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Abstract 

To date, image localization of mobile tumors prior to radiation delivery has 

primarily been confined to 2D and 3D technologies, such as fluoroscopy and 3D cone-

beam CT (3D-CBCT). Due to the limited information from these images, larger volumes 

of healthy tissue are often irradiated in order to ensure the radiation field encompasses 

the entirety of the target motion. Since the overarching goal of radiation therapy is to 

deliver maximum dose to cancerous cells and simultaneously minimize the radiation 

delivered to healthy surrounding tissues, it would be ideal to use 4D imaging to obtain 

time-resolved volume images of the tumor motion during respiration.  

4D-CBCT imaging has been previously investigated, but has not yet seen large 

clinical translation due to the obstacles of long acquisition time and large image 

radiation dose. Furthermore, 4D-CBCT currently requires the use of external surrogates 

to correlate the patient’s respiration with the image acquisition process. This correlation 

has been under question by a multitude of studies demonstrating the uncertainties that 

exist between the surrogate and the actual motion of the internal anatomy. Errors in the 

correlation process may result in image artifacts, which could potentially lead to 

reconstructions with inaccurate target volumes, thereby defeating the purpose of even 

using 4D-CBCT.  
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It is therefore the aim of this dissertation to initially highlight an additional 

limitation of using 3D-CBCT for imaging respiratory motion and thereby reiterate the 

need for 4D-CBCT imaging in the treatment room, develop a simple and efficient 

technique to achieve markerless, self-sorted 4D-CBCT and finally to comprehensively 

evaluate its robustness across a variety of potential clinical scenarios with a digital 

human phantom.  

People often spend a longer period of time exhaling as compared with inhaling, 

and some do so in an extremely disproportionate manner. To demonstrate the 

disadvantage of using 3D-CBCT in such instances, a dynamic thorax phantom was 

imaged with a large variety of simulated and patient-derived respiratory traces of ratios 

of time spent in the inspiration phase versus time spent in the expiration phase (I/E 

ratio). Canny edge detection and contrast measures were employed to compare the 

internal target volumes (ITVs) generated per profile. The results revealed that an I/E 

ratio of less than one can lead to potential underestimation of the ITV with the severity 

increasing as the inspiration becomes more disproportionate to the expiration. This 

occurs because of the loss of contrast in the inspiration phase, due to the fewer number 

of projections acquired there. The measured contrast reduction was as high as 94% for 

small targets (0.5 cm) moving large amplitudes (2.0 cm) and still as much as 22.3% for 

large targets (3.0 cm) moving small amplitudes (0.5 cm). This is alarming because the 

degraded visibility of the target in the inspiration phase may inaccurately impact the 
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alignment of the planning ITV with that of the FB-CBCT and thereby affect the accuracy 

of the localization and consequent radiation delivery. These potential errors can be 

avoided with the use of 4D-CBCT instead, to form the composite volume and serve as 

the verification ITV for alignment. 

In order to delineate accurate target volumes from 4D-CBCT phase images, it is 

crucial that the projections be properly associated with the patient’s respiration. Thus, in 

order to improve previously developed 4D-CBCT techniques, the basics of Fourier 

Transform (FT) theory were utilized to extract the respiratory signal directly from the 

acquired projection data. Markerless, self-sorted 4D-CBCT reconstruction was achieved 

by developing methods based on the phase and magnitude information of the Fourier 

Transform. Their performance was subsequently compared to the gold standard of 

visual identification of peak-inspiration projections. Slow-gantry acquired projections of 

two sets of physical phantom data with sinusoidal respiratory cycles of 3 and 6 seconds 

as well as three patients were used as initial evaluation of the feasibility of the Fourier 

technique. Quantitative criteria consisted of average difference in respiratory phase 

(ADRP) and percentage of projections assigned within 10% respiratory phase of the gold 

standard (PP10). For all five projection datasets, the results supported feasibility of both 

FT-Phase and FT-Magnitude methods with ADRP values less than 5.3% and PP10 values 

of 87.3% and above.  
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Because the technique proved to be promising in the initial feasibility study, a 

more comprehensive evaluation was necessary in order to assess the robustness of the 

technique across a larger set of possibilities that may be encountered in the clinic. A 4D 

digital XCAT phantom was used to generate an array of respiratory and anatomical 

variables that affect the performance of the technique. The respiratory variables studied 

included: inspiration to expiration ratio, respiratory cycle length, diaphragmatic motion 

amplitude, AP chest wall expansion amplitude, breathing irregularities such as baseline 

shift and inconsistent peak-inspiration amplitude, as well as six breathing profiles 

derived from cine-MRI images of three healthy volunteers and three lung cancer 

patients. The anatomical variables studied included: male and female patient size 

(physical dimension and adipose content), body-mass-index (BMI) category, tumor 

location, and percentage of the lung in the field-of-view (FOV) of the projection data. 

CBCT projections of each XCAT phantom were then generated. Additional external 

imaging factors such as image noise and detector wobble were added to select cases 

with different percentages of lung in the projection FOV to investigate any effects on the 

robustness. FT-Phase and FT-Magnitude were each applied and quantitatively 

compared to the gold standard. Both methods proved to be robust across the studied 

scenarios with ADRP<10% and PP10>90%, when incorporating minor modifications to 

region-of-interest (ROI) selection and/or low-frequency location to certain cases of 

diaphragm amplitude and lung percentage in the FOV of the projection (for which a 
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method may have previously struggled). Nevertheless, in the instance where one 

method initially faltered, the other method prevailed and successfully identified peak-

inspiration projections. This is promising because it suggests that the two methods 

provide complementary information to each other. To ensure appropriate clinical 

adaptation of markerless, self-sorted 4D-CBCT, perhaps an optimal integration of the 

two methods can be developed. 
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1. Introduction  

Radiation therapy involves administering ionizing radiation for the medical 

purpose of treating carcinoma. Radiation oncologists may prescribe radiotherapy with 

curative or palliative intent depending on the particular cancer, stage, location and the 

overall condition of the patient. The method of radiation treatment may also vary 

between being definitive, adjuvant (delivered post-surgery) or neoadjuvant (delivered 

prior to surgery). The field of radiation therapy is continuously evolving by 

incorporating new and often more complex treatment strategies with the intent of 

improving local tumor control and enhancing cancer survival. The increasing 

complexity emphasizes the importance of image guidance in order to ensure accurate 

delivery of such treatments. The work described in this dissertation highlights the 

significance of motion-management techniques in the treatment delivery room and 

develops and evaluates a novel technique for markerless reconstruction of on-board 

four-dimensional x-ray imaging. 

1.1 Clinical Significance: Carcinomas of the Lung and Bronchus 

As evidenced by the American Cancer Society statistics, the five-year relative 

survival rate for all diagnosed cancers has markedly improved from 49% in 1975-1977 to 

68% in 2002-2008 for the United States. [1] This can be attributed to the technological 

developments that have allowed for earlier detection of cancer as well as improved 
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treatment strategies. However, this statistic is averaged across all cancers and is 

unfortunately much less promising for cancers of the lung and bronchus. These specific 

carcinomas have a five-year relative survival rate of only 16%, averaged across all stages 

of diagnosis. Further, they are projected to be the cause of 27% of cancer deaths in 2013, 

which is more than any other cancer for both men and women, even though they 

account for only 14% of diagnosed carcinomas. 

Carcinomas of the lung can be divided into two major types: small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC), composing 14% and 85% of the 

total, respectively. These classifications are important in determining the prognosis of 

the disease and the prescribed therapy or therapies, which can consist of surgery, 

chemotherapy, and/or radiation therapy. If the cancer is diagnosed at an early stage, 

while it is still localized, then surgery is the most recommended form of treatment. 

However, a majority of lung cancer patients are diagnosed at more advanced stages, 

causing them to be better candidates for chemotherapy and/or radiation therapy. The 

difficulty in detecting lung carcinoma in early stages of the disease can partially be 

attributed to the lack of an established screening tool. A mass screening process has not 

been recommended due to the literature on previous clinical trials failing to make an 

impact on the mortality rate of lung cancer with various studied screening methods such 

as chest radiography, sputum cytology, and computed tomography (CT). [2-7] However, 
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preliminary results from an ongoing National Lung Screening Trial have shown a 

decrease of 20% in the mortality rate, when comparing low-dose CT to chest 

radiography.[8] 

1.2 The Role of Radiation Treatment for Thoracic Carcinomas 

Radiotherapy plays a large role in the treatment of advanced stage lung cancer. 

[9] The science of radiation biology has long ago demonstrated the significance of using 

radiation to treat cancer – the higher the radiation dose, the greater the fraction of cells 

that are destroyed. It is therefore intuitive that the amount of radiation delivered is 

correlated to the degree of local tumor control, which is directly related to survival. [10] 

This is the obstacle radiotherapy must overcome for all disease sites: deliver a sufficient 

dose of radiation to eradicate the carcinoma, while sparing as many healthy 

surrounding cells as possible. However, this is particularly difficult for thoracic 

carcinomas not only due to the sensitivity of the surrounding lung, but also because of 

the added variable of motion. 

Standard prescribed doses of 60-66Gy have been found to result in local control 

rates around 60-70% (even with simultaneous chemotherapy), which clearly have quite a 

bit of room for improvement. [10] In fact, it has been demonstrated that much higher 

doses of 80-100Gy are instead needed to eradicate the carcinoma.[11] Thus there have 

been a variety of Radiation Therapy Oncology Group (RTOG) clinical trials performed 
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to investigate the dose-response relationship in patients using conventional 2D and 3D 

radiation delivery techniques. From these reports, there is general agreement that doses 

above 60Gy were associated with improvements in local control.[12-14] However, 

increasing the dose for conventional fractionation schemes can significantly increase the 

treatment time.  

To overcome this issue, other RTOG trials were subsequently performed with 

hyperfractionation, an accelerated form of treatment that allows delivery of multiple 

fractions a day. The RTOG 83-11 study found that patients showed improved survival 

when receiving 69.6Gy compared with lower doses, but no significant improvement was 

seen above 69.6Gy for inoperable NSCLC.[15] A more recent RTOG 93-11 study also did 

not demonstrate any benefit for doses above 90.3Gy versus lower doses, in addition to 

the high induced toxicity at dose levels of 90.3Gy to normal tissues.[16, 17] On the 

contrary, a large Phase III trial (563 patients) did find a significant improvement in the 2-

year survival rate as well as a significant reduction in the local tumor progression of 

54Gy delivered in 12 days versus the standard 60Gy over 6 weeks.[18] Furthermore, 

other dose escalation trials using 3D treatment techniques even demonstrated the safety 

(i.e. low risk of pulmonary toxicity) of delivering 100Gy, but only for patients with small 

tumor volumes.[19-21] Patients with larger tumor volumes could only tolerate 84Gy 

when delivered under 3D conformal circumstances because of normal tissue 
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complications, [22] the most severe of which is radiation pneumonitis (RP) and can be 

life-threatening. 

Advancements in the field of radiation therapy ranging from delivery methods, 

on-board image guidance, and immobilization devices have emphasized further 

promise in attacking the necessary task of dose escalation in treating lung carcinoma. 

The development of intensity modulated radiation therapy (IMRT) has allowed the 

delivery of dose distributions that are much more attuned to the tumor’s shape, than can 

be achieved with 3D conformal techniques. By producing non-uniform dose 

distributions, IMRT has the advantage of sparing a greater volume of healthy tissues 

from the high dose component and thus allowing the further escalation of doses, even 

for patients with larger tumor volumes. [23-27] 

Even more recently, a new radiation delivery technique known as stereotactic 

body radiation therapy (SBRT) has successfully emerged. The few fractions with high 

doses per fraction are what differentiate SBRT from the traditional fractionation schemes 

of radiotherapy. Furthermore, such a hypofractionated treatment results in a higher 

biologically effective dose (BED) and the added benefit of a shorter treatment regimen 

for the patient.[28] A multitude of investigators have reported very promising results of 

improved survival and local control rates when comparing SBRT outcomes with 

historical data of patients with medically inoperable NSCLC. [29-45] The majority of 
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these studies achieved local control rates greater than 90%, which is significantly larger 

than the previously mentioned rates of 60-70% of conventional fractionation schemes.  

While the results are extremely hopeful, it is important to remember the caution 

that is required when employing SBRT techniques. Because of the few treatment 

sessions, each with extremely high radiation doses, there is little room for error. The 

probability of normal tissue complications may drastically increase if care is not taken to 

ensure high geometrical precision. Lagerwaard et. al [46] performed an extensive study 

of 206 SBRT patients where they reported a low percentage of RP and late toxicities of 

3% and 2% in their patients, respectively. Acute toxicities, on the other hand, were 31% 

fatigue and 12% chest pain. Also important to note, is that an increased toxicity was not 

exhibited for centrally located tumors (within 2.0 cm of the bronchial tree) in this study. 

Similarly, Chang et. al also demonstrated the feasibility of treating central tumors with 

SBRT.[37] However, there is still evidence that does show increased toxicity when using 

SBRT to treat central tumors [47] in addition to other data that demonstrates the 

potential for undesirable clinical outcomes after treatment. [42, 48, 49] Because such a 

possibility exists, it is crucial to assess all aspects of a patient case (tumor size and 

location, respiratory-induced motion, pulmonary function, etc.) that may lead to an 

increased risk of complication and determine whether the benefits outweigh the risks of 

SBRT. As this is a relatively new technique, it is still being heavily researched and there 
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is always room for enhancement in all areas of the process (particularly in the on-board 

imaging and localization stage) to make SBRT ever more precise.  

1.3 Patient Respiratory Motion 

A unique challenge faced by Radiation Oncology in treating carcinomas of the 

thoracic and abdominal regions is the additional factor of respiratory-induced motion. 

Respiratory motion affects a large group of organs in these regions, inducing motion of 

the lungs, esophagus, liver, pancreas, breast and even other organs such as the prostate 

and kidneys. AAPM Task Group (TG) Report 76 has provided the field with a 

compilation of studies observing the various characteristics of organ motion influenced 

by respiration.[50] Parameters such as amplitude, period, regularity, and baseline can 

vary across patients, and even within the same patient measured only minutes apart.[51-

54] Numerous studies have been performed to characterize lung tumor motion. 

Investigators have found lung tumors to have an average displacement ranging from 0-

22mm in the superior-inferior (SI) direction, 0-22mm in the anterior-posterior (AP) 

direction, and 0-16mm in the left-right (LR) direction. [23, 53, 55-66] 

Furthermore, the relationship between tumor motion and tumor size, location in 

the lung, and pulmonary function is still uncertain[63], although there have been studies 

demonstrating a significantly larger average displacement for tumors that are located in 

the lower lobe of the lung. [57, 67] An additional confounding variable that may occur 
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during patient respiration is hysteresis, which is when the lung pressure changes faster 

than the lung volume so that during expiration, the volume of the deflating lung is 

larger than the volume of the inflating lung during inspiration at the same pressure.[50] 

The outcome of this phenomenon, which was measured in 10 of 20 patients that 

participated in the experiment, was a 1-5mm separation of the tumor trajectory when 

comparing inspiration and expiration.[53]  

With this array of information, the TG-76 report concludes that there are no all-

encompassing assumptions that can be made when it comes to patient breathing. There 

are simply too many variables associated with respiration leading to a distinct breathing 

pattern for each patient. It is therefore recommended that patient respiration be assessed 

on an individual basis before treatment delivery and ideally during the course of 

treatment, as well. 

1.4 Accounting for Respiratory Motion in Radiotherapy 

1.4.1 Implemented Technology 

It is evident that respiratory-induced motion challenges the accuracy of all stages 

of the radiotherapy process. A large number of researchers have therefore directed their 

efforts toward devising new techniques to account for patient respiratory motion. Some 

of these motion-management techniques have already been translated into routine 

clinical practice, while others are still under investigation. 
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1.4.1.1 Simulation 

The first step in the treatment process involves acquiring high-resolution images 

of the patient with a helical CT scanner, which provide the electron-density information 

necessary for the next step – treatment planning. Axial images are typically acquired in a 

helical formation as the patient lies on a table that moves through the bore of the scanner 

where the x-ray tube and detector rotate. The resultant three-dimensional (3D) image is 

a good representation of the target volume and surrounding organs, unless acquired in 

the thoracic and abdominal region, where it is prone to image artifacts.[64, 68-78]  The 

artifacts are due to the object(s) moving in and out of the window of the area being 

imaged so that when the axial slices are stacked together, the volumetric information of 

those objects may be largely distorted. This is due to the lack of consistent imaging of the 

object, which is what the CT reconstruction algorithm assumes.  

In order to more accurately acquire motion information, four-dimensional (4D) 

CT has been implemented and is the current standard of care. 4D CT provides 

volumetric information of the target as it moves through the respiratory cycle and does 

so by rapidly acquiring axial slices for at least one respiratory cycle per couch 

position.[71, 77, 79-82] This much larger collection of images is then retrospectively 

sorted according to respiratory phase – defined as the percentage of the respiratory cycle 

that has passed since peak-inspiration, which is typically designated as 0% – resulting 
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(conventionally) in 10 sets of volumetric images representing the tumor trajectory. 4D 

CT scans thus theoretically provide the planner with a more detailed set of information, 

which includes the average tumor position, the extent of the total tumor motion, as well 

as the trajectory of the tumor with respect to surrounding organs.[50] Although 

theoretically true, that information can be subject to inaccuracy due to the assumption 

that the patient’s respiration remains identical during the entire acquisition.  

1.4.1.2 Planning 

During this stage of radiotherapy, the radiation oncologist defines the target 

volume and prescribes the dose and number of fractions. Target volume definition has 

been standardized in the radiation oncology community by the International 

Commission on Radiation Units and Measurement (ICRU) Report 50.[83] The tumor 

cells that form a visible structure are defined as the gross tumor volume (GTV). Beyond 

that volume is the clinical target volume (CTV), which includes the surrounding 

microscopic disease. The final volume defined by the report is the planning target 

volume (PTV), which further expands the CTV to include potential uncertainties that 

may occur due to interfraction and intrafraction motion as well as setup error. However, 

a later report (62) by the ICRU supplemented these definitions with an additional 

standard known as the internal target volume (ITV) to account for respiratory-induced 
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motion of targets.[84] The ITV is defined to include the full range of tumor motion 

during respiration by adding an internal margin to the CTV. 

1.4.1.3 Localization 

Once the treatment plan has been set up and approved by the physician and 

physicist, the patient is ready to come in for treatment. The localization stage is perhaps 

one of the most crucial because of the large potential for introducing error. The recent 

advances in image-guided radiation therapy (IGRT) have transformed the localization 

process and the accuracy that can now be achieved. Currently, the localization process is 

largely driven by x-ray imaging, which can be at kilovoltage (kV) or megavoltage (MV) 

energies. Depending on the target site and treatment complexity, the image guidance 

can range from pairs of 2D projection views to volumetric information from tomography 

scans. There are a variety of technologies available for the treatment room that can 

achieve these goals including 2D MV electronic portal imaging (EPID), dual [85, 86]  or 

multiple [87] room mounted kV sources and detectors, gantry mounted kV source and 

detector orthogonal to the treatment beam, kV [88-90] and MV [91] cone-beam imaging, 

and even CT-on-rails [92, 93] where the treatment table can move from the treatment 

beam position into the bore of a CT scanner. Although the advent of IGRT has 

substantially improved the localization process, immobilization devices are still a crucial 



 

 

12 

supplement and a variety of frames are also available to cater to the geometric tolerance 

requirements of different procedures. 

Depending on the dose and fractionation scheme, as well as the complexity of 

the delivery procedure, mobile targets can be localized with either fluoroscopy, gated 

radiographs or cone-beam CT (CBCT) imaging.[94] Currently, CBCT imaging is being 

widely used to verify the position of lung tumors because multiple studies have 

demonstrated the large improvements in localization error and reduced margins due to 

its soft-tissue matching capabilities.[95-101] Ideally, CBCT imaging and treatment could 

both be performed within the duration of a breath-hold, to minimize the interplay of 

motion and facilitate matching of a static target.[100, 102] Unfortunately, however, not 

all patients are capable of holding their breath and, thus, must be imaged and treated 

under free-breathing (FB) conditions.  

