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1. INTRODUCTION 
 
Lung cancer is one of the most common types of cancers in the United States, with more 

than 161,000 deaths per year [1]. The early and most probable curable stage of the 

disease in all histological types is the solitary pulmonary nodule (SPN) [2, 3], a well-

circumscribed, small, rounded, dense pulmonary tumor. Five-year survival for post 

operation of stage I lung cancer and nodules smaller than 3 cm has been reported to be 

over 80% [4] . Each year there are approximately 150,000 SPNs being identified in the 

United States [2]. Of those, about 30% to 40% are malignant nodules [5]. Since the early 

treatment of a small SPN has a high probability of curability, accurate definition of tumor 

volume and position is especially important. Computed tomography (CT) is the most 

common imaging technique for providing anatomical and morphological information of 

tumors in the body. Since its advent, especially the helical or spiral CT, the sensitivity of 

detecting SPNs has increased significantly while decreasing the limit of the size of 

detected nodules to smaller than 3 mm [6-8]. However, a vast majority of small SPNs 

appear on CT as indeterminate tumors [9, 10]. In this situation molecular imaging with 

18FDG-PET as a non-invasive procedure for differentiating malignant from benign SPNs 

has been proposed and successfully used [11-15]. 

Molecular imaging with 18FDG-PET provides significantly higher sensitivity (87%) and 

specificity (91%) than CT (68% and 61%, respectively) in detection and characterization 

of malignant lung nodules [16-19]. It has become a popular imaging modality for lung 

cancer diagnosis, staging, monitoring response to treatments, and for differentiating 

tumor recurrence from scarring and other benign structures. The major advantage of 

18FDG-PET over other imaging modalities is that 18FDG-PET allows imaging molecular 
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processes in vivo. The radiotracer 18FDG is a glucose analogue that is trapped 

intracellularly during glucose metabolism [20, 21]. The increased glycolysis in cancer 

cells increases the number of glucose membrane transporters and consequently the uptake 

of 18FDG-PET molecules, so the accumulation of the radiotracer when imaged by PET 

easily distinguishes malignant from benign cells [22]. This fact has also lead to the use of 

molecular imaging fused with CT for defining a more accurate delineation of tumor 

volume in radiation therapy planning [19, 23]. 

Even with the advances of PET and CT, only about 15% of SPNs are being detected at an 

early stage[24-26]. One major inconvenience of 18FDG-PET imaging is the relatively 

long scan time (usually 5 to 7 minutes). Many clinical and research studies have shown 

that, in 18FDG-PET, respiratory motion degrades the quality of the images by blurring 

and distorting the real size, shape and position of the tumors , reducing SUV 

(standardized uptake value) and tumor-to-background ratio. Artifacts created by 

respiratory motion can negatively impact the application of 18FDG-PET for the detection 

and quantitation of small tumors, and for monitoring response to treatment and radiation 

therapy planning [27, 28].  At the present time there is no standard and validated practical 

methodology in the context of clinical PET studies to compensate respiratory motion.  
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2. BACKGROUND 
 
2.1. Lung Cancer 
 
Lung cancer is a disease caused by the rapid growth and division of cells in lung tissue. 

Despite the large development of medical science in last decades, lung cancer causes 

more deaths than any other cancer in the world. It accounts for 14% of all cancers and 

28% of all cancer deaths every year in the United States [1, 29]. For therapeutic, 

biological and clinical reasons, lung cancers are divided into two major groups, which 

make up more than 90% of all lung cancer cases: small cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC). NSCLC is more common and can spread to different 

parts of the body. SCLC makes up about 15% to 20% of all lung cancer cases and is far 

more aggressive than NSCLC [20]. 

Approximately 30% of new cancers present as solitary pulmonary nodules. Determining 

the malignancy of an SPN is an integral and challenging part of diagnosis. The features 

indicating malignancy include [12, 20-22]: 

 Size: the larger the nodule the more likely it is to be malignant, however 42% of 

cancers are less than 2 cm at presentation. 

 Margin characteristics: malignant SPNs tend to be irregular lobulated or speculated, 

however 20% of cancers may have a smooth margin and appear benign. 

 Growth: the doubling time of a nodule in volume, ranging from 15 to 450 days. Any 

tumor that increases in size over a two-year period of observation, or less, must be 

considered malignant until proven otherwise. 

 Metabolism: neoplastic tissue demonstrates increased glucose metabolism compared 

to normal tissues.  
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Therefore better and more accurate estimation of size, growth rate, and metabolic activity 

of lung tumors may improve diagnosis. But in most cases, it is hard to detect the lung 

cancers early because symptoms usually do not appear until the disease is advanced. The 

tendency of early spread of lung cancer and a late diagnosis usually results in the 

increasing incidence of lung cancer. Survival from lung cancer is highly dependent on the 

clinical stage. Appropriate staging of the patient determines the surgical respectability 

and ultimately the prognosis [23, 27, 30].  

2.1.1 Staging 
 
Staging is the process of finding out how localized or widespread the cancer is [21, 22] It 

is usually based on the tumor size, whether lymph nodes contain cancer, and how far the 

cancer has spread within the lung and to other parts of the body. Staging is a major 

indicator of the curative potential and the limitations of available therapy for lung cancer 

to date. It distinguishes people with limited disease from those with distant metastases. 

The value of staging lies in its ability to identify consistent, reproducible, patient groups 

that may help the physician to choose appropriate treatment for each patient. 

The system used to describe the growth and spread of non-small cell lung cancer 

(NSCLC) is the TNM staging system as shown in Table 2.1 [31, 32] where T refers to the 

size of tumor, N represents regional node involvement and M represents metastasis 

status. Lung cancer treatment ultimately depends upon such staging. In general, the lower 

the stage, the more favorable is the individual's prognosis. This study attempts to improve 

the estimate of tumor size, which will improve the accuracy of its staging. 
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Stage TNM subset 

Stage 0 Carcinoma in situ 

Stage IA T1 N0 M0 

Stage IB T2 N0 M0 

Stage IIA T1 N1 M0 

Stage IIB T2 N1 M0, T3 N0 M0 

Stage IIIA T3 N1 M0, T1 N2 M0 T2 N2 M0 T3 N2 M0 

Stage IIIB T4 N0 M0, T4 N1 M0, T4 N2 M0, T1 N3 M0, T2 N3 M0 

Stage IV T (any) N (any) M1 

Table 2.1 Stage determinations using TNM staging system [31, 32]. 
 
2.1.2 Diagnosis and Treatment 
 
A wide range of diagnostic procedures and tests has been used to diagnose lung cancers: 

 Sputum can be collected and examined microscopically for the presence of malignant 

cells which have sloughed from the surface of the tumor.  

 Bronchoscopic is a visual examination of the windpipe and lung branches using a 

flexible scope. 

 Needle biopsy may be performed on suspicious areas in the lungs or pleura. A small 

sample is taken of the tissue for analysis. 

