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Figure 2.1:  A positron is emitted from the radiotracer and travels a 
finite distance before colliding with an electron.  The collision 
annihilates both the positron and electron, emitting two 511keV 
photons at 180 degrees. 
 
Figure 2.2:  A representation of a single detector block (A) 
revealing the photomultiplier tubes and scintillators.  An orientation 
of the detector rings of a PET scanner are shown (B) along with a 
diagram of coincidence detection (C) (2, 5). 
 
Figure 2.3:  Scatter degrades PET spatial resolution by producing 
a false line of response for coincidence detection (2). 
 
Figure 2.4:  Photon attenuation lowers spatial resolution.  An 
emitted photon is absorbed in tissue before reaching the detectors, 
thus eliminating a true coincident event (2). 
 
Figure 2.5:  Random coincidence detections lower spatial 
resolution by yielding a false line of response (2). 
 
Figure 2.6: An illustration of the partial volume effect on an axial 
slice of a spherical PET target.  The spherical area totally 
encompasses five pixels, and intersects 16 additional pixels.  The 
intersected pixels will be subject to the partial volume effect and 
yield lower radiotracer activities (6). 
 
Figure 2.7:  The chemical structures of glucose (A) and FDG (B) 
are shown.  The structures are identical, except for the replacement 
of a hydroxyl group with positron emitting fluorine (9). 
 
Figure 2.8:  The chemical reactions of glucose and FDG during 
glycolysis are shown.  Notice glucose is further metabolized by 
phosphohexose isomerase, where as no further metabolism of 
FDG occurs.  The shortened glycolysis of FDG compared to 
glucose is due to the presence of 18F.  Since FDG is not completely 
metabolized during glycolysis it remains in the cell for an increased 
amount of time.  The localization of FDG within the cell is the 
foundation of FDG-PET imaging (7-13). 
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Figure 2.9:  The same axial slice of a NSCLC patient with three 
different image settings.  PET-CT images are shown using a 40% 
threshold of the max SUV (A) and 45% threshold of the max SUV 
(B).  The planning CT scan is shown in (C). 
 
Figure 2.10:  The NEMA phantom has two cylindrical inserts that 
may contain different radiotracer activities, and a third representing 
bony anatomy may be utilized (37). 
 
Figure 2.11:  PET threshold studies often use the Jaszczak 
phantom to determine appropriate threshold values for PET based 
radiation therapy planning.  The phantom contains spherical inserts 
of varying volumes.  Each sphere is capable of being injected with 
a different radiotracer activity (36). 
 
Figure 2.12:  Two images of the same axial slice of a stage 1A 
NSCLC patient.  The PET-CT scan is shown in (A) and the 
planning CT scan is shown in (B). 
 
Figure 2.13:  Representation of the GTV, CTV, and PTV.  
 
Figure 2.14:  Two images of the same axial slice of a stage 4A 
H&N cancer patient.  A PET-CT scan (A) is shown along with the 
planning CT scan (B). 
 
Figure 3.1:  18F-PET and CT image of cylindrical phantom with 6 
spherical inserts.  
 
Figure 3.2: Graph of lesion threshold versus threshold method for 
the three NSCLC patients. 
 
Figure 3.3: Graph of lesion volume versus threshold method for the 
three NSCLC patients. 
 
Figure 3.4: Graph of lesion threshold versus threshold method for 
the 3 H&N cancer patients. 
 
Figure 3.5: Graph of lesion volume versus threshold method for the 
3 H&N cancer patients. 
 
Figure 4.1:  Three coronal images of the line source used to 
determine the transaxial resolution of the PET scanner.  The left, 
center, and right images are PET, CT, and PET/CT images of the 
line source placed within a water filled cylindrical tank. 
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Figure 4.2:  The left, center, and right images are PET, CT, and 
PET/CT axial images of the cylindrical phantom containing 3 
cylindrical inserts are shown.  Two cylinders are filled with 
radioactive 18F, while the third is made of plastic.  
 
Figure 4.3:  The left, center, and right image are PET, CT, and 
PET/CT axial images of the cylindrical tank containing the 6 
spherical inserts.  The spheres are injected with the same activity of 
18F and the background activity is progressively increased to 
change the SBR. 
 