Due to limitations of the gantry speed, on-board CBCT image acquisition takes 

between 40-60 seconds, which is actually beneficial because around 15 respiratory cycles 

can be sampled in that duration. Therefore, theoretically the volume generated from a 

free-breathing CBCT (FB-CBCT) scan should correspond well with the ITV generated 

from 4D CT, which is also sampled over several breathing patterns.[103, 104] With this 

information, the two soft-tissue volumes can be three-dimensionally aligned to each 

other, thus enhancing the localization process. It is important to note however, that the 
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image quality of scans acquired while the patient is breathing is deteriorated due to the 

resultant blur of the anatomical structures. 

1.4.1.4 Treatment Delivery 

The specific motion-management technique applied during radiation delivery of 

SBRT treatment depends on the magnitude of tumor motion as well as the patient’s 

pulmonary capabilities. The most straightforward way to account for smaller 

magnitudes of tumor motion is to irradiate the patient under free-breathing conditions 

and expand the tumor volume to encompass the entirety of the tumor motion during 

respiration. These techniques are grouped under motion-encompassing methods in the 

TG-76 report[50], where the simulation scan can be performed with slow CT scanning, 

inhale and exhale breath-hold CT, or 4D CT. Again, the intent for all of these methods is 

the same: obtain information on the total possible extent of target motion so that the 

treatment field will always encompass the target during respiration. Of the three listed 

methods, 4D CT is the most optimal and thus the most widespread currently, because it 

is capable of providing more information than inhale/exhale breath-hold CT as well as 

providing higher resolution (less motion blurring) images than slow scanning. Although 

4D CT may be subject to artifacts due to variations in respiratory cycles, it is still 

considered to be the standard of care for generating the motion-encompassing volume 

(ITV) from a maximum-intensity projection (MIP) image. The MIP is produced by 
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extracting the maximum pixel intensities from all 10 reconstructed phase images, which 

works well for tumors located in the lung, surrounded by lower intensity air. Margins 

are then added to this ITV in the planning stage to account for the aforementioned 

geometrical uncertainties and potential breathing irregularities. Target localization then 

consists of 3D matching of the ITV with a composite volume generated from FB-

CBCT[105], theoretically providing verification of the target motion while the patient is 

breathing freely during radiation delivery. 

Conversely for patients that have the pulmonary capacity to hold their breath 

during the imaging and treatment procedures and experience large magnitudes of 

tumor motion, deep-inspiration breath-hold is a desirable motion-management 

technique. In addition to reducing the internal margins that account for respiratory 

motion[106], breath-hold techniques are advantageous over FB conditions because they 

allow increases of up to 10% in prescription doses for the same normal tissue 

complication due to the repositioning of the internal anatomy in such a way that often 

protects critical structures.[55, 60, 107, 108] This is especially true for patients being 

irradiated for breast cancer because the breath-hold moves the heart posteriorly and 

inferiorly away from the breast.[109-114] There are a variety of implementations of 

breath-hold techniques that are described in detail in the AAPM TG-76 report[50] 

including involuntary active breathing control to facilitate reproducible breath-hold and 



 

 

15 

voluntary self-held breath-hold with and without respiratory monitoring (i.e. external 

surrogates). Although the methods may slightly differ, the end result is the same: the 

patient is simulated during breath-hold and a plan is devised based on this information, 

thus requiring the patient to be localized with image guidance and subsequently treated 

in the same breath-hold state. 

However, for those patients that cannot hold their breath but still exhibit a large 

magnitude of respiratory-induced motion of the target, gating may be the most desirable 

option. A respiratory gated treatment only delivers radiation during a specific window 

or gate of the patient’s respiratory cycle, which inevitably increases the treatment time. 

The imaging/treatment gate is predetermined by examining the patient’s breathing in 

addition to monitoring the motion of the tumor during the breathing cycle. The most 

common way of doing this is with an external surrogate (i.e. spirometry, temperature 

changes, reflective markers, pressure sensor belts) that is correlated to the patient’s 

breathing[54, 115-121], but can also be performed with the more invasive option of 

internal fiducial markers[53, 64, 87, 122-127]  (i.e. real-time tumor tracking). The gate is 

typically chosen in such a manner that the motion of the tumor is minimized in that 

window when compared to the rest of the cycle. The gate can be defined in terms of 

phase (percentage of the respiratory cycle) or displacement of the external marker. The 

radiation beam (imaging and treatment) is triggered when the marker meets the criteria 
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of the specified gate, whether it is a percentage or absolute displacement.[119] Overall, 

respiratory gating can be very beneficial for a subset of patients, but it is important to 

weigh this option against the disadvantages of increased treatment time including 

patient discomfort, increased potential for patient movement and decreased patient 

throughput.  

1.4.2 Technology under Development 

While 4D CT has largely been translated into the clinical flow to account for 

target motion during the simulation stage, motion-management techniques for the 

localization stage are still under development.  

1.4.2.1 4D-CBCT Imaging for Localization 

4D-CBCT was initially proposed in three independent studies performed by 

Sonke et al.[128], Kriminski et al.[129] and Dietrich et al.[130] by retrospectively sorting 

and binning acquired projection images according to a specified phase window (defined 

as the range of phases included per bin) and number of phase bins. Each phase bin is 

then reconstructed separately to produce a set of time-resolved volume images of the 

moving target. This enables a reduction in the blur that would be present from a 3D 

CBCT image of a moving object, which reconstructs all projections together. However, 

dividing the number of projections into phase bins for separate reconstruction can lead 
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to a substantial degradation of image quality due to streak artifacts, a result of 

undersampling of the object, i.e. sampling below the Nyquist frequency.  

To get around this issue and increase the number of projections, all three studies 

increased the image acquisition time of conventional CBCT imaging protocols. For 

example, Sonke et al.[128] acquired 670 projections of lung cancer patients over 195o for 

4 minutes (0.8o/s gantry rotation speed) with a frame rate of 2.7fps and an estimated 

imaging dose of 1.9cGy.  Kriminski et al.[129] employed similar parameters for a 

phantom study with a gantry rotation speed of 0.6o/s and a frame rate of 3.3 fps over a 

200o arc. Similarly, Dietrich et al.[130] acquired 720 projections of a phantom and patient 

over a 360o arc for a scan time ranging from 2-3 minutes. It is evident from these studies 

that the substantially increased scan times and imaging doses associated with 4D-CBCT 

in its initially proposed state are the major obstacles to its clinical translation. Long 

acquisition times of localization procedures decrease patient comfort, increasing the 

likelihood of movement and consequently decreasing the localization accuracy, as well 

as decrease patient throughput. Even with the considerably longer acquisition times, the 

4D reconstructed phase images in these studies still exhibited severe image artifacts 

caused by the large angular gaps between projections in phase bins. 

Cognizant of these problems, other investigators started to examine the 

optimization of image acquisition parameters for 4D-CBCT. For example, Li et al.[131] 
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first performed multiple gantry rotations (up to 8) of a motion phantom to increase the 

number of projections and then repeated the experiment by decreasing the x-ray tube 

current (mA) to maintain the same radiation dose level. In both cases they found that the 

relative error of the image decreased with the number of rotations, with the best image 

quality at 8 turns. This of course would result in an unreasonably long time for a patient 

to be imaged motionless and thus a lung cancer patient was instead scanned with 4 

continuous gantry rotations at 32 mA (reduced from the CBCT protocol of 80mA). 

Unfortunately, the streak artifacts were not completely eliminated even with the larger 

than typical reconstruction phase window of 25% which allows more projections per 

phase bin, but adversely affects the temporal resolution of the reconstructed volume.  

The same research group[132] later performed another study where they slowed 

down the gantry rotation speed (GRS) to acquire more projections, rather than rotating 

the imager multiple times. The GRS was slowed down to acquire images of a motion 

phantom exhibiting 3 respiratory cycle lengths with speeds ranging from 8o/s to 1o/s 

resulting in projections ranging from 680 to 5,440. Different combinations of GRS and 

mA were also investigated. As expected, their results demonstrated an increase in image 

quality with decreasing GRS (at the same mA) as well as an increase in image quality at 

a given GRS for faster respiratory cycles due to the increased sampling. Similar to their 

previous equivalent dose study, the image quality still improved at slower speeds even 
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with less mA. Finally, the study also demonstrated the superiority of slowing down the 

gantry rather than performing multiple gantry rotations and proposed a metric to define 

the relationship between respiratory cycle length and GRS.  

Lu et al.[133] took it one step further in developing an optimization protocol for 

4D-CBCT acquisition that took the patient’s breathing duration into account. First, a 

stationary phantom study was carried out with decreasing projection number to 

determine the largest angular interval between consecutive projections that can still 

achieve adequate image quality. A patient-specific GRS was then determined based on 

the relationship between the average respiratory cycle, desired number of projections 

per phase bin, and the angular interval between two respiratory cycles. Four lung 

patients were scanned under their protocol with scan times ranging from 4.7 – 5.8 

minutes and number of projections ranging from 1679 – 2730. While this resulted in 

excellent 4D phase images of the patients, the exorbitant number of projections acquired 

indicates that the dose delivered was two to three times the dose delivered by current 

clinical CBCT protocols. Although this study demonstrated an improvement in image 

quality, it still was unable to provide a clinically practical 4D-CBCT technique that can 

tackle the obstacle of excessive imaging dose and scan time while maintaining good 

image quality. 
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Despite this, some investigators continued to explore and demonstrate the 

benefits of 4D-CBCT imaging for patients receiving SBRT in the lung[134, 135]  and even 

developed 4D-CBCT at megavoltage (MV) imaging energies.[136-139] Several others did 

begin and continue to investigate various image processing techniques using prior 

information as well as iterative reconstruction algorithms to attack the problem of image 

aliasing artifacts due to sparse projection sampling for cases where the dose and scan 

time can remain practical.[140-147] However, these approaches may also be limited. 

Although the streaking artifacts are reduced, using prior imaging information relies on 

the assumption that the respiratory characteristics of the patient have not changed from 

simulation to treatment, which may introduce error into the image since the time scale 

between these two events can range from days to weeks.  Furthermore, iterative 

reconstruction algorithms are often computationally expensive and the reconstruction 

time may be unfeasible when geared toward a quick on-board imaging technique for 

target localization.  

Conversely, Maurer et al.[148] stuck to the conventional Feldkamp 

reconstruction algorithms[149, 150] and instead developed a motion-management on-

board imaging technique entitled 4D digital tomosynthesis (4D-DTS). DTS employs the 

same on-board imager to acquire projections over a limited angular range and results in 

pseudo-3D reconstructed images. The advantages of DTS include faster scan time and 
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decreased imaging dose. However, the image quality does depend on the angular range 

and only has adequate spatial resolution in the reconstruction plane perpendicular to 

the axis about which the x-ray source rotates. DTS was initially employed in radiology, 

but has also shown to be feasible for target localization in the radiotherapy treatment 

room.[150-158] Thus, Maurer et al. pursued 4D-DTS for localization of moving targets 

with an initial phantom study[148], which was supported by other independent research 

groups as well.[159, 160] Maurer et al.[161] then later developed a protocol that 

optimizes the image acquisition parameters (i.e. GRS and FR) by taking into account 

respiratory characteristics as well as reconstruction parameters (i.e. PW and phase bins). 

Studies were performed with previous slow-gantry lung carcinoma projection data[133] 

to assess optimal scan angles, frame rates, phase windows and phase bins. Ultimately, a 

set of equations were presented for computation of patient-specific image acquisition 

parameters. Even more interestingly, this optimized protocol is applicable not only to 

4D-DTS, but to 4D-CBCT as well. The relationships set forth in the study, when applied 

to 4D-CBCT imaging, can achieve excellent 4D phase image quality while still 

maintaining clinically practical imaging dose and scan times. This is quite promising in 

terms of facilitating clinical translation of this crucial motion-management imaging 

technology. 
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1.5 Specific Aims 

The scope of this work was to explore innovative concepts and potential 

improvements in the area of motion-management techniques with on-board image 

guidance. Currently the localization process of moving targets prior to radiation 

treatment continues to rely on 3D tomography for matching of the planning ITV to the 

composite volume generated from a FB-CBCT. Overall, this work aims to highlight the 

deficiencies of using such 3D-CBCT scans for verification of lung carcinoma and 

consequently emphasize the need for 4D on-board imaging. However, there are still 

limitations associated with 4D-CBCT imaging and thus this work also aims to develop 

and validate a novel technique for markerless 4D-CBCT reconstruction which eliminates 

the additional uncertainties imposed by using external surrogate measures of 

respiration. The specific aims of this project are to  

(1)       Demonstrate the potential underestimation of the ITV from FB-CBCT 

due to a variable time spent between inspiration and expiration with 

a dynamic phantom study. (Chapter 2) 

(2)       Develop a novel Fourier technique to achieve markerless, self-sorted 

4D-CBCT reconstruction and evaluate its feasibility with slow-gantry 

phantom and patient data. (Chapter 3) 
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(3)       Investigate the robustness of the Fourier technique across an extensive 

set of respiratory variables that may be exhibited amongst patients 

receiving radiation treatment simulated with the 4D Digital Extended 

Cardiac Torso (XCAT) software phantom. The studied respiratory 

characteristics will consist of variable inspiration to expiration ratio, 

respiratory cycle length, diaphragmatic motion amplitude, AP chest 

wall expansion amplitude, breathing irregularities such as baseline 

shift and inconsistent peak-inspiration amplitude, as well as six 

breathing profiles derived from cine-MRI images of three healthy 

volunteers and three lung cancer patients. (Chapter 4) 

(4)       Further evaluate the robustness of the technique with an additional 

set of diverse anatomical characteristics representative of the 

radiotherapy patient population, also simulated with the XCAT 

phantom.  The anatomical characteristics to be studied will include 

patient size, tumor location, and percentage of lung in the CBCT 

projections. We also aim to investigate the effect of image noise and 

detector wobble on the technique. (Chapter 5) 
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Assessment of the Fourier technique across such a varied set of scenarios will 

allow us to provide an evidence-based recommendation of the optimal implementation 

of the Fourier technique for clinical patient use.   
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2. Underestimation of the Internal Target Volume (ITV) 
from Free-Breathing CBCT (FB-CBCT) 

2.1 Introduction 

As previously emphasized, CBCT is widely used for on-board imaging when 3D 

information is required because of its soft-tissue matching capability and thus has 

largely improved the localization process.[96, 98-101] Although the technology works 

optimally for imaging static objects, it is still employed for verification of patients 

receiving free-breathing radiation treatments. This additional variable of motion 

introduces a potential source of error for localization, which is especially troubling when 

performing lung stereotactic body radiation therapy (SBRT), a treatment that relies on 

extremely accurate target localization due to the limited number of fractions and high 

dose per fraction.  

The typical clinical procedure for free-breathing treatments involves calculating 

the dose on the average CT image, but localizing the target according to the 4D CT ITV 

contour.[105] An average CT is generated by taking the average pixel values from all 

phase images of the 4D CT dataset. The 4D CT ITV contour on the other hand is 

generated from the maximum intensity projection (MIP) image, which takes the 

maximum pixel values across all phase images. Real-time target verification is 

performed with a FB-CBCT image, whose acquisition spans multiple respiratory cycles 

and so this image is meant to represent the time-averaged position of the target. The 
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average CT image should also theoretically display the time-averaged position of the 

target, but due to the different nature of CT image acquisition and reconstruction, 

average CT images are often prone to artifacts that can lead to disparities from CBCT 

images. Because the 4D CT ITV contour generated from the MIP is meant to represent 

the area where the tumor moves, it is crucial to place the ITV generated from FB-CBCT 

inside of the 4D CT ITV contour.  

The use of the FB-CBCT ITV for localization with a planning ITV for SBRT was 

investigated by Wang et. al.[104] In their study, four sinusoidal profiles were input into 

a dynamic phantom with different period lengths and motion amplitudes, and the 4D 

CT ITV was compared with the ITV generated from FB-CBCT. These volumes were also 

compared for two lung cancer patients undergoing SBRT. The results demonstrated that 

this was a feasible technique for on-board verification because the volumes (phantom 

and patients) between 4D CT ITV and FB-CBCT ITV matched fairly well. However, the 

study mainly focused on sinusoidal shaped respiratory profiles that follow a consistent 

trajectory in their phantom experiments. Respiratory characteristics such as breathing 

profile and motion amplitude were not specified for the two patient cases. Thus, it is 

important to note that patients often do not exhibit such regular respiration and in fact 

experience a multitude of breathing variabilities. One in particular that caught our 
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attention was the tendency to spend more time exhaling than inhaling during 

respiration. 

If a patient presents with such respiratory characteristics, we hypothesize that 

the FB-CBCT ITV is likely to underestimate the true range of motion due to the nature of 

CBCT image acquisition and reconstruction. This is because there will be a greater 

number of projections acquired during the exhalation phase, leading to a higher contrast 

of the target at that location. Depending on how severe the disparity between inspiration 

and expiration is, the contrast reduction for the inspiration phase may be extreme 

enough to degrade the visibility of the target during that phase. This effect could then 

cause underestimation of the ITV, which may potentially result in localization errors due 

to incorrect center-to-center matchup. It is therefore the aim of this chapter to investigate 

the effects such a breathing disparity may have on the ITV generated by FB-CBCT. It is 

important to note that the content presented in this chapter was first published in 

Medical Physics. [162] The journal has granted permission for the reproduction of the 

work in this thesis.  
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2.2 Methods and Materials 

2.2.1 Phantom Data Study 

2.2.1.1 Respiratory Cycles 

In order to examine the effect of unequal time spent in inspiration as compared 

with expiration, sinusoidal profiles exhibiting these disparities were simulated with 

Matlab software (The Mathworks, Inc. Natick, Massachusetts). Five respiratory cycles, 

depicted in Figure 2.1, were generated with average inspiration to expiration (I/E) ratios 

of 1.0, 0.52, 0.35, 0.26, and 0.21.  

 

Figure 2.1: Simulated respiratory profiles with five different inspiration to 

expiration ratios with a motion displacement of 2.0cm. 
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These were calculated by taking the ratio of the number of points that were 

within 25% of the peak inhale and exhale portions of the cycle and averaging over 60 

seconds of respiration. However, most patients do not exhibit ideal sine curve breathing 

patterns with constant peak amplitudes. Therefore, similar disparities in the presence of 

natural variations in respiratory amplitudes and durations of respiratory cycles were 

studied by simulating patient respiratory motion traces. Respiratory motion traces are 

used and recorded during 4D CT scans in our clinic.  Varian’s Real-time Position 

Management device (RPM) (Varian Medical Systems, Palo Alto, CA) is used to obtain 

traces by tracking markers placed on the patient’s abdomen.  We selected six motion 

traces to use as templates for simulating natural respiratory motion with our motion 

phantom.   

The patient respiratory profiles were chosen in a manner such that they exhibited 

a minimal amount of other breathing irregularities (such as baseline drift and 

inconsistent peak amplitudes) and displayed a variety of I/E ratios. They were also 

chosen to exhibit fairly continuous motion with no abrupt fluctuations (as can often be 

seen in RPM data) to more realistically model tumor motion. Before input into the 

phantom, the profiles were normalized and then smoothed in order to remove the 

jaggedness that is typically present in patient RPM data. The six patient respiratory 

profiles used are shown in Figure 2.2. 
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Figure 2.2: Smoothed and normalized patient respiratory profiles with six 

varying inspiration to expiration ratios. 

2.2.1.2 Image Acquisition 

The eleven respiratory profiles were input into a CIRS model 008 dynamic thorax 

phantom (CIRS Inc., Norfolk, VA) for imaging. All profiles were input in such a way 

that one respiratory cycle of each is approximately 5 seconds in duration. The phantom, 

as displayed in Figure 2.3, represents an average thorax in terms of size and composition 

and consists of a cylindrical rod mounted to a motion actuator box, which can create 

three-dimensional motion through translation and rotation.  
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Figure 2.3: CIRS dynamic thorax phantom model 008. 

Spherical targets (=1.04 g/cm3) of different sizes can be inserted into the lung 

equivalent rod (=0.21 g/cm3). In our case, we employed two target diameters of 1.0 cm 

and 3.0 cm and only examined superior-inferior motion of the targets with three 

amplitudes of 0.5, 1.0, and 2.0 cm to emulate small, medium and large motion of small 

and large sized tumors. Sixty six FB-CBCT scans were acquired to obtain images for the 

11 respiratory profiles, each with 6 variables. 