 Bone scan may also be performed to rule out suspicions of metastasis to the bones. 

Conventional noninvasive diagnostic techniques include chest radiography, Computed 

Tomography (CT), Magnetic Resonance Imaging (MRI) and Positron Emission 

Tomography (PET) [33]. 

Depending on the type and stage of the disease, lung cancer can be treated with surgery, 

chemotherapy, radiation therapy, or a combination of these treatments [23]. 

 Surgery: often used for non-small cell lung cancers which have not spread beyond the 

lung. Three surgical procedures have been commonly used: wedge resection (removal 
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 Chemotherapy: for patients whose tumors are somewhat more advanced, e.g., larger 

tumors that have not spread from the lung. 

 Radiotherapy: utilizing high-energy, ionizing radiation (e.g., gamma rays) to kill 

cancer cells, used in more aggressive or widespread tumors. It can be applied to 

shrink a tumor that is later removed by surgery, to relieve symptoms, or to destroy 

malignant cells in a tumor that cannot be removed surgically. 

Evaluation of the treatment result plays a major role in the management of lung cancer. It 

may help in avoiding unnecessary attempts at curative surgery in patients with un-

resectable mediastinal disease. Monitoring of anti-tumor therapy is conventionally 

performed by sequential determination of tumor size using morphological imaging 

modalities like CT/MRI. Early and accurate detection and staging can improve prognosis. 

2.2 Non-Invasive Imaging Modalities in Lung Cancer Management 
 
2.2.1 Chest Radiography 
 
X-ray imaging, also known as radiographs or roentgenograms has been developed over 

the past 100 years.  It is based on the absorption of X-rays as they pass through different 

parts of the body, interact with a detection device (such as X-ray film) and provide a 2-

dimensional projection image. The picture appears on the film as a "negative" type 

picture, the denser a structure is, the whiter it looks. For example, muscle or soft tissue 

appears dark on an X-ray film while solid tissue like bones appears very white. The chest 

X-ray is the most commonly performed diagnostic X-ray examination, used for initial 
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study for the diagnosis of lung cancer (Figure 2.1). It has excellent spatial resolution 

(0.17 mm) [34] and good penetration depth.  

Disadvantages: The chest X-ray is a 2D image, so no volumetric analysis can be 

performed on X-ray images. It has ionizing radiation, poor contrast among soft tissues. It 

overlooks 10% of lung cancer in non-calcified tumors and is also poor for detailing the 

primary tumor’s involvement with mediastinal structures or with the chest wall [34]. 

      
Figure 2.1 X-ray machine and Posterio-anterior view of one chest radiography image. 
(source: http://www.radiologyinfo.org/) 
 
2.2.2 Computed Tomography Imaging 
 
CT, also referred as "CAT scanning" (Computer Axial Tomography scanning), was first 

introduced by Hounsfield in 1971. He was awarded the Nobel Prize for this invention in 

1979 [14]. It is now the most common imaging technique for providing anatomical 

information on the size and location of tumors in the body. 

CT techniques enable 2D and 3D external and internal visualizations of objects. 

Conventional radiographs depict a three dimensional object as a two dimensional image, 

on which overlying tissues are superimposed [35]. CT overcomes this problem by 

obtaining images from different angles using special X-ray equipment, and then 

reconstructing them to create a cross-section of body tissues and organs. The CT image 

 7

http://www.radiologyinfo.org/


preserves full spatial information, and it can show bone, soft tissues, and blood vessels in 

the same image [36]. Since the advent of CT, the sensitivity of detection significantly 

increased while the size of the nodule being detected reduced to less than 3 mm [35, 36]. 

The spatial resolution of CT is also very good (0.4 mm).  Faster spiral CT scan times 

(less than 1 second) and thinner collimation (1 to 2 mm) have allowed detecting small 

tumors that could be missed by conventional CT scanners because of respiratory motion 

and partial volume effect [37]. CT can identify the malignancy of a number of nodules 

according to their density, calcification, morphological features, growth and size [4]. 

Disadvantages: Volumetric analysis of CT requires a time consuming tracing of tumor 

contours in a stack of slices [38]. It has high ionizing radiation; i.e., a typical abdomen 

CT uses about 50 times the amount of radiation used for a chest X-ray [39]. The 

specificity of CT to distinguish malignant and benign tumors is generally low as CT can 

only measure anatomy not function, lots of malignant tumors appear on CT as 

indeterminate [21, 22, 30].  For lymph node size less than 1 cm diameter it may be 

difficult to identify its metastases or to differentiate between malignant and enlarged 

reactive nodes in clinical staging. Changes in function resulting from therapy often occur 

prior to changes in anatomy and these changes will not show in CT images [35].  

                            
Figure 2.2 CT scanner on the left and CT transaxial slice (through the lung) on the 
right (Source: http://www.wiproge.com/) 
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2.2.3 18FDG-Positron Emission Tomography  
 
Positron Emission Tomography (PET) is a type of nuclear medicine imaging technique 

that involves cross sectional data acquisition and reconstruction like CT. It has become an 

important technique in imaging certain diseases such as disorders of the brain, the heart, 

the lung, and other organs.  

PET imaging starts with the injection of a radioactive tracer isotope (e.g., 11C, l5O, 18F) 

[19, 40], which decay by emitting a positron. The emitted positron collides with a free 

electron usually within a few millimeters from the emission point. The annihilation of the 

two subatomic particles produces a pair of 511 keV gamma rays moving in two opposite 

directions, and is detected by an array of detectors surrounding the patient. This 

mechanism of positron annihilation and generation of the two photons is very well shown 

in Figure 2.3. Only when pairs of detectors register photons simultaneously is the 

annihilation event recorded and processed. After enough annihilation events have been 

collected, the positron emitting tracer distribution is computed by tomography 

reconstruction procedures. Two-dimensional images are then reconstructed by PET. 

Multiple two-dimensional image planes are stacked to form a three-dimensional volume. 
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Figure 2.3 Positron annihilation and two 511 keV photons generated at an angle of 
180˚ and detected by two opposing gamma ray detectors [28]. 
 
The most widely used radioactive isotope for PET in oncology is Fluorine-18-

fluorodeoxyglucose (18F-FDG) with a half life of approximately 110 minutes [25]. The 

development of 18F-FDG has been the major factor in expanding the clinical role of PET 

imaging and the development of PET instrumentation. 18F-FDG is relatively easy to 

synthesize with a high radiochemical yield. It is taken up by the cell, and not metabolized 

to CO2 and water. It remains trapped within tissue, which makes it well suited to use as a 

glucose uptake tracer because glucose supplies 90-95% of the energy to the brain and the 

other part of the body and is therefore used as an indicator of energy requiring brain/body 

functions. This is of interest in oncology because proliferating cancer cells have a higher 

than average rate of glucose metabolism. The structure of positron emitting isotope FDG, 

is as shown below [19]. 