Figure 4.4:  The left, center, and right image are PET, CT, and 
PET/CT axial images of the cylindrical tank containing the 3 cube 
inserts.  The cubes are injected with a similar activity of 18F and the 
background activity is progressively increased to change the SBR. 
 
Figure 4.5:  The left, center, and right image are PET, CT, and 
PET/CT axial images of the cylindrical tank containing the 6 
geodesic inserts.  The inserts are injected with a similar activity of 
18F and the background activity is progressively increased to 
change the SBR. 
 
Figure 4.6:  An ROI, shown in green, is placed over the 
background and the average activity is measured as shown in the 
left image. An ROI is then placed over an insert and the peak 
activity is recorded, as shown to the right.   
 
Figure 4.7:  Threshold – volume data for five scans reconstructed 
using FBP.  For each target the PET volume was determined and 
plotted as a percent of the true target volume.  This data point was 
then plotted for the applied threshold and the experimental SBR.  
These data were obtained on the first scanning day. 
 
Figure 4.8: Threshold – volume data for five scans reconstructed 
using FBP.  For each target the PET volume was determined and 
plotted as a percent of the true target volume.  This data point was 
then plotted for the applied threshold and the experimental SBR.  
These data were obtained on the second scanning day.  
 
Figure 4.9:  The data from figure 4.7 are fitted with a polynomial.  
The Threshold at which the point intersects the 100% volume line is 
determined.  The intersection points are shown in red above.  
These points correlate to the threshold that matches the PET target 
volume to the injected target volume. 
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Figure 4.10:  The data from figure 4.8 are fitted with a polynomial.  
The Threshold at which the point intersects the 100% volume line is 
determined.  The intersection points are shown in red above.  
These points correlate to the threshold that matches the PET target 
volume to the injected target volume. 
 
Figure 4.11:  Threshold – volume data for five scans reconstructed 
using OSEM.  For each target the PET volume was determined and 
plotted as a percent of the true target volume.  This data point was 
then plotted for the applied threshold and the experimental SBR.  
These data were obtained on the first scanning day. 
 
Figure 4.12:  Threshold – volume data for five scans reconstructed 
using OSEM.  For each target the PET volume was determined and 
plotted as a percent of the true target volume.  This data point was 
then plotted for the applied threshold and the experimental SBR.  
These data were obtained on the second day. 
 
Figure 4.13:  The data from figure 4.11 are fitted with a polynomial.  
The Threshold at which the point intersects the 100% volume line is 
determined.  The intersection points are shown in green above.  
These points correlate to the threshold that matches the PET target 
volume to the injected target volume. 
 
Figure 4.14:  The data from figure 4.12 are fitted with a polynomial.  
The Threshold at which the point intersects the 100% volume line is 
determined.  The intersection points are shown in green above.  
These points correlate to the threshold that matches the PET target 
volume to the injected target volume. 
 
Figure 4.15:  Data points matching PET volume to the known 
target volume are plotted as a function of SBR.  Data points for 
both FBP and OSEM are plotted in red and green, respectively.  
The data points correlate to the intersection of the polynomials to 
the 100% volume line in figures 4.9, 4.10, 4.13, and 4.14. 
 
Figure 4.16:  The same axial slice of a spherical phantom is shown 
above.  The left image is the resulting image from the PET default 
viewing settings.  The middle image results from setting the upper 
and lower window to the same percentage of the peak target 
activity.  The right image reveals the manual contour of the 
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Figure 4.17:  ROI placement for determining the average activity 
(µCi/cc) within the phantoms.  ROIs are shown in green. 
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Figure 4.18:  Placement of the three point measurements of 
activity (µCi/cc) throughout the phantoms. 
 
Figure 4.19:  Position of the line source phantom with the three 
measurements of the line source and their relation to the radial and 
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Figure 4.20:  Plot of trend lines revealing the threshold that will 
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Figure 4.21:  Threshold-SBR trend lines for the spherical inserts.  
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Data was obtained for scans reconstructed with FBP (top) and 
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Figure 5.1:  CT images for the heterogeneity phantom.  The let 
image corresponds to an axial slice of the phantom and the right 
image corresponds to a coronal slice of the image.  The wall 
thickness of the phantom is 1.3mm.  The edge length of the 
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PET radiotracer concentrations. 
 