These 66 different scenarios were imaged with an On-Board Imager® (OBI) kV 

imaging system (Varian Medical Systems, Palo Alto, CA). The OBI imager consists of a 

kilovoltage x-ray tube and a flat-panel detector, which measures 40 x 30 cm2 in size with 

a pixel matrix of 2048 x 1536 pixels and pixel pitch of 194m. The acquired kV 

projections were downsampled to a matrix size of 512 x 384 for reconstruction. The 
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digital projections were acquired with a full-fan bowtie filter and the following exposure 

parameters: 100 kVp, 80 mA, and 25 ms per projection. Approximately 680 projections 

were collected per CBCT acquisition, which encompassed a 360o rotation around the 

isocenter. The scan took approximately 60 seconds. For the majority of the profiles, a 

single CBCT was acquired. However, four profiles were selected for 4D-CBCT 

reconstruction and so five FB-CBCTs were acquired for each of those profiles, in order to 

have an adequate number of projections. The four selected profiles (two simulated and 

two patient) were imaged with a target diameter of 3.0 cm and motion amplitude of 2.0 

cm. For these profiles, the first of the five CBCTs acquired was chosen for FB-CBCT 

reconstruction. The phantom location remained stationary for all acquisitions, and only 

the profile and/or tumor size changed per scenario so that calculations made on all cases 

could be appropriately compared. 

2.2.1.3 3D and 4D-CBCT Image Reconstruction 

Volumes of 512 x 320 x 401 with in-plane pixel size of 0.507mm2 and plane 

spacing of 0.5mm were reconstructed with a Feldkamp-type algorithm.[149, 150] It is 

important to note that this reconstruction algorithm incorporates a blank scan, in order 

to correct for the inhomogeneities present in each beam as a result of the bow-tie filter 

and anode heel effect. Volumes were reconstructed per respiratory profile, target size, 

and motion amplitude. Figure 2.4 presents a sample of what the resultant images look 
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like for the five simulated sinusoidal profiles for the case of a 3.0 cm target with 2.0 cm 

of motion.  

 

Figure 2.4: FB-CBCT images of the five simulated respiratory profiles. The 

ratio of time spent in inspiration to expiration is indicated on the bottom right corner 

of each FB-CBCT. 

The same algorithm and reconstruction parameters were applied for 

reconstructing phase images from sorted projections for a 4D-CBCT dataset. 4D-CBCT 

has been investigated to potentially serve as a motion management technique for the 

verification stage of radiotherapy as compared with 4D CT, which is used to manage 

motion during the planning stage. The implementation of 4D-CBCT involves acquiring 

projections over multiple respiratory cycles with an on-board imager (kV or MV) so that 

they can be retrospectively sorted and binned according to either amplitude or phase. 

The binned projections are then reconstructed and provide volume images of the target 

for certain periods of respiration. The reconstructed dataset thus supplies us with the 

information of how the target moves during respiration.[128-131, 133, 134, 136, 137]  

 In order to reconstruct 4D-CBCT phase images of select respiratory profiles 

imaged with the dynamic phantom, a respiratory signal was first generated from each of 
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the five sets of projections by manually tracking the motion of the target. Projections 

corresponding to the peak-inspiration phase (0%), where phase is defined as the 

percentage of the respiratory cycle that has passed since peak-inspiration, were 

recorded. Peak-inspiration was identified as the most inferior position of the target 

throughout the projection data set. A Matlab script (The Mathworks, Inc. Natick, 

Massachusetts) was then implemented to take this information and linearly interpolate 

the sorting of projections into 10 phase bins (0 – 100%) with 10% phase windows. The 10 

phase bins were centered at 0, 10, 20, 30%, etc. with a 5% window on each side, so that 

the 20% phase bin corresponds to a 15-25% phase range. Since peak-inspiration 

corresponds to the 0% phase, peak expiration subsequently corresponds to the 50% 

phase bin. This binning convention for 4D image reconstruction is consistent with what 

is currently being implemented by other investigators.  

Once each of the CBCTs was sorted and binned, projections were then combined 

from all five data sets, according to phase bin. Bins 0 and 50% were then individually 

reconstructed using the aforementioned Feldkamp reconstruction technique. Typically 

when reconstructing 4D phase images from a single CBCT scan, a severe degradation of 

image quality occurs due to limited sampling and large angular gaps between 

projections. While this would require some sort of post-processing[139-147] to ensure 

that the resulting reconstructions are reliable, this was not performed in this study 
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because instead five sets of CBCT scans were combined retrospectively in order to 

increase the amount of projections per bin and consequently eliminate such artifacts. 

Alternatively, these artifacts can be avoided by appropriately adjusting the image 

acquisition and reconstruction parameters according to a patient’s specific respiratory 

cycle.[148, 161]  

The purpose of the 4D-CBCT images was for visual comparison to the FB-CBCT 

images, in order to demonstrate the full extent of the target motion. All quantitative 

analyses were performed solely on the FB-CBCT reconstructions. 

2.2.1.4 Contrast Reduction 

The main goal of this study was to characterize the effect different inspiration to 

expiration durations would have on the image of a moving target. We hypothesized that 

the main effect of spending a longer time in expiration than in inspiration would result 

in a decrease in contrast of the target at the location corresponding to inspiration, due to 

fewer projections of that phase input into the reconstruction. In order to quantify this 

potential loss of contrast, regions-of-interest (ROIs) were selected of 100 by 5 pixels 

(length x width) for the 1.0 cm tumor and 150 x 5 pixels for the 3.0 cm tumor to measure 

the reconstructed intensity values in a single coronal slice. We chose the coronal plane to 

study the superior-inferior motion of the target, but a sagittal reconstruction would have 

worked as well. The five columns of each ROI were averaged together to represent a line 
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profile along the direction of target motion. The number of columns averaged did not 

impact the results. 

Since the phantom body remained stationary throughout all acquisitions, the 

appropriate ROI was applied to the same slice of all FB-CBCT images in the same 

location, per target size. The local contrast was calculated along this line, where Ib is the 

background pixel value and It is the target pixel in Equation 2.1. 

Equation 2.1 

b

bt

I

II
C


         

Ib was calculated by taking the average pixel value in an ROI of 10 x 10 pixels 

placed on the background signal, adjacent to the target. It corresponded to the averaged 

pixel value along the line profile. The contrast was then plotted as a function of target 

size and motion amplitude per group of respiratory profiles (i.e. simulated or patient). 

The reduction in contrast (Equation 2.2) was then computed by selecting pixel 

locations according to the “ideal” sinusoidal respiratory cycle with a 1:1 I/E ratio. These 

pixels were selected such that they exhibited the same contrast along the extreme ends 

of the target motion of the ideal respiration. This is demonstrated with the two black 

stars along the same horizontal dotted line of the black curve labeled 1 in Figure 2.5. 

(The legend in Figure 2.5 indicates the I/E ratio per curve.) These same pixel locations 

were then selected for all of the other line profiles (per target size and amplitude), as 
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depicted with the different color stars along the vertical dashed lines in the figure. The 

contrast at these two points was compared and the percent reduction of point B relative 

to point A was calculated and tabulated for all 66 cases.  

Equation 2.2 

A

BA

C

CC
reductionContrast


 *%100      

 

Figure 2.5: Demonstration of the calculation of percentage contrast reduction 

along the direction of motion of the ITV from the FB-CBCT image. 

2.2.1.5 Area Reduction 

In order to further correlate the effects on contrast with the displayed motion, the 

visible area on the FB-CBCT image generated per respiratory profile, tumor size, and 

motion amplitude was calculated. This was first implemented by objectively locating the 
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contour with an image-processing technique known as Canny edge detection[163] using 

Matlab software. The function allows the adjustment of the two thresholds used for 

detecting strong and weak edges, as well as the sigma of the Gaussian filter, which 

determines the size of the smoothing filter that is convolved with the image prior to 

application of the thresholds.  

The two thresholds were automatically selected by the algorithm for each image 

because this allowed the algorithm to most easily pick up the entire contour. Applying 

an identical threshold to all cases often resulted in disconnected contours. Three 

different sigmas (σ=1, 2, and 3) were implemented, while the thresholds were kept 

constant per image, in order to have an objective measure of the contours as a function 

of sigma. Once the contours were obtained, the area (i.e. the number of pixels inside of 

the contour) was calculated across all images per sigma value. These areas were then 

plotted as a function of respiratory profile, target size, motion amplitude and sigma 

value. 

2.2.2 Patient Data Study 

2.2.2.1 Data Acquisition and Reconstruction 

Volume underestimation was also demonstrated using patient data that was 

previously acquired with a slow-gantry rotation technique.[133] The specific data used 

for this study was of a lung cancer patient with two different size posterior lung tumors, 
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one in each lung. The slow-gantry CBCT acquisition resulted in a total of 1983 

projections, which were then used to reconstruct both FB-CBCT and 4D-CBCT images. 

Approximately 400 projections were evenly selected from the full (unsorted) 

dataset to reconstruct a FB-CBCT. These projections were then input into the 

aforementioned algorithm for reconstruction of output volumes of 512 x 320 x 401 with 

0.507 mm2 pixel size and 0.5 mm slice thickness. 

As before, the respiratory signal was derived from manual tracking of structures 

in the projection images for 4D-CBCT reconstruction. The same convention of 10 phase 

bins with 10% phase windows was applied to the sorting process. Upon completion of 

sorting, reconstruction volumes per respiratory phase were produced with the 

Feldkamp-like algorithm. 

2.2.2.2 Volume Underestimation 

Clearly for the patient case there was no gold standard respiratory profile with 

perfect periodic motion available, and so comparing contrast calculations was not 

feasible. Instead, the effect of disparate respiration was evaluated by comparing 

volumes between the FB-CBCT and 4D-CBCT dataset.  Thus, once all of the eleven 

reconstruction volumes were generated (10 phases + FB-CBCT), they were converted 

into Digital Imaging and Communications in Medicine (DICOM) files for importing into 

Eclipse Treatment Planning System (Varian Medical Systems, Palo Alto, CA). Both 
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tumors were then manually contoured on each dataset, starting with the FB-CBCT 

volume first. Using the Boolean operators present in the software, the contours from 

each of the 10 phases of the 4D-CBCT were combined in order to obtain the 4D ITV. The 

FB ITV was calculated from the FB-CBCT dataset and then compared with the 4D ITV 

for both tumors, according to Equation 2.3. 

Equation 2.3 

D

FBD

ITV

ITVITV
ationUnderestimPercent

4

4
*%100


     

2.3 Results 

2.3.1 Phantom Study 

Figure 2.4 displays the FB-CBCT images produced of a 3.0 cm target moving 2.0 

cm in amplitude for each of the simulated respiratory profiles. These images visually 

demonstrate what happens to the ITV in a FB-CBCT image as the deviation between 

time spent in inspiration versus expiration increases. It is evident that as this disparity 

becomes more severe, the contrast decreases in the inferior portion of the ITV – the 

location of the target during the inspiration phase.  

This problem is further highlighted in Figure 2.6 where FB-CBCT images are 

displayed adjacent to the 4D-CBCT images of the target at the 0 and 50% phases of the 

respiratory cycle. Two patient and two simulated respiratory profiles, all with different 

I/E ratios are depicted in the figure. As the I/E ratio (marked in the top left corner of the 



 

 

41 

FB-CBCT image) decreases, we see that the full extent of target motion is much more 

obvious with the 4D phase images than solely with the free-breathing image. It is 

important to note that the metal streak artifacts (caused by a localization marker 

embedded in the phantom) in the 4D-CBCT are more conspicuous than those in the FB-

CBCT due to the limited number of projections in the phase reconstructions for 4D-

CBCT. 

 

Figure 2.6: FB and 4D phase images of two patient respiratory profiles (top 

row) and two simulated respiratory profiles (bottom row). The number indicated on 

the FB image represents the inspiration to expiration ratio, whereas the percentage 

indicated on the adjacent images represents the phase bin. Peak-inspiration 

corresponds to 0% and peak expiration corresponds to 50%. 

Figure 2.7 and Figure 2.8 provide quantitative validation of what is visually 

observed in the images of Figure 2.4, for all respiratory profiles, target sizes, and motion 

amplitudes. Local contrast is the metric that is plotted on the y-axis of each plot, along 
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the direction of motion of the target. The changes in plot shape that are illustrated in the 

figures allow us to infer that this type of breathing disparity is more consequential for 

smaller tumors that move large amplitudes rather than large tumors that move very 

little. This is clearly demonstrated by the two-peak curve (I/E=1.0) transforming into a 

single-peak curve (I/E=0.21) for the 1.0 cm target moving 2.0 cm in amplitude versus a 

relatively unchanged shape for all profiles of the 3.0 cm target moving only 0.5 cm in 

amplitude. The loss of the second peak essentially represents a loss of contrast or 

disappearance of the target at the inferior portion of the ITV so that it looks like it is only 

located at the superior location. This effect is further confirmed by the results in Table 

2.1, which reports the percentage of contrast reduction that occurs along the direction of 

motion for each case.  
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Figure 2.7: The local contrast computed along line profiles of the FB-CBCT 

images of the simulated respiratory cycles for both target sizes (T) and all three 

motion amplitudes (A).  The legend on the right indicates the correlation between 

respiratory profile and marker shape. 
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Figure 2.8: Local contrast plotted for patient respiratory profiles along the 

direction of motion in the FB-CBCT images for all target sizes (T) and motion 

amplitudes (A), in addition to the gold-standard profile, which has a perfect 

simulated inspiration to expiration ratio of one. The legend relates the respiratory 

profiles studied to their corresponding plot shape.  
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Table 2.1: Percentage of contrast reduction computed from FB-CBCT images of motion phantom for all cases. The top half of the 

table displays the results for simulated respiratory cycles and the bottom half depicts the results for the patient respiratory 

cycles. T represents target size and A represents amplitude, both in centimeters so that T1A0.5 = 1.0cm target and 0.5cm 

amplitude, T3A2 = 3.0cm target and 2.0cm amplitude, etc. 

Insp/Exp 

Ratio 

T1A0.5 

Contrast 

Reduction (%) 

T1A1  

Contrast 

Reduction (%) 

T1A2 

Contrast 

Reduction (%) 

T3A0.5  

Contrast 

Reduction (%) 

T3A1  

Contrast 

Reduction (%) 

T3A2  

Contrast 

Reduction (%) 

1.0 0.2 0.8 0.5 4.2 0.1 0.4 

0.51 37.9 59.1 66.2 7.4 35.0 39.0 

0.35 53.9 77.0 76.4 20.0 45.4 46.4 

0.26 61.1 82.4 82.7 24.6 49.7 51.1 

0.21 67.3 87.2 89.7 27.6 50.8 54.0 

0.89 18.4 50.3 49.7 9.4 25.9 25.7 

0.78 30.3 61.2 70.6 16.3 34.0 32.9 

0.77 16.7 79.0 97.3 28.1 42.2 44.5 

0.51 51.3 74.3 88.5 29.9 44.6 48.7 

0.41 41.4 68.2 81.5 22.1 43.9 43.1 

0.14 73.1 92.6 94.0 22.3 55.4 64.9 
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Although the line profiles and contrast reduction calculations explain what is 

visually taking place, a more relevant task to radiation oncology would be to observe the 

effect of this specific breathing disparity on the contour of the target displayed by the 

FB-CBCT. These contours were determined using Canny edge detection and the areas 

within them are plotted in Figure 2.9 and Figure 2.10. As expected, this data leads to 

similar conclusions about the effect of decreasing the I/E ratio on the FB-CBCT image. 

The plots show the general decreasing trend in the area picked up by the algorithm as 

the disparity becomes more severe for all profiles, tumor sizes, motion amplitudes, and 

sigma values. It is also evident that as the standard deviation of the smoothing filter of 

the algorithm is increased, the area inside of the extracted contour becomes relatively 

smaller.  
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Figure 2.9: Area in pixels calculated using Canny edge detection for the 1.0 cm 

target for both simulated and patient respiratory profiles. The area is computed as a 

function of the standard deviation of the filter used by the image processing 

technique. 
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Figure 2.10: Results for the pixel area computed using Canny edge detection on 

the FB-CBCT images of the 3.0 cm target for all respiratory profiles (simulated and 

patient) for three sigma values. These sigma values represent the standard deviation 

of the filter used to determine the edges by the algorithm. 

 

2.3.2 Patient Study 

The lung patient data further demonstrates the potential for underestimation of 

the ITV generated from a FB-CBCT (average I/E ratio=0.307). Figure 2.11 presents 

adjacent coronal FB-CBCT and 4D-CBCT (0 and 50%) phase images of the two tumors 
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studied in this patient, as well as the patient’s breathing pattern. The results comparing 

the volumes contoured from free-breathing CBCT data versus 4D-CBCT data are given 

in Table 2.2. It is apparent that the ITV derived from the FB-CBCT is underrepresented 

as compared to the ITV derived from the 4D-CBCT for both the small (A) and large (B) 

tumor.  

 

Figure 2.11: Coronal slices of FB-CBCT and 4D-CBCT phase images for the 

lung cancer patient tumors along with the corresponding RPM profile. 

 

 



 

 

50 

Table 2.2: Percent underestimation of the 4D-CBCT ITV by the FB-CBCT ITV 

for both patient lung tumors A and B. 

Tumor 

Free-Breathing 

 ITV (cm3) 4D ITV (cm3) 

Volume 

 Underestimation (%) 

A 1.78 2.97 40.1 

B 35.62 46.98 24.2 

 

2.4 Discussion 

This study has illustrated that the presence of an I/E ratio of less than one can 

adversely affect the ability of a FB-CBCT image to accurately represent the full range of a 

moving target. The severity of this effect increases as the I/E ratio decreases. 

Underestimation of the ITV during the verification process could lead to improper 

alignment of the planning ITV with the on-board image of the FB-CBCT ITV if the 

center-to-center technique is maintained. Therefore, this type of breathing disparity has 

the potential to lead to localization errors, which may not be covered by margin 

expansion if the motion were large enough. 

Although our experiments effectively demonstrated the impact unequal 

durations of inspiration and expiration can have on images, there are other breathing 

irregularities that often appear in patient respiration that were not acknowledged here. 

Those include baseline shift and varying peak-inspiration amplitudes. Our study 

attempted to isolate the irregularity of interest, but small variations in inspiration 
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amplitudes of patient derived profiles were mildly confounding.  An example of these 

variations can be seen in Figure 2.2.  

The results shown in Figure 2.9 and Figure 2.10 exhibited some fluctuations in 

the extracted area and thus did not always precisely follow the expected decreasing 

trend in area as the I/E ratio decreased. These fluctuations were more abundant for the 

patient respiratory cycles than for the simulated ones. One explanation may be the 

presence of the confounding factor of inconsistent peak amplitudes in the patient 

profiles. However, the more likely explanation is that the flaws of the image processing 

algorithm itself may have introduced some error into the data during the contour 

extraction process. The Canny edge algorithm determines the edges by looking for local 

maxima of the gradient of the image, which is calculated with the derivative of the 

Gaussian filter. It has often been found to perform superiorly to other edge detection 

methods because it uses two thresholds which detect strong and weak edges, but only 

includes the weak edges in the output contour if they are connected to the strong edges. 

This is done in order to minimize the influence of noise so that the algorithm is more 

likely to detect the true weak edges. Nonetheless, for several of the profiles, the 

algorithm was unable to extract the full contour from the image, thus requiring manual 

closing in order to calculate the area inside. For this reason, Canny edge detection was 

only implemented to calculate area in a single image slice instead of the entire volume. 
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The minimal adjustments consisted of simply connecting the two closest edges with a 

vertical or horizontal line. Although this made the results somewhat more subjective 

and may have introduced some error, using the Canny edge detector allowed us to 

study the phantom target contours more objectively than manual contouring. However, 

manual contouring was employed for the determination of the FB-CBCT and 4D-CBCT 

volumes of the patient study. This is because the Canny edge detector showed some 

difficulty in consistently extracting closed contours of simple phantom anatomy 

composed of only two densities. Therefore, it did not seem feasible to use this technique 

for more intricate patient anatomy exhibiting a multitude of densities. 