 
Figure 2.4 Structure of positron emitting isotope 18F-FDG [19]. 
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The sensitivity of 18FDG-PET in identifying malignant nodules (greater than 1 cm) has 

been reported from 89% to 100%, specificity from 78% to 100%, positive predictive 

value from 86% to 94% and negative predictive value from 89% to 100% [7, 33, 37]. A 

negative 18FDG-PET scan could be an indication to observe and follow-up a nodule that 

otherwise would require biopsy or surgery. A positive 18FDG-PET scan indicates a high 

probability of malignancy and justifies an invasive management of the tumor [16, 17].  

Disadvantages: Long acquisition time: usually takes 5-7 minutes per body position. Lack 

of anatomical reference for metabolic images and inaccurate quantitation of the 

radiotracer uptake in tumors due to the photon attenuation by the surrounding tissue. 

Photons that scatter or are absorbed by the tissue lead to a loss in detected events, which 

would otherwise have been recorded, would lead to higher image noise and image non-

uniformity [33, 41]. Also PET images have low resolution (5 mm) due to the limitation of 

detectors, finite size of the voxels and the fact that the object structure varies rapidly over 

the region (tissue inhomogeneity) give rise to partial volume effect. 

                          
Figure 2.5 PET scanner on the left and PET transaxial slice (through the lung) on 
right. (Source: http://www.wiproge.com) 
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2.2.4 Hybrid PET/CT Scanners 
 
The powerful prognostic information provided by PET can be enhanced by the 

incremental information provided by CT assessment. Several co-registration techniques 

were developed to fuse morphological imaging studies with PET including the use of 

fiducial markers and software programs that enable the translation, rotation, scaling, and 

warping of image data sets, but they were time consuming and less reliable for head neck 

and abdominal regions. The Hybrid PET/CT scanner (Figure 2.6) has been developed to 

compensate for both the attenuation of photons and the lack of anatomical reference in 

PET. It generates accurately co-registered PET and CT images (Figure 2.6) that help 

discriminate areas of physiologic uptake from malignant tumors in situations where 

conventional PET or CT alone is unclear [42]. Precisely localized PET information can 

be used to plan surgical and medical therapy and in doing so, improve the management of 

patients with malignant disease. 

The advantages of the Hybrid PET/CT include: PET and CT are combined and the CT 

images can be used to construct an attenuation correction map. This attenuation map is 

noise-free, thus a practical solution is obtained for the need of a very rapid, low-noise and 

quantitatively correct method of PET attenuation correction. CT provides the anatomic 

framework needed for PET images. And PET and CT images can be automatically 

registered with sub-millimeter accuracy. 

Disadvantages: 

 The array of detectors detects two gamma rays with energy of 511 keV for PET 

imaging, whereas for CT imaging, the transmission energy is between 80 - 140 keV. 

Since the attenuation coefficients are energy-dependent, coefficients measured at CT 
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 CT acquisition only takes a few seconds while PET acquisition takes a few minutes.  

During long PET acquisition time, there will be respiratory motion, and this will 

make attenuation correction difficult because the images don’t match for organs that 

move with respiration. 

 Involuntary patient motion in the form of respiratory or cardiac motion might affect 

the automatic registration of PET and CT images [44, 45]. 

                     
Figure 2.6 Hybrid PET/CT scanner on the left and PET/CT transaxial slice (through 
the lung) on the right. (Source: http://www.wiproge.com/) 
 

 
Figure 2.7 Fused PET and CT coronal, saggital and transaxial slices taken using the 
Hybrid PET/CT, Discovery LS from GE Medical systems (courtesy of GE Medical 
Systems). 
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2.2.5 Standardized Uptake Value 
 
Positron Emission Tomography allows quantification of radioactivity concentrations 

inside the body which can be used to estimate glucose uptake of malignant tumors. There 

are many complex approaches to estimate glucose utilization rate, e.g. quantitative 

measurement of FDG, but the SUV (standardized uptake value) method is most 

commonly used. It is defined as a ratio of tissue radioactivity concentration of FDG 

(KBq/ml) in a structure encompassed by a ROI (region of interest) at time T (C(T)) 

divided by the injected dose (KBq) per gram body weight (kg), body surface area, or lean 

mass [45, 46]. 

weightBodydoseInjected

TC
SUV

/

)(
  , 

where C(T) = FDG concentration in tissue at time T. 

SUV is determined by the manual selection of voxels, and the maximum or average value 

of radioactivity concentration of FDG in a selected ROI, and these values need to be 

measured at a fixed time point. Calculations of SUV are computationally simple and 

require considerably less time than dynamic acquisition protocols. However they do 

require attenuation correction being performed as well as calibration of the system. 

SUV is the most clinically utilized quantitative parameter of FDG accumulation. It is a 

frequently used parameter to differentiate tumors as malignant or benign, to classify 

disease stage, and to monitor their response to treatment. Studies show that the SUV of 

FDG is significantly higher in recurrent tumors than in non-cancerous tumors. A SUV 

cutoff threshold, combined with other parameters like the tumor location and shape, may 
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indicate the tumor’s malignancy. Reports show that a SUV cutoff threshold for tumor 

malignancy ranging from 2.5 g/ml to 5.0 g/ml [47].  

 

CT                             PET 

ROI 

Figure 2.8 SUV is determined by manual selection of voxel, the maximum or average 
FDG concentration value in a selected ROI. SUV measurement in combination with other 
parameters is used to make the final assessment of the disease status. 
 
SUV > 2.5: associated with lung malignancy 

SUV > 5.0: prognostic value for recurrence NSCLC (Non-small cell lung cancers) stage I 

SUV > 10.0: prognostic value independent of clinical stage and tumor size [47, 48] 

One major disadvantage of SUV is its lack of precision. It is expressed by the maximum 

or average value of FDG concentration in an arbitrary region of interest that can include 

hypoxic or hypo-metabolic regions around the tumor’s viable mass. The great variance of 

data affects individualized diagnosis or prognosis [47]. Another limitation of the SUV 

method in monitoring therapy is that it is highly dependent on the time of measurement. 

The SUV value of a malignant tumor was shown to increase gradually up to 90 minutes 

post injection [26]. So SUVs should only be compared among different cases at the same 

time after tracer injection. 
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2.3 Respiratory Motion Artifacts in 18FDG-PET 
 
The use of combined PET/CT provide a convergence of metabolic and anatomic imaging, 

with an accurate anatomical framework for molecular imaging and a noise free CT map 

for more accurate attenuation correction and, consequently, quantitation of 18FDG uptake 

and characterization of lung tumors [37]. However, the relatively long acquisition time of 

18FDG -PET images, compared to the shorter CT collection time can produce some PET-

CT mis-registration as a consequence of respiratory motion [33].  

Many clinical studies and research papers have demonstrated how image quality is 

degraded by respiration [49]. Respiratory motion artifacts can distort target sizes and 

result in locating errors as different parts of the tumor move in and out of the image 

window during the patient’s breath cycle. Some studies have reported that typical lung 

tumor motion displacement with respiration can range from 3 to 22 mm. Fluoroscopic 

studies [29] have also demonstrated that the tumors next to the diaphragm can move in a 

range of 30 mm, which is more than four times the 5 to 6 mm full width half-maximum 

(FWHM) resolution of current PET scanners. 

