 ± 0.2 1.0 ± 0.2 1.1 ± 0.3 0.9 ± 0.2 

LAO&LPO 1.2 ± 0.2 1.3 ± 0.2 1.2 ± 0.3 1.3 ± 0.3 1.1 ± 0.3 

 

†All estimations were based on orthogonal-view 30˚ projections from either AP&LLAT 

directions or LAO&LPO directions (listed in rows). AP&LLAT indicates the estimation 

was based on 30˚ (-15˚~15˚) projections around the anterior-posterior direction and 30˚ 
(75˚~105˚) projections around the left-lateral direction. LAO&LPO indicates the 

estimation was based on 30˚ (30˚~60˚) projections around the left-anterior-oblique 

direction and 30˚ (120˚~150˚) projections around the left-posterior-oblique direction.  

 

††The projection average sampling intervals were determined by the different gantry 

rotation speeds used for different acquisition sets (listed in columns) in Table 15.  From 

acquisition set 1 to 5, the corresponding average projection sampling interval (± S.D.) 

was 0.4 ± 0.4˚/prj, 0.7 ± 0.9˚/prj, 1.4 ± 1.7˚/prj, 2.8 ± 3.5˚/prj and 5.5 ± 6.8˚/prj, 

respectively. 
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Table 17 shows the results of different projection scan directions and sampling 

intervals. For the scan direction test, the estimation using projections around anterior-

posterior and left-lateral directions achieved similar accuracy as using projections around 

left-anterior-oblique and left-posterior-oblique directions. For the sampling interval test, 

the estimation accuracy was similar between acquisition sets 1-3, which corresponds to 

average sampling intervals ranging from 0.4˚/prj to 1.4˚/prj. The estimation accuracy was 

slightly degraded for acquisition set 4 (2.8˚/prj), and more for acquisition set 5 (5.5˚/prj). 

The above results suggest the MMFD-NCC is relatively robust except for very large 

average sampling intervals. 
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5.2.2. Patient study 

5.2.2.1. Image Comparison between different techniques 

 

Figure 35. Slice cuts from the prior images, FDK images, MMFD-NCC estimated images 

and reference images of different patients (P1-Patient 1; P2-Patient 2; P3-Patient 3) at the 

end-expiration (50%) phase. Both FDK reconstructions and MMFD-NCC estimations used 

orthogonal-view 30˚ projections around posterior-anterior and right-lateral directions. The 

on-board reference images were reconstructed using fully-sampled 200˚ projections.  

 

Figure 35 shows the axial slice cuts from the prior images, FDK images, MMFD-

NCC estimated images and reference images of different patients. The FDK images of all 
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three patients displayed excessive streak artifacts and distortions due to the lack of 

information, which prohibited tumor contouring. For patient 1, the vertical lines were 

placed at the same horizontal location in each subfigure. The tumor in the prior image 

was deviated from that in the reference on-board image in both shape and location. The 

MMFD-NCC estimated the new tumor shape and location accurately. For patient 2, there 

were two tumors, with one in each side of the lung. The tumor in the left lung existed in 

the axial slice of the prior image, but not in the on-board reference image (pointed to by 

arrows) in this slice due to shift of the tumor location. The MMFD-NCC successfully 

estimated the tumor location change. Similarly for patient 3, the MMFD-NCC estimated 

the tumor location and shape, which matched well with the reference image.  
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5.2.2.2. Geometric accuracy of the estimated tumor (VPE and COME) 
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Figure 36. Plots of (a) VPE and (b) COME values for prior and MMFD-NCC estimated 

tumors using the patients’ data. The x-axis indicates different phase bins of the 4D-CBCT. 

All estimations used orthogonal-view 30˚ projections around posterior-anterior and right-

lateral directions.  

 

Figure 36 shows the plots of VPE and COME values for tumor in the prior CT 

volume and MMFD-NCC estimated tumors of different patients. Considering all three 

patients, the average (± S.D.) VPE for tumors in the prior images and tumors estimated 

by MM-FD was 55.6% (± 45.9%) and 9.6% (± 6.1%), respectively. The corresponding 

COME was 3.8 mm (± 1.9 mm) and 1.1 mm (± 0.5 mm), respectively. MMFD-NCC 

method greatly reduced the VPE and COME errors when comparing to the ‘gold-standard’ 

on-board reference tumors. 

Besides the results for each individual phase, the VPE of the ITVs estimated by 

MMFD-NCC for patient 1, patient 2-tumor 1, patient 2-tumor 2 and patient 3 was 7.5%, 

5.3%, 18.3% and 4.3%, respectively. The corresponding COME was 1.3 mm, 0.6 mm, 

1.7 mm and 0.4 mm. The MMFD-NCC correctly estimated the ITV shapes and positions. 
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5.3. Discussions 

5.3.1. Clinical Implementation of MMFD-NCC 

In this study, limited-angle projections were used for MMFD-NCC estimation, 

instead of full-angle projections. This scan angle arrangement allows substantial scan 

time/dose reduction and better mechanical clearance [106] than full-angle scan. Results in 

Table 17 showed that the MMFD-NCC could provide accurate imaging estimation results 

with only ~1/5 of the scan time/dose (40 s/67 mAs, acquisition set 4) of a commercial 

4D-CBCT system (180 s/320 mAs).  

In this study, orthogonal-view projections were acquired for image estimation, 

which provides more effective angular sampling than single-view projections [101]. In 

clinical practice, the orthogonal-view projections can be acquired consecutively using the 

kV on-board imager, which was done in this work. A potentially more interesting 

acquisition protocol may be to acquire images from orthogonal directions concurrently, 

either using a dual-source kV system [107] or the combined kV/MV acquisition [96]. 

Using the concurrent imaging approach, the imaging time can be further reduced by half 

to allow even faster imaging. The combined kV/MV acquisition also enables intra-

treatment verification.  

In this study, slow-gantry rotation technique is used to acquire 4D-CBCT 

projections. The resulting ‘clustering’ and ‘gap’ in phase-binned projections may degrade 

the image quality. In the future, other acquisition techniques like the ‘step and shoot’ 
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technique and the actively triggered acquisition technique will be evaluated for potential 

improvements in image quality and resulting further scan time and dose reduction. 

In the patient study, we used a Fourier-transform based automatic sorting method 

[48] to sort the projections. The sorting method is more robust when the intensity of a 

large portion of the projection changes with respiratory motion, which is true for lung 

cancer patient data. Alternatively, the projections can also be sorted using external 

respiration surrogates used in the clinics, such as the Varian RPM system [108], the 

Anzai Belt [109] etc. For the phantom study, only the inserted tumor area was moving, 

which would have made the Fourier-transform based sorting method less robust. Instead 

of using the Fourier-transform method for the phantom study, we manually sorted the 

projections using the motion peaks of the tumor observed in projections. 

 

5.3.2. MMFD-NCC vs. MM-FD 

Compared to our previous MMFD-SSD method, the MMFD-NCC uses the »�� 

as the similarity metric in the data fidelity constraint, which is more robust against the 

intensity mismatches between CT and CBCT (Figure 34). To our knowledge, MMFD-

NCC is the first reported method that can use clinically acquired limited-angle 

projections to generate high-quality 4D-CBCT images (Figure 34,Figure 35,Figure 36, 

Table 16,Table 17).  
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5.3.3. Limitations of this study 

In this study, the end-expiration phase of 4D-CT is chosen as the prior CT volume 

due to its relative stability. Though not seen in the cases of this study, tumor hysteresis, 

other large motion irregularities and large intra-phase motion can all potentially 

contribute to the artifacts in the 4D-CT images, even in the most stable end-expiration 

phase, and can potentially affect the accuracy of MMFD-NCC estimation. Future studies 

are warranted to further evaluate these effects. 

4D-CBCT images reconstructed from fully-sampled on-board projections were 

used as reference images in our study, which generate high imaging dose to the patient. 

As a result, only very limited number of patients were enrolled in the study. Future 

investigation is warranted when a larger patient cohort is available.   

The reference 4D-CBCT may have its own limitations, such as the phase binning 

and breathing irregularities issues and it may not serve as the perfect ‘gold-standard’, 

especially for the patient studies. However, the 4D-CBCT reconstructed from the fully 

sampled projections is the current standard image for localization, and is the only image 

available to be used as a reference to evaluate our method. By comparing to the ‘gold-

standard’ 4D-CBCT, our study showed that our method achieved similar accuracy while 

using only limited-angle projections to reduce scan time, dose and improve mechanical 

clearance. 
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Ideally, we would like to evaluate patient projections with lower mAs values to 

study the potential of MMFD-NCC for further dose reduction. However, the limited 

patient data we have only contain projections acquired using 80 mA and 25 ms. 

Alternatively, we acquired the phantom scan with lower mAs (20 mA and 16 ms per 

projection) and validated the performance of MMFD-NCC for low mAs scans in this 

study. 

Currently, the image estimation time of MMFD-NCC method is approximately 3-

4 hours for ~100 projections at each phase (the image estimations are independent among 

different phases, which can be executed in parallel).  The acceleration of the optimization 

speed through software-based restructuring and hardware-based GPU [110, 111] 

computation is under progress. A preliminary version of the accelerated code has already 

achieved a computation speed of around 70 times faster [112]. 

 

5.4. Conclusions 

The MMFD-NCC technique is able to estimate 4D-CBCT images with 

geometrical accuracy of the tumor within 10% VPE and 2 mm COME, which can be used 

to improve the localization accuracy of radiotherapy.  
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6. Specific aim 2-C 

Previously in 4. Specific aim 2-A, a MM-FD method was developed to enable 

4D-CBCT estimation using prior information and limited-angle projections. XCAT based 

phantom studies have validated its feasibility and the geometric accuracy of estimated 

tumors. In 5. Specific aim 2-B, the MM-FD method has been further developed, 

resulting in the MMFD-NCC method, which is more robust to the intensity mismatches 

between clinical CT and CBCT systems. Real clinical phantom and patient studies have 

validated its feasibility and the geometric accuracy of estimated tumors.  

The high geometric accuracy of estimated tumors enables accurate tumor 

localization. Besides tumor localization, on-board treatment dose verification is also of 

interest to the radiation therapy community, considering the inter-fractional anatomical 

and respirational variations of lung cancer patients. In light of this issue, the following 

study evaluates the feasibility of using 4D-CBCT images estimated by the MMFD-NCC 

technique for treatment dose verification. 
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6.1. Motivations and background of the dosimetric study 

Recent developments of imaging techniques such as 4D-CT [113] enable us to 

capture the anatomical and respirational information of lung tumors and normal 

structures. Based on the anatomical and respirational information, dedicated motion 

management [32] techniques are developed for radiotherapy, including [114] the free-

breathing treatment and the breath-hold treatment. In the free-breathing treatment, 

patients breathe freely during treatment. The radiation beams are designed to treat the 

whole region encompassing the tumor motion. In the breath-hold treatment, patients are 

asked to hold their breath. The radiation beams are designed to only treat the tumor when 

the patients successfully hold their breath above a predefined threshold to minimize the 

motion of the tumor. 

However, treatment plans are designed based on the anatomical and respirational 

information from the planning 4D-CT.  The radiotherapy treatment usually contains a 

course of multiple fractions. Between planning 4D-CT acquisition and different treatment 

fractions, substantial patient anatomical and respirational variations [115] may occur, 

rendering deviations from the planned dose to the actual on-board treatment dose.  This 

dose deviation can be clinically significant especially for SBRT, which is less tolerant of 

inter-fractional variations due to its high fractional dose and few treatment fractions. 

Therefore, dosimetric verification is important for lung cancer treatments as it allows us 



 

155 

 

to assess the treatment quality throughout the treatment course and adapt the plan to 

account for the dose deviation if needed.   

To track the inter-fractional variations, multiple on-board imaging techniques [5] 

have been recently developed. By acquiring the most up-to-date patient information, on-

board imaging potentially enables patient setup correction, on-board treatment dose 

verification/ tracking [116-120], and treatment plan adaptation [121]. For lung cancer 

patients, on-board CBCT images have been used [122, 123] for setup correction, dose 

verification and adaptive planning. However, conventional lung CBCT has two 

limitations: 1. it can potentially underestimate the ITV [124], which can cause errors in 

target delineation and localization; 2. the limited image quality and inaccurate Hounsfield 

unit (HU) in the CBCT images cause dose calculation errors, especially in heterogeneous 

regions of the lung [125-127]. The erroneous dose calculation prohibits on-board dose 

verification and further treatment plan adaptation.  

Compared with conventional CBCT, 4D-CBCT overcomes the first limitation by 

providing respiratory-phase-resolved volumetric images similar to 4D-CT, enabling more 

accurate target delineation and localization. However, the current clinical ‘gold-standard’ 

FDK reconstruction algorithm [52] needs more on-board projections for 4D-CBCT 

reconstruction than conventional CBCT. The resulting long scan time and high imaging 

dose prevent the wide application of 4D-CBCT in clinics. In addition, the FDK-based 

4D-CBCT is still limited by the low image quality, which leads to inaccurate dose 

verifications.  
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In 5. Specific aim 2-B we proposed a MMFD-NCC [101] method to estimate 

lung 4D-CBCT images using prior knowledge and limited-angle projections. By using 

limited-angle projections, the scan time and dose of 4D-CBCT are substantially reduced. 

As the 4D-CBCT is estimated by MMFD-NCC through deforming the planning 4D-CT 

images, it has similar image quality as planning 4D-CT, and therefore can potentially 

improve the dose verification accuracy. In this work, we performed a comprehensive 

study to investigate the feasibility of using MMFD-NCC estimated images for on-board 

dose verification in lung SBRT treatments. The dose verification accuracy of the 

conventional CBCT images reconstructed by FDK was also investigated for comparison. 