Variations in peak-inspiration amplitudes were also exhibited in the RPM profile 

(Figure 2.11) of the lung patient example. In addition, upon examining the respiratory 

cycle, the average inspiration to expiration ratio was calculated to be 0.307, which is 

rather low on the spectrum. These two factors are likely to explain the underestimations 

of the volumes of both tumors demonstrated in Table 2.2. As far as the large differences 

in percent underestimation, the FB-CBCT vs. 4D-CBCT comparison images in Figure 

2.11 provide some insight into that, demonstrating that tumor A is much more affected 

by respiratory-induced motion than tumor B. 

While our investigations allowed us to determine trends and make conclusive 

statements, they are not without limitations. Most phantom studies often fall short of the 
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real-life clinical scenario and our phantom is limited as well, due to its simplistic 

anatomy. The acquired images consisted of only two densities: lung and soft tissue 

equivalent materials. There was much less confounding anatomy (no ribs, breast, 

adipose tissue, etc.) than would be present in a typical patient case, which explains why 

a small trace of the target could still be seen in the images of even the most extreme 

respiration disparities. Thus, it would be reasonable to assume that the contrast 

reduction percentages would likely be higher and the contoured areas would likely be 

smaller in a clinical scenario with true patient anatomy.  

The effects of spending different amounts of time in inspiration and expiration 

on FB-CBCT imaging of a moving target have been made apparent in this article. 

However, FB-CBCT ITV underestimation may be minimized with the use of a 4D-CBCT 

image, where the 0 and 50% phase bins of the 4D-CBCT represent the estimated full 

extent of target motion based on the given 4D imaging protocol, as demonstrated with 

Figure 2.6 and Figure 2.11. However, as previously emphasized, the high doses and long 

acquisition times associated with conventionally proposed 4D-CBCT imaging protocols 

have prevented 4D-CBCT from translation into routine clinical use. Instead, the best 

alternative would be to employ the formalism proposed by Maurer et. al.[148, 161] that 

allows optimized selection of acquisition parameters for customized on-board 4D-CBCT 

or 4D-DTS imaging. 
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The data presented in this article suggests the importance of being aware of 

patients that present with large tumor motion and such disproportionate breathing 

conditions. However, prior to incorporating a procedure to correct for the potential 

localization errors of such patients, the dosimetric consequences first need to be 

assessed. Recent publications by Trofimov et al.[164]  and Mutaf et al.[165]  indicate that 

there may be dosimetric consequences due to incorrect center-to-center volume 

matching between references and on-board ITVs for large motion amplitudes. Trofimov 

et al.[164] demonstrated that without applying their proposed tumor trailing strategy 

nor 1cm margin expansion, the shifts resulting from the “ultracyclic motion” of 

respiration can lead to cold spots of 85% of the planned dose to the target over a sum of 

four delivered fractions. Although the interplay effect between MLC motion and 

respiratory-induced target motion has been shown to average out over the many 

fractions of IMRT[78, 166-174], it may be more concerning for SBRT treatments due to 

the fewer amount of fractions with higher dose per fraction.[172]  Mutaf et al.[165] also 

studied the effect of a different type of respiratory shift on the dose distribution 

delivered to the CTV. Their study found that for uncharacteristic respiratory motion, 

where a shift occurs between the 4D CT determined CTV motion amplitude and the 

actual patient respiration during treatment, the dose reductions to the CTV can be 4.1% 

+ 1.7% for 1 cm amplitudes and 9.6% + 1.7% for 2 cm amplitudes. The shift that may 
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occur as a result of volume underestimation due to the respiratory motion presented in 

this article can draw parallels from the aforementioned publications. Therefore the 

dosimetric significance of the current work warrants further investigation.  

Ultimately, under-dosage of the target is a result of localization errors that may 

occur due to underestimation of the ITV. As an example of the magnitude of the error 

that may occur, a rough estimate can be computed here. For the worst case scenario in 

our phantom study: a 1.0 cm target moving 2.0 cm in amplitude with an I/E ratio of 0.21, 

the length of the planning ITV obtained from 4D CT would be 3.0 cm long (assuming 

that the 4D CT is unaffected by the disparity between inspiration and expiration). 

Adding the typical setup margin of 0.5 cm to the ITV to make it a PTV would extend the 

length to 4.0 cm. Now assuming that such a disparity ratio would only provide enough 

contrast for the 1.0 cm target to be visible at the location corresponding to peak-

expiration, aligning the center of this 1.0 cm FB-CBCT ITV with the 4.0cm PTV would 

result in 0.5 cm of the target moving out of the field during peak-inspiration. Clearly this 

is a very rough estimate due to all of the mentioned assumptions and thus also warrants 

further exploration, preferably with a prospective patient study. 

2.5 Conclusions 

The internal target volume generated by a FB-CBCT scan has the potential to be 

underrepresented as the time spent in inspiration becomes more disparate from the time 
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spent in expiration. This work emphasizes the importance of being aware of such a 

specific respiration disparity and its effects, so that the likely consequences of 

localization error may be avoided. Furthermore, this chapter highlights the importance 

and need for 4D on-board imaging in the radiotherapy room which would altogether 

avoid the potential errors that can be introduced when using FB-CBCT to localize targets 

affected by respiratory-induced motion. 
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3. A Novel Technique for Markerless, Self-Sorted 4D-
CBCT 

3.1 Introduction 

The importance of 4D imaging in the treatment room has been made evident in 

the previous chapter. While there has been a great deal of investigation into 4D-CBCT 

imaging, this area is still under development. For example, almost all of the 4D-CBCT 

studies discussed in Section 1.4.2.1 employed the use of external surrogate measures of 

respiration in order to assign respiratory phase to the projection data. External 

surrogates typically measure patient respiration by detecting changes in abdominal 

displacement or lung air volume. Commercially available products for detecting 

abdominal displacement include the Varian Real-time Position Management (RPM) 

system[71, 77, 79, 80, 175, 176] (Varian Medical Systems, Palo Alto, CA) and the strain-

gauged Anzai belt (Anzai Medical Systems, Tokyo, Japan).[177, 178] The Varian RPM 

system consists of a camera and an infrared reflecting marker, whereas the Anzai belt is 

composed of an elastic belt with a load cell that detects changes in pressure as a patient 

breathes. To detect changes in lung air volume, spirometry has been implemented to 

serve as an external surrogate for respiratory phase as well.[179] All of these external 

markers are assumed to correlate with the displacement of internal anatomy, but studies 

have demonstrated that uncertainties exist in this relationship.[180-183] Mismatching of 

projections and respiratory phase can lead to artifacts in the reconstructed phase images 
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and thus may potentially lead to errors in target volume delineation. Ideally, the 

respiratory phase would be derived directly from the respiratory-induced motion of the 

anatomy, without reliance on external surrogate measures. 

As a result of the limitations of external markers, there have been several 

techniques proposed for determining respiratory phase from CBCT projection images 

without the use of external markers. One such technique is known as the Amsterdam 

shroud technique, proposed by Zijp et al.[184], and consists of enhancing the diaphragm 

in individual projections by: (1) applying a logarithm, (2) performing edge-detection and 

thresholds, (3) collapsing each projection onto the cranio-caudal axis, and (4) 

successively combining the 1D line images into a 2D image, from which the 

displacement of the diaphragm is finally extracted by aligning each 1D line image to the 

next. However, this technique relies on a visible oscillating structure to be present across 

all projection angles, and so Kavanagh et al.[185] proposed a modified version of this 

technique that sums all pixels in the vertical and horizontal direction in a region 

encompassing the lungs and then plots this value across the acquired projections. The 

signal is then further corrected for rotational changes of the source and detector. The 

resultant plot provides the respiratory signal (even for datasets unsuitable for the 

Amsterdam shroud technique), to which phase-based sorting can be applied for 4D-

CBCT reconstruction. The robustness of this technique is unclear as it was only 
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compared with the Amsterdam shroud technique on fluoroscopy images and further 

patient CBCT data was not presented. 

Other ways of deriving motion from cone-beam projections for 4D 

reconstructions were studied by Rit et al.[186], Siochi[187], Lewis et al.[188] and Park et 

al.[160] Rit et al. developed a methodology that selects thousands of points of interests in 

the projections, then follows each of these points across projections with a Block 

Matching Algorithm, and finally performs some signal processing on the acquired 

trajectory.[186] However, their results showed that the accuracy of the sorting of 

projections depended on the number of desired phase bins. Siochi developed a different 

technique for MV cone-beam projections by determining a bounding box for diaphragm 

motion (for all projections) based on two pairs of full-inhale and full-exhale views.[187] 

This technique was tested with a moving tungsten pin and several lung patients, but it is 

important to note that it relies on the diaphragm being present in the field of view. 

Lewis et al present a direct tumor tracking algorithm that takes the 4D CT reference 

volume at each phase, registers these to the CBCT based on bony anatomy, generates 

DRRs at all angles corresponding to a CBCT acquisition, and then uses normalized 

mutual information to find the best match between DRR and CBCT projections to locate 

the tumor in 2D, from which a 3D tumor trajectory is constructed with minor 

approximations.[188] This algorithm worked quite well for the physical and digital 
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phantom cases presented, but did run into some trouble for the two patient cases 

because of the presence of other high contrast objects blocking the view of the tumor in 

the projection. Lastly, Park et al also implemented a template matching technique to 

extract respiratory signals from cone-beam projections that was applied to a phantom 

and five patient cases for 4D-CBCT and 4D-DTS reconstruction. It is important to note 

that their technique is restricted to liver tumors and relies on the insertion of metal 

fiducial markers.[160]  

All of the aforementioned techniques selected specific anatomical information as 

input for signal analysis and each had its own benefits and limitations in deriving 

respiratory signals from projection data without the use of external surrogates. Recently, 

Cai et. al[189] presented preliminary results on using the Fourier Transform (FT) to 

extract respiratory signals from continuously acquired magnetic resonance (MR) images 

for the reconstruction of 4D-MRI. We hypothesize that applying similar concepts of the 

FT to cone-beam projection data will allow us to directly determine respiratory 

information from projection data, thus facilitating the process of correlating respiratory 

phase and projection data. The major advantage of using an FT technique is that both 

phase and magnitude information are available for extraction of respiratory signals.  The 

proposed technique further enhances the available methodologies by providing a much 

simpler and more efficient method for markerless self-sorted 4D-CBCT reconstruction 
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than what has previously been implemented. The novelty of the technique is that it 

characterizes the anatomical motion information directly from kV projections by 

tracking the changes in key FT parameters of continuously acquired projection images. 

The technique simplifies the 4D-CBCT reconstruction process by eliminating the need 

for additional measurements of respiratory phase.  

The majority of Chapter 3 has also been previously published[190] in Medical 

Physics and is reproduced in this dissertation with the journal’s permission. 

3.2 Methods and Materials 

3.2.1 Fourier Phase vs. Magnitude Technique  

The motivation for this novel technique comes from the basics of Fourier 

Transform (FT) theory. The FT of an object is often described by its magnitude and 

phase, which are all mathematically described in Equation 3.1, Equation 3.2, and 

Equation 3.3 with Re(F) signifying the real component of F(u,v) and Im(F) signifying the 

imaginary component of F(u,v).  

Equation 3.1 
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Equation 3.3 
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The magnitude of the FT of an image represents how much of a particular 

frequency component is present in that image, whereas the phase represents where in 

the image that particular frequency component is present. 

An important property of the phase information of a FT is demonstrated with the 

shift theorem (Equation 3.4), which dictates that a geometric shift induced in Cartesian 

space corresponds to a phase shift in Fourier space.[191]  

Equation 3.4 
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Because the goal is to extract motion information from projection data and 

motion presents in the projections as consecutive shifts in Cartesian space, then it is 

reasonable to hypothesize that these changes in Cartesian space (i.e. motion) would 

correspond to detectable changes in phase in Fourier space.  

Alternatively, the magnitude information of the FT can also be used for 

respiratory phase extraction. During image acquisition, organ motion presents itself in 

the projection data as changes in intensities in two different manners: 1) the diaphragm 
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moving up and down and 2) the thorax expanding and retracting, both of which are a 

result of respiration. These changes in intensity can be related to changes in the 

magnitude component of the 2D FT, thus establishing another potential relationship 

between the motion contained in the projections over time and their corresponding 

Fourier magnitude information. 

Both of the proposed methods initially involve the same set of image processing 

procedures. Once the projections are acquired, the logarithm of each projection is taken. 

This enhances the contrast because the dynamic range of the images is compressed, 

minimizing the large variation in pixel values that is typically seen in projection data. 

The next step involves selecting a region-of-interest (ROI), simply starting at the 

superior portion of the lungs and including everything below. The entire width of the 

projection data is maintained because of the changing position of the lungs as the source 

rotates around the patient. Because the amount of lung in the FOV can vary across 

patients, the ROI is then symmetrically padded with zeros to restore the data to its 

original projection size. This allows us to later select the same frequency location with 

the FT-Phase technique for all patients, independent of the ROI size.  The last step that 

both methods have in common is the calculation of the 2D Fourier Transform (2D FT) of 

each projection in the dataset.  
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The FT-Phase technique then requires computation of the phase at every pixel. 

The first low frequency location along the y-axis (0,1) is then selected and this phase 

value is plotted as a function of every projection in the dataset. Low frequency is chosen 

because the overall motion of structures (i.e. the respiratory motion) is mainly encoded 

as low frequency information in Fourier space. The y-axis is relevant because it 

represents motion occurring along the superior-inferior direction. It is important to note 

that slow-gantry acquired projection data works best with this technique since it is 

sensitive to changes between consecutive projections and ideally the phase shifts would 

only come from respiratory-induced motion rather than changes in anatomy due to the 

rotation of the source around the patient. The plotted phase values constitute the 

extracted signal, which has a low frequency component (due to varying attenuation of 

the photons around the patient), a high frequency component (due to respiration) that is 

particularly of interest, and an even higher frequency component (due to cardiac 

motion). Some minor signal processing is required to separate the component of interest 

from the other two. First, the signal is “unwrapped” in order to minimize the jumps that 

may occur in phase between consecutive data points by adding multiples of ±2π. In 

order to remove the cardiac motion, a low-pass filter is applied. To detrend the signal 

from the low frequency component, the signal is heavily smoothed with a large moving 

average, which is then subtracted from the original signal. Some additional smoothing 
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with a much smaller moving average is applied to facilitate automatic extraction of the 

valleys of the FT-Phase signal, which evidently correspond to peak-inspiration 

projections. All image processing and data analysis was performed with an in-house 

developed Matlab program (The Mathworks, Inc. Natick, Massachusetts). 

The FT-Magnitude technique requires a slightly different procedure. First, the 

magnitude (instead of phase) is calculated at every pixel. Here, the DC component is 

selected, rather than a low frequency magnitude. Although, other low frequency 

locations may work, the DC component was found to be more robust (see Results 

Section 3.3). The DC component is of interest because it is essentially the average of the 

intensity values in the projections, which conveniently change as a result of the motion 

of the anatomy that is due to respiration and rotation of the x-ray source. Thus, the DC 

component is plotted across the projections in the dataset to form the FT-Magnitude 

extracted signal. The same aforementioned signal processing is then applied to this 

signal as well. The only difference is that for this technique, the peaks of the extracted 

signal correspond to peak-inspiration projections. The procedure for both techniques is 

summarized in Figure 3.1.  
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Figure 3.1: Summary of procedures for the FT-Phase vs. FT-Magnitude 

techniques. 

3.2.2 Phantom and Patient Projection Data 

The proposed Fourier methods were both tested with phantom and patient data 

that was previously acquired under an investigational 4D-CBCT study.[133] Both 

phantom and patient projections were acquired with an x-ray flat panel detector 

mounted orthogonally to the MV treatment gantry on the Varian Trilogy system 

(Medical Systems, Palo Alto, CA). The phantom imaged was an International 
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Electrotechnical Commission (IEC) body phantom with six hollow acrylic spheres of 

various diameters: 1.1, 1.4, 1.8, 2.2, 2.7 cm. The IEC phantom was placed on a moving 

platform, which was programmed to simulate regular respiratory cycles that were 3 and 

6 seconds in duration. The motion was limited to the superior-inferior direction with an 

amplitude of 2.0 cm. Both respiratory cycles were imaged at a slow-gantry speed 

resulting in a scan length of 5 minutes over a 200o arc. The 3 second respiratory cycle 

resulted in 1402 projections and the 6 second respiratory cycle had 1405 projections.  

In addition to the two phantom data sets of projections, the proposed algorithms 

were also tested with three sets of patient projections acquired over a 200o arc at slow-

gantry speeds of approximately 0.71o/s, 0.70o/s, and 0.60o/s. The resulting scan lengths 

were 4.5, 4.5, and 5.7 minutes acquired with frame rates of 7, 7, and 5fps, respectively. 

Patient 1 had a total of 1982 projections, Patient 2 had 2005 projections and Patient 3 had 

1679 projections. Further details on the CBCT acquisition parameters for this data can be 

found from Lu et al.[133]  

3.2.3 Evaluation  

In order to investigate how accurately the proposed Fourier methods (phase and 

magnitude) were identifying the peak-inspiration phase (0%), the respiratory signal was 

also derived by visually tracking structures in the data set. Projection numbers that 
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corresponded to peak-inspiration were recorded, and this served as the gold standard 

for comparison.  

Quantitative evaluation of methods was implemented by computing respiratory 

phase, defined as the percentage of the respiratory cycle that has passed since peak-

inspiration (represented by 0% or 100%). Upon determining peak-inspiration, every 

projection was then assigned a phase according to linear interpolation in between 

consecutive peak-inspiration projections. This was performed for both Fourier methods 

as well as the manual technique. The average difference in respiratory phase (ADRP) 

across the entire dataset for FT-Phase vs. Manual and FT-Magnitude vs. Manual was 

then computed with Equation 3.5. 

Equation 3.5 
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The percentage of projections that were assigned within 10% respiratory phase 

(PP10) of each other when comparing each of the two Fourier methods to the manual 

technique was also computed per dataset according to Equation 3.6.  

Equation 3.6 
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The purpose of this computation was to get an idea of how accurately the 

projections would still be sorted upon phase assignment according to each of the two 

Fourier methods. A 10% phase criterion was chosen because this is the conventional 

amount of motion present in each phase bin when reconstructing 4D images. Both of the 

quantitative evaluations were performed on all five projection datasets for the FT-Phase 

and FT-Magnitude methods.  

3.2.4 ROI Selection 

It was important to investigate if the accuracy of one particular method relied on 

what region of the projection was input into the Fourier Transform. This is relevant 

because different areas of the projection experience different amounts of intensity 

changes depending on the magnitude of organ displacement. In the interest of 

robustness and simplicity, the selected ROI began at the top of the lungs and proceeded 

all the way downward in the vertical direction, meanwhile including all of the projection 

information in the horizontal direction (to account for the changing location of the lungs 

in the projection data as a function of x-ray source angle). The quantitative comparisons 

presented in the Evaluation section were performed with using the entire projection vs. 

the selected ROI as input for all five projection datasets (Note: for the IEC phantom data 

the ROI consisted of the moving portion of the rods). This was done in order to assess 

whether selecting an ROI is a crucial factor in determining the accuracy of the technique.    
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3.2.5 Frequency Selection 

As previously mentioned, low frequency locations in Fourier space are of interest 

because large anatomical motion is typically represented as low frequency information. 

It was thus important to assess which low frequency location was most robust across the 

accessible projection datasets. Both quantitative metrics of average difference in 

respiratory phase and percentage of projections assigned within 10% phase were again 

computed across low frequency locations ranging from (0,0) to (5,5). Based on these 

results, the appropriate low frequency location was recommended for selection for each 

of the Fourier techniques.  

3.2.6 4D-CBCT Reconstruction 

In order to provide some additional results for how the different methods 

measured against each other, 4D-CBCT phase images were reconstructed according to 

the sorting and binning that occurred as a result of the extracted peak-inspiration  

projections for each method. The sorting process can be performed either according to 

phase or amplitude of the respiratory signal. However, the resultant signals from both of 

the proposed Fourier methods exhibit baseline shift and thus must be sorted according 

to phase, rather than amplitude. Therefore, once the peak-inspiration projections were 

identified, the projections in between adjacent peak-inspirations (0%) were assigned 

phases based on linear interpolation. The projections were then appropriately sorted 
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into 10 phase bins, each with 10% phase windows, which is the typical convention 

among current investigators of 4D imaging. Each bin was centered at 0%, 10%, 20%, etc. 

and contained the adjacent 5% phases within the bin so that the 10% bin really 

corresponded to phases between 5% and 15%.  