Figure 5.2:  Above are axial PET (left), axial CT (center), and 
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threshold matching the uniform PET volume to the injected volume 
was determined by manually contouring the PET volume at various 
thresholds. 
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coronal PET (right) images of the heterogeneity phantom.  A 
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coronal PET (right) images of the heterogeneity phantom.  A 
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Figure 5.8:  Above are axial PET (left), axial CT (center), and 
coronal PET (right) images of the heterogeneity phantom with a 
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matching threshold, SBR, and target volume as determined from 
the manual contouring method.  The top right image is a surface 
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ABSTRACT 
 
 

Lawrence, Michael Vintson 
 

POSITRON EMISSION TOMOGRAPHY PHANTOM STUDIES FOR RADIATION 
THERAPY TARGET DELINEATION 

 
 

Dissertation under the direction of  
J. Daniel Bourland, Ph.D., Associate Professor of Radiation Oncology 

 
 

Bioanatomic imaging is becoming more prevalent in radiation treatment planning 

(RTP).  Positron Emission Tomography (PET) is one form of bioanatomic 

imaging that is readily used for RTP of non-small-cell lung cancer (NSCLC) and 

head and neck cancer (H&N).  PET utilizes a radiotracer, such as fluro-deoxy 

glucose (FDG), to detect tumors.  An issue with incorporating FDG-PET into RTP 

is what imaging parameters should be used to contour PET based gross tumor 

volumes (GTVs).  The purpose of this work was to investigate what imaging 

parameters should be used to contour PET volumes, and how these parameters 

are related to target shape, volume, and heterogeneity. 

 

For this study the threshold method was used to contour PET volumes.  

Thresholds matching PET target volume to known target volume were 

investigated for cylindrical, spherical, cubic, and geodesic phantoms at various 

signal to background ratios (SBRs).  Phantom studies revealed that as the SBR 

decreases the required threshold increases.  Also, smaller phantom volumes 

required a larger threshold than larger phantom volumes.  Phantom studies 

revealed that more spherical targets require a higher threshold.  Phantom studies 



 xx

also revealed that the required threshold decreases as PET targets become 

more heterogeneous.  Phantom data was modeled to produce thresholds for 

clinical targets based on target volume and SBR.  These models were applied to 

a clinical case, and the resulting GTVs differed from the original treatment plans.  

This study shows that PET threshold changes as a function of target shape, size, 

SBR, and heterogeneity.  These relationships can be modeled to yield thresholds 

for clinical PET targets.      
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1.2 INTRODUCTION 

 

Bioanatomic imaging, the imaging of biology and anatomy, is becoming more 

prevalent in radiation treatment planning (RTP).  Positron Emission Tomography 

(PET) is one form of bioanatomic imaging that is readily used for RTP of NSCLC 

and H&N cancer.  PET utilizes a radiotracer, such as fluoro-deoxy glucose 

(FDG), to signify areas of tumor metabolic activity. 

 

Previously RTP utilized imaging to treat only the visible structure of tumors.  The 

incorporation of bioanatomic imaging in RTP allows for the biology of tumors to 

be treated.  It is believed that by knowing where tumor metabolism and 

proliferation are highly active within the tumor geometry, a better RTP can be 

formed to produce better results compared to just treating the tumor geometry. 

 

FDG-PET is a form of bioanatomic imaging that is often used during RTP.  FDG 

is used as a radiotracer because it is a glucose analog, and thus illustrates where 

metabolism is prevalent.  An increased uptake of FDG has been shown to 

correlate to tumor metabolic activity.  It is believed that by knowing where tumor 

metabolic activity is increased one can customize the RTP to deliver an 

increased amount of radiation to the areas of increased activity. 

 

An issue with incorporating FDG-PET into RTP is what imaging parameters 

should be used when forming the RTP.  As reviewed, the threshold method is 
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commonly used to view PET images.  This method requires that an upper 

threshold and lower threshold must be chosen, and all pixel intensity values 

between these thresholds are represented on the PET image.  The upper 

threshold is chosen to be the peak activity within region of interest (ROI), and the 

lower threshold is chosen to be some percentage of the upper threshold.  This 

dissertation is aimed at examining a portion of these factors and determining 

their effects on PET image interpretation.  The following specific aims are 

addressed throughout this study.   