In addition, the 4D-CBCT estimated by MMFD-NCC was utilized for dose accumulation 

[128] to track the actual tumor dose. The accumulated doses were compared to point dose 

measurements using optically stimulated luminescence (OSL) detectors [129] and 2D 

dose measurements using radiochromic EBT2 films [130]. 

 

6.2. Materials and methods 

 

To comprehensively evaluate the MMFD-NCC estimated images for on-board 

dose verification, studies were performed using the XCAT and the CIRS phantoms. 

Details are shown in the following. 
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6.2.1. XCAT study 

6.2.1.1. Planning 4D-CT simulation 

We simulated two patient scenarios using the XCAT phantom: one with a tumor 

in the middle of the lung (MOL) and the other with a tumor near the chest wall (CHW). 

For each of the two patient scenarios, a corresponding planning 4D-CT of 10 respiratory 

phases was simulated. In both planning 4D-CT sets, the tumor and the body volume 

moved synchronously, sharing the same SI curve (sinusoidal, 5 s cycle, 3 cm amplitude) 

and AP curve (sinusoidal, 5 s cycle, 2 cm amplitude).  

 

 

Figure 37. The two XCAT-simulated patient scenarios with: (a). a tumor in the middle of 

the lung (MOL) and (b). a tumor near the chest wall (CHW).  
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6.2.1.2. Treatment Planning 

For both the MOL and the CHW patient scenarios, the tumors in the planning 4D-

CT sets were automatically contoured using HU thresholding in Eclipse. Critical 

structures like the lung, the chest wall and the spinal cord were also contoured by a 

clinician. Both breath-hold and free-breathing SBRT plans were designed, with details in 

the following. 

 

Breath-hold plan  

 

The breath-hold plan was designed on the end-inspiration phase of the planning 

4D-CT. PTV was generated by adding a 5 mm margin to the end-inspiration phase’s 

tumor contour. For both the MOL and CHW patient scenarios, the SBRT dose was 

prescribed to 18 Gy/fraction × 3 fractions. The plan was normalized to have 95% of the 

PTV volume covered by the prescription dose. For the MOL patient scenario, the tumor 

was in the middle of the lung without adjacent critical structures (Figure 37 (a)). A simple 

dynamic conformal arc [131] rotating from -20˚ to -130˚ was designed to treat the PTV. 

In contrast, for the CHW patient scenario, the tumor was close to the chest wall (Figure 

37 (b)) and the spinal cord. An IMRT [132] plan using 7 beams from 160˚ to 280˚ with 

20˚ interval was designed to treat the PTV and avoid critical structures. All dose 
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calculations in this study used the analytical anisotropic algorithm [133] in Eclipse with 

heterogeneity corrections. 

 

Free-breathing plan 

 

In contrast to the breath-hold plan, the free-breathing plan was designed on the 

AIP of the planning 4D-CT. The ITV was generated by combining the tumor volumes 

contoured in all 10 phases. PTV was then generated from ITV with a 5 mm margin, and 

mapped to the AIP images for planning. Other parameters of the free-breathing plan were 

the same as the breath-hold plan.  

6.2.1.3. Inter-fractional variation simulation and imaging 

Eight on-board scenarios featuring different inter-fractional variations from 

planning 4D-CT to on-board images were simulated for both the MOL and CHW patient 

scenarios, as described in 4.1.4.2.A. On-board volume simulation for different 

patient scenarios. 

For each on-board scenario simulated, we generated a corresponding on-board 10-

phase 4D-CT in XCAT to calculate the ‘gold-standard’ on-board dose for reference. The 

accuracy of doses calculated on reconstructed on-board CBCT images can be evaluated 

through comparisons with the gold-standard on-board dose. Both 4D-CBCT estimated by 
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MMFD-NCC and CBCT reconstructed by FDK were evaluated for their dose verification 

accuracy:  

For dose verifications using MMFD-NCC estimated 4D-CBCT images, we 

simulated limited-angle projections to estimate on-board 4D-CBCT images. In detail, for 

each respiratory phase, orthogonal-view 30˚ projections were simulated from both 

anterior-posterior and left-lateral directions with an angular sampling of 1.2˚ per 

projection. In total, 520 projections were simulated for all 10 phases. The phase-binned 

on-board projections were then fed into the MMFD-NCC algorithm to estimate 4D-

CBCT images. The end-inspiration phase of the estimated 4D-CBCT images was used 

for the dose verification of the breath-hold treatment. The AIP of the estimated 4D-CBCT 

images was used for the dose verification of the free-breathing treatment. 

For comparison, conventional CBCT volumes were also reconstructed by FDK 

for dose verification. For the breath-hold treatment, we simulated projections of the 

breath-hold phase (end-inspiration) to reconstruct a breath-hold CBCT. For the free-

breathing treatment, we simulated projections of evenly-mixed 10 phases to reconstruct a 

free-breathing CBCT. In detail, 520 projections covering a full 360˚ scan angle were 

simulated for both breath-hold and free-breathing CBCT reconstructions. We used 520 

projections for FDK reconstruction to achieve a similar dose level to 4D-CBCT imaging 

by MMFD-NCC. 
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6.2.1.4. On-board dose verification 

Similar to the planning 4D-CT, the tumors were automatically contoured in the 

gold-standard on-board 4D-CT sets and MMFD-NCC estimated 4D-CBCT sets. 

As introduced in 6.1. Motivations and background of the dosimetric study, 

the FDK-based conventional CBCT suffers from potential target underestimation [124].  

In light of this issue, the PTV contours from the gold-standard on-board images were 

mapped to the corresponding FDK CBCT images to eliminate the contouring biases.  For 

fair comparison, the gold-standard PTV contours were also mapped to the corresponding 

MMFD-NCC estimated CBCT images. As a result, the MMFD-NCC estimated image 

has two PTV contours: the gold-standard PTV and the PTV contoured based on the 

MMFD-NCC 4D-CBCT.  

The original treatment plans were mapped to the CBCT images generated by the 

MMFD-NCC or the FDK method to calculate the actual on-board dose delivered. The 

detailed on-board dose comparison schemes are shown in Figure 38.  
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(a) 

 

 

 

(b) 
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Figure 38. The detailed schemes of on-board dose comparisons between the planned doses, 

the gold-standard doses, the FDK doses and the MMFD-NCC doses for (a) the breath-hold 

treatment and (b) the free-breathing treatment. 

 

For quantitative evaluation, the planned, FDK and MMFD-NCC dose 

distributions were compared to the gold-standard dose distributions through the following 

metrics: (1) isodose curves; (2). PTV dose volume histogram (DVH) curves; (3) the 

absolute deviations of minimum dose (∆ Dmin), maximum dose (∆ Dmax) and mean dose 

(∆ Dmean) of PTV and critical structures (all normalized by the prescription dose); and (4) 

the absolute deviations of PTV coverage (∆ V100%, V100% measures the percentage PTV 

volume covered by the prescription dose).  

 

6.2.2. Physical phantom study 

The CIRS 008A anthropomorphic physical phantom was used to further evaluate 

the dose verification accuracy of different images.  

 

6.2.2.1. Planning 4D-CT acquisition and treatment planning 

A 3 cm diameter sphere was inserted in the phantom to simulate the tumor and 

programmed to move along a 32*Å(=) curve with 2 cm peak-to-peak amplitude and 4 s 
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cycle. The planning 4D-CT of the phantom was acquired on a PET-CT scanner (Siemens 

Biograph mCT, Siemens Medical Solutions, Malvern, PA), using 120 kVp and 40 mAs 

per rotation. Same as the XCAT study, the tumors in the planning 4D-CT were 

automatically contoured using HU thresholding. Both breath-hold and free-breathing 

SBRT treatment plans were designed, using 3D static beam (7 beams, 0˚-150˚ with 25˚ 

interval), dynamic conformal arc (-20˚ to 130˚) and IMRT (7 beams, -20˚ to 130˚ with 

25˚ interval) with the same dose prescription and PTV coverage as in the XCAT study.  

 

6.2.2.2. Inter-fractional variation simulation and imaging 

Three on-board scenarios of different inter-fractional variations from planning 

4D-CT to on-board images were simulated, with details shown below: 

 

1. The motion amplitude of the spherical insert was increased to 3 

cm; 

2. The size of the spherical insert was shrunk to 2 cm (achieved 

through using another 2 cm insert with the same material) ; 

3. The motion amplitude of the spherical insert was increased to 3 cm 

and the size of the spherical insert was shrunk to 2 cm. 

For each on-board scenario, a 4D-CT was acquired using the same PET-CT 

scanner to calculate the gold-standard on-board dose for reference. Similar to the XCAT 
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study, both 4D-CBCT estimated by MMFD-NCC and CBCT reconstructed by FDK were 

evaluated for their dose verification accuracy:   

For each on-board scenario, limited-angle cone beam projections were acquired 

on a TrueBeam LINAC using a slow-gantry rotation protocol. Each projection was 

acquired in full-fan mode, using 120 kVp, 20 mA and 16 ms. In total, ~840 projections 

covering the orthogonal-view 30˚ scan angle were acquired at a gantry rotation speed of 

0.5˚/s and an acquisition frame rate of 7 frames/s. These 4D projections were manually 

sorted into 10 phase bins for 4D-CBCT estimation by MMFD-NCC.  

For comparison, FDK-based breath-hold and free-breathing CBCT images were 

also acquired in the TrueBeam Clinical Mode, using the same dose level as the 4D-CBCT 

(~270 mAs).  

 

6.2.2.3. PTV based on-board dose verification 

Similar to the planning 4D-CT, the tumors were automatically contoured in the 

gold-standard on-board 4D-CT sets and MMFD-NCC estimated 4D-CBCT sets. The 

gold-standard PTV contours were also mapped to the FDK-based breath-hold and free-

breathing CBCT sets and MMFD-NCC estimated 4D-CBCTs. For each on-board 

scenario, the gold-standard, FDK and MMFD-NCC doses were calculated for both the 

breath-hold plan and the free-breathing plan for comparison (Figure 38). Quantitative 
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comparisons through different metrics were made, same as the XCAT study (6.2.1.4. On-

board dose verification). 

 

6.2.2.4. Gross tumor volume (GTV) based on-board dose measurement 

PTV is a virtual volume accounting for the motion/setup error/subclinical region 

of the tumor. Its dose does not directly correlate with the actual GTV dose. 4D-CBCT 

enables actual GTV dose verification through accumulating the doses from each 

respiration-resolved phase image [128]. In this study, we performed GTV dose 

accumulations (Figure 39) for the physical phantom using MMFD-NCC estimated 4D-

CBCT images. As shown in Figure 39, phase-specific doses were first calculated on 

respiration-resolved phase images of 4D-CT/CBCT. The dose at the end-expiration (EE) 

phase was selected as the reference dose. Doses at all the other phases were then 

deformed and accumulated to the reference dose, using deformation fields derived from 

image registration. After accumulation, the GTV dose can be extracted and analyzed. 
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Figure 39. Dose accumulation scheme using 4D-CT/4D-CBCT. 

 

To evaluate the accuracy of accumulated doses based on MMFD-NCC estimated 

4D-CBCT images, we compared the accumulated doses to point dose measurements by 

OSL detectors and 2D dose measurements by radiochromic EBT2 films. Figure 40 shows 

the OSL insert (Figure 40 (a)) and the film insert (Figure 40 (b)), both of which can be 

placed in the movable rod (Figure 40 (c)) of the physical phantom for actual tumor dose 

measurement.  
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Figure 40. The (a) OSL and (b) film inserts for dose measurements; (c). Both inserts can be 

placed in the movable rod of the physical phantom for dose measurement. 
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Figure 41: point dose measurements using the OSL detectors. The circled number indicates 

the location where the point dose was measured.   

 

Figure 41 shows the point dose locations selected for OSL measurements. 

Locations including tumor center, tumor peripheral region and off-tumor region were all 

measured. For the radiochromic film based measurements, the film was placed in 

between the two halves of the tumor (Figure 40 (b)). The measured film dose distribution 

was compared to the central dose distribution extracted from the accumulated tumor 

doses. Both the dose profile and the gamma index (3mm/3%) [134] were computed for 

evaluation.  

The 3D static beam plan in section 6.2.2.1. Planning 4D-CT acquisition and 

treatment planning was delivered for the GTV dose measurement study. The dynamic 

conformal arc and the IMRT plans were not evaluated, in order to avoid additional errors 

caused by the interplay effects [135] between the gantry/collimator motion and the target 

motion. Only the scenario about tumor motion amplitude change (section 6.2.2.2. Inter-

fractional variation simulation and imaging: scenario 1) was selected for the 

measurement study, due to the lack of OSL and film inserts containing a shrunk tumor. In 

addition to the selected scenario (simulating on-board tumor motion amplitude increase 

from 2 cm to 3 cm), we simulated another scenario featuring tumor amplitude increase 

from 2 cm to 4 cm. For both the 3 cm and the 4 cm tumor motion scenarios, we acquired 
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4D cone beam projections according to the protocol described in section 6.2.2.2. Inter-

fractional variation simulation and imaging and estimated 4D-CBCT images using 

the MMFD-NCC technique. The accumulated doses using the estimated 4D-CBCTs were 

compared to the corresponding OSL and radiochromic film measurements as described 

above. 