Upon completion of the sort and bin procedure, each of the 10 phase bins was 

then reconstructed with an in-house Feldkamp-type reconstruction algorithm. [149, 150] 

Each reconstructed volume was of size 512 x 320 x 401 with 0.5mm slice thickness and 

0.507mm2 in-plane pixel size. This was performed for one phantom (RC = 6 sec) and one 

patient (Patient 1) case across all three methods (Manual, FT-Phase, FT-Magnitude). In 

order to additionally assess the images quantitatively, line profiles were plotted to 

compare edge preservation for the phase bins as reconstructed by the FT-Phase and FT-

Magnitude method relative to the manual technique. 

3.3 Results 

Table 3.1 and Table 3.2 demonstrate the effects of selecting the ROI versus using 

the entire projection on the average difference in respiratory phase and the percentage of 

projections assigned within 10% phase of the manual technique. Both Fourier techniques 

are evaluated with these quantitative metrics across all projection datasets. It is evident 

that the ROI selection does play a crucial role in determining the accuracy of the FT-

Phase technique, where it leads to a much lower average phase difference and much 
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greater percentage of projections assigned within 10% phase for the patient data. The 

effect of the ROI selection is less distinctive for the DC component of the FT-Magnitude 

technique. 

Table 3.1: Results for the average difference in respiratory phase (ADRP) using 

the entire projection vs. ROI for both Fourier techniques relative to the manual one. 

 Entire Projection: ADRP (%) ROI: ADRP(%) 

Projections FT – Phase FT – Magnitude FT – Phase FT – Magnitude 

Phantom 

RC=3sec 
1.8 7.4 1.8 2.1 

Phantom 

RC=6 sec 
3.7 9.3 3.9 4.0 

Patient#1 5.1 2.9 2.9 2.9 

Patient#2 15.5 6.8 5.0 5.3 

Patient#3 6.7 3.4 3.8 3.5 

 

Table 3.2: Inputting the entire projection vs. ROI results for the percentage of 

projections that were within 10% phase of the gold standard (PP10) for each Fourier 

technique as compared with the manual technique. 

 Entire Projection: PP10 (%) ROI: PP10 (%) 

Projections FT – Phase FT – Magnitude FT – Phase FT – Magnitude 

Phantom 

RC=3sec 
100.0 86.3 100.0 98.1 

Phantom 

RC=6 sec 
100.0 79.9 100.0 92.3 

Patient#1 92.5 98.7 97.6 98.7 

Patient#2 58.3 83.1 93.4 87.3 

Patient#3 83.2 96.1 94.1 95.7 
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Figure 3.2 displays the average difference in respiratory phase as a result of 

varying low frequency locations for both the FT-Phase and FT-Magnitude methods. The 

top row emphasizes the differences solely along the y-dimension from (0,0) to (0,5). Note 

that the (0,0) value is not plotted for the FT-Phase technique because the phase angle at 

that location is always 0. The bottom row demonstrates the differences along both x and 

y dimensions for a range of values from (0,0) to (5,5). As expected, it is evident that the 

lowest average phase difference occurs mainly for low frequencies located along the y-

dimension for both Fourier techniques. Further, the graphs depict that the FT-Phase 

technique exhibits the lowest ADRP at the first low frequency location (0,1) when 

comparing across all patient datasets. However, for the FT-Magnitude technique the 

most robust value is clearly the DC component for the three studied patients.  
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Figure 3.2: The first row of bar graphs demonstrates the average difference in 

respiratory phase (ADRP) as a function of low frequency location along the y-axis for 

both Fourier techniques. The second row shows the same results for a range of low 

frequency locations in both the x and y dimensions. 

Figure 3.3 studies the same effect, but measures it with the more meaningful 

quantitative metric of percentage of projections assigned within 10% phase of the 

manual technique (PP10). Similarly, it is obvious that the highest bars are seen for 

frequencies along the y-axis (superior-inferior direction of motion) for both methods. 

Taking into account all three patients, the first low frequency location of (0,1) again gives 

the best results for the FT-Phase technique. In accordance with the ADRP results, the DC 
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component of the FT-Magnitude technique consistently leads to the largest percentage 

of projections assigned within 10% phase for the three patient cases.  

 

Figure 3.3: Percentage of projections assigned within 10% phase of the gold 

standard (PP10) plotted as a function of FT-Phase and FT-Magnitude techniques for a 

variety of low-frequency locations. The top row emphasizes the results along the y-

dimension, meanwhile the bottom row of graphs displays the results along both 

dimensions. 

Figure 3.4 through Figure 3.6 present the extracted signals according to both 

Fourier techniques for Patients 1 through 3. The red circles on the plots represent the 

gold standard (manual) identified peak-inspiration projections and the black squares 

represent the automatically extracted ones for the corresponding listed technique. For 
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the most part, it is evident that the circles and squares match up nicely, further 

supporting the results seen in Table 3.1 and Table 3.2. Compared to the gold standard, 

both Fourier techniques are accurate enough to achieve 4D-CBCT reconstruction with 

low average differences in respiratory phase (5.3% and less) and a large majority (87.3% 

and greater) of projections assigned within 10% phase of the gold standard. Generally, 

both Fourier techniques give similar results, with the exception of Patient#2, where the 

FT-Phase technique shows a slight advantage (approximately 6%) over FT-Magnitude in 

terms of percentage of projections assigned within 10% phase.  
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Figure 3.4: Extracted signal from both Fourier techniques for Patient 1. Peak-inspiration determined from manual 

identification is marked with red circles and peak-inspiration determined from the Fourier technique is marked with black 

squares. 
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Figure 3.5: FT-Phase vs. FT-Magnitude derived signal for Patient 2. Red circles indicate peak-inspiration identified with 

the reference technique whereas black squares indicate peak-inspiration identified by the displayed technique. 
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Figure 3.6: The plotted signal from each FT method for Patient 3. Peak-inspiration determined from visual identification 

is displayed with red circles and from automatic Fourier identification with black squares. 



 

80 

Figure 3.7 and Figure 3.8 each display 4D-CBCT reconstructed images of 5 

selected phase bins (0%, 20%, 50%, 70%, and 90%) of the phantom with a 6 second 

respiratory cycle  (RC= 6 sec) and of Patient #1, respectively. Both figures present the 4D 

reconstructed phase images and their associated line profiles along the vertical 

dimension (for peak-inspiration and peak-expiration) as a function of each method: 

Manual vs. FT-Phase vs. FT-Magnitude. As expected from the results of the quantitative 

metric comparisons of the phantom with RC=6 sec, no visually detectable differences are 

evident across all three techniques per selected phase bin in Figure 3.7. The agreement 

between the plotted line profiles for the 0% and 50% phase bins also demonstrate that all 

three methods result in equivalent 4D-CBCT reconstructions. There are also no visually 

identifiable differences present for the 4D-CBCT images reconstructed for Patient 1 in 

Figure 3.8. Although not as ideal as the phantom data, the line profiles do display 

adequate agreement and thus further validate the equivalence of the two Fourier 

methods to the gold standard. 
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Figure 3.7: 4D-CBCT reconstructed phase images of the IEC phantom 

exhibiting 6 second respiration for the reference technique vs. FT-Phase technique vs. 

FT-Magnitude technique. Line profiles are plotted for 0% and 50% phase bins. 
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Figure 3.8: Five selected phase reconstructions of CBCT images of Patient 1 for 

visual assessment of any differences between the two proposed Fourier techniques to 

the gold standard. Plotted line profiles are displayed for the peak-inspiration and 

peak-expiration phases. 

 

3.4 Discussion 

The results presented in this study have demonstrated the preliminary 

implementation of a novel technique based on 2D image FT for markerless and self-

sorted 4D-CBCT reconstruction of images. In general, both of the proposed Fourier 

methods accomplished the 4D sort and bin processes equivalently. Table 3.1 (ROI) 

depicts that both techniques resulted in a low average differences in respiratory phase 

(5.3% and below). More importantly, Table 3.2 (ROI) demonstrates that both techniques 

were able to sort a large majority (87.3% and above) of the projections within 10% phase 
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of the gold standard method of manually identifying peak-inspiration projections. This 

is positive because it leads to phase differences that are within the acceptable window 

(10%) of motion typically present in each reconstructed phase image. Further, this novel 

technique does not require the presence of the diaphragm in the FOV, as we can see 

from the successful results of Patients 2 and 3, which were imaged above the diaphragm. 

For this feasibility study, it has been demonstrated that the region of the 

projection selected as input into the algorithm influences the results. The results in Table 

3.1 and Table 3.2 revealed that ROI selection starting with the lungs and including all 

anatomy below improved the accuracy of peak-inspiration identification. This type of 

straightforward ROI selection can easily be automated with some minor additional 

image processing and is therefore not an obstacle for the clinical translation of this 

methodology. For the three patients studied, the size of the ROI also did not seem to 

hamper the robustness of the frequency location selected for the FT-Phase technique, as 

long as the ROIs were padded with zeros to restore the original projection size.  

The results presented in Figure 3.2 and Figure 3.3 may lead us to believe 

otherwise for the FT-Magnitude technique. From the bar graphs of the quantitative 

metrics at different frequency locations, it is obvious that the DC component is the most 

robust for these three patients in terms of delivering the best accuracy. However, 

looking closely at the frequency locations along the y-axis it is also evident that for 

different patients there are other low-frequency locations that are able to deliver just as 
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accurate results. For example, Patient 1 achieves equally good results as the DC 

component at locations (0,3) and (0,4), whereas Patients 2 and 3 achieve equally good 

results at (0,1). This is likely related to the ROI size, as Patient 1 had a larger proportion 

of the lungs in the FOV than Patients 2 and 3. Padding with zeros does not seem to 

account for the variable ROI size for the FT-Magnitude technique as it is more sensitive 

to the amount of a particular frequency component present in the image. Reducing the 

ROI size of Patient 1 to match that of Patient 2 shifted the good results from (0,3) and 

(0,4) up to (0,1) and (0,2) as hypothesized. 

As there were only three sets of patient data examined in this feasibility study, it 

is apparent that the accuracy and robustness of the technique needs further assessment. 

Ideally, more slow-gantry patient data would allow for stronger validation of the 

technique. However, the implementation of slow-gantry CBCT acquisition of patients 

has been limited and it is thus the aim of the following two chapters to instead use a 

digital human phantom to examine the robustness of the Fourier technique across an 

array of respiratory (Chapter 4) and anatomical (Chapter 5) variables.  

Finally, it is important to note that while this work focuses on 4D-CBCT 

reconstruction, the developed Fourier technique is applicable to other 4D x-ray imaging 

techniques as well. 4D-DTS, which is essentially limited angle tomography, can be 

performed with a single detector or dual orthogonal detectors (i.e. Dual 4D-DTS). In fact, 

Dual 4D-DTS would especially benefit from the markerless technique as there would 
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always be an AP projection synchronized to the orthogonal lateral projection. This is 

beneficial because it is easier to extract respiratory phase information from AP 

projections versus lateral projections due to the decreased patient thickness (i.e. less 

anatomical noise).   

3.5 Conclusions 

The feasibility of using the Fourier Transform technique for markerless, self-

sorted 4D-CBCT reconstruction has effectively been shown. Both Fourier phase and 

magnitude methods resulted in low average differences in respiratory phase and a high 

percentage of projections assigned within 10% phase of the gold standard method for all 

datasets. Furthermore, the 4D phase image reconstructions of the FT-Magnitude 

technique and the FT-Phase technique were qualitatively and quantitatively equivalent 

to the gold standard technique. Overall, the results suggest that the proposed techniques 

are promising and may eliminate the need for external markers in the 4D-CBCT 

reconstruction process. 
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4. Evaluation of the Effect of Respiratory Variables on 
the Fourier Technique 

4.1 Introduction 

While the feasibility study presented in Chapter 3 showed great promise for the 

developed Fourier technique for markerless, self-sorted 4D-CBCT reconstruction, the 

three patient datasets are not enough to provide an absolute validation of the technique. 

Preferably, a larger sample size of slow-gantry 4D-CBCT patient data could be obtained 

for experimentation with the robustness of the technique. Slow-gantry acquired 

projections are relevant because the technique is sensitive to the intensity differences 

that occur between consecutive projections.   

In order to perform a thorough assessment and thus validate the robustness of 

the technique, a large amount of slow-gantry patient projection data would be required. 

However, this is currently not feasible due to manufacturer imposed constraints on 

clinical CBCT image acquisition parameters. Gantry rotation speeds slower than the 

current clinical standard CBCT (6o/s) are necessary because the technique is sensitive to 

detecting anatomical changes occurring due to respiratory motion between consecutive 

projections and thus if the rotation is too fast, the technique may be misled by the 

anatomical changes occurring instead due to rotation of the x-ray source. Since this sort 

of specific projection data currently exists in a limited amount, an alternative method is 

to use the next closest representation – a digital human phantom. Segars et al.[192-194] 

have developed an innovative tool, known as the 4D Digital Extended Cardiac Torso 
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(XCAT) phantom, based on real segmented human imaging data. The XCAT provides 

the capability of simulating realistic representations of human anatomy with respiratory 

and cardiac motion. The cardiac motion model is based off high-resolution multi-slice 

cardiac-gated CT data of healthy male and female subjects. The respiratory motion 

model is also based on an analysis of respiratory-gated CT data of 20 normal subjects. 

Therefore, this chapter aims to assess the performance of the markerless technique 

across a diverse set of simulated respiratory variables (respiratory cycle length, 

inspiration to expiration ratio, diaphragm and chest wall amplitude, irregularities, etc.) 

that may be encountered in the patient population with the 4D XCAT phantom.  

4.2 Methods and Materials 

4.2.1 Summary of Fourier Technique 

The proceeding work explores the robustness of the Fourier technique developed 

in Chapter 3, across a multitude of respiratory variations. The technique was described 

in great detail in section 3.2 and thus will only be briefly summarized here as a starting 

point for the following phantom studies.  

The Fourier technique consists of two separate components, one based on the 

phase information of the FT and the other based on the magnitude information. Figure 

3.1 illustrates the methodology behind the technique as: (1) selecting a simple region-of-

interest (ROI) that encompassed the lung region (from the apex of the lung down), but 

maintaining the horizontal width of the projection; (2) This step is skipped for XCAT-
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generated projections, because projections that were output from the algorithm were 

already logarithm transformed; (3) symmetrically padding the ROI with zeros above 

and below to maintain the same projection size across all cases, which facilitates 

extraction of the same location in Fourier space; (4) calculating the 2D FT; (5) separately 

calculating the phase and magnitude information; (6) selecting the first low frequency 

location (along the axis of superior-inferior motion) of the phase information to 

constitute the FT-Phase method; and (7) selecting the DC value (0,0) of the magnitude 

information to constitute the FT-Magnitude method of the technique. This is performed 

for every projection in the dataset and results in a respiratory signal curve for each of the 

two methods, from which peak-inspiration projections are automatically extracted.  

4.2.2 XCAT phantom 

The XCAT phantom uses non-uniform rational b-splines (NURBS) surfaces to 

construct anatomical objects based on patient data. The advantage of such a hybrid 

phantom is that it can be as detailed and realistic as a voxelized model, while still being 

flexible enough to accurately model motion and variations in anatomy. The 4D XCAT 

used in this study is the latest version of hybrid phantoms developed by Segars et 

al.[192-194] and provides the user with a multitude of capabilities, such as the 

generation of both female and male anatomy, as well as the ability to import patient-

specific cardiac models.  
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More relevant to the goal of this study, is the respiratory model of the XCAT 

phantom. There are two time curves that separately control the respiration: one defines 

the magnitude of diaphragmatic motion and the other the magnitude of the AP 

expansion of the chest. These curves can be scaled as necessary or completely replaced 

with any desired pattern. The diaphragm curve controls the motion of not just the 

diaphragm, but also organs such as the heart, liver, stomach, spleen, and kidneys which 

all move together at an appropriately scaled down magnitude. The AP curve controls 

the upward and outward rotation of the ribcage to expand the chest. A motion vector 

field is also set up in order to define the motion of other organs affected by respiration 

(abdominal organs, blood vessels and surrounding muscle tissue). These vectors are 

then applied to the control points defining the organs to create deformations of those 

structures to match the respiratory motion. The ability to change parameters such as 

diaphragm motion, chest expansion, respiratory cycle duration and respiratory pattern 

make it possible to create a multitude of respiratory scenarios that may be encountered 

amongst patients receiving radiation treatment. Furthermore, spherical lesions (or 

patient-specific lesions extracted from CT) of specified size, location and density can be 

added to the XCAT anatomy to follow either the motion of the lungs or any specified 

motion trajectory. 

Segars et al also developed an x-ray projection algorithm to complement the 

XCAT software.[192] This algorithm is able to quickly and accurately calculate CT 



 

90 

projections from the surface definition (i.e. NURBS file) of an input XCAT phantom and 

the specified imaging geometry. Options for imaging geometry include parallel beam, 

cone-beam with a flat panel detector, cone-beam with a cylindrical detector and fan-

beam with a cylindrical detector. The algorithm also requires the x-ray spectra to be 

specified with provided choices of 100, 120, and 140 kVp. Additional input parameters 

that are customizable are detailed in Table 4.1, which specifies the values used in this 

study. The output projections are 32-bit, little endian, floating-point binary files of 

matrix size specified by the input number of rows and channels. 

Table 4.1: The specific input parameters of the CT-projection algorithm used to 

generate CBCT projections of all XCAT phantoms. Note the z-axis translation is either 

250 or 300 mm, depending on whether the diaphragm is included in the field of view. 

CT Projection Algorithm Specifications Input 

Image geometry Cone-Beam 

X-ray spectra 120 kVp 

Projection angles 0 – 200o 

X-axis translation -80 mm  

Y-axis translation 0 mm 

Z-axis translation 250 or 300 mm 

Detector height 400 mm 

Detector width 300 mm 

Number of rows 512 

Number of channels  384 

Source-to-patient distance 1000 mm 

Patient-to-detector distance 500 mm 

Exposure per projection 2 mAs 

Half-fan angle N/A 

Detector efficiency 0.8 

Variance of electronic noise 0 

Poisson noise yes 



 

91 

4.2.3 Respiratory variables 

For the following set of simulated respiratory scenarios, all phantoms were 

generated of the same male anatomy ranging from the neck to pelvic region. A spherical 

tumor of 2.0 cm in diameter was placed in the same location of each phantom – at the 

anterior portion of the chest, approximately midway between the apex of the lung and 

the diaphragm. 

4.2.3.1 Respiratory cycle duration 

Simulations were first performed to assess the performance of the Fourier 

technique across a variety of respiratory cycle (RC) lengths representative of the range of 

patient respiration. Four phantoms were generated with RCs of 3, 4, 5, and 6 seconds in 

length by scaling the provided sinusoidal breathing curve generic to the XCAT software. 

Both magnitudes of diaphragm motion and chest expansion were set at the default 

levels typical of tidal breathing: 2.0 cm and 0.5 cm, respectively.  

4.2.3.2 Inspiration to expiration ratio 

Actual patient respiration is rarely sinusoidal in nature and furthermore is 

usually divided unevenly between inspiration and expiration. In fact, expiration 

typically lasts for a longer duration than inspiration. Chapter 2 demonstrated the 

consequences such disparities between inspiration and expiration may have on 3D 

CBCT imaging. In order to study the effect this may have on the accuracy of the Fourier 

technique, the same previously simulated respiratory cycles with inspiration to 
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expiration (I/E) ratios of 0.52, 0.35, 0.26, and 0.21 displayed in Figure 2.1 were used as 

input for XCAT phantom generation. Each respiratory cycle was 5 seconds long and 

exhibited the same default magnitudes of chest and diaphragm motion as previously 

specified.  

4.2.3.3 Diaphragm motion amplitude 

Since the magnitude of diaphragmatic motion often determines the degree of 

motion of the surrounding organs in the chest, it was important to see the impact 

varying degrees of motion would have on the sensitivity of the technique. Five XCAT 

phantoms were generated with diaphragm motion magnitudes of 0.25, 0.50, 1.0, 1.5, and 

2.0 cm. Again, RC length remained at 5 seconds and chest expansion at 0.5 cm.  