 

Specific Aim #1:  Investigate the effect of target geometry on PET imaging 

parameters.  Previous phantom experiments have assumed tumor geometry to 

be spherical, an obvious simplification.  Multiple phantoms will be created in 

various shapes and sizes.  The effect of target shape and geometry on image 

threshold will be assessed by determining radiotracer concentrations and 

appropriate thresholds for the proposed phantoms. 

 

Specific Aim #2:  Test the hypothesis that target heterogeneity affects the 

imaging parameters of PET images.  Tumor volumes are often heterogeneous 

and occur in normal tissues that are also heterogeneous.  Previous phantom 

experiments have avoided the possible effects of tumor heterogeneity on PET 

imaging parameters.  The effect of heterogeneity on PET image interpretation will 

be assessed by determining appropriate thresholds for a set of phantoms 

containing a heterogeneous distribution of activity.   
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Specific Aim #3:  Create a targeting method based upon the phantom 

studies to form FDG-PET based radiotherapy target volumes for NSCLC 

and    cancer cases.  PET scans are currently included in radiation treatment 

planning for NSCLC and H&N cancer.  The acquired information from aim 1 and 

aim 2 will be used to establish threshold-based targeting algorithms for PET 

images.   
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CHAPTER 2 BACKGROUND 

 

2.1 POSITRON EMISSION TOMOGRAPHY 

 

Positron Emission Tomography (PET) depends upon positron decay in which a 

radionuclide decays, transforming one proton into one neutron, one positron, and 

one neutrino (1).  The positron then travels a finite distance, about 1.0 – 2.0 mm, 

and interacts with a negative electron (2, 3, 4).  This interaction annihilates both 

the positron and electron, emitting two photons, each with energy equal to 511 

keV, in the exact opposite directions (Fig. 2.1).  The photon energy of 511 keV is 

equal to the electron rest mass, e=mc2 (2).  The positron decay of 18F, shown 

below, where β+ is the positron and ν is the neutrino (4). 

 

18F→ 18O + β+ + ν 

 

 

 

Figure 2.5:  Random coincidence detections lower spatial resolution by yielding a false line 
of response (2). 
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A PET scanner contains a ring of detector crystals through which a patient 

passes.  There are several types of detector crystals that can be used for PET, 

but bismuth germanate (BGO) detectors are most common due to their superior 

stopping power for 511 keV photons and reasonable availability (4).  Multiple 

rings of detectors make the full detector array (Fig. 2.2).  Detectors are 

connected to photomultiplier tubes, which amplify the detection signal and locate 

the photon line of origin (4).  A PET image is produced by detecting the two 

annihilation photons.  Two opposed detectors along a line each detect a photon 

pair within a finite timeframe of the decay, termed a coincident event.  Once the 

photons interact with the detectors, scintillation occurs.  The scintillation is 

amplified by the photomultiplier tubes.   The number of coincident events along 

the line of response between two detectors reveals how much radioactivity is 

present along the path between the detectors (4).   

 

 

 

Figure 2.2:  A representation of a single detector block (A) revealing the photomultiplier 
tubes and scintillators.  An orientation of the detector rings of a PET scanner are shown (B) 
along with a diagram of coincidence detection (C) (2, 5). 
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Compared to computed tomography (CT) and magnetic resonance imaging 

(MRI), PET has inferior spatial resolution.  CT can produce images with 

submillimeter resolution, where as MRI can produce images with a resolution of 

about 1.0 mm.  Currently PET scans are produced with a maximum resolution of 

about 4.0 - 5.0 mm, which corresponds approximately to the size of an individual 

detector face (4). 

 

Photon scatter significantly degrades PET imaging spatial resolution.  When two 

annihilation photons are emitted from a patient, one or both of these photons can 

be scattered.  The scattered photon can be detected coincidently at another 

detector not along its true line of response, resulting in a false line of response, 

leading to a false calculation for the origin of the tracer activity (Fig. 2.3) (2).  The 

degree to which scatter affects image resolution depends on the energy window 

of the detectors.  A large energy window, specifically a very low window 

minimum, will detect more scattered photons because scattered photons have 

lower energy.  Therefore, detectors with a large energy window result in 

decreased spatial resolution because of a greater percentage of false lines of 

response (Fig. 2.3).  Detection of scattered photons can be inhibited by the use 

of collimating septa, which are barricades of high Z material, usually lead or 

tungsten, that prevent detection of scattered photons at high incident angles.  