Based on the scheme shown in Figure 39, we also accumulated the tumor doses 

using the planning 4D-CT which features 2 cm tumor motion. Without introducing any 

on-board motion variation, the on-board delivered doses were measured using the OSL 

detectors and the radiochromic film. This step establishes a baseline showing the inherent 

errors in dose accumulation and dose measurement.  
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6.3. Results 

6.3.1. XCAT study results 

6.3.1.1. Comparison between HU values 

 

Figure 42. The line profile comparison between the AIP of the planning 4D-CT (‘planned’), 

the AIP of the gold-standard on-board 4D-CT (‘gold-standard’), the free-breathing CBCT 

reconstructed by FDK (‘FDK’) and the AIP of the MMFD-NCC estimated 4D-CBCT 

(‘MMFD-NCC’), for the XCAT scenario simulating on-board tumor size expansion (6.2.1.3. 

Inter-fractional variation simulation and imaging: scenario No.3).  

 

Figure 42 shows the comparison of HU profiles between the planned AIP, the 

gold-standard AIP, the FDK free-breathing CBCT and the MMFD-NCC AIP for the 

XCAT scenario simulating on-board tumor size expansion (6.2.1.3. Inter-fractional 
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variation simulation and imaging: scenario No.3). Compared to the planned AIP and 

the FDK free-breathing CBCT, the HU profile of the MMFD-NCC AIP matched much 

better with that of the gold-standard AIP, which enables more accurate dose verification. 

6.3.1.2. Comparison between isodose distributions 

 

Figure 43. Comparison of isodose distributions between the planned (A, E), the gold-

standard (B, F), the FDK (C, G) and the MMFD-NCC (D, H) doses for the XCAT scenario 

simulating on-board tumor size expansion (6.2.1.3. Inter-fractional variation simulation and 

imaging: scenario No.3). A, B, C and D are the dose distributions calculated on the MOL 

patient scenario. The isodose curves are of 110% isodose (white), 100% isodose (yellow), 

95% isodose (green), 80% isodose (cyan) and 50% isodose (magenta). E, F, G and H are the 

dose distributions calculated on the CHW patient scenario. The isodose curves are of 105% 

isodose (white), 100% isodose (yellow), 95% isodose (green), 80% isodose (cyan) and 50% 

isodose (magenta).  
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Figure 43 compares the isodose distributions between the planned, the gold-

standard, the FDK and the MMFD-NCC doses for the XCAT study. The first row shows 

the dose distributions calculated on the MOL patient scenario using the free-breathing 

dynamic conformal arc plan. Correspondingly, the second row shows the dose 

distributions calculated on the CHW patient scenario using the free-breathing IMRT plan. 

In both cases, the planned dose distributions deviated substantially from the gold-

standard distributions due to the simulated on-board tumor size expansion (6.2.1.3. Inter-

fractional variation simulation and imaging: scenario No. 3). As shown, the MMFD-

NCC isodose distributions matched better with the gold-standard than the planned and the 

FDK isodose distributions, especially for the higher isodose lines (pointed to by arrows in 

Figure 43). 
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6.3.1.3. Comparison between PTV DVH curves 
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Figure 44. Comparison of PTV DVH curves between the planned, the gold-standard, the 

FDK and the MMFD-NCC doses for the XCAT scenario simulating on-board tumor size 
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expansion (6.2.1.3. Inter-fractional variation simulation and imaging: scenario No.3). The 

subfigures show the dose distributions calculated on different scenarios: A. MOL patient 

using the breath-hold dynamic conformal arc plan; B. MOL patient using the free-

breathing dynamic conformal arc plan; C. CHW patient using the breath-hold IMRT plan 

and D. CHW patient using the free-breathing IMRT plan. ‘GS-contour’ means the PTV 

contour is mapped from the gold-standard treatment 4D-CT.  

 

Figure 44 shows the comparison between the planned, the gold-standard, the FDK 

and the MMFD-NCC PTV DVH curves for different cases. The planned PTV DVH 

curves deviated substantially from the gold-standard curves due to the simulated on-

board tumor size expansion (6.2.1.3. Inter-fractional variation simulation and 

imaging: scenario No.3). The PTV DVH curves calculated on the FDK images also 

showed discrepancies from the gold-standard curves, especially for the CHW patient 

scenario. The MMFD-NCC doses have two PTV DVH curves, one based on the gold-

standard PTV contour (GS-contour) and the other based on the MMFD-NCC PTV 

contour (6.2.1.4. On-board dose verification). Both DVH curves matched well with the 

gold-standard curves. 

6.3.1.4. Quantitative evaluation using dose deviation metrics 

Table 18. Dose deviation metric values of PTV for the XCAT-simulated MOL patient 

scenario. The values are the averaged results (± S.D.) of the simulated eight on-board 
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scenarios (6.2.1.3. Inter-fractional variation simulation and imaging).  All values are 

normalized by the prescription dose. ‘GS-contour’ means the PTV contour is mapped from 

the gold-standard treatment 4D-CT.  

XCAT Phantom Study (MOL) - PTV Δ Dmin (%) 
 Δ Dmax 

(%) 

 Δ Dmean 

(%) 
Δ V100% (%) 

Breath-hold 

Plan 

(dynamic 

conformal 

arc) 

Planned 41.9 ± 29.9 2.1 ± 1.2 6.9 ± 5.5 20.3 ± 13.4 

FDK: GS-contour 0.9 ± 0.9 1.3 ± 0.1  1.4 ± 0.1 4.0 ± 1.0 

MMFD-NCC: GS-

contour 
0.5 ± 0.4 1.5 ± 0.1  1.1 ± 0.1  2.0 ± 0.4 

MMFD-NCC 2.8 ± 2.2 1.5 ± 0.1 0.9 ± 0.3 1.5 ± 0.7 

Free-

breathing 

Plan 

(dynamic 

conformal 

arc) 

Planned 22.1 ± 22.5 1.5 ± 1.1 2.6 ± 2.6 9.6 ± 8.7 

FDK: GS-contour 1.6 ± 1.0 1.3 ± 0.2  1.6 ± 0.1  5.1 ± 0.7 

MMFD-NCC: GS-

contour 
0.4 ± 0.2 1.4 ± 0.1  0.9 ± 0.1  1.3 ± 0.5 

MMFD-NCC 3.0 ± 3.9 1.4 ± 0.2 0.9 ± 0.2 1.3 ± 0.7 

 

 

 

 

Table 19. Dose deviation metric values of PTV and critical structures for the XCAT-

simulated CHW patient scenario. The values are the averaged results (± S.D.) of the 

simulated eight on-board scenarios (6.2.1.3. Inter-fractional variation simulation and 
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imaging).  All values are normalized by the prescription dose. ‘GS-contour’ means the PTV 

contour is mapped from the gold-standard treatment 4D-CT.   

XCAT Phantom Study (CHW) 
Δ Dmin 

(%) 

 Δ Dmax 

(%) 

 Δ Dmean 

(%) 

Δ V100% 

(%) 

PTV 

Breath-

hold Plan 

(IMRT) 

Planned 37.4 ± 30.9 5.6 ± 3.7 3.3 ± 3.5 17.6 ± 13.7 

FDK: GS-contour 1.6 ± 2.1 1.2 ± 1.1 2.7 ± 0.6 28.7 ± 12.7 

MMFD-NCC: GS-

contour 
0.2 ± 0.1 0.4 ± 0.1  0.3 ± 0.1 0.4 ± 0.2 

MMFD-NCC 2.2 ± 1.5 0.4 ± 0.1 0.3 ± 0.2 0.3 ± 0.3 

Free-

breathing 

Plan 

(IMRT) 

Planned 30.3 ± 31.7 2.9 ± 3.1 2.4 ± 2.5 14.2 ± 13.0 

FDK: GS-contour 2.5 ± 2.9  1.1 ± 0.4 3.0 ± 0.5 31.8 ± 10.6 

MMFD-NCC: GS-

contour 
0.3 ± 0.2 0.2 ± 0.0 0.1 ± 0.1 0.2 ± 0.1 

MMFD-NCC 1.1 ± 1.5 0.2 ± 0.0 0.3 ± 0.3 0.6 ± 0.5 

Lung 

Breath-

hold Plan 

(IMRT) 

Planned 0.0 ± 0.0 2.2 ± 1.1 0.6 ± 0.3  

FDK 0.1 ± 0.0 2.0 ± 0.9 0.5 ± 0.1  

MMFD-NCC 0.1 ± 0.0 0.5 ± 0.2 0.1 ± 0.1  

Free-

breathing 

Plan 

(IMRT) 

Planned 0.1 ± 0.0 1.7 ± 1.7 0.4 ± 0.1  

FDK 0.1 ± 0.0 1.5 ± 0.5 0.5 ± 0.0  

MMFD-NCC 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.1  

Chest 

Wall 

Breath-

hold Plan 

(IMRT) 

Planned 0.0 ± 0.0 1.3 ± 0.9 0.4 ± 0.0  

FDK 0.0 ± 0.0 2.2 ± 1.4 0.2 ± 0.0  

MMFD-NCC 0.0 ± 0.0 2.6 ± 1.5 0.2 ± 0.0  
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Free-

breathing 

Plan 

(IMRT) 

Planned 0.0 ± 0.0 0.4 ± 0.3 0.0 ± 0.0  

FDK 0.0 ± 0.0 1.4 ± 0.9 0.1 ± 0.0  

MMFD-NCC 0.0 ± 0.0 1.6 ± 0.3 0.0 ± 0.0  

Cord 

Breath-

hold Plan 

(IMRT) 

Planned 0.0 ± 0.0 0.3 ± 0.2 0.1 ± 0.1  

FDK 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.1  

MMFD-NCC 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.0  

Free-

breathing 

Plan 

(IMRT) 

Planned 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.1  

FDK 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1  

MMFD-NCC 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1  

 

 

Table 18 shows the average (± S.D.) dose deviation metric values of PTV for the 

eight on-board scenarios of the XCAT-simulated MOL patient scenario. Table 19 shows 

the corresponding values of PTV and critical structures for the XCAT-simulated CHW 

patient scenario. For both PTV and critical structures, the MMFD-NCC doses matched 

better with the gold-standard doses than the planned and FDK doses with smaller dose 

deviation metric values, especially for the PTV. 

Considering all different scenarios, the average (± S.D.) ∆ Dmin, ∆ Dmax, ∆ Dmean 

and ∆ V100% of planned PTV doses as compared to the gold-standard PTV doses were 

32.9% (± 28.6%), 3.0% (± 2.9%), 3.8% (± 4.0%) and 15.4% (± 12.4%), respectively. The 

corresponding values of FDK PTV doses were 1.6% (± 1.9%), 1.2% (± 0.6%), 2.2% (± 
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0.8%) and 17.4% (± 15.3%), respectively. In comparison, the corresponding values of 

MMFD-NCC PTV doses (based on gold-standard contour) were 0.3% (± 0.2%), 0.9% (± 

0.6%), 0.6% (± 0.4%) and 1.0% (± 0.8%), respectively. And the corresponding values of 

MMFD-NCC PTV doses (based on MMFD-NCC contour) were 2.3% (± 2.5%), 0.9% (± 

0.6%), 0.6% (± 0.4%) and 0.9% (± 0.7%), respectively. 

 

6.3.2. Physical phantom study results 

6.3.2.1. Comparison between HU values 

 

Figure 45. The line profile comparison between the planned AIP, the gold-standard AIP, 

the FDK free-breathing CBCT and the MMFD-NCC AIP for the CIRS phantom scenario 

simulating concurrent tumor shrinkage and motion amplitude change (6.2.2.2. Inter-

fractional variation simulation and imaging: scenario No.3). 
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Figure 45 shows the comparison of HU profiles between the planned AIP, the 

gold-standard AIP, the FDK free-breathing CBCT and the MMFD-NCC AIP for the 

CIRS phantom scenario simulating concurrent tumor shrinkage and motion amplitude 

change (6.2.2.2. Inter-fractional variation simulation and imaging: scenario No.3). 

Similar to the XCAT study, the HU profile of MMFD-NCC AIP matched best with the 

gold-standard.  

 

6.3.2.2. Comparison between isodose distributions 

 

Figure 46. Comparison of isodose distributions between the planned (A, E, I), the gold-

standard (B, F, J), the FDK (C, G, K) and the MMFD-NCC (D, H, L) doses for the CIRS 
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phantom scenario simulating concurrent tumor shrinkage and motion amplitude change 

(6.2.2.2. Inter-fractional variation simulation and imaging: scenario No.3). A, B, C and D 

are the dose distributions calculated using a free-breathing 3D static beam plan. E, F, G and 

H are the dose distributions calculated using a free-breathing dynamic conformal arc plan. 

For A-H, the isodose curves are of 110% isodose (white), 100% isodose (yellow), 95% 

isodose (green), 80% isodose (cyan) and 50% isodose (magenta).  I, J, K and L are the dose 

distributions calculated using a free-breathing IMRT plan. For I-L, the isodose curves are 

of 105% isodose (white), 100% isodose (yellow), 95% isodose (green), 80% isodose (cyan) 

and 50% isodose (magenta).   

 

Figure 46 compares the isodose distributions between the planned, the gold-

standard, the FDK and the MMFD-NCC doses for the CIRS phantom study. The planned 

dose distributions deviated substantially from the gold-standard distributions due to 

concurrent tumor shrinkage and motion amplitude change (6.2.2.2. Inter-fractional 

variation simulation and imaging: scenario No. 3). Similar to the XCAT study, the 

MMFD-NCC isodose distributions matched better with the gold-standard than the 

planned and the FDK isodose distributions, especially for the higher isodose lines 

(pointed to by arrows in Figure 46). 
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6.3.2.3. Comparison between PTV DVH curves 
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Figure 47. Comparison of PTV DVH curves between the planned, the gold-standard, the 

FDK and the MMFD-NCC doses for the CIRS phantom scenario simulating concurrent 

tumor shrinkage and motion amplitude change (6.2.2.2. Inter-fractional variation 

simulation and imaging: scenario No.3). The subfigures show the dose distributions 

calculated based on: A. the breath-hold 3D static beam plan; B. the free-breathing 3D static 

beam plan; C. the breath-hold dynamic conformal arc plan; D. the free-breathing dynamic 

conformal arc plan; E. the breath-hold IMRT plan and F. the free-breathing IMRT plan. 