4.2.3.4 AP Chest wall motion amplitude 

The magnitude of AP chest wall motion was also studied as an additional 

variable that may affect the performance of the technique. Thus, five XCAT phantoms 

were also generated with varying AP chest wall motions of 0.25, 0.50, 1.0, 1.5 and 2.0 cm. 

RC length remained at 5 seconds and diaphragm amplitude at 2.0 cm.  

4.2.3.5 Tumor and organ-derived trajectories 

While it was logical to isolate the effects of RC length, I/E ratio and amplitude of 

diaphragm motion to a sinusoidal respiratory curve, it is perhaps more relevant to study 

actual tumor and diaphragm trajectories, which likely exhibit a combination of the 

aforementioned factors. Continuously acquired sagittal cine MRI data of three healthy 
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volunteers (H1, H2, and H3) from a previous study[195] (frame rate = 10 fps; FOV=300-

360 x 200-240 mm; slice thickness= 7 mm; matrix=128 x 128) enabled tracking of 

diaphragm motion with an in-house Matlab algorithm (The Mathworks, Inc. Natick, 

Massachusetts). The extracted trajectories are displayed in Figure 4.1. Because these 

were healthy volunteers without tumors, a separate tumor motion curve was not 

imported. Instead, the tumor trajectory was set to follow the general motion of the lungs 

(similar to the previously simulated cases).  

For three lung carcinoma patients (C1, C2, and C3), both diaphragm and tumor 

trajectories were successfully extracted from sagittal cine MRI slices. These are plotted 

together, per patient, in Figure 4.2. The curves imported as the diaphragm motion were 

either extracted from the patient’s diaphragm or pulmonary vessels, whichever was 

visible due to the selected sagittal position (centered on the tumor). In total, six sets of 

XCAT phantoms were generated to exhibit these specific trajectories (amplitude and 

time-wise). Note that a small degree of smoothing (rlowess – locally weighted linear 

regression smoothing process) was applied to the extracted profiles. However, sharp 

edges were still present (Figure 4.2: C2) due to the limited resolution of the MRI images 

from which the motion trajectories were extracted. 
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Figure 4.1: Plots of the extracted diaphragm trajectories of three healthy volunteers (H1, H2, and H3) input as the 

diaphragm curve of the associated XCAT generated anatomy. 
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Figure 4.2: Tumor and organ-derived trajectories of three lung carcinoma patients (C1, C2, and C3) input into the XCAT 

phantom as tumor (solid line) and diaphragm (dashed line) curves, respectively. Note that the sharp edges of the trajectory of C2 

are due to the limited resolution of the MRI images from which the trajectory was automatically extracted. 
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4.2.3.6 External surrogate-derived irregularities 

Since the diaphragm- and tumor-derived trajectories were limited in sample size, 

three additional trajectories were extracted from a clinical database of Varian Real-time 

Position Management (RPM) (Varian Medical Systems, Palo Alto, CA) patient profiles. 

The reason was to examine the robustness of the technique for extremely irregular cases 

of respiration, which are crucial to account for during treatment delivery due to the 

increased potential for the target to escape the treatment window. Thus the profiles 

displayed in Figure 4.3 were selected: one exhibiting baseline shift (BS), one exhibiting 

inconsistent inspiration/expiration peak amplitudes (IPA), and the last exhibiting a 

combination of the said irregularities (BS & IPA). These were each input as the 

diaphragm curve of the generated XCAT phantom anatomy. 
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Figure 4.3: External surrogate-derived trajectories exhibiting respiratory irregularities of baseline shift (BS), irregular peak 

amplitudes (IPA), and a combination of the two (BS & IPA) that were input as diaphragm curves into the XCAT.
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4.2.4 Image acquisition parameters 

Once the XCAT phantoms were generated, the provided CT-projection software 

was then used to obtain cone-beam projections. The specifications input into the 

software are listed in Table 4.1 and were chosen in such a manner to best mimic the 

conditions (image geometry, detector size, etc.) of projection data typically acquired in 

the clinic. This remained the same for all simulated respiratory variables. However, note 

the z-axis translation parameter did vary (between -250 mm and -350 mm) in order to 

simulate projections with and without the diaphragm in the field of view, per studied 

respiratory scenario. Since the diaphragm is typically an easily discernible oscillating 

structure in the projections, it was important to also simulate the opposite extreme of not 

having the diaphragm present at all, to thoroughly assess the performance of the Fourier 

technique across the different respiratory variables. 

Image acquisition parameters such as gantry rotation speed (GRS), frame rate 

(FR), acquisition time (AT) and number of projections acquired (NPA), per respiratory 

variable are listed in Table 4.2. These were determined using Maurer et. al's framework 

for optimized 4D imaging.[161] For an example with detailed calculations, please see 

Appendix A. 
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Table 4.2: CBCT acquisition parameters specific to each simulated respiratory 

variable or its overall category, computed based on an optimal 4D-imaging scheme. 

Variable GRS (o/s) FR (fps) AT (s) NPA 

RC Length 1.1 2.0 183 367 

I/E Ratios 1.1 2.0 183 367 

Diaphragm Amp. 1.1 2.0 183 367 

AP Chest Wall Amp. 1.1 2.0 183 367 

H1 1.2 3.5 160 556 

H2 1.0 2.8 201 560 

H3 0.9 3.0 212 644 

C1 1.0 2.9 198 579 

C2 1.2 2.8 165 459 

C3 0.9 2.8 223 621 

BS 1.3 2.9 150 429 

IPA 1.3 3.2 152 482 

BS & IPA 1.2 2.8 168 469 

 

The framework calculates these parameters by relating the patient’s respiration 

to the restrictions imposed upon by the desired 4D reconstruction (i.e. length of phase 

window and number of phase bins) with a few simple formulas. More details on the 

framework can be found in their publication. The advantage of using such a framework 

is evident from Table 4.2, where 4D-CBCT reconstructions can be achieved without a 

substantially larger dose, at the expense of a slightly longer scan time. This is how the 

future clinical implementation of our technique for 4D-CBCT is envisioned. 

4.2.5 Quantitative Evaluation 

4.2.5.1 Phase assignment  

Upon identification of peak-inspiration projections, all projections in between 

consecutive peaks were assigned respiratory phase (%) through linear interpolation as 



 

100 

before. The previously described quantitative metrics of average difference in 

respiratory phase (ADRP) and percentage of projections assigned from Fourier peak 

extraction that were within 10% respiratory phase of the projections assigned from 

manual peak extraction (PP10) were also computed for evaluation in this study 

(Equation 3.5 and Equation 3.6).  

Note, that phase unwrapping is performed immediately after signal extraction, 

prior to identification of peak-inspiration projections and is thus accounted for ahead of 

quantitative comparison with Equation 3.5 and Equation 3.6 .  

4.2.5.2 Volume reconstruction 

Further quantitative assessment of the performance of the markerless, self-sorted 

technique for the studied respiratory variables involved target volume comparison of 

reconstructed 4D-CBCT images. A single case from each respiratory variable category 

with the diaphragm absent in the projections was selected for 4D-CBCT reconstruction, 

with the intent that projections without the diaphragm were the more challenging 

scenario, as compared with the diaphragm present. Peak-inspiration projections were 

manually and automatically (via FT-Phase and FT-Magnitude) extracted. Each group of 

projections was then assigned phase according to linear interpolation. This resulted in 

three projection datasets per respiratory variable (Manual vs. FT-Phase vs. FT-

Magnitude). 
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Every projection dataset was then sorted into 10 phase bins with 10% phase 

windows. An in-house Feldkamp-type reconstruction algorithm was applied to each bin 

and resulted in axial images at a voxel size of 0.488mm3 and matrix size of 512x512. The 

0% reconstructed phase (peak-inhalation) and 50% reconstructed phase (peak-

exhalation) axials were imported into Eclipse treatment planning software (Varian 

Medical Systems, Palo Alto, CA) for contouring. The target was contoured under the 

same window and level for all 5 reconstructed data sets (Manual vs. FT-Phase vs. FT-

Magnitude) per respiratory phase bin (0% and 50%) and per selected respiratory 

variable.  

4.3 Results 

4.3.1 Respiratory cycle duration 

Table 4.3 presents the results for the quantitative assessments of all of the studied 

respiratory variables, with and without the diaphragm in the field of view, in category 

blocks. The first block represents the results for the effect of respiratory cycle duration 

on the Fourier technique. It is evident that across the span of respiratory cycles studied, 

the ADRP is overall less than or equal to 1.0% (well below the 10% phase criterion), both 

with and without the diaphragm and for both FT-Phase and FT-Magnitude. 

Furthermore, the PP10 results show that a large majority (97.3% and greater) of the 

projections across both Fourier methods are assigned phase within 10% of the manual 

method.  
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Table 4.3: Results for the quantitative metrics of average difference in 

respiratory phase (ADRP) and percentage of projections assigned within 10% phase 

(PP10) of the gold standard across all simulated respiratory variables, with and 

without the presence of the diaphragm. Data is blocked off by category. 

 NO DIAPHRAGM DIAPHRAGM 

 ADRP (%) PP10 (%) ADRP (%) PP10 (%) 

Variable 
FT-

Phase 

FT-

Mag 

FT-

Phase 

FT-

Mag 

FT-

Phase 

FT-

Mag 

FT-

Phase 

FT-

Mag 

RC=3s 0.6 0.3 97.5 99.0 0.6 0.6 97.5 97.5 

RC=4s 0 0 100 100 0 0.6 100 98.1 

RC=5s 0 0 100 100 0 0.3 100 99.2 

RC=6s 0 0.2 100 100 0 1.0 100 97.3 

I/E=0.52 0 0.2 100 99.5 0 0 100 100 

I/E=0.35 0 0.2 100 99.5 0 0 100 100 

I/E=0.26 0 0 100 100 0 0 100 100 

I/E=0.21 0 0 100 100 0 0 100 100 

DA =0.25 cm 0 0 100 100 0 40 100 11.2 

DA = 0.50 cm 0 0 100 100 0 34.1 100 26.2 

DA = 1.0 cm 0 0 100 100 0 18.2 100 45 

DA = 1.5 cm 0 0 100 100 0 4.2 100 98.1 

DA = 2.0 cm 0 0 100 100 0 1.5 100 99.2 

AP =0.25 cm 0 0 100 100 0 0 100 100 

AP = 0.50 cm 0 0 100 100 0 1.5 100 99.2 

AP = 1.0 cm 0 0 100 100 0 0 100 100 

AP = 1.5 cm 0 0 100 100 0 0 100 100 

AP = 2.0 cm 0 0 100 100 0 0 100 100 

H1 1.1 2.0 100 98.6 0.5 0.7 100 100 

H2 2.2 2.2 99.8 99.8 2.0 1.8 99.8 99.4 

H3 1.2 1.3 98.1 98.9 0.7 0.7 100 100 

C1 4.4 1.9 92.2 98.6 1.9 1.7 98.8 99.1 

C2 0.8 0.9 100 100 0.7 0.7 100 100 

C3 2.8 2.0 96.8 97.3 1.2 1.3 99.5 99.8 

BS 1.2 1.6 100 100 0.9 1.0 100 100 

IPA 1.7 3.3 95.2 100 2.3 1.9 99.8 100 

BS & IPA 0.2 1.1 100 100 0.2 0.5 100 100 
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4.3.2 Inspiration to expiration ratio 

The second block of rows of Table 4.3 depicts the results obtained for the varying 

degrees of I/E ratios. Again, the results of both Fourier methods have almost ideal ADRP 

(0.20% and less) and PP10 (99.5% and above) values across all simulated I/E ratios, both 

with and without the diaphragm. 

4.3.3 Diaphragm motion amplitude 

The diaphragm amplitude category of data is the third block depicted in Table 

4.3 and is the only respiratory variable studied that demonstrates a difference in 

performance between FT-Phase and FT-Magnitude, depending on the visibility of the 

diaphragm in the projection set. When the diaphragm is absent, both perform 

equivalently (ADRP=0% and PP10=100%) across all diaphragm amplitudes. However, 

when the diaphragm is visible, a clear threshold of performance for the FT-Magnitude 

method develops. For the studied amplitudes below 1.5 cm (i.e. 0.25, 0.5, and 1.0 cm), 

there is an obvious degradation of the FT-Magnitude method that becomes more severe 

(greater ADRP and lower PP10) as the diaphragm amplitude decreases, whereas FT-

Phase maintains its accuracy in phase assignment (ADRP=0% and PP10=100%), with and 

without the presence of the diaphragm. Because the FT-Magnitude technique performed 

accurately when the diaphragm was not visible in the FOV of the projection data, we 

investigated the performance of the technique by simply omitting the diaphragm from 

the selected ROI of the projections with the diaphragm in the imaging FOV. In this case, 
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FT-Magnitude resulted in ideal ADRP and PP10 values of 0% and 100%, respectively 

across all amplitudes of 0.25, 0.5, and 1.0 cm. 

4.3.4 AP Chest wall motion amplitude 

As expected, varying amplitudes of AP chest wall expansion did not affect the 

robustness of the technique because this motion is orthogonal to the dimension of 

relevance. Both Fourier magnitude and phase methods performed excellently in 

determining peak-inspiration phase projections with ADRP < 1.5 and PP10 < 99.2.   

4.3.5 Tumor and organ-derived trajectories 

Block 5 of Table 4.3 lists the phase assignment performance of trajectories 

derived directly from cine MRI data. The first 3 rows are of the three healthy volunteers 

(H1, H2, and H3) and the next 3 rows are of the lung carcinoma subjects (C1, C2 and C3). 

From this set of more realistic breathing and tumor trajectories, it is still evident that 

both Fourier methods performed equivalently for most of the cases, except for C1 being 

several percentage points off from the rest, but still well within desirable ADRP (less 

than 10%) and PP10 (above 90%) limits (H1-H3: ADRP < 2.2%, PP10 > 98.1% and C1-C3: 

ADRP < 4.4%, PP10 > 92.2%).  

4.3.6 External surrogate-derived irregularities 

Lastly, the bottom block of data of Table 4.3 represents the accuracy of the 

Fourier technique across select irregularities extracted from patient RPM profiles. For 

each irregularity, both methods of the Fourier technique accurately assigned respiratory 
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phase to the projection dataset, relative to the gold standard. Across both diaphragm 

scenarios, the maximum ADRP value was 2.3% and the minimum PP10 value was 

95.2%. 

4.3.7 4D-CBCT reconstructions 

Figure 4.4 illustrates two of the four samples that were reconstructed and 

imported into the treatment planning software for volume contouring. Table 4.4 lists the 

contoured target volumes (cm3) for selected cases from each category of simulated 

respiratory variables (previously described in the section 4.2.5.2). For both phase bins 

(0% and 50%), the target volumes from the images reconstructed according to the two 

Fourier techniques are within 0-2% of the target volumes contoured on the reconstructed 

images of the manual technique.  

 

Figure 4.4: 4D-CBCT slice reconstructions of the 0% and 50% phase for I/E 

ratio=0.21 and lung carcinoma patient C1 comparing the two Fourier methods to the 

manual gold standard.   
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Table 4.4: Target volume comparisons of peak-inspiration and peak-expiration 

phase bins of reconstructed 4D-CBCT images of four selected cases: respiratory cycle 

length of 3 sec, inspiration/expiration ratio of 0.21, diaphragm motion amplitude of 

1.0 cm, AP chest wall amplitude of 0.5 cm and lung carcinoma patient #1. Note all 

cases were reconstructed for projections where the diaphragm was absent from the 

field of view. 

 4D-CBCT 0% Phase 4D-CBCT 50% Phase 

 Tumor Volume (cm3) Tumor  Volume (cm3) 

Variable Manual FT-Phase FT-Mag Manual FT-Phase FT-Mag 

RC = 3s 4.16 4.14 4.18 4.21 4.11 4.20 

I/E = 0.21 4.15 4.14 4.14 4.15 4.19 4.12 

DA = 1.0 cm 4.19 4.14 4.17 4.14 4.17 4.14 

AP = 0.5 cm 4.19 4.21 4.17 4.15 4.19 4.14 

C1 4.54 4.53 4.52 4.20 4.19 4.22 

 

Across the five selected respiratory scenarios, almost all of the contoured target 

volumes are fairly equivalent (0% and 50% phase bins). However, the 0% phase bin of 

the C1 reconstructed case does show an increased volume of about 9% relative to all 

other cases, but on a consistent basis throughout all three reconstructions (Manual, FT-

Phase, and FT-Magnitude). This, in addition to why a fifth sample case from the 

surrogate-derived trajectories was not reconstructed, is further addressed in the 

Discussion (section 4.4) that follows. 

4.4 Discussion 

This study evaluated the performance of the FT-Phase and FT-Magnitude 

methods with 4D XCAT phantom simulations across a multitude of respiratory 

variables, designed to be representative of the radiation therapy patient population. 
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In the absence of the diaphragm, both FT-Phase and FT-Magnitude methods of 

the Fourier technique performed equivalently in terms of accurately assigning 

respiratory phase to projection data. However, the two methods did perform disparately 

with the presence of the diaphragm for cases where the magnitude of motion fell below 

1.5 cm (if the diaphragm was included in the selected ROI), causing FT-Magnitude to fail 

to accurately discern peak-inspiration projections. No difference was seen amongst 

diaphragm motion amplitudes with the FT-Phase method. However, with the minor 

adjustment of excluding the diaphragm from the ROI for smaller magnitudes of 

diaphragm motion, the FT-Magnitude technique was able to maintain its accuracy per 

studied amplitude of motion. Thus, both the FT-Phase and FT-Magnitude methods 

proved to be robust across all of the simulated respiratory variables. 

Overall, the cases presented in Table 4.4 further validate the accuracy of both 

Fourier methods when the diaphragm is missing in the projection data. However, there 

was a 9% difference in volume between the peak-inspiration phase of the C1 

reconstructed case in comparison to all of the other reconstructions listed in the table. As 

previously stated, this difference is consistent between both Fourier reconstructions and 

even the gold standard manual reconstruction. Thus, the error is derived not from the 

method of phase assignment, but from the respiratory profile itself. Taking a closer look 

at the peaks of the top plot of Figure 4.2 (C1), demonstrates the variety of amplitudes 

corresponding to the 0% phase bin, subsequently creating a greater amount of motion in 
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this phase. A greater degree of motion results in blurring of the reconstructed target and 

consequently a larger apparent volume. This is validated with the 4D-CBCT 0% phase 

images of C1 in Figure 4.4 as compared with that of I/E=0.21, where the increased 

blurriness of the tumor is visible.  

It is also evident that Table 4.4 is missing a fifth reconstructed case from the 

category of respiratory irregularities derived from external surrogate data. This was 

done to avoid the large errors that motion artifacts would impose on each reconstructed 

phase bin. The reason behind this becomes apparent after a closer examination of each of 

the selected profiles in Figure 4.3. While the results of Table 4.3 demonstrate that both 

Fourier techniques extract the respiratory signal as accurately as the manual gold 

standard method does, the problem lies in the inconsistent peak amplitudes prevalent 

throughout the course of all 3 trajectories. Applying phase-based sorting cannot account 

for the differences in amplitude and so a large variance of motion amplitudes is grouped 

into a single phase bin because they are all in fact “peak-inspiration”. This suggests that 

perhaps for extremely irregular respiratory patterns, the best method for 4D-CBCT 

reconstruction lies with amplitude-based sorting (for which the technique in its current 

form is not suited for) rather than phase-based sorting.  

The experiments performed to examine the effect of various respiratory scenarios 

on the robustness of the Fourier technique has shed light on the importance of the 

specific lung anatomy present in the FOV of the projection. The performance of the FT-
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Magnitude technique was initially degraded at amplitudes below 1.5 cm because there 

was not enough of a change in the average of intensities (i.e. the DC-component value) 

throughout the projections, due to the diaphragm dominating the average. Thus, small 

changes in the diaphragm were not able to cause a distinct enough change in the DC-

component of each projection, making it difficult to detect the true peaks and valleys. 

Without the diaphragm present, FT-Magnitude was however successful at detecting 

peak-inspiration projections, even at small motion amplitudes. This is because there was 

enough relative change in the average intensity values of the relatively “less intense” 

lung anatomy. It was therefore intuitive to discern and demonstrate the accuracy of the 

FT-Magnitude method when omitting the diaphragm from the selected ROI for those 

projections with smaller diaphragmatic motion. This was an important observation, as it 

helped us to understand situations where the technique may struggle and thereby adapt 

to those scenarios with slight modifications, in order to successfully result in accurate 

markerless 4D-CBCT reconstruction. 