Septa can reduce scatter by 1/3 by preventing detection of photons with a high 

angle of incidence (2). 
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Photon attenuation is another factor that contributes to the inferior spatial 

resolution of PET.  As two annihilation photons travel along their line of response 

they are often attenuated depending on what tissues are traversed (2).  

Attenuation can decrease the energy of the emitted photons to such a degree 

that they may not be detected by the PET system.  Also, a photon can be 

attenuated to such a degree that it is fully absorbed (the photoelectric effect).  

This in turn results in no detection for the origin of activity along the line of 

response (Fig. 2.4).  Attenuation contributes to an overall loss of counts for the 

PET image, resulting in a decreased signal to noise ratio (SNR).  The effects of 

attenuation are countered by performing a process called attenuation correction, 

which is accomplished with a radionuclide transmission scan or a CT scan.  In a 

PET/CT hybrid scanner, attenuation correction is achieved by an initial CT scan.  

Attenuation correction works by determining the attenuation factors for tissues 

along a line of response.  Once the effects of attenuation are known, this 

Figure 2.3:  Scatter degrades PET spatial resolution by producing a false line of response 
for coincidence detection (2). 
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knowledge can be applied to multiply the number of counts and increase the 

SNR (2). 

 

 

The detection of random events also decreases the spatial resolution of PET 

scanners.  Random events occur when two photons that do not originate from 

the same positron annihilation are incorrectly detected in coincidence (Fig. 2.5).  

This detection yields a false line of response.  Detection of random events 

increases the background of the PET scan, in turn decreasing image resolution.  

Detection of random events is inhibited by using detectors that have small timing 

windows for coincident detection (2).  

 

Figure 2.5: Random coincidence detections lower spatial resolution by yielding a false line 
of response (2). 

Figure 2.4:  Photon attenuation lowers spatial resolution.  An emitted photon is absorbed in 
tissue before reaching the detectors, thus eliminating a true coincident event (2). 
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Another factor affecting PET image resolution is detector dead time.  Dead time 

is the period after a photon is detected until the detectors are able to process 

another coincident detection (2).  This time period is only a fraction of a second, 

yet it decreases the SNR by decreasing the number of true counts.   

 

One of the main factors that affects image spatial resolution is detector size: the 

smaller the detector size the better the image resolution (2, 4).  Also, detectors 

with high stopping powers for 511 keV photons yield superior resolution (4).  The 

maximum stopping power is important because stopping more 511 keV photons 

results in more image counts.  Detectors with quick scintillation properties 

improve resolution because the dead time is decreased (4).  Currently, the 

following four detector materials are utilized:  sodium iodide (NaI), bismuth 

germinate (BGO), lutetium oxyorthosilicate (LSO), and gadolinium 

oxyorthosilicate (GSO) (4).  NaI has poor stopping power for 511 keV, but has 

the best scintillation output (4).  BGO has the best stopping power for 511 keV 

photons but the worst scintillation output (4).  LSO has a stopping power and 

scintillation output between that of NaI and BGO (4).  GSO has a stopping power 

and scintillation output slightly less than that of LSO (4).     

 

A major factor that deteriorates PET image quality is the partial volume effect.  

As PET target size decreases the limited spatial resolution of the PET scanner is 

unable to accurately calculate the radiotracer concentration within the small 

target (6).  This results in decreased radiotracer concentration calculation and a 
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blurred image.  With respect to PET phantom studies the partial volume effect is 

most prevalent at the phantom edges.  Here, phantom radiotracer activity will be 

averaged with radiotracer activity outside the phantom target (background 

activity) and the radiotracer-less phantom wall.  This behavior decreases the 

measured radiotracer activity at the phantom edges and results in edge blurring.  

The partial volume effect for an axial image of a spherical target is shown in 

figure 2.6. 