‘GS-contour’ means the PTV contour is mapped from the gold-standard treatment 4D-CT. 

 

Figure 47 shows the comparison between the planned, the gold-standard, the FDK 

and the MMFD-NCC PTV DVH curves for the CIRS phantom study. The planned DVH 

curves deviated substantially from the gold-standard curves due to concurrent tumor 

shrinkage and motion amplitude change (6.2.2.2. Inter-fractional variation simulation 

and imaging: scenario No. 3). As shown in each subfigure, both MMFD-NCC DVH 

curves matched well with the gold-standard curves, better than the planned and FDK 

curves.  
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6.3.2.4. Quantitative evaluation using PTV dose deviation metrics 

Table 20. Dose deviation metric values of PTV for the CIRS phantom study using 3D static 

beam planning. All values are normalized by the prescription dose. ‘GS-contour’ means the 

PTV contour is mapped from the gold-standard treatment 4D-CT.  

    CIRS Phantom Study - PTV 
Δ Dmin 

(%) 

 Δ Dmax 

(%) 

 Δ 

Dmean 

(%) 

Δ  

V100% 

(%) 

3D 

Static 

Beam 

Plan  

Scenario 

1 

Breath-

hold Plan 

Planned 74.2 0.5 7.5 21.2 

FDK: GS-contour 4.9 0.2 0.6 2.7 

MMFD-NCC: GS-

contour 
0.3 0.2 0.4 0.5 

MMFD-NCC 0.5 0.2 0.6 1 

Free-

breathing 

Plan 

Planned 75.8 0.5 4.4 11.9 

FDK: GS-contour 3.7 0 1.5 5.2 

MMFD-NCC: GS-

contour 
0.1 0.1 0.1 0.8 

MMFD-NCC 0 0.1 0.4 0.1 

Scenario 

2 

Breath-

hold Plan 

Planned 0.4 1.1 0.9 1.3 

FDK: GS-contour 3.5 0.5 2.4 5 

MMFD-NCC: GS-

contour 
0.1 0.4 0.3 0.1 

MMFD-NCC 1 0.4 0.5 1.1 
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Free-

breathing 

Plan 

Planned 0.1 0.5 2.5 2.3 

FDK: GS-contour 4.2 2.7 3.6 4.7 

MMFD-NCC: GS-

contour 
0.2 1.3 1.2 0.4 

MMFD-NCC 0.9 1.3 1.4 0.9 

Scenario 

3 

Breath-

hold Plan 

Planned 40.9 1.2 1.8 8.9 

FDK: GS-contour 12.8 0.9 2 3.3 

MMFD-NCC: GS-

contour 
0.7 0.4 0.4 0.7 

MMFD-NCC 0.8 0.4 0.6 0.2 

Free-

breathing 

Plan 

Planned 40 3.4 0.5 3.6 

FDK: GS-contour 9.9 1.2 2.3 3.6 

MMFD-NCC: GS-

contour 
0.1 0.9 0.4 0.5 

MMFD-NCC 3.2 0.9 0 0.4 

 

 

 

 

 

Table 21. Dose deviation metric values of PTV for the CIRS phantom study using dynamic 

conformal arc planning. All values are normalized by the prescription dose. ‘GS-contour’ 

means the PTV contour is mapped from the gold-standard treatment 4D-CT.  
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    CIRS Phantom Study - PTV 

Δ 

Dmin 

(%) 

 Δ 

Dmax 

(%) 

 Δ 

Dmean 

(%) 

Δ  

V100% 

(%) 

Dynamic 

Conformal 

Arc Plan  

Scenario 

1 

Breath-

hold Plan 

Planned 69.4 0 6.5 21 

FDK: GS-contour 4.5 0 0.8 2.8 

MMFD-NCC: GS-

contour 
0.1 0.4 0.6 1.1 

MMFD-NCC 1 0.4 0.5 0.7 

Free-

breathing 

Plan 

Planned 75.9 0.6 4.3 11.7 

FDK: GS-contour 3.9 0.3 1.5 5.1 

MMFD-NCC: GS-

contour 
0.1 0.1 0.4 0.6 

MMFD-NCC 0 0.1 0.6 1.2 

Scenario 

2 

Breath-

hold Plan 

Planned 1.5 1.7 0.8 1.8 

FDK: GS-contour 2.2 0.8 2.4 5.1 

MMFD-NCC: GS-

contour 
0.4 0.2 0.1 0.2 

MMFD-NCC 1.8 0.2 0.5 1.3 

Free-

breathing 

Plan 

Planned 3.2 0.7 2.5 2.1 

FDK: GS-contour 0.6 2.9 3.5 4.2 

MMFD-NCC: GS-

contour 
3.4 1.5 1.3 0.3 

MMFD-NCC 2.3 1.5 1.4 0.7 
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Scenario 

3 

Breath-

hold Plan 

Planned 22.9 2 1.5 8 

FDK: GS-contour 4.4 0.8 2.1 4.1 

MMFD-NCC: GS-

contour 
0.1 0.4 0.4 0.3 

MMFD-NCC 1.7 0.4 0.3 0 

Free-

breathing 

Plan 

Planned 40 3.6 0.4 3.5 

FDK: GS-contour 15.9 1.3 2.1 2.5 

MMFD-NCC: GS-

contour 
0.1 0.7 0.2 0.2 

MMFD-NCC 3.2 0.7 0.1 0.7 

 

 

 

 

 

Table 22. Dose deviation metric values of PTV for the CIRS phantom study using IMRT 

planning. All values are normalized by the prescription dose. ‘GS-contour’ means the PTV 

contour is mapped from the gold-standard treatment 4D-CT.  

    CIRS Phantom Study - PTV 
Δ Dmin 

(%) 

 Δ 

Dmax 

(%) 

 Δ 

Dmean 

(%) 

Δ  

V100% 

(%) 

IMRT 

Plan  

Scenario 

1 

Breath-

hold Plan 

Planned 76.6 18.4 7.8 27.6 

FDK: GS-contour 2.8 1.4 0.5 10.2 
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MMFD-NCC: GS-

contour 
0.3 0.7 0.6 1.5 

MMFD-NCC 0.4 0.7 0.6 0.1 

Free-

breathing 

Plan 

Planned 64.3 13.8 7.1 14.6 

FDK: GS-contour 2.2 2.4 1.4 6 

MMFD-NCC: GS-

contour 
0.2 1.6 0.4 0.4 

MMFD-NCC 0.1 1.6 0.8 1.5 

Scenario 

2 

Breath-

hold Plan 

Planned 0.1 0.3 0.9 1.2 

FDK: GS-contour 3.4 2.2 2.5 41.6 

MMFD-NCC: GS-

contour 
0.1 0.3 0.1 2.2 

MMFD-NCC 1.5 0.3 0.2 3.2 

Free-

breathing 

Plan 

Planned 0.3 3.3 0.3 2 

FDK: GS-contour 7.1 5.7 3.6 18.2 

MMFD-NCC: GS-

contour 
0.6 4.3 1.4 0.5 

MMFD-NCC 1.3 3.7 1.3 1.1 

Scenario 

3 

Breath-

hold Plan 

Planned 51.1 9.4 2 11.9 

FDK: GS-contour 14.9 0.3 1.6 28.2 

MMFD-NCC: GS-

contour 
0.2 0.1 0.4 3 

MMFD-NCC 0.7 0.1 0.5 2.4 
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Free-

breathing 

Plan 

Planned 48.9 1.8 3 4 

FDK: GS-contour 3.8 4.8 2.3 14.8 

MMFD-NCC: GS-

contour 
0.1 0.9 0.1 0.3 

MMFD-NCC 1.1 0.9 0.3 0.8 

 

 

Table 20. Table 21 and Table 22 show the dose deviation metric values of PTV 

for the CIRS phantom study using 3D static beam planning, dynamic conformal arc 

planning and IMRT planning, respectively. As shown, the deviations of MMFD-NCC 

doses were much smaller than those of planned and FDK doses.  

Considering all the scenarios, the average ∆ Dmin, ∆ Dmax, ∆ Dmean and ∆ V100% of 

planned PTV doses were 38.1% (± 30.8%), 3.5% (± 5.1%), 3.0% (± 2.6%) and 8.8% (± 

8.0%), respectively. The corresponding values of FDK PTV doses were 5.8% (± 4.5%), 

1.6% (± 1.6%), 2.0% (± 0.9%) and 9.3% (± 10.5%), respectively. In comparison, the 

corresponding values of MMFD-NCC PTV doses (based on gold-standard contour) were 

0.4% (± 0.8%), 0.8% (± 1.0%), 0.5% (± 0.4%) and 0.8% (± 0.8%), respectively. And the 

corresponding values of MMFD-NCC PTV doses (based on MMFD-NCC contour) were 

1.2% (± 1.0%), 0.8% (± 0.9%), 0.6% (± 0.4%) and 1.0% (± 0.8%), respectively. 
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6.3.2.5. GTV dose measurement results 

For the GTV dose measurement study (6.2.2.4. Gross tumor volume (GTV) 

based on-board dose measurement), the point dose measurement results were shown 

below in Table 23.  

 

Table 23. Comparison between accumulated and measured doses for different on-board 

scenarios. For the 2 cm tumor motion scenario, only planning 4D-CT dose accumulation 

was performed. For the 3 cm and 4 cm tumor motion scenarios, both planning 4D-CT dose 

accumulations and on-board 4D-CBCT dose accumulations were performed and compared 

to the OSL measurements.  

Absolute Dose Difference (%) 

2 cm on-board motion 

OSL 

No. 

Planning 4D-CT 

Accumulation 

 

6 0.5% 

9 1.6% 

11 2.3% 

12 3.7% 

15 5.1% 

19 1.9% 

21 1.4% 
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Average 2.4% 
 

S.D. 1.5% 
 

3 cm on-board motion 

OSL 

No. 

Planning 4D-CT 

Accumulation 

MMFD-NCC 4D-CBCT 

Accumulation 

6 6.2% 5.5% 

9 4.1% 3.7% 

11 3.3% 0.6% 

12 5.1% 1.6% 

15 63.6% 2.2% 

19 3.7% 2.3% 

21 3.5% 2.0% 

Average 12.8% 2.5% 

S.D. 22.4% 1.6% 

4 cm on-board motion 

OSL 

No. 

Planning 4D-CT 

Accumulation 

MMFD-NCC 4D-CBCT 

Accumulation 

6 4.0% 1.0% 

9 7.2% 4.5% 

11 48.5% 1.5% 

12 76.2% 9.1% 

15 105.1% 4.8% 

19 4.6% 0.4% 

21 6.8% 2.7% 

Average 36.1% 3.4% 
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S.D. 41.3% 3.0% 

 

 

            For the 2 cm tumor motion, the on-board scenario matches with the planned 

scenario. Only planning 4D-CT dose accumulation was performed to establish a baseline 

showing the inherent error caused by dose accumulation and dose measurement. The 

accumulated doses matched well with the measured doses, with the average (± S.D.) dose 

deviations (normalized by local doses) only 2.4% (± 1.5%). When the on-board tumor 

motion increased to 3 cm and 4 cm, the average deviations of planning 4D-CT 

accumulated doses increased to 12.8% (± 22.4%) and 36.1% (± 41.3%), respectively. 

Please note that the end-inspiration phase location was fixed for different motion 

amplitudes. When motion amplitude increased, doses at different insert locations were 

affected differently.  

Using the MMFD-NCC estimated 4D-CBCTs for dose accumulation, the average 

dose deviations decreased to 2.5% (± 1.6%) and 3.4% (± 3.0%), respectively. The on-

board 4D-CBCTs estimated by MMFD-NCC successfully captured the on-board tumor 

motion variations. This led to accurate dose accumulations, which matched well with 

actual measurements. 

 

2 cm on-board motion 3 cm on-board motion 4 cm on-board motion 
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Planning 

4D-CT 

accumulate

d doses 

On-board 

4D-CBCT 

accumulate

d doses 

N.A. 

Radiochrom

ic film 

measured 

doses 

Dose profile 

comparison 

Gamma 

index 

(3mm/3%) 

4D-CT accumulated dose: 

98.9% 

4D-CT accumulated dose: 

68.6% 

4D-CBCT accumulated dose: 

96.3% 

4D-CT accumulated dose: 

43.0% 

4D-CBCT accumulated 

dose: 95.8% 

Figure 48. The accumulated doses using planning 4D-CT (row 1) and MMFD-NCC 

estimated on-board 4D-CBCT (row 2); and the measured doses using radiochromic EBT2 

film (row 3). The dose profiles were compared (row 4) and the gamma indices were 

calculated (row 5). 
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As shown in Figure 48, the 2D radiochromic film measurements matched well 

with the 4D-CT accumulated doses for the 2 cm motion scenario. When the tumor motion 

amplitude increased, the measured doses deviated substantially from the planned doses of 

4D-CT. For the 3 cm and 4 cm motion scenarios, the accumulated 4D-CBCT doses 

provided much better results in dose profile comparison and gamma index computation 

(average value: 96.1%). The high-quality on-board 4D-CBCTs successfully captured the 

motion variations and enabled accurate dose accumulation.   