2.3.2 Respiratory Gating in Radiation Therapy 
 
The breathing motion of lung tumors has received particular attention in radiation 

therapy. Treatment planning estimates boundaries surrounding the tumor large enough to 

ensure delivering dose to the target region. But breathing motion could result in 

overestimating the tumor volume, leading to an increase in the planning target volume. 

That can mean healthy tissues nearby receive more radiation exposure than is necessary, 

which may lead to treatment-related complications. 
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Intensity Based Registration
(Physical Phantom)
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 (c) 
Figure 5.8 (a) Cross-correlation results of NCAT phantom with Gaussian noise 
simulated for 5 different size tumors using intensity based registration algorithm, before 
registration compared to after Direct Scheme and Successive Scheme. (b) Cross-
correlation results of NCAT phantom with Poisson noise simulated (c) Cross-correlation 
results of physical phantom for 4 different size tumors. The 5th tumor of the physical 
phantom is too small for the algorithm to identify. 
 
The quantitative results of activity concentration are evaluated with reference to the static 

PET, ungated PET and gated PET as shown in Figure 5.9. Here the activity concentration 

is calculated as the average activity over the entire tumor region. Next the values were 

normalized to the static PET value (which is the gold standard for comparison). It can be 

seen that the activity concentrations after registration are closer to the true values.  
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Intensity Based Registration
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 (c) 
Figure 5.9 (a) NCAT phantom with Gaussian noise results, error bars with 10 mm 
tumor simulations are for standard deviation, N=3 (b) NCAT phantom with Poisson noise 
results and (c) physical phantom results, activity concentration of Intensity registration 
algorithms with Direct and Successive Scheme, static PET, gated PET and ungated PET 
images, here gated PET means the average of all of the individual gates. All of the values 
are normalized to the static PET (gold standard). Here gated PET values come from the 
average value of all gated bin. 
 
The results of the actual tumor size with the computed size of segmented tumors are 

shown in Table 5.1, to compare gated tumors (average of all of the individual gates) with 

registered tumors (with Intensity Direct Scheme and Intensity Successive Scheme). After 

registration/combining of all gates, the tumor size doesn’t increase much compared with 

the gated tumor; some even became smaller compared with the gated tumor. This is due 

to the shrinking process before registration. 

Segmented Tumor Size Tumor diameter  
(mm) 

True Tumor 
Volume Gated 

Tumor 
Intensity 
(Direct) 

Intensity 
(Successive) 

6.0 17 pixels 20 pixels 18 pixels 18 pixels 

8.5 33 pixels 38 pixels 36 pixels 36 pixels 

10.0 44 pixels 48 pixels 45 pixels 45 pixels 

NCAT  
Phantom 

(w/Poisson 
Noise) 

20.0 230 pixels 241 pixels 237 pixels 237 pixels 
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25.0 409 pixels 424 pixels 420 pixels 420 pixels 

6.0 17 pixels 19 pixels 19 pixels 19 pixels 

8.5 33 pixels 38 pixels 39 pixels 39 pixels 

10.0 44 pixels 48 pixels 46 pixels 46 pixels 

20.0 230 pixels 244 pixels 244 pixels 240 pixels 

NCAT  
Phantom 

(w/Gaussian 
Noise) 

25.0 409 pixels 422 pixels 418 pixels 418 pixels 

8.23 0.13 ml / / / 

9.86 0.25 ml 0.48 ml 0.49 ml 0.49 ml 

11.89 0.50 ml 0.76 ml 0.79 ml 0.78 ml 

14.43 1.00 ml 1.17 ml 1.17 ml 1.19 ml 

Physical 
Phantom 

17.69 2.00 ml 2.29 ml 2.31 ml 2.33 ml 

Table 5.2 Results comparing the true tumor volume with the segmented tumor 
volume. / means the tumor is too small for the algorithm to identify. 
 
Relative noise levels are also compared. Lower noise is achieved after registration as 

shown in Figure 5.10 for both the NCAT phantom and the physical phantom. Here the 

relative noise level is estimated by the standard deviation of the tumor region over the 

average value of the tumor region. 
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Intensity Based Registration
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 (c) 
Figure 5.10 Comparing relative noise level before registration and after Intensity 
registration with direct and Successive Scheme: (a) NCAT phantom with Gaussian noise, 
error bars with 10 mm tumor simulations are for standard deviation, N=3 (b) NCAT 
phantom with Poisson noise, (c) Physical phantom. 
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5.3.2 Centroid Based registration 
 
Figure 5.11 shows the cross-correlation results of NCAT phantom and physical phantom 

using Centroid Based registration with Direct and Successive Schemes; similar results as 

Intensity registration were obtained.  
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Centroid Based Registration
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 (c) 
Figure 5.11 (a) Cross-correlation results of NCAT phantom with Gaussian noise 
simulated for 5 different size tumors using Centroid based registration algorithm, before 
registration comparied to after Direct Scheme and Successive Scheme. The error bars 
with 10 mm tumor simulations are for standard deviation, N=3 (b) Cross-correlation 
results of NCAT phantom with Poisson noise simulated (c) Cross-correlation results of 
physical phantom for 4 different size tumors.  
 
The quantitative results of activity concentration are also evaluated with reference to the 

static PET, non-gated PET and non-registered gated PET as shown in Figure 5.12 below. 

Here the activity concentration is calculated as the average activity over the entire tumor 

region then the values are normalized to the static PET value (which is the gold standard 

for comparison).  

 74



Centroid Based Registration
(NCAT Phantom w/ Gaussian Noise)

0.4

0.5

0.6

0.7

0.8

0.9

1

6 8.5 10 20 25

Tumor Size (mm)

A
ct

iv
it

y 
C

on
ce

nt
ra

ti
on

(N
or

m
al

iz
ed

 to
 S

ta
ti

c 
P

E
T

)

Static PET
Centroid Method (Direct)
Centroid Method (Successive)
Gated PET
Ungated PET

 (a) 
 

Centroid Based Registration
(NCAT Phantom w/Poisson Noise)

0.4

0.5

0.6

0.7

0.8

0.9

1

6 8.5 10 20 25

Tumor Size (mm)

A
ct

iv
it

y 
C

on
ce

nt
ra

ti
on

(N
or

m
al

iz
ed

 to
 S

ta
ti

c 
P

E
T

)

Static PET
Centroid Method (Direct)
Centroid Method (Successive)
Gated PET
Ungated PET

 (b) 

 75



Centroid Based Registration
(Physical Phantom)
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 (c) 
Figure 5.12  (a) NCAT phantom with Gaussian noise results, the error bars with 10 mm 
tumor simulations are for standard deviation, N=3, (b) NCAT phantom with Poisson 
noise results and (c) physical phantom results, activity concentration of Centroid 
registration algorithms with Direct and Successive Scheme, static PET, gated PET and 
ungated PET images. All of the values are normalized to the static PET (gold standard). 
Here gated PET values come from the average value of all of the gated bins. 
 