Nonetheless, the initial distinction in the results between the absence/presence of 

the diaphragm in the projections indicated that the specific lung anatomy present in the 

projections may determine the success of the technique and thus needs further 

investigation. Furthermore, it would be important to assess the impact of other 

anatomical variations that are often encountered in the clinic from varying size patients 

to varying tumor locations in patients. This is the focus of the following chapter, with 
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the end goal of providing a wholesome and thorough evaluation of the novel Fourier 

technique. 

4.5 Conclusions 

The 4D XCAT digital human phantom was employed for a series of experiments 

to investigate the effect of respiratory variables on the success of a novel Fourier 

technique in directly extracting respiratory phase information from cone-beam 

projection data. The results demonstrated that FT-Phase and FT-Magnitude methods 

both performed accurately relative to manual phase assignment, when the diaphragm 

was either entirely absent in the projection dataset or simply omitted from the selected 

ROI (for smaller amplitudes of motion). When the diaphragm was visible, the FT-

Magnitude method failed to accurately assign respiratory phase at diaphragm motion 

amplitudes below 1.5 cm. The FT-Phase method did not waver at any of the studied 

amplitudes, even when the diaphragm was visible. In conclusion, both FT-Phase and FT-

Magnitude methods proved to be robust across the studied categories of respiratory 

variables with and without the diaphragm in the image FOV, when incorporating minor 

adjustments to select cases of diaphragmatic motion. 
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5. Evaluation of the Effect of Anatomical and External 
Factors on the Fourier Technique 

5.1 Introduction 

The investigation of a variety of respiratory scenarios simulated with the XCAT 

phantom from the previous chapter further confirmed the robustness of the FT-Phase 

and FT-Magnitude components of the Fourier technique. However, section 4.3.3 did 

initially demonstrate a distinction in the performance of the FT-Magnitude method 

when the diaphragm was and was not present in the FOV of the projection for 

diaphragmatic motion amplitudes below 1.5 cm. This disparity raised questions about 

the impact of a variety of other potential anatomical characteristics that may be clinically 

encountered, which can also be addressed with the XCAT phantom due to the versatility 

of this innovative tool. 

As previously described, the XCAT is the latest version of hybrid phantoms 

developed by Segars et al.[192-194] and is also the most detailed and realistic. The 

current 3D male and female phantom models (with the exception of the heart and brain) 

are based on high-resolution CT data obtained from the National Library of Medicine 

(NLM) Visible Human anatomical data. Although the male/female anatomy of the 

XCAT was derived from the Visible Human data, it was instead scaled down to match 

the dimensions of a US male/female adult (18-64) in the 50th percentile due to the larger 

than average size of those two subjects (male: 1803mm, 100kg; female: 1650mm, 92kg). 

The percentiles were measured from the PEOPLESIZE program. Thus, the default 
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male/female XCAT phantom sizes are defined by the measurements displayed in Table 

5.1 below. The default organ volumes are defined to be within 5% of those specified 

from ICRP publication 89.[196]  

Table 5.1: Default measurements for the 50th percentile 18-64 adult male and 

female in the US. [196] 

Measurement 50% Male 50% Female 

Height (mm) 1761 1627 

Weight (kg) 81 66 

Head circumference (mm) 585 547 

Chest width at level of nipple (mm) 347 307 

Waist width (mm) 303 265 

Hip breadth (mm) 328 322 

Chest depth at level of nipples (mm) 228 270 

Waist depth (mm) 234 209 

Trunk depth at buttocks (mm) - 253 

Upper arm circumference (mm) 355 298 

Thigh circumference (mm) 646 625 

 

The phantoms generated in Chapter 4 were entirely of the same default anatomy 

representative of a US 50th percentile male. However, the patient population presenting 

for radiation treatment are undeniably diverse in terms of age, height and weight. 

Therefore, it is certainly intuitive to investigate the anatomical effects of height, weight 

and gender on the accuracy of the Fourier technique. The previously studied phantoms 

were identical in terms of tumor location (center of the AP direction of the lung and 

mid-way between the apex and diaphragm) as well and thus another variable to 

experiment with would be the position of the tumor in the lung. The projections were 

also of the same region of the chest and consequently the same amount of lung volume. 
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Since the amount of lung in the projection essentially determines the amount of motion 

information present, perhaps the question of most importance is to determine if there is 

a threshold for the amount of lung required for the technique to be successful. Lastly, 

some additional external elements related to CBCT imaging that should be addressed 

are noise and detector wobble effects. 

It is therefore the aim of this chapter to examine the aforementioned anatomical 

and external factors in detail and their potential effects on the Fourier technique and its 

ability to successfully achieve markerless, self-sorted 4D-CBCT reconstruction. 

5.2 Methods and Materials 

5.2.1 Physical and Adipose Dimensions  

Although the default XCAT phantom was scaled according to the 50th percentile 

US male, the software is flexible in allowing the user to adjust the dimensions, both in 

terms of physical size and adipose content. It is important to investigate the impact of 

increasing phantom size, which is essentially the impact of decreasing image contrast on 

the technique, since that is what is mostly affected during the imaging procedures of 

larger than average patients. In order to examine this, both male and female anatomical 

phantoms were first generated with the default 50th percentile measurements (MDefault, 

FDefault) listed in Table 5.1. The male phantom dimensions of long axis, short axis, height, 

chest (long and short axes) and skin (long and short axes) were scaled to 120% of the 

default at an interval of 5% (M105%, M110%, M115%, and M120%). The same dimensions of the 
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female phantom were also identically scaled, in addition to the long axis, short axis and 

height of both breasts (F105%, F110%, F115%, and F120%). A maximum increase of 20% was 

chosen for both male and female phantoms because it was unrealistic to further increase 

the height of each beyond 2113.2 mm (6’11” male) and 1952.4 mm (6’4” female), 

respectively. 

5.2.2 Adipose Dimension Only 

Given that the amount of plausible adipose content has a much wider range, 

each 120% scaled phantom (male and female) was then further scaled up to 140, 150 and 

160% only in the adipose dimensions – long and short axes of the chest and skin (M140%, 

M150%, and M160%), as well as the breasts for the female phantoms (F140%, F150%, and F160%). 

The largest phantom from the previous section was chosen as the starting point in order 

to examine the potential challenges presented for the largest of patients, with the 

reasoning that if the technique is robust at the extremes, then it should be adequate for 

smaller patients as well.  

5.2.3 Patient Body Mass Index Templates 

Segars et al.[193] is currently in the process of further developing the XCAT tool 

by providing a large database of phantoms segmented from CT scans of patients of 

many different ages, sizes and genders. Therefore, in addition to scaling the default 

XCAT male and female anatomies, six additional phantoms (three male and three 

female) were selected for study to serve as a more realistic verification of the results 
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obtained from section 5.2.2. The datasets were selected according to the scanned 

patient’s body mass index (BMI). BMI is used to measure a person’s body fat content 

relative to height and weight. BMI can be divided into the following categories: a) 

underweight: BMI < 18.5, b) normal weight: 18.5 < BMI < 24.9, c) overweight: 25 < BMI < 

29.9, and d) obese: BMI > 30. A male and female phantom was selected from each of the 

three main BMI categories (excluding the underweight category) and the specific 

attributes of each patient are detailed in Table 5.2 below. 

Table 5.2: Patient BMI characteristics of templates segmented from CT images 

and imported as XCAT phantoms. 

Gender Age (yrs) Height (cm) Weight (kg) BMI 

Male 63 170 72.1 24.9 

Male 47 185 96.8 28.3 

Male 38 173 107.1 35.8 

Female 27 173 55.6 18.6 

Female 37 170 77.1 26.8 

Female 63 153 81.3 34.7 

 

5.2.4 Tumor Location 

The location of the carcinoma is another critical variable to explore because it 

essentially determines the amount of the chest and consequently the amount of motion 

information that is present in the cone-beam projection data. Five tumor locations 

(subject to respiratory-induced motion) were selected for study to span the chest and 

abdomen areas: 1) upper portion or apex of the lung; 2) mid-region of the lung, adjacent 

to the chest wall; 3) mid-region of the lung, adjacent to the mediastinum; 4) upper region 
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of the liver; and 5) lower region of the liver. The axial and sagittal locations of the five 

described tumors are illustrated with Figure 5.1. Locations below the lungs were studied 

because the carcinomas found in this anatomical region are also relevant to radiation 

therapy and may be affected by respiratory-induced motion. For example, carcinomas of 

the liver, pancreas and kidneys may also be targeted with radiation and thus would be 

eligible for 4D on-board imaging prior to treatment. 

 

Figure 5.1: Demonstration of axial and sagittal locations of five studied tumor 

locations that were separately studied with the XCAT phantom. 

Two sets of projections were generated per tumor: one set with the tumor 

following the trajectory of the chest (with the magnitude of motion dependent on the 

tumor location in the lungs/abdomen) and the other set with the tumor following the 

specific input tumor curve (red line of Figure 5.6). 
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5.2.5 Lung Percentage 

While the previous section explores the effect of which part of the chest/abdomen 

is present in the projection data, a more systematic experiment is necessary to determine 

if there is a threshold for the amount of lung in the projection necessary for the 

technique to successfully identify peak-inspiration projections. This was accomplished 

by starting with projections that contained 100% of the lung in the image and shifting 

the central axis of the detector 10.0 cm in both superior and inferior directions, at an 

interval of 2.0 cm. The percentages of lung that were generated at each of the opposing 

shifts (i.e. toward the head vs. toward the abdomen) were relatively similar, but it was 

important to examine both directions because of the varying degrees of anatomical 

motion present at the extremes of both shifts (i.e. the apex of the lung vs. the abdomen), 

as displayed with Figure 5.2. The 10.0 cm shifts generated percentages of lung ranging 

from 48-89%. These percentages were calculated relative to the ideal projection with 

100% of the lung in the FOV, at z = 250mm as specified in Table 4.1. The computation is 

simply a ratio of the number of pixels within the attenuation range of lung tissue present 

at the same angle AP projection and time point of respiration. 
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Figure 5.2: Demonstration of projections with the extreme 10.0 cm shifts in 

both inferior (Z150mm, lower 45% of lung) and superior (Z350mm, upper 48% of lung) 

directions as compared with the central projection with 100% of the lung in the FOV 

at Z250mm. 

5.2.6 Image Noise 

In addition to the studied various anatomical characteristics, there are external 

factors prevalent in on-board x-ray imaging that may affect the performance of the 

technique. One such important factor, inherent to cone-beam imaging, is the presence of 

noise in the projections. Noise diminishes image quality by adding a grainy or textured 

appearance and is concerning because it can degrade the visibility or contrast of objects 

present in the image. Since the technique is sensitive to intensity differences (which in 

essence determine the contrast between different features), it is important to investigate 

the effect image noise may have on the performance.  

First, noiseless projection datasets of the XCAT phantom were generated for five 

selected lung percentages from the previous section: upper 68%, upper 48%, 100%, 

lower 63%, and lower 45%. This set of data was selected for study because it was 

deemed to be the most challenging for the Fourier technique, particularly the superiorly 
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shifted lung percentages of 68% and 48%. The next step was to introduce a realistic level 

of noise to the projections, as would be seen in clinical patient projections acquired with 

a digital on-board imaging detector. A noise model was developed using such 

projections acquired with a gantry-mounted kV imager and flat panel detector on a 

Varian TrueBeam linear accelerator (Varian Medical Systems, Palo Alto, CA). The 

acquisition parameters were 140kVp, 15mA, and 20ms and the imaged object was a 

wedge-step phantom consisting of a total of 40 different combinations of aluminum and 

acrylic. [197] A projection of the phantom is displayed in Figure 5.3. 

 

Figure 5.3: Projection of step-wedge phantom used to build noise model.  
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Across the rows, the same thickness of aluminum was used, but with different 

thicknesses of acrylic. Conversely, the same thickness of acrylic was used across the 

columns with varying thicknesses of aluminum. For each of the 40 different 

combinations of acrylic and aluminum, a rectangular region-of-interest (ROI) of 110 

pixels wide by 70 pixels high was used to measure the mean and standard deviation of 

the intensity values in the ROI. Prior to measuring this and building the noise model, it 

was important to initially convert the intensity values in the XCAT projections and the 

step-wedge phantom projection to attenuation coefficients so that they were on the same 

scale. This was done by first dividing the image by the average intensity value for air 

and then taking the logarithm. 

 

Figure 5.4: Quadratic noise model fitted to mean vs. standard deviation data. 
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After the scale was properly converted, the mean vs. standard deviation was 

plotted per corresponding ROI and a quadratic fit was applied to generate the noise 

model displayed in Figure 5.4. Next, noise was randomly added pixel-by-pixel to each 

noiseless XCAT projection across all five datasets selected for study according to the 

following: 1) input the pixel value as the mean (or x) into the model; 2) use the output 

standard deviation (or y) as the standard deviation input into a Gaussian random 

number generator with a mean of zero; 3) take the random output and add it to the 

original pixel value in the projection. Each projection was then saved to generate a new 

projection dataset with noise, to which FT-Phase and FT-Magnitude could be applied for 

evaluation. An example of what the projections look like noiseless (a) versus with 

modeled noise (b) is displayed in Figure 5.5 below. 

 

Figure 5.5: (a) Noiseless XCAT projection (100% lung in FOV) vs. (b) XCAT 

projection with added noise (100% lung in FOV). 
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5.2.7 Detector Wobble 

Another external factor that may affect the robustness of the technique is the 

slight motion of the gantry x-ray source, caused by gravitational effects as it rotates 

around the patient and is known as detector wobble. Investigators have characterized 

the motion of the x-ray head assembly to be 2D sinusoidal and a function of gantry 

angle. [198, 199]  The fitted function for this motion is described with Equation 5.1, 

where θ is the gantry angle and is measured in radians. 

Equation 5.1 

)022.1][992.0cos(9.1)(  radmmShift   

This equation was used to apply a shift per gantry angle (0-200o or 0-3.49 radians) 

to the simulated XCAT phantom projections in the appropriate direction, which would 

be influenced by gravitational forces. Because this applies to the lateral direction of the 

projections, we hypothesized there to be little effect on the accuracy of the technique, 

which focuses instead on the motion occurring in the superior-inferior direction. 

Nevertheless, this was validated by applying shifts according to Equation 5.1 to the 

same five projection datasets as in Section 5.2.6 for different percentages of lung in the 

FOV: upper 68%, upper 48%, 100%, lower 63%, and lower 45%.  

5.2.8 Respiratory and Image Acquisition Parameters 

All of the previously described XCAT projection datasets from section 5.2.1 to 

section 5.2.7 were generated according to the respiratory profile displayed in Figure 5.6, 
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which is identical to C3 from Figure 4.2 of Chapter 4. The black profile corresponds to 

the imported diaphragm motion, whereas the dashed red line represents the imported 

tumor motion. The optimized image acquisition parameters of this profile were: 

GRS=0.9o/s, FR=2.8 fps, AT=223 sec, and NPA= 621 projections, replicated from row C3 

of Table 4.2. This particular profile was chosen as the template for studying anatomical 

variations because of its realism, being that it was extracted from MRI images of a lung 

cancer patient and that it captures different magnitudes of tumor and diaphragm motion 

with some degree of irregularity in peak-amplitudes between consecutive cycles. Also 

note that similar to Chapter 4, the default values for tidal breathing (diaphragm 

amplitude=2.0 cm and AP chest expansion= 0.5cm) were used for all phantoms in these 

studies. The diameter of the tumor always remained at 2.0cm and it was placed midway 

between the apex of the lung and diaphragm in a majority of the experiments, except for 

the tumor location studies. 
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Figure 5.6: Diaphragm and tumor trajectory imported into XCAT phantom for 

Chapter 5 experiments. Replicated from C3 profile of Figure 4.2 in Chapter 4. 

5.2.9 Evaluation Metrics 

To compare the Fourier components and assess the robustness of each technique 

to the gold standard, projections were assigned respiratory phase as in Chapters 3 and 4 

(through liner interpolation) after each technique identified peak-inspiration projections. 

The same evaluation metrics (Equation 3.5 and Equation 3.6) of average difference in 

respiratory phase (ADRP) and percentage of projections assigned from Fourier peak 

extraction that were within 10% respiratory phase of the projections assigned from 

manual peak extraction (PP10) were then employed for Manual vs. FT-Phase vs. FT-

Magnitude techniques.  
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5.3 Results 

5.3.1 Physical and Adipose Dimensions  

Increasing the physical size and adipose dimensions up to 120% of the default 

XCAT did not have a deleterious effect on neither the FT-Phase nor the FT-Magnitude 

method as evidenced by Table 5.3. All of the listed ADRP values fall well below the 10% 

phase difference criterion. Similarly, the PP10 results are 90% and above, demonstrating 

that a large majority of projections were assigned respiratory phase within 10% of how 

the gold standard technique assigned respiratory phase. 

Table 5.3: ADRP and PP10 results for increasing the physical size and adipose 

content of male (M) and female (F) phantoms to a maximum of 120% of the default. 

 ADRP (%) PP10 (%) 

Physical and 

Adipose Scales 
FT-Phase FT-Mag FT-Phase FT-Mag 

MDefault 3.0 2.9 95.3 95.3 
M105% 4.9 2.9 91.9 94.0 
M110% 2.8 3.1 93.6 95.3 
M115% 2.3 2.8 96.3 94.4 
M120% 2.3 3.2 94.5 93.6 
FDefault 1.5 3.2 98.6 94.0 
F105% 4.8 4.5 90.0 93.1 
F110% 2.6 2.8 93.1 95.3 
F115% 2.4 3.4 95.8 93.6 
F120% 2.3 3.6 96.3 95.0 

5.3.2 Adipose Dimension Only 

Further increasing only the adipose content of the largest male and female 

XCATs (M120% and F120%) from the previous section to 160% also did not have a 
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substantial effect on the results, as shown in Table 5.4. Again, both ADRP and PP10 were 

well within the constraints of less than 10% and greater than 90%, respectively.  

Table 5.4: Results for both male and female phantoms with increased adipose 

content to 160% (MAd-160% and FAd-160%) with physical size scaled at 120%. 

 ADRP (%) PP10 (%) 

Adipose Scale FT-Phase FT-Mag FT-Phase FT-Mag 

MAd-140% 3.1 1.8 94.7 97.4 
MAd-150% 3.6 2.1 94.4 97.4 
MAd-160% 3.9 1.8 94.9 97.4 
FAd-140% 2.7 3.3 95.3 97.4 
FAd-150% 2.4 3.1 95.3 97.4 
FAd-160% 2.4 1.5 95.3 97.4 

 

5.3.3 Patient Body Mass Index Templates 

The selected male and female patient XCAT templates of different BMI categories 

(described in Table 5.2) used as templates for the XCAT further validated the robustness 

of the techniques across a variety of patient sizes, as seen by Table 5.5. Each categorized 

normal, overweight, and obese XCAT phantom resulted in an ADRP < 10% and  

PP10 > 90%. 

Table 5.5: Evaluation metrics for selected male and female templates from 

different BMI categories. 

 ADRP (%) PP10 (%) 

BMI Templates FT-Phase FT-Mag FT-Phase FT-Mag 

MBMI=24.9 4.1 3.6 93.2 91.5 
MBMI=28.3 3.0 4.3 93.7 94.7 
MBMI=35.8 3.0 3.3 94.4 94.7 
FBMI=18.6 3.7 2.5 90.5 95.0 
FBMI=26.8 2.7 3.0 94.8 94.4 
FBMI=34.7 2.5 2.9 95.3 95.3 
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5.3.4 Tumor Location 

According to Table 5.6, both Fourier components maintained their accuracy at 

identifying peak-inspiration projections across the five studied tumor locations of Figure 

5.1.  Furthermore, all locations resulted in nearly equivalent ADRP and PP10 values, for 

both the specified tumor trajectory and the appropriately scaled motion trajectory of the 

lungs.  

Table 5.6: Quantitative evaluation of five different tumors located in various 

regions of the chest and abdomen. At each location, the tumor was set to follow either 

the imported tumor trajectory (red dashed curve of Figure 5.6) or the scaled motion of 

the surrounding anatomy (black curve of Figure 5.6), based on the tumor’s location. 