 

6.4. Discussion 

6.4.1. PTV dose verification accuracy of the MMFD-NCC estimated 
images 

In radiation therapy, the quality of a treatment is largely determined by the 

successful coverage of the tumor volume. Different inter-fractional tumor variations were 

simulated in this study, including the tumor motion pattern change, tumor size change 

and tumor average position change (6.2.1.3. Inter-fractional variation simulation and 

imaging, 6.2.2.2. Inter-fractional variation simulation and imaging). Consequently, 

large variations in PTV dose coverage were observed from planned doses to gold-

standard on-board doses (Figure 43, Figure 44, Figure 46, Figure 47; Table 18, Table 19, 

Table 20, Table 21, Table 22). The calculated PTV doses on conventional FDK-based 

breath-hold and free-breathing CBCTs failed to fully capture these variations, due to the 
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noise in images and less accurate HU distributions (Figure 42, Figure 45). In contrast, the 

MMFD-NCC estimated 4D-CBCTs not only captured the inter-fractional variations of 

the tumors through combined motion modeling and free-form deformation, but also 

preserved the correct CT HU value of 4D-CTs through the deformation-based image 

estimation. Using accurately estimated 4D-CBCTs with correct HU distributions (Figure 

42, Figure 45), the calculated MMFD-NCC PTV doses successfully captured the 

dosimetric impacts of different inter-fractional variations (Figure 43, Figure 44, Figure 

46, Figure 47; Table 18, Table 19, Table 20, Table 21, Table 22). The MMFD-NCC 

estimated 4D-CBCTs also enabled accurate PTV delineation.  As shown, the differences 

between the MMFD-NCC PTV doses based on the gold-standard on-board contour and 

the MMFD-NCC PTV doses based on the MMFD-NCC contour were minimal (Figure 

44, Figure 47; Table 18, Table 19, Table 20, Table 21, Table 22).  

In this study, 3D static beam plans, dynamic conformal arc plans and IMRT plans 

were designed to evaluate the dose verification accuracy. As IMRT plans had more 

complex fluence modulation within the target, inaccurate image intensities led to more 

severe dose verification errors, as observed in the FDK doses (Figure 43, Figure 44, 

Figure 46, Figure 47; Table 19, Table 22). In contrast, the MMFD-NCC doses were more 

robust for IMRT plans, although some small variations from gold-standard doses can be 

observed (Figure 46-J, Figure 46-L). 
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6.4.2. Critical structure dose verification accuracy of the MMFD-NCC 
estimated images 

For the XCAT study, on-board variations of critical structures were also simulated 

by changing the associated AP and SI curve amplitudes (6.2.1.3. Inter-fractional 

variation simulation and imaging). Since the posterior chest wall and the spinal cord 

were barely affected by motion amplitude variations, their planned, gold-standard, FDK 

and MMFD-NCC doses were similar with small discrepancies (Table 20). For more 

motion-affected structures such as lung, MMFD-NCC doses were more accurate than the 

planned and FDK doses, as MMFD-NCC images had successfully captured the on-board 

variations of lung motion.  

 

6.4.3. Dose accumulation using MMFD-NCC estimated images 

MMFD-NCC estimated 4D-CBCTs enabled dose accumulations to track the 

actual GTV doses, which is another benefit of 4D-CBCT imaging. Using highly accurate 

geometric and HU information from MMFD-NCC estimated 4D-CBCTs, the 

accumulated doses matched very well with the actual measurements (Figure 48, Table 

23). The 2 cm motion scenario established a baseline showing the inherent errors caused 

by the image registration-based dose accumulation and the dose measurement 

inaccuracies, which were small in our study. However, the CIRS phantom we used is a 

simplified digital anthropomorphic phantom. The image registration-based dose 
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accumulation may introduce larger errors in real patient scenarios, which needs to be 

further investigated in future studies.  

 

6.4.4. Additional benefits of MMFD-NCC based image estimation 

The limited-angle acquisition feature of MMFD-NCC enables substantial scan 

time and dose reduction to reduce the risk of secondary cancers [20]. The MMFD-NCC 

estimation only used a dose level equivalent to the conventional CBCT scan (6.2.1.3. 

Inter-fractional variation simulation and imaging, 6.2.2.2. Inter-fractional 

variation simulation and imaging), in both digital phantom and physical phantom 

studies. Another benefit of the limited-angle scanning is the improved mechanical 

clearance [106] when imaging peripheral tumors in large patients or patients with life-

supporting devices.  

On-board dose verification not only enables treatment dose tracking and treatment 

quality assessment, but also facilitates image-guided adaptive radiation therapy [136-

138]. The MMFD-NCC solves the scan time/dose limitations of the 4D-CBCT imaging 

and provides high quality images for accurate target delineation and dose verification, 

making lung adaptive radiotherapy more promising.   
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6.4.5. Comparison with other methods 

To improve on-board dose verification accuracy, multiple other methods have 

been developed, including HU-electron density calibration of CBCT [125, 126, 139] and 

deformable electron density mapping between CT and CBCT [118]. The HU-electron 

density calibration of CBCT tries to establish a modified electron density map based on 

CBCT HU values, which requires additional hardware based calibration efforts. The 

calibration curve can also be machine-specific, scan mode-specific, treatment site-

specific and even patient-specific, leading to uncertainties in the calibration results [139]. 

Residual errors ranging from 2% to 4% can still be observed after the correction. On the 

other hand, the deformable electron density mapping method tries to map the correct 

electron densities of CT to CBCT through deformable image registration, whose efficacy 

is highly dependent on the registration accuracy. Accurate deformable registration can be 

very challenging in the presence of lung motion blurriness and imaging artifacts, leading 

to potential dose verification errors. Moreover, full-angle projections are needed to 

reconstruct a high quality CBCT image for registration, which cannot be achieved 

through limited-angle projections used by MMFD-NCC.  

 

6.4.6. Limitations of the current study 

Currently, the study is focused on the dose verification using digital and physical 

phantom studies. No patient cases were evaluated. The current issue with the patient 
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study is the lack of on-board 4D-CT images to provide gold-standard on-board dose. 

Such gold-standard can be obtained by a CT on-rail system, which is however currently 

not available in our clinic. Future patient studies are warranted when these data become 

available.  

Another limitation of the study is that the MMFD-NCC uses kV projections 

acquired prior to treatment for dose verification. It can only track the inter-fractional 

respirational and anatomical variations. The intra-fractional variations cannot be tracked, 

which may also have an impact on the on-board treatment doses.  

 

 

6.5. Conclusions 

The study has validated the feasibility of using MMFD-NCC estimated 4D-CBCT 

images for on-board dose calculation and accumulation, through both digital phantom 

and physical phantom studies. The estimated dose by the MMFD-NCC technique can 

potentially be valuable for both treatment assessment and adaptive radiotherapy. Future 

patient studies are warranted to further investigate its clinical feasibility. 
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7. Specific aim 2-D 

As previously introduced in 6. Specific aim 2-C, the 4D-CBCT estimations are 

currently limited to those using projections acquired prior to the actual treatment. 

However, lung tumors exhibit both inter-fractional and intra-fractional variations [140-

142]. Consequently, on-board intra-treatment target variations cannot be imaged and 

captured. To solve this issue, we need to acquire images during the plan delivery to track 

the intra-treatment target motion.  

In a typical LINAC machine, the kV CBCT on-board imager is orthogonal to the 

gantry head, which generates MV energy beams to treat the targets. Besides treating the 

target, the MV beams also enable imaging using electronic portal imaging device (EPID) 

either within or outside the treatment. Since the kV and the MV imagers are orthogonally 

aligned and perfectly match with the ‘orthogonal-view’ acquisition scheme proposed in 4. 

Specific aim 2-A, it potentially enables the aggregation of the simultaneously acquired 

kV and MV projections during the treatment to feed into the MMFD-NCC algorithm to 

estimate high quality 4D-CBCT images. The impact of this study is threefold: 1. the kV 

and MV projections can be acquired at the same time. The imaging time will be cut to 

half as compared to the case which uses kV projections only (kV-kV) as described in 

previous sections. 2. The kV and MV combination enables the tumor to be tracked during 
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the treatment, since the MV projections can be the side products of the treatment beams. 

3. As the MV projections can originate from the treatment beams, there will be no extra 

MV imaging dose to the patient.  

To study the feasibility of kV-MV based 4D-CBCT estimation, XCAT phantom 

simulations were performed to generate the simultaneously acquired kV and MV 

projections for MMFD-NCC based 4D-CBCT estimation. CIRS phantom studies were 

also performed to acquire kV and MV projections simultaneously during the Arc 

treatment using the Varian TrueBeam Developer Mode for image estimation. 

 

 

Figure 49. A typical LINAC setting with kV and MV imaging sources. 
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7.1. Materials and methods 

7.1.1. XCAT phantom study 

7.1. 1.1. Simulate the open field MV projections 

Based on the 8 patient scenarios described in Section 4.1.4.2.A. On-board 

volume simulation for different patient scenarios, MV 4D-CBCT was also 

simulated using effective energy of 1 MV. Similar to the kV projection generation, open-

field limited-angle MV on-board projections were also generated from these MV 4D-

CBCT images using Siddon’s ray-tracing technique. The MV projection angular 

sampling interval was 0.6 ˚/prj, same as the kV projection. Combining the kV and the 

MV projections enables aggregated kV and MV imaging. We selected kV projections 

from the AP direction and combined them with the MV projections from LLAT direction 

for image estimation purpose. In detail, two scan angle settings: orthogonal-view 15˚ (15˚ 

kV projections around the AP direction and 15˚ MV projections around the LLAT 

direction) and orthogonal-view 30˚ (30˚ kV projections around the AP direction and 30˚ 

MV projections around the LLAT direction) were used for the estimation and the 

estimation results were compared. 
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Figure 50. Scheme for the simulated and aggregated kV and MV projections for the kV-MV 

study. 

 

7.1.1.2. Simulate the beam’s eye view (BEV) MV projections 

The open-field MV projections in 7.1. 1.1. Simulate the open field MV 

projections were simulated without any blocks or collimators along the beam path. 

During the treatment delivery, accessories like jaws, blocks and collimators are usually 

placed in the beam path to shape the beam to conform to the tumor and avoid adjacent 

normal structures. In order to simulate during-treatment acquisition, the open-field MV 

projections were further processed to have a limited BEV to account for the beam-

blocking effects. In detail, a ROI was placed around the tumor at adaptive locations in 
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consecutive projections to simulate the changing BEV with regard to the MV beam 

angles. For simplicity, a rectangular ROI was used for the XCAT simulation study. Note 

that in real clinical scenarios, the shape of ROI varies to conform to the tumor. 

Both open field (Figure 51(A)) and BEV MV (Figure 51(B)) projections were 

used for image estimation and their estimation results were compared. The estimation 

accuracy of MMFD-NCC was also compared to that of MM-only-NCC and FD-only-

NCC. Note that the MM-only-NCC and FD-only-NCC methods have also been modified 

to use NCC as the more robust similarity metric. 
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Figure 51. The simulated kV and MV projections (a. open field, b. BEV) for the kV-MV 

study. 

7.1.2. CIRS phantom study 

In addition to simulation studies performed using XCAT, measurement studies 

using the CIRS phantom were also performed. The prior 4D-CT scan was acquired on a 

GE LightSpeed RT scanner with 120kVp and 260 mAs. A 3 cm diameter target inserted 

in the phantom was programmed to move along a sinusoidal curve (4 s period, 3 cm 

peak-to-peak amplitude) to simulate a moving tumor.  
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For intra-treatment imaging, a treatment plan was designed on the 4D-CT. In 

detail, ITV was contoured on the MIP images of the 4D-CT, and PTV was generated by 

adding a 5 mm margin to the ITV. A dynamic conformal arc plan using 6 MV beams was 

designed in Eclipse to deliver 12 Gy x 4 to the PTV. The DicomRT file of the plan was 

exported and re-written into the xml file using an in-house developed program. The xml 

file can be read into the Varian Truebeam Developer Mode for both treatment delivery 

and image acquisition. To achieve simultaneous kV-MV imaging during treatment 

delivery, the xml file was modified to insert the intra-treatment kV and MV imaging 

components. In detail, the MLC position information contained in the DicomRT file was 

written into the xml file to control the MLC motion and beam shape during the treatment 

delivery. The intra-treatment MV acquisition was realized by incorporating MV cine 

(‘Continuous’ mode, ~1.15 MU per projection) acquisition during the treatment. The 

intra-treatment kV acquisition was realized by incorporating intermittent kV projection 

(‘DynamicGain’ mode, 120 kVp, 80 mA, 25 ms, full-fan) acquisition for every 1˚ during 

the treatment delivery.  

For on-board treatment and imaging, a target of 2 cm diameter (replacing the 3 

cm one used during 4D-CT simulation) was inserted in the CIRS phantom to simulate 

tumor shrinkage in patients. The target in the lung also experienced a centroid location 

shift of 1 cm from CT scan to on-board treatment position. To isolate the motion artifacts 

from image estimation accuracy evaluation, the on-board target is fixed at the position 

corresponding to the specific respiratory phase during the scan. Besides the intra-
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treatment kV and MV acquisition, a 200˚ full-fan kV CBCT scan was acquired and 

reconstructed by FDK separately to serve as the ground truth. 