The results of the actual tumor size with the computed size of segmented tumors are 

shown in Table 5.2, to compare gated tumors (average of all gates) with registered tumors 

(with Centroid Direct Scheme and Centroid Successive Scheme). 

Segmented Tumor Size Tumor diameter  
(mm) 

True Tumor 
Volume Gated 

Tumor 
Centroid 
(Direct) 

Centroid 
(Successive) 

6.0 17 pixels 20 pixels 22 pixels 20 pixels 

8.5 33 pixels 38 pixels 41 pixels 41 pixels 

10.0 44 pixels 48 pixels 51 pixels 53 pixels 

20.0 230 pixels 241 pixels 252 pixels 255 pixels 

NCAT  
Phantom 

(w/Poisson 
Noise) 

25.0 409 pixels 424 pixels 426 pixels 430 pixels 

6.0 17 pixels 18 pixels 19 pixels 20 pixels 

8.5 33 pixels 36 pixels 37 pixels 38 pixels 

10.0 44 pixels 48 pixels 50 pixels 51 pixels 

20.0 230 pixels 239 pixels 238 pixels 244 pixels 

NCAT  
Phantom 

(w/Gaussian 
Noise) 

25.0 409 pixels 415 pixels 416 pixels 423 pixels 

Physical 8.23 0.13 ml / / / 
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9.86 0.25 ml 0.48 ml 0.55 ml 0.58 ml 

11.89 0.50 ml 0.76 ml 0.82 ml 0.82 ml 

14.43 1.00 ml 1.17 ml 1.21 ml 1.26 ml 

Phantom 

17.69 2.00 ml 2.29 ml 2.31 ml 2.32 ml 

Table 5.3 Results comparing the true tumor volume with the segmented tumor 
volume. / means the tumor is too small for the algorithm to identify. 
 
Relative noise levels are also compared. Lower noise is achieved after registration as 

shown in Figure 5.13 for both NCAT phantom and physical phantom.  
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Centroid Based Registration
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 (c) 
Figure 5.13 Comparing relative noise level before registration and after Intensity 
registration with direct and Successive Scheme: (a) NCAT phantom with Gaussian noise, 
the error bars with 10 mm tumor simulations are for standard deviation, N=3, (b) NCAT 
phantom with Poisson noise, (c) Physical phantom. 
 
5.3.3 Rigid Body Registration 

Figure 5.14 shows the cross-correlation results of the NCAT phantom and the physical 

phantom using Rigid Body registration with Direct and Successive Schemes; similar 

results as the two other registration methods before were obtained. The error bars of 

standard deviation indicating the variations of three simulations with 10 mm tumor are 

displayed in each figure, the standard deviation are within 3%. 
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Rigid Body Registration
(Physical Phantom Exp)
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 (c) 
Figure 5.14 (a) Cross-correlation results of NCAT phantom with Gaussian noise 
simulated for 5 different size tumors using Rigid Body registration algorithm, before 
registration comparing to after Direct Scheme and Successive Scheme. The error bars 
with 10 mm tumor simulations are for standard deviation, N=3. (b) Cross-correlation 
results of NCAT phantom with Poisson noise simulated (c) Cross-correlation results of 
physical phantom for 4 different size tumors. 
 
The quantitative results of activity concentration are also evaluated with reference to the 

static PET, non-gated PET and non-registered gated PET as shown in Figure 5.15 below. 

Here the activity concentration is calculated as the average activity over the entire tumor 

region, then the values are normalized to the static PET value (which is the gold standard 

for comparison).  
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Rigid Body Registration
(Physical Phantom)
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 (c) 
Figure 5.15  (a) NCAT phantom results with random noise, the error bars with 10 mm 
tumor simulations are for standard deviation, N=3. (b) NCAT phantom results with 
Poisson noise and (c) physical phantom results. Activity concentration of Rigid Body 
registration algorithms with Direct and Successive Scheme, static PET, gated PET and 
ungated PET images. All of the values are normalized to the static PET (gold standard). 
Here gated PET values come from the average value of all gated bin. 
 
The results of the actual tumor size with the computed size of segmented tumors are 

shown in Table 5.4, to compare gated tumors (average of all gates) with registered tumors 

(with Rigid Body Direct Scheme and Rigid Body Successive Scheme). 

Segmented Tumor Size Tumor diameter  
(mm) 

True Tumor 
Volume Gated 

Tumor 
Rigid Body 

(Direct) 
Rigid Body 

 (Successive) 
6.0 17 pixels 20 pixels 20 pixels 20 pixels 

8.5 33 pixels 38 pixels 39 pixels 41 pixels 

10.0 44 pixels 48 pixels 46 pixels 48 pixels 

20.0 230 pixels 241 pixels 246 pixels 240 pixels 

NCAT  
Phantom 

(w/Poisson 
Noise) 

25.0 409 pixels 424 pixels 420 pixels 424 pixels 

6.0 17 pixels 18 pixels 18 pixels 19 pixels 

8.5 33 pixels 36 pixels 34 pixels 38 pixels 

10.0 44 pixels 48 pixels 47 pixels 49 pixels 

20.0 230 pixels 239 pixels 237 pixels 240 pixels 

NCAT  
Phantom 

(w/Gaussian 
Noise) 

25.0 409 pixels 415 pixels 413 pixels 415 pixels 
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8.23 0.13 ml / / / 

9.86 0.25 ml 0.48 ml 0.46 ml 0.44 ml 

11.89 0.50 ml 0.76 ml 0.76 ml 0.78 ml 

14.43 1.00 ml 1.17 ml 1.19 ml 1.22 ml 

Physical 
Phantom 

17.69 2.00 ml 2.29 ml 2.26 ml 2.23 ml 

Table 5.4 Results comparing the true tumor volume with the segmented tumor 
volume. / means the tumor is too small for the algorithm to identify. 
 
Relative noise levels are also compared. Lower noise is achieved after registration as 

shown in Figure 5.16 for both the NCAT phantom and the physical phantom.  
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Rigid Body Registration
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 (c) 
Figure 5.16 Comparing relative noise level before registration and after Intensity 
registration with direct and Successive Scheme: (a) NCAT phantom with Gaussian noise, 
the error bars with 10 mm tumor simulations are for standard deviation, N=3. (b) NCAT 
phantom with Poisson noise, (c) Physical phantom. 
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5.3.4 Optical Flow Based Registration 
 
Figure 5.14 shows the cross-correlation results of the NCAT phantom and the physical 

phantom using Optical Flow registration with Direct and Successive Schemes; similar 

results as the two other registration methods before were obtained. 
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Optical Flow Registration
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 (c) 
Figure 5.17 (a) Cross-correlation results of NCAT phantom with Gaussian noise 
simulated for 5 different size tumors using Optical Flow registration algorithm, before 
registration comparing to after Direct Scheme and Successive Scheme. The error bars 
with 10 mm tumor simulations are for standard deviation, N=3. (b) Cross-correlation 
results of NCAT phantom with Poisson noise simulated (c) Cross-correlation results of 
physical phantom for 4 different size tumors. 
 