  ADRP (%) PP10 (%) 

Location Trajectory FT-Phase FT-Mag FT-Phase FT-Mag 

1 
Lungs 4.1 3.6 91.8 94.7 
Tumor 4.1 3.6 91.8 94.7 

2 
Lungs 2.1 2.9 96.0 95.3 
Tumor 2.1 2.2 96.0 97.3 

3 
Lungs 2.1 2.2 96.0 97.6 
Tumor 2.1 2.9 96.0 95.3 

4 
Lungs 1.6 3.1 97.3 95.7 
Tumor 3.0 3.1 93.6 95.7 

5 
Lungs 1.6 3.2 97.3 95.3 
Tumor 1.6 3.2 97.3 95.3 

 

5.3.5 Lung Percentage 

As expected, the percentage of the lung present in the FOV of the projection data 

is a crucial factor in determining the success of the Fourier techniques. While both 

Fourier techniques perform equivalently well across all shifts below the central 100% 

(lung percentages: lower 45-88%) toward the abdominal region, Table 5.7 demonstrates 
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that the FT-Phase technique failed at the two utmost upper percentages of 48 and 59% 

with ADRP=6.5% and 29.5% and PP10=78.7% and 24.8%, respectively. Conversely, the 

FT-Magnitude technique upheld its accuracy with equivalent performance across all of 

the superior shifts (lung percentages: 48-89%). 

Table 5.7: Assessment of the Fourier components across five shifts at an 

interval of 2.0 cm from the center of the lungs (100%) in both superior and inferior 

directions, which were performed to create a total of 10 different upper and lower 

percentages of lung present in the FOV of the projection data. 

 ADRP (%) PP10 (%) 

Lung Percentage FT-Phase FT-Mag FT-Phase FT-Mag 

Upper 48% 29.5 1.9 24.8 97.3 

Upper 59% 6.5 2.3 78.7 96.3 

Upper 68% 3.8 2.5 94.8 95.0 

Upper 77% 3.6 3.1 95.7 92.4 

Upper 89% 2.2 3.7 95.5 95.3 

Center (100%) 1.7 2.4 97.3 95.7 

Lower 88% 1.6 2.0 97.6 96.6 

Lower 75% 1.6 2.0 97.6 96.6 

Lower 63% 1.6 2.0 97.6 96.6 

Lower 53% 1.6 2.0 97.6 96.6 

Lower 45% 1.6 2.0 97.6 96.6 

 

Upon examining the failure of the FT-Phase technique at the upper 48 and 59% 

lung percentages more closely, it became evident that the FT-Phase component was 

struggling due to the size of the ROI. Because there was less and less of the lung present 

in the image FOV, the ROI continued to decrease in size as the detector was shifted 

superiorly, but the first low frequency location was still chosen in Fourier space. With 

the decreased ROI size, a lower frequency location (between 0 and 1) would have been 
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more appropriate, but because the data is discretized, it was of course impossible to 

select a fractional low-frequency location. Therefore, we reexamined the performance of 

the FT-Phase component for the utmost upper percentages by using the entire projection 

size and selecting the second low-frequency location instead. Larger low frequency 

locations are relevant for larger ROI sizes, as previously demonstrated with the studies 

performed to initially determine the optimal frequency selection in Chapter 3. The 

results are demonstrated in Table 5.8 below and clearly demonstrate that the FT-Phase 

method can be robust for these lung percentages with slight modifications to the ROI 

size and low-frequency selection. 

Table 5.8: ADRP and PP10 results for the FT-Phase when adjusting ROI size 

and low-frequency selection at upper lung percentages of 48 and 59% in the 

projection FOV. 

 FT-Phase 

Lung Percentage ADRP (%) PP10 (%) 

Upper 48% 2.0 97.3 

Upper 59% 3.9 94.7 

 

5.3.6 Image Noise 

Table 5.9 describes the results for the five datasets selected from the previous 

lung percentage section (Table 5.7) on the accuracy of FT-Phase vs. FT-Magnitude with 

added noise. Note that for the upper 48% of the lung, the modified ROI size (entire 

projection) and second low-frequency location (as in Table 5.8) was used for analysis 

here. In each case, the results demonstrate that the added noise did not substantially 
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alter the performance of either method. Both FT-Phase and FT-Magnitude continued to 

successfully identify peak-inspiration projections, even with noise added to the XCAT 

projections. 

Table 5.9: Results for applying the noise model of Figure 5.4 onto XCAT 

projections with different percentages of lung in the FOV. 

 ADRP (%) PP10 (%) 

Image Noise FT-Phase FT-Mag FT-Phase FT-Mag 

Upper 48% 2.5 2.5 96.9 95.3 

Upper 68% 3.8 2.5 94.8 95.3 

Center (100%) 1.7 2.3 97.3 95.7 

Lower 63% 1.6 2.3 97.6 95.7 

Lower 45% 1.8 2.3 97.5 95.7 

 

5.3.7 Detector Wobble 

As expected and similar to the previous section, Table 5.10 demonstrates that the 

external factor of detector wobble had a negligible effect on the performance of both FT-

Phase and FT-Magnitude components. Again, the modified ROI size (entire projection) 

and second low-frequency location was also applied to the projection set with the upper 

48% of the lung visible. A row-by-row assessment reveals nearly identical ADRP and 

PP10 values for each of the selected datasets. 
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Table 5.10: ADRP and PP10 results after applying modeled detector wobble 

shifts (Equation 5.1) per gantry angle to projection datasets of select percentages of 

lung anatomy. 

 ADRP (%) PP10 (%) 

Detector Wobble FT-Phase FT-Mag FT-Phase FT-Mag 

Upper 48% 2.4 2.0 97.3 97.3 

Upper 68% 3.8 2.5 94.8 95.0 

Center (100%) 1.7 2.0 97.3 96.6 

Lower 63% 1.6 2.0 97.6 96.6 

Lower 45% 1.6 2.0 97.6 96.6 

 

5.4 Discussion 

This chapter examined the performance of the FT-Phase and FT-Magnitude 

components of the Fourier technique initially developed in Chapter 3, across a variety of 

anatomical characteristics and external CBCT-imaging factors with the XCAT phantom. 

First, increasing both the physical size and adipose content up to 120% of the default 

male and female XCAT did not have a pronounced effect on the accuracy of either of the 

Fourier components (Table 5.3). Further increasing only the adipose content to 160% on 

top of the 120% scaled male and female also did not hinder the performance of neither 

FT-Phase nor FT-Magnitude (Table 5.4). As expected, the select male and female BMI 

patient templates validated the previous scaling results with ADRP values less than 10% 

and PP10 values greater than 90% (Table 5.5) for both methods as well. The studied 

tumor locations (illustrated in Figure 5.1), following either the input tumor trajectory or 

the motion of the lungs, also did not affect the robustness of either of the Fourier 

methods (Table 5.6).  
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The last studied anatomical variable of lung percentage did however initially 

result in a distinction between FT-Phase and FT-Magnitude. While all of the inferior 

shifts toward the abdominal region produced equivalently accurate results for both 

Fourier components, Table 5.7 displayed a failure of the FT-Phase method at the two 

most upper lung percentages of 48 and 59% with ADRP>10% and PP10<90% due to the 

too small ROI size. Conversely, the FT-Magnitude method proved to be robust across 

every simulated lung percentage, including the two utmost superior percentages. 

However, Table 5.8 proceeded to demonstrate that by modifying the ROI to include the 

entire projection and selecting the second low-frequency location instead of the first, the 

FT-Phase component continued to successfully identify peak-inspiration projections, just 

as FT-Magnitude. Lastly, the external imaging factors of image noise and detector 

wobble demonstrated to have little impact on the performance of either of the Fourier 

methods, with nearly equivalent ADRP and PP10 results as the corresponding noiseless 

and wobble-free XCAT projection datasets. 

The XCAT studies implemented in this chapter, together with those of the 

previous chapter on respiratory variables provide a comprehensive evaluation of the 

two Fourier methods. With several minor adjustments to ROI and/or low-frequency 

selection, both methods demonstrated robustness across every single studied respiratory 

and anatomical scenario. Prior to making those adjustments, it was interesting to note 

that in the few instances where one method was initially found to have a weakness (i.e. 
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diaphragm amplitudes for FT-Magnitude in Chapter 4 and lung percentage in the FOV 

for FT-Phase in this chapter), the other method prevailed and was able to accurately 

assign respiratory phase to the projection dataset. This is very promising in terms of 

moving forward, as it suggests that the techniques complement each other and perhaps 

there is an optimal integration of the two that may result in the future safe and practical 

clinical implementation of a markerless, self-sorted 4D-CBCT technique. 

While we have made inferences about the Fourier methods based on the large 

volume of XCAT studies performed in Chapters 4 and 5, it is important to properly 

address the limitations of the study, which are mainly a result of using phantom rather 

than patient data. Ideally, a large breadth of patient data would have been used to assess 

the robustness of a novel technique. However, due to the limited amount of slow-gantry 

patient data available, a digital human phantom was selected as the best replacement. 

Though the XCAT phantom has been widely applied in the literature as a substitute for 

patient data[200-206], it is still important to remember that it may not encompass every 

potential patient scenario and therefore the demonstrated robustness of the Fourier 

techniques may suffer in cases we were not able to explore with the phantom.  

Furthermore, the CT-projection algorithm did not incorporate effects such as 

scatter and ghosting, which can appear in clinical data. However, we do not anticipate 

this to deter the robustness of the technique since: a) we did not see a large effect from 

the modeled noise and detector wobble experiments and b) we did not encounter such 
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issues with the five sets of clinically acquired data in our previous feasibility study 

(Chapter 3).[190]  As the imaging technology in the treatment room continues to 

progress and customizable 4D-CBCT evolves, we will be able to further evaluate the 

Fourier technique across more direct clinical patient scenarios.   

5.5 Conclusions 

A large variety of anatomical variables as well as image noise and detector 

wobble were investigated with the 4D XCAT phantom in order to further evaluate the 

robustness of FT-Phase and FT-Magnitude. Relative to the gold standard of manual 

identification, the FT-Magnitude method resulted in ADRP values of less than 10% and 

PP10 values greater than 90% for every studied case. FT-Phase was able to achieve 

similar results for every case, when adjusting for ROI size and frequency locations for 

extreme upper lung percentages in the FOV of the projection images. Thus, both FT-

Magnitude and FT-Phase were proven to be robust for the studied anatomical and 

external factors of this chapter. 
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6. Summary and Future Directions 

The standard of care for image localization of tumors affected by respiratory 

motion has largely been limited to only 2D or 3D capabilities. This is troublesome 

because accurate information about the target’s trajectory during the patient’s 

respiratory cycle is missing.  This results in the assumption that the target is contained 

within the ITV derived from 3D-CBCT during the entirety of the respiration, which may 

not be the case, as demonstrated from Chapter 2. 4D-CBCT would forgo these 

assumptions, but has struggled with clinical implementation due to the long scan times 

and high imaging dose associated with the procedure, as it was proposed in its original 

form. Various methodologies have since been investigated and demonstrated to 

successfully achieve adequate 4D-CBCT image quality with comparable dose, albeit at 

the expense of a reasonable increase in scan time.  

This has garnered more promise for clinical translation of 4D-CBCT, but another 

limitation of 4D-imaging to date has been the reliance on external surrogates to measure 

the patient’s respiration for correlation with the image acquisition process. This 

relationship has been continuously questioned because of a variety of studies that have 

demonstrated the presence of uncertainties between the marker and the true respiratory-

induced motion of the internal anatomy. These uncertainties may introduce image 

artifacts (due to improper sorting of the projections into the wrong respiratory phases) 

which can result in errors in the displayed target volume and altogether defeat the 
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purpose of using 4D-CBCT to achieve more accurate information. Therefore the work 

presented in this dissertation initially reinforced the need for 4D-CBCT imaging during 

the verification stage of moving targets receiving radiation therapy, then developed a 

novel technique to achieve markerless, self-sorted 4D-CBCT reconstruction and lastly 

assessed the robustness of the technique across a comprehensive array of potential 

clinical scenarios. 

Chapter 2 demonstrated that using 3D-CBCT to image mobile tumors  may lead 

to localization errors for patients that spend a disproportionate amount of time inhaling 

versus exhaling. When the ratio of time spent in inspiration to time spent in expiration 

(I/E ratio) strays decreasingly away from 1, there are fewer projections captured in the 

expiration phase during the image acquisition and this results in decreased contrast of 

the target in that phase. The results validated this with as much as a 94% reduction in 

contrast for a tumor of 1.0 cm diameter and 2.0 cm amplitude for an extreme ratio of I/E 

= 0.14. For larger tumors with smaller amplitudes of motion (i.e. 3.0 cm diameter and 0.5 

cm amplitude), the contrast reduction was mitigated to 22.3%. This was further 

validated by comparing target volumes for two tumors derived from free-breathing 3D-

CBCT vs. 4D-CBCT patient data, where it was shown that the smaller tumor volume 

was underestimated by 40.1% with the 3D image as compared with the 4D image. The 

larger tumor (about 34 times the size of the smaller one) was also underestimated in the 

3D image by 24.2%. This kind of volume underestimation may result in localization 
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errors because of the center-to-center volume alignment that occurs between the 

planning ITV and the verification free-breathing ITV (FB-ITV). Since the center of the FB-

ITV may not be the true center (due to contrast loss) of the volume, it can be incorrectly 

aligned with the center of the planning ITV (acquired differently with 4D CT), leading to 

potential motion of the target outside of the radiation field. The possibility of under-

dosing the target is disturbing (as well as over-dosing the healthy tissue), particularly 

for lung carcinoma where the local control is strongly dependent on a large amount of 

radiation being delivered. The utilization of 4D-CBCT for verification can altogether 

eliminate these issues. The time-resolved images produced per respiratory phase can be 

combined to form a true composite volume of the motion, in a fashion similar to the way 

maximum intensity projection (MIP) images are produced from 4D CT, or better yet be 

used for gated treatments. Thus, the studies presented in Chapter 2 strongly reinforced 

the need for 4D-CBCT imaging in the treatment room. 

The major contribution of this dissertation is detailed in Chapter 3, where we 

have developed in detail a novel technique to directly extract the respiratory signal from 

CBCT projection data and achieve markerless, self-sorted 4D-CBCT reconstruction. More 

specifically, the technique employs the basics of Fourier Transform theory and 

separately relies on the phase and magnitude information to identify peak-inspiration 

projections. Linear interpolation is subsequently used to assign respiratory phase to 

projections that fall in between consecutive peak-inspiration projections. The procedure 
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behind each Fourier method was refined (ROI size, frequency selection, etc.) with five 

sets of slow-gantry acquired projections, consisting of a physical phantom moving with 

a respiratory cycle of 3 and 6 seconds as well as three independent patient projection 

datasets. Slow-gantry projections are relevant to the Fourier technique because it relies 

on intensity differences, which need to arise from respiratory motion rather than 

confusing anatomical shifts that may be imposed from too fast of a rotation of the source 

around the patient. The feasibility study proved that both the FT-Phase and FT-

Magnitude methods were successful at extracting the respiratory signal from all five sets 

of projection data resulting in ADRP < 5.3% and PP10 > 87.3%, relative to the gold 

standard of visual identification of peak-inspiration projections. The success of the 

Fourier methods deemed the technique rather promising because of its speed and 

simplicity, lack of any additional hardware implementation or synchronization and 

most importantly the extraction of the respiratory signal directly from the internal 

anatomy of a specific patient. Despite demonstrating feasibility with the three patient 

cases presented in Chapter 3, it was next important to expand the sample size and test 

the technique across a larger variety of situations. 

In order to perform a comprehensive and thorough evaluation of the Fourier 

technique, a large database of slow-gantry patient projection data would have been 

ideal. However, the only slow-gantry patient projection data available was the three 

patients that were already tested during the feasibility study and therefore we decided 
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to use the next best substitute for patient data – the 4D digital extended cardiac torso 

(XCAT) phantom. The versatility and realism of the XCAT phantom made it the closest 

tool to actual patient data, with the added advantage of being able to generate any series 

of desired variables. Thus, Chapter 4 examined the performance of the technique as a 

function of respiratory variables generated with the XCAT. The specific variables 

studied included inspiration to expiration ratio, respiratory cycle length, diaphragmatic 

motion amplitude, AP chest wall expansion amplitude, six breathing profiles derived 

from cine-MRI images of three healthy volunteers and three lung cancer patients, as well 

as breathing irregularities such as baseline shift and inconsistent peak-inspiration 

amplitude. The results demonstrated both FT-Phase and FT-Magnitude to be robust 

across every studied respiratory variable, when including the necessary adjustment of 

the ROI selection to exclude the diaphragm for amplitudes of diaphragmatic motion of 

1.0 cm and less. The FT-Magnitude technique initially struggled here because the 

magnitude of motion of the structures was not adequate to detect a large enough change 

in the average intensity (i.e. DC-component).  

Next, Chapter 5 employed the XCAT to investigate the effect a diverse set of 

anatomical variables and external imaging factors, such as noise and detector wobble 

would have on the Fourier methods. The studied anatomical variables included male 

and female patient size (physical dimension and adipose content), body-mass-index 

(BMI) category, tumor location, and percentage of lung in the field-of-view (FOV) of the 
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projection data. For this set of data, FT-Magnitude and FT-Phase were again shown to be 

robust across each studied variable, when incorporating minor modifications to the 

selection of the ROI size and low-frequency location for projection sets with the upper 

48% and 59% of the lung in the FOV, i.e. the two most extreme shifts in the superior 

direction.  The FT-Phase component initially struggled in those instances because the 

smaller ROI sizes  (due to the small amount of lung in the FOV at those upper 

percentages) required “optimal” low-frequency locations less than (0,1), which were 

impossible to select with discrete image data. 

Nevertheless, the initial results did reveal interesting information on the 

complementary nature of the two methods. In each of the cases that one method first 

wavered (prior to incorporating minor adjustments to the selected ROI and/or 

frequency), the other prevailed and was rather successful at accurately identify peak-

inspiration projections. This is important because it suggests that the direction of the 

future work be towards investigating an optimal combination of the two methods into a 

single robust technique. An efficient hybrid of the Fourier methods would facilitate 

clinical adaptation and aid in the next phase of experiments with real patients requiring 

motion management during the radiotherapy process. In addition, the technique should 

be investigated with half-fan projection data. Currently, only full-fan projection data has 

been studied successfully, but it is often the case that half-fan CBCT imaging of the lung 

is required to provide an extended FOV for patients with larger than average chest sizes. 
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Lastly, another direction of the future work should be toward quality assurance 

purposes, by utilizing the technique to establish a relationship between the imaged 

internal anatomy and external markers. This is necessary because the technique does not 

operate in real-time and therefore cannot completely eradicate the use of external 

surrogates due to their role in gated radiation treatments. Since QA procedures for 

external measures of respiration are currently limited, the Fourier technique could 

provide verification of the tumor motion relative to the marker motion immediately 

prior to gated therapy, without the need for additional imaging during the delivery. A 

simple 4D-CBCT would need to be acquired (with the surrogate) so that the two signals 

can be compared and an accurate correlation established. 

To conclude, we have successfully developed a new and unique way to derive 

the respiratory signal directly from CBCT projections without the conventional use of 

external surrogates. We proceeded to thoroughly evaluate the performance of the 

technique across a variety of experiments with a digital human phantom. Based on those 

results, the technique has shown great promise for future clinical implementation to aid 

and improve motion management strategies in radiation oncology. 
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Appendix 

Below is a detailed example of how the optimized image acquisition parameters 

for respiratory cycle C3 (demonstrated in Figure 4.2 and Figure 5.6) were calculated 

according to the formalism developed by Maurer et. al [161]. The values for shortest 

(RC0), longest (RC100) and average (RCavg) respiratory cycle were measured from the 

profile to be as follows: RC0 = 3.59 s, R100 = 6.08 s, and Ravg = 4.78 s. For reconstruction 

purposes, the maximum angular interval between projections in the same phase (AI100) 

was selected to be 6o and the phase window (PW) selected was 10%. A scan angle (SA) of 

200o was used for the CBCT trajectory because that is the current clinical protocol. The 

minimum frame rate (FRmin), gantry rotation speed (GRS), acquisition time (AT) and 

number of projections acquired (NPA) were computed according to the following: 
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