Similar to the XCAT study, we compared the estimation accuracy between the 

MM-only-NCC, FD-only-NCC and MMFD-NCC techniques for both orthogonal-view 

15˚ and orthogonal-view 30˚ kV-MV projections. Since the images were acquired during 

the treatment, the MV beams were BEV MV only.  Also, to evaluate the feasibility of 

using continuously acquired kV and BEV MV projections for image estimation, we 

varied the scan directions of the kV and BEV MV projections and compared the 

corresponding image estimation results. 
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7.2. Results  

7.2.1. Estimated image comparison of the XCAT study 

 

Figure 52. Comparison between end-inspiration phase images reconstructed/estimated by 

different methods using orthogonal 30⁰⁰⁰⁰ kV and BEV MV projections in the XCAT study, 

for patient scenario 6. 

Figure 52 shows the estimated end-inspiration phase images by different methods 

for patient scenario 6 as described in Section 4.1.4.2.A. On-board volume simulation 

for different patient scenarios. Aggregated orthogonal-view 30˚ kV and MV 

projections were used for the estimation. As pointed out by the arrows, the tumors and 
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organs-at-risk estimated by MMFD-NCC are best matched to the ground-truth, as 

compared with those reconstructed/estimated by the FDK, MM-only and FD-only 

methods.   

 

7.2.2. VPE and COME of the estimated images for the XCAT Study                         

 

Table 24 and Table 25 are the VPE and COME values of the estimated images 

using different methods. Similar to those in section (2. Specific aim 1-A), the VPE and 

COME were calculated based on tumor differences between the estimated and ‘ground-

truth’ end-inspiration phase images of 4D-CBCT datasets. For all simulated patient 

scenarios, the mean VPE (± S.D.) / COME (± S.D.) between tumor in prior images and 

‘ground-truth’ on-board CBCT images were 136.11% (± 42.76%) / 15.5 mm (± 3.9 mm). 

Using orthogonal-view 15˚ scan angle, the mean VPE / COME for MM-only-NCC, FD-

only-NCC and MMFD-NCC techniques for kV+ open field MV projections were 59.1% 

(± 25.9%) / 5.0 mm (± 2.8 mm), 89.6% (± 23.1%) / 11.6 mm (± 3.6 mm) and 10.1% (± 

7.1%) / 1.2 mm (± 1.0 mm), respectively. Using kV + BEV MV projections yielded 

results of 61.6% (± 27.4%) / 5.6 mm (± 2.5 mm), 96.4% (± 19.9%) / 13.9 mm (± 4.2 mm) 

and 15.1% (± 11.8%) / 1.7 mm (± 1.5 mm). For orthogonal-view 30˚ scan angle, the 

corresponding results for kV+ open field MV projections were 59.6% (± 26.2%) / 5.0 

mm (± 2.8 mm), 65.9% (± 28.3%) / 8.5 mm (± 4.2 mm) and 4.5% (± 1.9%) / 0.3 mm (± 
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0.4 mm). Using kV + BEV MV projections yielded results of 55.4% (± 24.7%) / 4.9 mm 

(± 2.6 mm), 85.5% (± 27.5%) / 11.6 mm (± 4.3 mm) and 4.3% (± 1.5%) / 0.3 mm (± 0.3 

mm). 

Previously for kV-kV projection in Section 4.2.6. VPE and COME 

Comparison between different estimation methods , using orthogonal-view 15˚ 

scan angle, the mean VPE / COME for MM-only, FD-only and MM-FD techniques were 

60.10% (± 27.17%) / 4.9 mm (± 3.0 mm), 96.07% (± 31.48%) / 12.1 mm (± 3.9 mm) and 

11.45% (± 9.37%) / 1.3 mm (± 1.3 mm), respectively. For orthogonal-view 30˚ scan 

angle, the corresponding results were 59.16% (± 26.66%) / 4.9 mm (± 3.0 mm), 75.98% 

(± 27.21%) / 9.9 mm (± 4.0 mm) and 5.22% (± 2.12%) / 0.5 mm (± 0.4 mm).  

In summary, the kV-MV scheme provides estimated images of similar accuracy 

as compared with the kV-kV scheme. 

 

Table 24. VPE values for different estimation techniques using orthogonal kV and open 

field/BEV MV projections simulated by XCAT for patient scenarios (1)-(8). 

VPE/% Patient Scenarios 1 2 3 4 5 6 7 8 

Prior 147.7 217.2 99.3 118.5 106.3 97.2 123.5 179.3 

MM-

only-NCC 

15˚ Open Field MV 22.6 87.1 50.5 63.7 81.6 77.8 20.3 69.5 

15˚ BEV MV 44.4 97 50.4 75.8 45.9 65 18 96.5 
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30˚ Open Field MV 23.4 89.3 49.9 64.0 83.5 78.8 20.8 67.1 

30˚ BEV MV 26.1 77.4 51.2 69.0 63.1 67.2 10.7 78.2 

FD-only-

NCC 

15˚ Open Field MV 99.8 124.6 82.7 82.9 61.7 62.8 84.5 117.8 

15˚ BEV MV 112.8 110.5 87.8 92.2 73.9 70.3 94.9 128.6 

30˚ Open Field MV 81.4 98.5 68.9 51.4 33.2 31.1 55.6 107.3 

30˚ BEV MV 101.6 123.4 79.7 73.3 50.4 55.9 78.8 121 

MMFD-

NCC 

15˚ Open Field MV 3.5 11.5 5.4 6.1 24.5 13.0 3.6 13 

15˚ BEV MV 5.2 18.1 20.8 16.1 4.4 12.2 4.4 39.6 

30˚ Open Field MV 3.3 4.7 2.9 3.3 8.3 4.1 3.4 6.2 

30˚ BEV MV 3.3 4.6 4.7 3.4 3.6 3.7 3.4 7.8 

 

 

 

 

Table 25. COME values for different estimation techniques using orthogonal kV and open 

field/BEV MV projections simulated by XCAT for patient scenarios (1)-(8). 

COME/mm Patient Scenarios 1 2 3 4 5 6 7 8 

Prior 17.3 17.3 17.3 13.5 11.5 10.7 13.8 22.6 

 

MM-only-

15˚ Open Field 

MV 

2.5 2.6 2.5 6.5 8.5 7.8 2.1 7.2 
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NCC 15˚ BEV MV 4.6 4.7 4.8 7.8 4.9 6.3 1.6 10.2 

30˚ Open Field MV 2.5 2.7 2.5 6.4 8.8 8.0 2.2 6.9 

30˚ BEV MV 2.9 3.2 3.4 7.1 6.7 6.9 0.8 8.2 

FD-only-

NCC 

15˚ Open Field 

MV 

13.1 15.2 11.6 10.3 7.3 7.5 10.4 17.7 

15˚ BEV MV 16.0 17.1 13.5 11.9 9.3 9.0 12.5 21.5 

30˚ Open Field MV 10.3 11.8 9.4 6.2 4.1 3.7 6.6 16.1 

30˚ BEV MV 13.9 14.7 12.3 9.3 6.4 7.0 10.1 19.4 

MMFD-

NCC 

15˚ Open Field 

MV 

0.2 1.0 0.4 0.8 3.2 1.8 0.2 1.7 

15˚ BEV MV 0.7 1.8 2.4 1.9 0.3 1.4 0.3 4.9 

30˚ Open Field MV 0.1 0.2 0.1 0.2 1.1 0.4 0 0.6 

30˚ BEV MV 0.1 0.3 0.5 0.2 0.2 0.2 0.1 1.1 

 

7.2.3. Results of the CIRS phantom study 
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Figure 53. On-board acquired intra-treatment kV and BEV MV projections. The MV 

projection shown is before blank scan correction. 

 

Figure 53 shows acquired intra-treatment kV and MV projections for the CIRS 

phantom. The projection sampling interval was 1˚/prj for both kV and MV imaging.  
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Figure 54. Comparison between images reconstructed/estimated by different methods using 

orthogonal-view 30⁰⁰⁰⁰ kV (scan angle: 240˚-270˚) and BEV MV projections (scan angle: 330˚-

0˚) in the CIRS phantom study. 

Figure 54 shows the results for different estimation techniques using orthogonal-

view 30⁰ kV and BEV MV projections. Compared to prior 4D-CT imaging, the on-board 

target size was changed from 3 cm (4D-CT) to 2 cm (on-board) in diameter, and target 

location experienced 1 cm shift. The MMFD-NCC method achieved the best estimation 

accuracy among all the techniques.  

 

Table 26. VPE and COME for different image estimation techniques using orthogonal kV 

(scan angle: 240˚-270˚) and BEV MV projections (scan angle: 330˚-0˚) acquired for the 

CIRS phantom. 

 
PCA-only-NCC FD-only-NCC MMFD-NCC 

Ortho 15⁰ Ortho 30⁰ Ortho 15⁰ Ortho 30⁰ Ortho 15⁰ Ortho 30⁰ 

VPE 233.1% 232.6% 82.5% 27.6% 51.9% 6.4% 

COME (mm) 5.6 3.0 5.6 1.9 3.8 1.4 

 

Table 26 shows the VPE and COME for different techniques and scanning angles. 

It can be clearly seen that the MMFD-NCC technique provides much better target 

estimation accuracy than the MM-only-NCC and FD-only-NCC techniques. Orthogonal-

view 30˚ scan angle achieves better estimation accuracy than orthogonal-view 15˚ scan 

angle. 
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Table 27. VPE and COME for different MMFD-NCC based estimations using orthogonal 

kV and BEV MV projections acquired from different scan directions for the CIRS 

phantom. 

Scanning directions 

kV: 240˚-

270˚     MV: 

330˚-0˚                      

kV: 270˚-

300˚     MV: 

0˚-30˚                      

kV: 300˚-

330˚     MV: 

30˚-60˚                      

kV: 330˚-

360˚     MV: 

60˚-90˚                      

kV: 0˚-30˚         

MV: 90˚-

120˚                      

VPE 6.4% 6.7% 2.8% 6.2% 3.5% 

COME (mm) 1.4 1.1 0.8 1.2 0.9 

 

Table 27 shows the target estimation accuracy of the MMFD-NCC technique, 

using orthogonal-view 30˚ aggregated kV and BEV MV projections acquired from 

different scan directions during the arc treatment. It can be clearly seen that the 

estimation accuracy is very robust to the variations of scan directions. 

 

 

7.3. Discussion 

Compared with image estimation using kV-kV projections, the aggregated kV and 

MV acquisition scheme proposed in this study opens up a new avenue for intra-treatment 

4D imaging. The results of the XCAT study (Figure 52, Table 24 and Table 25) indicate 

that the MMFD-NCC method can accurately estimate 4D-CBCT images using limited-

angle kV-MV projections.  The BEV MV projections can estimate the target as 
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accurately as the open field MV projections (Table 24, Table 25), indicating this image 

acquisition scheme can be employed for intra-treatment imaging and target tracking. The 

clinical feasibility of the intra-treatment imaging scheme has also been validated through 

the CIRS phantom study using the Varian TrueBeam Developer Mode (Figure 54, Table 

26 and Table 27). The aggregated kV-MV imaging setting enables the target to be 

tracked during the treatment after each limited-angle acquisition (Table 27), enabling 

continuous on-board target tracking throughout the whole treatment. In addition to target 

tracking, the estimated images can potentially be applied for on-board target dose 

mapping and on-line and off-line adaptive radiation therapy.  

Currently, the main limitation of this work is the estimation time. Estimation 

using orthogonal-view 30˚ projections (102 projections) roughly takes 1.5 -2 hours. 

Similar to Section 4.3.4. Limitations of the current study, with the future acceleration 

of estimation speed using parallel computing, the proposed kV-MV imaging scheme can 

enable within-treatment and highly accurate on-board 4D target tracking and imaging.  

Another limitation of the study is the lack of evaluation using actual patient cases. 

Currently, the intra-treatment imaging scheme has only been realized through the Varian 

TrueBeam Developer Mode. It has not been enabled and approved in the Varian Clinical 

Mode, which is used to treat the patients. Future patient studies are warranted when the 

actual patient data become available. 
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Another potential limitation needs further investigation is the imaging cross 

scatter [107, 143] between the kV and the MV systems. In the CIRS phantom study, the 

adverse effects of cross scatter have not been observed in the estimated images. However, 

the cross scatter effects might be more prominent for real patients, which contain more 

complicated anatomical and structural information than the CIRS phantom. Currently 

there are several techniques proposed to reduce the cross scatter between dual detectors, 

which will be investigated and further developed in the future to improve the image 

quality of the aggregated kV-MV imaging scheme.   

In addition, the BEV MV images used in the study are limited to those simulated 

or acquired during conformal arc therapy. For fluence modulated treatments like VMAT, 

the proposed imaging scheme may be more difficult to implement since only partial 

views of the tumor are available in BEV MV images due to the existence of blocking 

collimator leaves. Future studies are warranted to further investigate the feasibility of kV-

MV imaging during VMAT treatments and seek additional developments. 

 

 

7.4. Conclusion 

In this study, an on-board 4D-CBCT imaging scheme is developed, which 

combines kV projections acquired by on-board kV source and MV projections acquired 
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by MV treatment beam for image estimation. Study results demonstrate that the MMFD-

NCC estimation utilizing the kV-MV projections provided similar estimation accuracy as 

the kV-kV projections, either for open field MV projections or for BEV MV projections. 

Increasing the scan angle leads to better estimation accuracy with smaller error. 

Orthogonal-view 30˚ kV-MV projections can achieve an average estimation error within 

5% for VPE and within 0.5 mm for COME. With the future improvement on computation 

speed, this kV-MV imaging scheme can have a substantial impact on within-treatment 

target tracking and adaptive radiation therapy. 