The quantitative results of activity concentration are also evaluated with reference to the 

static PET, non-gated PET and non-registered gated PET as shown in Figure 5.18 below. 

Here the activity concentration is calculated as the average activity over the entire tumor 

region, and then the values are normalized to the static PET value (which is the gold 

standard for comparison).  
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Optical Flow Registration
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Optical Flow Registration
(Physical Phantom)
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 (c) 
Figure 5.18  (a) NCAT phantom with Gaussian noise results, the error bars with 10 mm 
tumor simulations are for standard deviation, N=3. (b) NCAT phantom with Poisson 
noise results and (c) physical phantom results, activity concentration of Rigid Body 
registration algorithms with Direct and Successive Scheme, static PET, gated PET and 
ungated PET images. All of the values are normalized to the static PET (gold standard). 
Here gated PET values come from the average value of all gated bin. 
 
The results of the actual tumor size with the computed size of segmented tumors are 

shown in Table 5.5, which compares gated tumors (average of all gates) with registered 

tumors (with Optical Flow Direct Scheme and Optical Flow Successive Scheme). 

Segmented Tumor Size Tumor diameter  
(mm) 

True Tumor 
Volume Gated 

Tumor 
Optical Flow 

(Direct) 
Optical Flow
(Successive) 

6.0 17 pixels 20 pixels 23 pixels 20 pixels 

8.5 33 pixels 38 pixels 43 pixels 38 pixels 

10.0 44 pixels 48 pixels 56 pixels 50 pixels 

20.0 230 pixels 241 pixels 267 pixels 247 pixels 

NCAT  
Phantom 

(w/Poisson 
Noise) 

25.0 409 pixels 424 pixels 438 pixels 420 pixels 

6.0 17 pixels 18 pixels 22 pixels 19 pixels 

8.5 33 pixels 36 pixels 40 pixels 34 pixels 

10.0 44 pixels 48 pixels 52 pixels 48 pixels 

20.0 230 pixels 239 pixels 253 pixels 233 pixels 

NCAT  
Phantom 

(w/Gaussian 
Noise) 

25.0 409 pixels 415 pixels 431 pixels 410 pixels 

Physical 8.23 0.13 ml / / / 
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9.86 0.25 ml 0.48 ml 0.50 ml 0.46 ml 

11.89 0.50 ml 0.76 ml 0.81 ml 0.76 ml 

14.43 1.00 ml 1.17 ml 1.27 ml 1.20 ml 

Phantom 

17.69 2.00 ml 2.29 ml 2.36 ml 2.21 ml 

Table 5.5 Results comparing the true tumor volume with the segmented tumor 
volume. / means the tumor is too small for the algorithm to identify. 
 
Relative noise levels are also compared. Lower noise is achieved after registration as 

shown in Figure 5.19 for both NCAT phantom and physical phantom.  
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Optical Flow Registration
(Physical Phantom)
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 (c) 
Figure 5.19 Comparing relative noise level before registration and after Intensity 
registration with direct and Successive Scheme: (a) NCAT phantom with Gaussian noise, 
the error bars with 10 mm tumor simulations are for standard deviation, N=3. (b) NCAT 
phantom with Poisson noise, (c) Physical phantom. 
 
5.3.5 Comparison of Four Registration Methods 

The comparison of four registration methods and two registration schemes are displayed 

in Figure 5.20 below for cross-correlation coefficient results. The difference in 

improvement after all these motion correction algorithms can be seen. 
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Cross-correlation Results of NCAT Phantom Exp
w/ Gaussian Noise (Comparing of Four Registration Methods)
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Cross-correlation Results of NCAT Phantom Exp
w/ Poisson Noise (Comparing of Four Registration Methods)

0.4

0.5

0.6

0.7

0.8

0.9

1

6 8.5 10 20 25

Tumor Size (mm)

C
or

re
la

ti
on

 C
oe

ff
ic

ie
nt

Rigid (Direct)
Rigid (Successive)
OF (Direct)
OF (Successive)
Intensity (Direct)
Intensity (Successive)
Centroid (Direct)
Centroid (Successive)
Before Registration

 (b) 

 91



Cross-correlation Results of Physical Phantom Exp
(Comparing of Four Registration Methods)

0.4

0.5

0.6

0.7

0.8

0.9

1

9.86 11.89 14.43 17.69
Tumor Size (mm)

C
or

re
la

ti
on

 C
oe

ff
ic

ie
nt

Rigid (Direct)
Rigid (Successive)
OF (Direct)
OF (Successive)
Intensity (Direct)
Intensity (Successive)
Centroid (Direct)
Centroid (Successive)
Before Registration

 (c) 
Figure 5.20 Cross-correlation results comparing four registration methods and two 
registration schemes, (a) NCAT phantom with Gaussian noise, the error bars with 10 mm 
tumor simulations are for standard deviation, N=3. (b) NCAT phantom with Poisson 
noise. (c) physical phantom. Here OF is the short of Optical Flow. 
 
The comparison of all four registration methods and two registration schemes in average 

activity concentrations are displayed in Figure 5.21 below. 
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Average Activity Results of NCAT Phantom Exp
w/ Gaussian Noise (Comparing of Four Registration Methods)
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Average Activity Results of Physical Phantom Exp
(Comparing of Four Registration Methods)
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 (c) 
Figure 5.21 Average activity concentration results comparing four registration 
methods and two registration schemes, (a) NCAT phantom with Gaussian noise, the error 
bars with 10 mm tumor simulations are for standard deviation, N=3. (b) NCAT phantom 
with Poisson noise, (c) physical phantom. Here OF is the short of Optical Flow. 
 
Relative noise levels are compared for four registration methods and two registration 

schemes in Figure 5.22. In terms of noise reduction, all these eight methods appear to be 

similar. 

The computation time of four registration methods and two registration schemes are 

shown in Table 5.6. The computer to run all these algorithms is Intel Core 2 Duo @ 1.40 

GHz, 2GB memory. It can bee seen that Centroid and Intensity methods require the least 

processing time, while the Optical Flow with Successive Scheme is most time 

consuming. 

Computation 
Time (Second) 

Centroid 
 

Intensity 
 

Rigid 
Body 

Optical 
Flow 

Direct  10.3 10.1 29.5 195.0 

Successive  28.6 28.1 81.9 541.4 
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Table 5.6 Comparing of processing time for four registration methods and two 
registration schemes. 
 

Relative Noise of NCAT Phantom Exp
w/ Gaussian Noise (Comparing of Four Registration Methods)
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Relative Noise of Physical Phantom Exp
(Comparing of Four Registration Methods)
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 (c) 
Figure 5.22 Results of relative noise comparing four registration methods and two 
registration schemes, (a) NCAT phantom with Gaussian noise, the error bars with 10 mm 
tumor simulations are for standard deviation, N=3. (b) NCAT phantom with Poisson 
noise , (c) physical phantom. 
 
The sensitivity of noise for the four registration methods was tested by applying twice 

and three times noise level on NCAT phantom with random noise, and the results of 

percentage degradation in the cross-correlation result after noise are shown in Figures 

5.23 below. 
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Percentage Degradation after
Twice Noise Level
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Figure 5.23 Percentage degradation in cross-correlation result after (a) applying twice 
noise and (b) applying three times noise with NCAT phantom 
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6. DISCUSSIONS 

Improving the detectability of a malignant lung tumor in its initial stage will positively 

impact lung cancer patient care, which is a major health problem in the United States. For 

lung cancer detection, 18FDG-PET has been proven to have a higher sensitivity than CT 

[2]. However, because of the long duration of whole body PET scans, tumor and organ 

motion due to respiration can be a major challenge for accurate localization and 

quantification of 18PET-FDG images as the image will be blurred and the tumor smeared. 

The long-term goal of this research is to increase the sensitivity and prognostic value of 

molecular imaging with 18FDG-PET/CT of small malignant lung tumors that move 

significantly during respiration, and to improve the identification and accuracy of 18FDG 

uptake quantitation of small tumors. The overall goal of this study is to develop and 

validate a simple and practical solution to the problem of respiratory motion for the 

precise interpretation and quantitation of 18FDG uptake of lung PET images.  

Several papers appeared in recent years describing different image processing algorithms 

compensating for motion artifacts. There are comprehensive review papers of motion 

correction methods in PET by Rahmim [58], Nehmeh et al[87] and by Visvikis et al[44]. 

Qiao et al [62] achieved motion correction by successfully applying non-rigid motion 

compensation to computer simulated list-mode PET data; similarly, Lamare et al [61], 

Livieratos et al [88] also apply affine transformation to list-mode PET data. These 

correction approaches are performed during reconstruction process based on the list mode 

raw data, which is also a very promising area, however, as list mode collection is not 

generally implemented on clinical cameras, it is probably a limiting obstacle, also it 

requires more memory storage and processing time while our method is a post-
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reconstruction algorithm (in image domain), applicable to existing clinical 

reconstructions and is likely more computationally feasible.  Deconvolution has been 

reported to correct lung motion artifact with positive results [63]. An accurate estimation 

of respiratory motion from 4D CT images is required before performing the 

deconvolution, which is one limitation; also deconvolution itself tends to amplify the 

noise in real noisy PET data. Another attempt to solve to problem proposed by Dawood 

et al [66] utilizes a global optical flow algorithm for motion correcting images in 

individual gates. The method uses four assumptions to perform the deformable 

registration: intensity similarity, incremental transformation, smoothness, and error 

minimization, which could suffer from inaccuracy in the presence of high noise. Also the 

work from Thorndyke et al [67] corrects motion through retrospective stacking, where 

the entire data is stacked on top of one another to form a composite image. Most of these 

current correction approaches derive registration information from the entire image 

sequence of the moving object. Due to the elastic nature of the chest region, an 

elastic/deformable motion model is often required to characterize the respiratory 

movement. These elastic image registration approaches generally involve an optimization 

process over a large number of parameters, which could lead to lengthy computation time. 

In addition, the complexity of the movement within the chest and abdomen region often 

makes it difficult to achieve accurate registration for each image voxel position. It is 

often the case when applying deformable image registration to a large image region that, 

although the overall structures of the registered images can be reasonably aligned, some 

mis-matches at local detail levels are still present even after a lengthy optimization 

process. These mis-matches would then cause inaccurate motion compensation for the 

 99



corresponding image features, and would have adverse effects if those features are of 

interest. 

Different from these “whole-image” approaches, our algorithm intends to improve the 

speed and accuracy in estimating respiratory motion. We aim at a more general and 

practical solution to this problem by limiting our efforts to the “local region”: the 

segmented tumor part only, which is the region of most interest. Our work has some 

similarity to another paper by Qiao et al [64] using region of interest (ROI) motion 

compensation by incorporating motion information within that region into the system 

model, this will enable faster extraction of motion information, but they require manually 

selecting the ROI, while in our algorithm the tumor region can be automatically localized 

and identified. Unlike registering the entire image set, the “local” image registration only 

requires a simplified model to describe the motion (e.g., a centroid-based model, rigid 

body model with a few number of degrees of freedom). The fewer free parameters 

associated with the motion model and the reduced number of image voxels to be 

considered both contribute to the speedup of the image registration process compared 

with entire image registration methods. The local image registration method also has the 

potential to improve registration accuracy within the “local” region when considering the 

following aspects: the registration algorithm only focuses on the alignment of image 

contents within the tumor region, and would not be disturbed by other irrelevant image 

features; the optimization process would be more robust due to the reduced dimensions of 

the parameter space. 

The innovative aspect of this project is to develop a computer-assisted motion track and 

integration algorithm that includes all the counts collected in the respiratory cycle into 
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solely one reference bin. This method has the advantages: (1) the automatic track 

algorithm would simplify the calculations as the following integration algorithm will only 

be performed on the segmented tumor region; (2) PET scan time doesn’t need to be 

increased as the integration process will reduce statistical noise and increase signal-to-

noise ratio. The integration of the information of different time bins into one set of 

tomographic slices would facilitate the 3D quantitation of activity and the introduction of 

the procedure to the clinical practice. It could make the clinical interpretation of lung 

tumor 18FDG-PET scans easier, faster and more reproducible.  

The validation of the algorithm was performed on a simulated NCAT computer phantom 

and a dynamic physical phantom. One assumption about the simulated tumor is that the 

tumor is rigid and will move as a whole, there will be no deformation or change inside 

the tumor between each gated bins. Phantom studies often provide insight that is difficult 

or impossible to obtain, by using pre-defined, controlled parameters, and avoiding any 

un-controlled scanner- or patient-specific variability. Moreover, we know the “gold 

standard” in these cases, so that algorithm results can be compared to optimal goals under 

a wide range of well-defined conditions. In the future, these phantoms can also be 

implemented into related imaging research studies such as respiratory gating hardware 

design and acquisition protocol development.  

The experiments with both the NCAT software phantoms (with Gaussian noise and with 

Poisson noise) as well as with the physical phantom showed significant improvement in 

motion corrected data. Several independent criteria were selected to assess the 

improvement. For tumor activity concentration, the activity values are closer to the static 

tumor (real value) with reference to the ungated PET after all four registration methods 
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(except Optical Flow with Direct Scheme) (Figure 5.21), with improvements of 9.2%, 

6.5%, 10.1% and 0.1% for Intensity Registration, Centroid Registration, Rigid Body 

Registration and Optical Flow Registration with Direct Scheme respectively, and 

improvements of 9.7%, 7.9%, 10.3% and 12.8% for Intensity Registration, Centroid 

Registration, Rigid Body Registration and Optical Flow Registration with Successive 

Scheme respectively. For cross-correlation coefficient as shown in Figure 5.20, with 

Direct Scheme the average improvements of 27.7%, 19.2%, 29.6% and 13.8% were 

achieved with Intensity, Centroid, Rigid Body and Optical Flow method respectively. 