 

 

 

 

8. Specific aim 3  

Previously in specific aim 2 (A-D), a MMFD-NCC technique was developed to 

estimate high-quality 4D-CBCT images using prior information and limited-angle kV-kV 

or kV-MV projections. Simulation studies using the digital anthropomorphic XCAT 

phantom and measurement studies using the physical CIRS phantom validated the 

efficacy of the proposed MMFD-NCC technique. Patient studies using three lung cancer 

patients’ data also validated its clinical feasibility. The dosimetric advantages of the 
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estimated images have also been verified. From the results reported, orthogonal-view 30⁰ 
projections were evaluated to be sufficient for accurate 4D-CBCT estimation. Though the 

orthogonal-view 30⁰ scan achieves substantial scan time and dose reduction as compared 

to the full-angle scan, it is still not ‘cine’ imaging, which refers to the instantaneous 

imaging using negligible scan time and imaging dose. Cine imaging is important in IGRT 

practice, considering the respirational variations may happen quickly during the 

treatment. For instance, the patient may experience a breathing baseline shift after every 

respiratory cycle. The more traditional 4D-CBCT approach requires a scan time of 

multiple respiratory cycles, which will not be able to capture the baseline shift in an in-

time manner.   

In light of this issue, in this study, we aim to develop a CBCT imaging technique 

that estimates both extremely high temporal-resolution (quasi-cine) and high quality 

CBCT images using extremely-limited angle projections. To estimate quasi-cine CBCTs, 

the projections acquired are limited to those belonging to a single respiratory phase, of 

which the scan angle is normally within 6⁰.  

The impact of this study is three-fold: first, the quasi-cine CBCT technique 

enables actual ‘real-time’ volumetric tracking of tumor and normal tissues. Second, the 

method enables real-time tumor and normal tissues dose tracking. Third, the high-quality 

volumetric images obtained can potentially be used for real-time adaptive radiation 

therapy design and verification. 
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8.1. Methods and materials 

8.1.1. Method development 

As previously investigated in specific aim 2 (A-D), MMFD-NCC requires an 

orthogonal-view 30⁰ scan angle for accurate image estimation. If we use extremely-

limited angle (~6⁰) acquisition for MMFD-NCC based image estimation, the results will 

be less accurate, as the extremely-limited on-board projections may fail to capture the 

large variations between the prior 4D-CT and the on-board images. To solve the problem, 

we first need to reduce the potential variations between the prior and the on-board 

information. Compared to the 4D-CT acquired weeks before the actual treatment, a high-

quality 4D-CBCT imaging set acquired just before the treatment will be a better 

candidate to provide more accurate prior information. In clinical practice, the pre-

treatment 4D-CBCT imaging set can be obtained by MMFD-NCC using limited-angle 

projections acquired before the treatment. For the following extremely-limited angle 

projections based image estimation, we used the pre-treatment 4D-CBCT imaging set as 

prior information. 

Reducing the potential variations between the prior and the on-board images may 

not be sufficient for accurate image estimation when only extremely limited-angle on-

board projections are available for estimation. In this regard, we proposed to add an 

additional constraint to further regulate the image estimation problem, which we call ‘the 
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adaptive prior information’. For each extremely-limited angle projection set, the 

corresponding adaptive prior information is the latest estimated image or DFM at the 

same respiratory phase. Just a respiratory cycle before, the adaptive prior is assumed to 

have the ‘closest’ prior information with small mismatches to the to-be-estimated image. 

These small mismatches can be corrected even through extremely-limited angle 

projections. Based on this proposal, two new approaches were developed, as described 

below. 

 

8.1.1.1. Adaptive DFM-based MMFD-NCC (AD-MMFD-NCC) technique 

From the pre-treatment 4D-CBCT set, a phase image �F�GJ?@«Õ?@xÕ is selected 

and a motion model is built based on this volume. Similar to the MMFD-NCC method, 

the AD-MMFD-NCC method uses the same motion modeling procedure (Section 4.1.2. 

CBCT estimation using MM model). However, in the following free-form 

deformation process, the AD-MMFD-NCC method uses the prior adaptive information as 

an additional constraint, through a similar philosophy as the prior image constrained 

compressive sensing (PICCS) algorithm [144]. That is, in AD-MMFD-NCC, the DFM 

solved for the latest quasi-cine CBCT at the same respiratory phase was used to 

regularize the to-be-solved DFM: 
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N�(=) = arg -69 Â(1 − �) ∗ :UN�(=)V + � ∗ :UN�(=) − N�«d(=)V Ã   9 =
1, 2, 3 … … ; = = 1,2 … … ,10                                                                                               

s.t.  kUN�(=)V = »��(T�F�GH@IUN�(=), �F�GJ?@«Õ?@xÕV, S(=)) ≥ »��sË            (22)        

 

Û(=) is the extremely-limited angle projections at phase x for quasi-cine CBCT 

estimation. »��sË is the threshold NCC that defines the data fidelity constraint. N�(=) is 

the new DFM to be solved, which is at phase =. NH«O(=) is the DFM solved for the latest 

quasi-cine CBCT at the same phase =, a respiratory cycle before. NX (=) is the pre-

treatment DFM that deforms �F�GJ?@«Õ?@xÕ to the pre-treatment 4D-CBCT image at 

phase =, which is obtained from VelocityAI. :(N�(=) − N�«d(=)) calculates the 

deformation energy of the difference map between N� (=) and NH«O(=). It defines the 

adaptive prior DFM constraint, which assumes that N� (=) is similar to NH«O(=) and 

their difference map is small and smooth. As noted before, the adaptive prior DFM 

constraint assumes the correlation between consecutive same-phase CBCT images and 

uses the latest solved DFM to regularize the new DFM.  In Eq. (22), � is a value (0 ≤
� ≤ 1) that controls the weighting of the adaptive prior DFM constraint. Linked by �, the 

adaptive prior DFM constraint and the deformation energy cost function of  N� (=) 

defined a new deformation energy cost function. The constrained problem is optimized 

using the ASD-FD algorithm (Section 4.1.3. Fine-tuning of CBCT estimation using 
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FD model), which in this case is modified to tailor to include the adaptive prior DFM 

constraint and the weighting factor �. Figure 55 shows the flow chart of the AD-MMFD-

NCC method. 

 

Figure 55. The flow chart of the AD-MMFD-NCC method. 

 

8.1.1.2. Adaptive image-based free-form deformation (AI-FD-NCC) technique 

For AD-MMFD-NCC, the motion modeling is assumed to provide a rough 

estimation of the DFM which is closer to the truth. However, when substantially different 

or irregular motion patterns occur, the coarse DFM estimated by motion modeling is error 

prone (Section 4.3.3.2.C. Potential limitations of the MM-FD method). The 



 

227 

 

extremely-limited angle projections may not suffice to completely correct the errors 

through the following free-form deformation procedure. On the other hand, the 

deformation between consecutive quasi-cine CBCTs of the same phase is usually small. 

Free-form deformation alone will suffice in correcting small anatomical or respiratory 

variations. In this regard, we proposed here an AI-FD-NCC method, based on the 

constrained free-form deformation method developed in 4. Specific aim 2-A (Section 

4.1.3. Fine-tuning of CBCT estimation using FD model).   

Similar to the AD-MMFD-NCC method, the AI-FD-NCC method uses the pre-

treatment high-quality 4D-CBCT as prior information. Using extremely-limited angle on-

board projections at a single respiratory phase, the AI-FD-NCC method deforms the 

same-phase prior volume to estimate a new volume. Quasi-cine CBCT images are 

obtained by continuously estimating CBCT volumes at subsequent phases for every 

extremely-limited angle projection set. The prior 4D-CBCT images are dynamically 

updated with the newly estimated CBCT images, as shown below in Eq. (23).  

 

 �F�GH(=) = MÍk2;- (�F�GH«O (=), N�(=))    9 = 1, 2, 3 … … ; = = 1,2 … … ,10     (23)    
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�F�GH«O (=) and �F�GH (=) are quasi-cine CBCT images at the same respiratory 

phase =. �F�Ge (=) is the pre-treatment 4D-CBCT image at phase =. MH (=) is the DFM 

that deforms �F�GH«O (=) to �F�GH (=). 

The image estimation problem turns into: 

 

N�(=) = arg -69 Â:UN�(=)V Ã 

s.t.  kUN�(=)V = »��(T�F�GH(=), S(=)) ≥ »��sË 

                                             9 = 1, 2, 3 … … ; = = 1,2 … … ,10                                       (24) 

 

The constrained problem is similarly solved using the ASD-FD algorithm 

(Section 4.1.3. Fine-tuning of CBCT estimation using FD model). Figure 56 shows 

the flow chart of the AI-FD-NCC method. 
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Figure 56. The flow chart of the AI-FD-NCC method. 
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Figure 57. Schemes of the three different quasi-cine CBCT estimation methods.  

Above in Figure 57 are schemes of three methods: the previously described MM-

only-NCC method introduced in specific aim 2, and the AD-MMFD-NCC and AI-FD-

NCC methods introduced above. As shown, the pre-treatment high-quality 4D-CBCT is 

estimated by the MMFD-NCC technique using orthogonal limited-angle projections 

(indicated by red fans). By MM-only-NCC method, the quasi-cine CBCT images are 

continuously estimated using the 4D-CBCT and extremely-limited angle projections 

(indicated by green fans), without considering the correlation between consecutive 

images or DFMs at the same phase. In contrast, AD-MMFD-NCC method uses the latest 

solved DFM of the same phase to regularize the new DFM. AI-FD-NCC method uses 

directly the latest quasi-cine CBCT image as the initial image for estimation. 
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8.1.2. Evaluation 

8.1.2.1. Simulated patient 

The 4D XCAT phantom was used to evaluate the efficacy of different estimation 

methods. A lung patient was simulated with two on-board variation scenarios: 

1. Tumor baseline shift of 2 mm along SI direction after every 

respiratory cycle of 5 s for 5 cycles (Figure 58: scenario 1).  

2. Tumor and body amplitude increment of 16.7% (1/6) along both SI 

and AP directions after every respiratory cycle of 5 s for 5 cycles (Figure 58: 

scenario 2).   

Pre-treatment on-board 4D-CBCT was simulated with the end-inspiration phase 

marked by the red circle in Figure 58. Orthogonal-view 0˚ (1 projection), 3˚ and 6˚ 

projections were simulated for the following end-inspiration phases (marked by green 

cycles of Figure 58). The projections were simulated with an angular sampling interval 

0.6˚/projection, assuming a gantry rotation speed of 6˚/s and projection acquisition frame 

rate of 10 fps. The scan started from the AP direction and rotated in clockwise direction. 

Based on the respiratory cycle (5 s) and gantry rotation speed (6˚/s), it can be calculated 

that the projection scan directions of the same respiratory phase (of consecutive 

respiratory cycles) were 30˚ apart.  
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Figure 58. Simulated patient scenario with tumor baseline shifts. 

 

8.1.2.2. Comparison between different methods 

Single-view 0˚, 3˚ and 6˚ projections and orthogonal-view 0˚, 3˚ and 6˚ 

projections were used for the quasi-cine CBCT estimation to evaluate the scan angle 

effects. Estimations using MM-only-NCC, AD-MMFD-NCC and AI-FD-NCC methods 

were performed and compared. For the MM-only-NCC and the AD-MMFD-NCC 

methods, the end-expiration phase of the pre-treatment 4D-CBCT was used as 

�F�GJ?@«Õ?@xÕ, based on which the consecutive end-inspiration phase images (Figure 58) 

were estimated.  
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For all three methods, VPE and COME were calculated between the estimated 

and the ground-truth tumors to evaluate their geometrical mismatches.  

 

 

8.2. Results 

8.2.1. Quasi-cine CBCT images comparison 

 

Figure 59. Estimated images of the MM-only-NCC, AD-MMFD-NCC and AI-FD-NCC 

methods using orthogonal-view 3⁰⁰⁰⁰ projections for the baseline shift scenario. The tumor 

contours from ground-truth images were overlaid on the estimated images to show the 

differences between the estimated tumors and the ground-truth tumors. 
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Figure 59 demonstrates that the tumors estimated by AI-FD-NCC matched well 

with the ground-truth. With the tumor baseline shift increasing, the mismatches between 

the ground-truth tumor and the tumors estimated by MM-only-NCC and AD-MMFD-

NCC methods became larger. For the AD-MMFD-NCC method, � was assigned 1 after 

trial-and-error based optimization. 

8.2.2. VPE and COME results for all three methods using different 
scan angles 

Table 28. The VPE and COME results for all three methods using different scan angles.  

VPE 

Scenario 1: baseline shift 2 mm 4 mm 6 mm 8 mm 10 mm 

 

MM-only-NCC 13.3% 21.1% 18.0% 49.0% 66.5% 

Ortho-0˚ AD-MMFD-NCC 14.1% 18.2% 12.7% 40.5% 51.9% 

  AI-FD-NCC 5.2% 11.0% 15.8% 21.9% 26.0% 

 

MM-only-NCC 11.5% 26.4% 23.4% 51.7% 80.7% 

Ortho-3˚ AD-MMFD-NCC 5.2% 14.7% 5.4% 18.1% 33.9% 

  AI-FD-NCC 3.0% 4.0% 6.5% 8.2% 10.6% 

 

MM-only-NCC 9.6% 20.1% 20.7% 58.0% 72.4% 

Ortho-6˚ AD-MMFD-NCC 5.2% 12.7% 5.2% 39.4% 42.1% 

  AI-FD-NCC 0.7% 1.6% 1.8% 1.4% 0.6% 

Scenario 2: amplitude variations +16.7% +33.3% +50% +66.7% +83.3% 
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MM-only-NCC 25.5% 22.1% 43.7% 57.4% 45.9% 

Ortho-0˚ AD-MMFD-NCC 14.1% 7.4% 30.5% 53.5% 35.0% 

  AI-FD-NCC 7.1% 13.1% 22.5% 34.5% 36.3% 

 

MM-only-NCC 20.0% 25.0% 36.6% 50.3% 44.7% 

Ortho-3˚ AD-MMFD-NCC 2.1% 4.4% 11.0% 36.1% 28.8% 

  AI-FD-NCC 2.0% 3.5% 6.0% 11.2% 8.6% 

 

MM-only-NCC 19.7% 26.9% 35.7% 43.4% 50.9% 

Ortho-6˚ AD-MMFD-NCC 0.8% 1.7% 5.7% 26.1% 22.5% 

  AI-FD-NCC 0.9% 1.2% 1.1% 3.4% 2.7% 

COME  

(mm) 

Scenario 1: baseline shift 2 mm 4 mm 6 mm 8 mm 10 mm 

 

MM-only-NCC 1.3 2.7 2.3 5.3 7.2 

Ortho-0˚ AD-MMFD-NCC 1.6 2.4 1.6 4.7 5.9 

  AI-FD-NCC 0.9 1.6 2.0 2.6 2.9 

 

MM-only-NCC 0.3 2.7 2.9 5.4 8.1 

Ortho-3˚ AD-MMFD-NCC 1.0 2.1 1.2 2.6 4.2 

  AI-FD-NCC 0.7 0.8 1.0 1.2 1.1 

 

MM-only-NCC 0.5 2.5 2.8 6.3 7.7 

Ortho-6˚ AD-MMFD-NCC 1.0 1.9 1.1 4.7 5.0 

  AI-FD-NCC 0.4 0.5 0.5 0.5 0.2 
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Scenario 2: amplitude variations +16.7% +33.3% +50% +66.7% +83.3% 

 

MM-only-NCC 2.3 1.4 3.5 5.4 3.1 

Ortho-0˚ AD-MMFD-NCC 1.8 0.7 2.6 5.0 2.7 

  AI-FD-NCC 1.3 2.0 2.8 4.2 4.5 

 

MM-only-NCC 1.7 1.8 3.5 4.8 2.3 

Ortho-3˚ AD-MMFD-NCC 0.6 0.7 1.2 3.8 2.5 

  AI-FD-NCC 0.7 0.8 0.9 1.7 1.3 

 

MM-only-NCC 1.4 1.8 3.6 4.0 3.2 

Ortho-6˚ AD-MMFD-NCC 0.4 0.5 0.8 2.9 2.2 

  AI-FD-NCC 0.4 0.4 0.3 0.7 0.5 

 

Using orthogonal-view 6⁰ projections, for the baseline shift scenario, the average 

(± S.D.) VPEs of the estimated tumors for MM-only-NCC, AD-MMFD-NCC and AI-

FD-NCC methods were 36.2% (± 27.4%), 20.9% (± 18.4%) and 1.3% (± 0.5%), 

respectively. The corresponding COME values were 4.0 mm (± 3.0 mm), 2.7 mm (± 2.0 

mm) and 0.4 mm (± 0.1 mm), respectively. For the amplitude variation scenario, the 

average VPEs of the estimated tumors for MM-only-NCC, AD-MMFD-NCC and AI-FD-

NCC methods were 35.3% (± 12.5%), 11.4% (± 12.0%) and 1.9% (± 1.1%), respectively. 

The corresponding COME values were 2.8 mm (± 1.2 mm), 1.4 mm (± 1.1 mm) and 0.5 
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mm (± 0.2 mm), respectively.  The AI-FD-NCC method provided the most accurately 

estimated tumors. 

Using the AI-FD-NCC method, for the baseline shift scenario, the average (± 

S.D.) VPEs of the estimated tumors using orthogonal-view 0⁰, 3⁰ and 6⁰ projections were 

16.0% (± 8.3%), 6.5% (± 3.1%) and 1.3% (± 0.5%), respectively. The corresponding 

COME values were 2.0 mm (± 0.8 mm), 1.0 mm (± 0.2 mm) and 0.4 mm (± 0.1 mm), 

respectively. For the amplitude variation scenario, the average VPEs of the estimated 

tumors using orthogonal-view 0⁰, 3⁰ and 6⁰ projections were 22.7% (± 12.8%), 6.2% (± 

3.7%) and 1.9% (± 1.1%), respectively. The corresponding COME values were 3.0 mm 

(± 1.4 mm), 1.1 mm (± 0.4 mm) and 0.5 mm (± 0.2 mm), respectively.   A larger scan 

angle provides more accurately estimated tumors. 

 

8.2.3. Single-view projections vs. orthogonal-view projections 

Table 29. The VPE and COME results for the AI-FD-NCC method for single-view 

projections vs. orthogonal-view projections. 

Scenario 1: Baseline shift 2 mm 4 mm 6 mm 8 mm 10 mm 

VPE 

Single-0⁰ 9.5% 21.8% 35.4% 48.7% 56.0% 

Ortho-0⁰ 5.2% 11.0% 15.8% 21.9% 26.0% 

Single-3⁰ 7.6% 18.4% 28.1% 36.3% 37.8% 
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Ortho-3⁰ 3.0% 4.0% 6.5% 8.2% 10.6% 

Single-6⁰ 2.9% 11.6% 16.5% 23.1% 19.2% 

Ortho-6⁰ 0.7% 1.6% 1.8% 1.4% 0.6% 

COME 

(mm) 

Single-0⁰ 1.3 2.7 3.9 5.2 6.0 

Ortho-0⁰ 0.9 1.6 2.0 2.6 2.9 

Single-3⁰ 1.2 2.3 3.1 4.0 4.2 

Ortho-3⁰ 0.7 0.8 1.0 1.2 1.1 

Single-6⁰ 0.9 1.9 2.2 2.8 2.4 

Ortho-6⁰ 0.4 0.5 0.5 0.5 0.2 

 

Using the AI-FD-NCC method, for the baseline shift scenario, the average (± 

S.D.) VPEs of the estimated tumors using single-view 0⁰, 3⁰ and 6⁰ projections were 

34.3% (± 19.0%), 25.6% (± 12.7%) and 14.7% (± 7.8%), respectively. The corresponding 

COME values were 3.8 mm (± 1.9 mm), 3.0 mm (± 1.2 mm) and 2.1 mm (± 0.7 mm), 

respectively. Using single-view instead of orthogonal-view projections yielded less 

accurate results.   
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8.3. Discussion 

Using pre-treatment 4D-CBCTs acquired prior to the treatment, the study 

investigates the feasibility of using extremely limited-angle projections to estimate high 

quality ‘quasi-cine’ CBCT images. Three methods, MM-only-NCC, AD-MMFD-NCC 

and AI-FD-NCC were evaluated and compared to each other.  

For both the baseline shift and the amplitude variation scenarios, the AI-FD-NCC 

method provided the best estimation accuracy, followed by the AD-MMFD-NCC 

method. MM-only-NCC method was the least accurate for most of the cases, generally 

due to three causes: 1. motion patterns like baseline shift do not exist in the pre-treatment 

4D-CBCT image. The DFM estimated using the motion model built from the pre-

treatment 4D-CBCT is error prone. 2. The PCA-based motion modeling is an 

approximation process which may fail to capture small deformation details. 3. The 

motion model is built from the DFM derived using VelocityAI, which can introduce 

additional errors.  

The AD-MMFD-NCC method, through using the latest estimated DFMs as 

guidance and constraints, partially corrects the errors from motion modeling. However, 

when the motion modeling error becomes prominent, the extremely-limited angle 

projections acquired are insufficient to fully correct the errors, even with the adaptive 

prior constraint. Accordingly, the AD-MMFD-NCC method sees larger errors as 

compared to the AI-FD-NCC method. 
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The preliminary study results validated the superiority of AI-FD-NCC method to 

the MM-only-NCC and the AD-MMFD-NCC methods for the simulated patient 

scenarios. However, under other circumstances where there might be large respiration 

variations between consecutive cycles, the AI-FD-NCC method may be less effective. 

Consequently, motion modeling might be beneficial to provide a rough close-to-truth 

DFM estimation. More patient scenarios are warranted investigation in the future to 

evaluate the efficacy of different methods.  

Table 29 demonstrates the superiority of using orthogonal-view projections for 

image estimation than single-view projections. In real clinical application, the 

orthogonal-view projections can be acquired using both kV and MV imaging, as 

proposed in 7. Specific aim 2-D. Future investigation replacing the kV projections from 

one direction by full field MV and BEV MV projections are warranted.  

A potential limitation of the adaptive prior based image estimation methods is that 

the new image estimation is based on the previously estimated image, which might lead 

to potentially large cumulative errors with time elapsing. A potential solution is to 

acquire intra-treatment 4D-CBCT images using the proposed aggregated kV and MV 

scheme intermittently during the treatment and use that as the new prior information. 

Future investigations are warranted to study in depth the potential issues of cumulative 

errors and relevant solutions. 
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8.4. Conclusion 

 

           The AI-FD-NCC method accurately estimates quasi-cine CBCT images using 

extremely-limited angle projections. It has a great potential to provide real-time CBCT 

images for target tracking and delineation in lung radiation therapy. More patient 

scenarios need to be simulated to evaluate the effectiveness of different method under 

different conditions. 

 

 

 

 

9. Summary and future directions 

With an objective to improve the lung IGRT practice through using limited-angle 

on-board x-ray projections, the whole study has contributed to the clinical practices in 

following aspects: 

First, it develops a phase-matched DTS technique using limited-angle projections 

to enable accurate moving lung target localization. Its target localization accuracy has 

been substantially improved as compared to the traditional 3D-DTS technique while 

using similar imaging time and dose. Its target localization accuracy is similar to the 4D-



 

242 

 

DTS technique, but with much reduced imaging time and dose. Studies based on the 

digital XCAT phantom, physical CIRS phantom and real clinical patient cases all 

validated its superiority, efficacy and robustness to different DTS scan parameters, 

respirational parameters and anatomical parameters. The phase-matched DTS technique 

enables potential intra-treatment, high temporal resolution and continuous target tracking 

prior to, during and after the treatment. 

Though the phase-matched DTS can provide accurate target localization in 

normal breathing scenarios, its localization is affected by on-board breathing amplitude 

variations. In addition, the DTS image reconstructed by the FDK algorithm is low in 

image quality with severe structure distortions, which prohibits target contouring and 

dose calculation. In this regard, this dissertation further developed the MM-FD method to 

estimate high quality 4D-CBCT images using prior 4D-CT and limited-angle on-board 

projections.  The evaluation studies using the XCAT phantom confirmed the superiority 

of the MM-FD technique in image quality and target geometric accuracy. To improve the 

robustness of the MM-FD method to intensity matches between CT and CBCT systems, 

we have further updated the MM-FD technique to the MMFD-NCC technique, and 

confirmed its efficacy through both clinical CIRS phantom and patient studies. Besides 

target tracking and contouring, we have also performed a comprehensive study which 

validated the accuracy of using MMFD-NCC estimated images for on-board dose 

verification. The 4D-CBCT estimated by MMFD-NCC also showed its advantage and 

accuracy in 4D dose accumulation.  
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To extend 4D-CBCT imaging for intra-treatment target verification, the 

dissertation work further developed an aggregated kV and MV imaging scheme to enable 

4D-CBCT estimation using limited-angle kV and MV projections acquired during the 

treatment. The XCAT and the CIRS phantom studies both validated the feasibility and 

efficacy of the proposed kV-MV imaging scheme. The advanced ‘auto-sequencing’ 

feature of the modern LINAC-TrueBeam also confirms the clinical feasibility of 

simultaneous intra-treatment kV and MV imaging for CBCT estimation. 

In the end of the dissertation work, we proposed a scheme to enable ultra-fast, 

‘quasi-cine’ CBCT imaging using extremely-limited angle projections. Though the on-

board information is extremely-limited, the proposed AI-FD-NCC method achieves 

accurate imaging through using more adequate prior information (pre-treatment 4D-

CBCT than planning 4D-CT) and adding additional adaptive prior information constraint.  

In general, using limited-angle projections for lung IGRT has the following 

advantages: 1. it enables scan time and dose reduction. 2. It improves the mechanical 

clearance when imaging patients with peripheral tumors or patients with life supporting 

devices. 3. It enables intra-treatment, high-temporal resolution and continuous target 

tracking, delineation and even dose tracking and adaptive therapy. 

In the future, more patient cases featuring different on-board scenarios are needed 

to comprehensively evaluate the efficacy and robustness of all the proposed imaging 

methods. The current limitations of the proposed methods, for instance the registration of 

rotations for the phase-matched DTS technique; the image estimation time of MM-
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FD/MMFD-NCC techniques; the cross-scatter between kV and MV imaging systems; 

and the application of aggregated kV-MV imaging for VMAT plans, also need to be 

further investigated and solved. 

After decades of developments of IGRT techniques, we are walking out of an era 

which lacks sufficient advanced technologies and methods for on-board image guidance, 

and into an era boasting many different on-board imaging techniques, including on-board 

x-ray imaging (kV/MV), on-board SPECT imaging and on-board MRI imaging. Non-

traditional imaging approaches like VisionRT and Calypso are also gaining more 

popularity in the clinical practice. The future of IGRT developments, according to the 

opinion of this dissertation, can be generalized into several directions: 1. the 

combinations of different imaging technologies to enable the most accurate and up-to-

date on-board imaging. 2. The learning, extraction and deduction of the most relevant 

anatomical/respirational information out of multi-modality images. 3. The automatic, 

smart and adaptive selection of imaging technologies to enable personalized medicine. 4. 

More in-depth, fully-intertwined integration of radiation therapy and imaging, for 

instance, real-time dose calculation, dose accumulation and adaptive therapy. 
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