With Successive Scheme the average improvements of 29.4%, 22.3%, 31.8% and 36.6% 

were achieved with Intensity, Centroid, Rigid Body and Optical Flow method 

respectively. In the Optical Flow method, Successive Scheme improved 22.8% 

comparing with Direct Scheme, while for the other methods the improvements of the 

Successive Scheme were very small. 

Figure 5.22 demonstrates the analysis of noise reduction on the PET data, which is an 

indicator of the image quality and supports the conclusion from Chapter 4.5.1, that 

motion correction improves the SNR to ungated PET Data. For example, the average 

noise level in the NCAT phantom gated images is 0.518, and that for the data after Rigid 

Body registration it is 0.241, which is similar to the ungated data, 0.225. There is not a 

large difference between these four methods. An average reduction of 25.6%, 25.1%, 

23.9% and 24.8% in noise level was achieved for Intensity Registration, Centroid 

Registration, Rigid Body Registration and Optical Flow Registration with the Direct 

Scheme respectively, and an average of 24.1%, 23.7%, 23.1% and 21.9% in noise level 

reduction was achieved for Intensity Registration, Centroid Registration, Rigid Body 
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Registration and Optical Flow Registration with Successive Scheme respectively. The 

slightly higher noise level with the Successive Scheme compared with the Direct Scheme 

is probably due to more interpolation steps performed during motion correction. 

The simulation of NCAT phantom with Gaussian noise using the 10 mm tumors was 

repeated three times to simulate statistical experiment variability. The changes is minimal 

as can be seen from the results of cross coefficients, activity concentration and relative 

noise levels, the standard deviations between these results are within 3%. 

Two registration schemes were also compared: Direct Scheme vs. Successive Scheme. 

For Intensity Registration, Centroid Registration and Rigid Body Registration, average 

improvement of 1.7%, 3.1% and 2.2% in correlation coefficient after applying the 

Successive Scheme were observed, respectively. Similar small improvements of activity 

concentration of 0.5%, 1.4% and 0.3%, respectively, were observed. The improvement of 

the Successive Scheme compared with the Direct Scheme is minimal but it requires much 

more computational time and more interpolation steps, so it appears unnecessary to use 

the Successive Scheme for these three methods. For the Optical Flow method, it is 

obvious that the Successive Scheme is superior to the Direct Scheme, as there is a 21.1% 

improvement in the cross correlation coefficient and a 12.7% improvement in the activity 

concentration. This is because the optical flow algorithm can calculate the motion field 

with smaller displacement much more accurately than large displacement.  

The optical flow algorithm differs from other deformable registration methods in its ease 

of use as no user intervention is required to select matching control pixels and its 

precision in mapping the images. The Horn-Schunk method [85] uses spatio-temporal 

derivatives of the evolving image brightness function to determine the optical flow, the 
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assumption is made that the brightness of any part of the image changes very slowly and 

smoothly, which makes the algorithm very vulnerable when the images are very noisy. 

The comparison of all of the methods’ sensitivity to noise is demonstrated in Figures 5.23 

and 5.24 showing that the Optical Flow method is most sensitive to noise, while the other 

methods perform better in case of high noise level. 

In all the experiments with the NCAT computer phantom and the physical phantom, the 

tumors are always simulated as sphere shape. Possible degradation in the results could 

occur when implementing the algorithms with real irregular shaped tumors, as the rough 

boundaries are more sensitive to noise, and it will become more difficult for the 

algorithm to distinguish the tumor voxels from noise voxels. It is noticed that the results 

from the NCAT computer phantom are much better than the results from the physical 

phantom. Even after the Gaussian/Poisson distributed noise was added into the NCAT 

phantom data, it is still too ideal compared with real physical phantom data. Scattering 

events, random coincidence events and attenuation are not included into the NCAT 

phantom. Also no correction was made for the partial volume effect. Another possible 

reason for the better NCAT results compared with physical phantom results is that the 

spatial resolution of the NCAT phantom images is 3.125 mm per pixel, which is much 

higher than the spatial resolution of physical phantom images (3.75 mm per pixel). 

Incorporating attenuation correction was outside of the scope of this study. In this study 

all the image processing algorithms were performed on attenuation corrected PET data 

with physical phantom. Error could occur during the process of attenuation correction 

because only one snapshot of CT is taken during respiration while PET acquisition is a 

continuous process. Therefore, the CT images do not correlate exactly with the PET 
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images. This could only occur if they were acquired over the exact same period of the 

respiration. We have tried to minimize the error by selecting the reference PET bin as 

close as possible to match the CT transmission data with the highest correlation value, 

but the results cannot be validated unless 4D CT data is acquired. In future work, motion 

information could be extracted from non-attenuation-corrected image data sets, and then 

motion compensation applied to attenuation-corrected image data sets. In this way more 

accurate attenuation correction could be achieved. 

Final verification and demonstration of feasibility should be performed using some 

retrospective and archived clinical PET studies. This will be a future goal of this project: 

patients with a SPN will be evaluated by experienced radiologists, and also the algorithm 

proposed in this research will do the same automatically without intervention of any 

operators. The follow up biopsy could also be performed if possible to verify the findings 

from the images. The quantification of the tumor and staging of the lung cancer should 

match the radiologists’ diagnosis. 
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7. CONCLUSIONS 

In this research project, we developed and evaluated a computer-assisted method that can 

automatically localize tumors in lung PET images of discrete bins within the breathing 

cycle, followed by an algorithm that integrated all the information of a complete 

respiratory cycle into a single reference bin. Validation and comparison of the algorithms 

were performed by conducting experiments on a computerized NCAT phantom and on a 

dynamic physical phantom. Iterations were conducted on different size simulated tumors 

and different noise levels. Comparing the results of the tumors before correction with 

after correction, the tumor activity values and tumor volumes are closer to the static 

tumors (gold standard). Higher correlation values and lower noise are also achieved after 

applying the correction algorithms.  

Of the four registration methods and two registration schemes evaluated, the Optical 

Flow registration with Successive Scheme demonstrates the best correlation result but is 

more sensitive to noise. The Centroid based registration with Direct Scheme requires the 

least processing time but is less accurate than the other methods.  

With these motion correction methods the compromise between short PET scan time and 

reduced image noise can be achieved. The automatic algorithm and practical procedure 

can be implemented in a busy clinical setting; it will allow accurate quantification of 

tumor functional volume and accurate three-dimensional quantitative analysis of tumor 

activity concentration, making the clinical analysis precise and fast. 
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