 

   

 

 

 

 

 

 

 

Currently, the Radiation Oncology clinic at Wake Forest University Baptist 

Medical Center (WFUBMC) utilizes a General Electric (GE) Discovery PET/CT 

Scanner.  The GE Discovery scanner contains BGO crystals of dimensions 6.3 

mm x 6.3 mm x 30 mm.  420 BGO crystals incorporate one ring of detectors and 

Figure 2.6: An illustration of the partial volume effect on an axial slice of a spherical PET 
target.  The spherical area totally encompasses five pixels, and intersects 16 additional pixels.  
The intersected pixels will be subject to the partial volume effect and yield lower radiotracer 
activities (6). 
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there are a total of 24 detector rings, for a total of 10,080 individual BGO detector 

crystals.            

 

2.2 FLUORO-DEOXY GLUCOSE (FDG) SYNTHESIS AND UPTAKE 

 

Fluoro-deoxy glucose, commonly referred to as FDG, is synthesized in a manner 

so that it mimics the structure of glucose.  Radioactive Fluorine-18 (18F), a 

positron emitting agent, must be created in a cyclotron, either on-site or from a 

remote location (7, 8).  In the synthesis process, glucose has a hydroxyl group (-

OH) removed from its structure and replaced by 18F (9), as shown in figure 2.7.  

This chemical process transforms glucose into radioactive FDG (9). 

 

 

 

The similarities in structure between glucose and FDG (Fig. 2.6) result in similar 

metabolic pathways, shown in Figure 2.8.  When glucose is initially metabolized 

by a cell it is first phosphorylated by hexokinase into glucose-6-phosphate (9, 

11).  The next step of normal glycolysis is the conversion of glucose-6-phosphate 

Figure 2.7:  The chemical structures of glucose (A) and FDG (B) are shown.  The structures 
are identical, except for the replacement of a hydroxyl group with positron emitting fluorine (9). 
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Figure 2.8:  The chemical reactions of glucose and FDG during glycolysis are shown.  Notice  
glucose is further metabolized by phosphohexose isomerase, where as no further metabolism of 
FDG occurs.  The shortened glycolysis of FDG compared to glucose is due to the presence of 18F.  
Since FDG is not completely metabolized during glycolysis it remains in the cell for an increased 
amount of time.  The localization of FDG within the cell is the foundation of FDG-PET imaging (7-
13). 

into fructose-6-phosphate, and this reaction is catalyzed by phosphohexose 

isomerase.  During glycolysis FDG is phosphorylated by hexokinase into FDG-6-

phosphate, but no further metabolism occurs due to the presence of 18F (9, 11).  

This truncated metabolic path in turn means that FDG is not immediately 

secreted from the cell, a key aspect in using FDG as a radiotracer for PET (9, 

11).  FDG remains localized in the cell at the site of initial metabolism as it is 

slowly metabolized, therefore allowing for positron detection from the 18F in order 

to image the sites of metabolism (8, 9, 11). Thus, FDG PET yields images of 

sites of metabolism. 
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FDG was initially synthesized to study brain glucose metabolism, with no goals of 

using it to study tumor cells (9).  However, FDG is especially useful in oncology 

due to the nature of tumor metabolism.  Tumors show an increase in glycolysis 

(15), and this in turn results in an increased uptake of FDG, relative to other 

tissues (8, 9).  An important characteristic of FDG is its low background activity, 

which results because once FDG is secreted from the cell it is not reabsorbed, 

but instead is excreted into urine (9, 11).  This mechanism differs from glucose in 

that glucose is reabsorbed by the kidneys after cellular secretion (11).  When 

compared to normal background FDG, tumors produce a “hotspot” of FDG 

activity, allowing for tumor detection using PET (16). 

 

2.3 STANDARDIZED UPTAKE VALUE 

 

Quantifying radiotracer uptake and presence is vital to the clinical use of PET.  

Comparing the amount of radiotracer distribution in possible cancerous regions 

of interest to non-cancerous regions of interest allows for diagnosis, and clinical 

staging.  Also, comparing radiotracer distributions in regions of interest pre and 

post treatment allows for examination of treatment outcome.  The SUV is one 

parameter of interest for examining PET patient data.  The standardized uptake 

value, SUV, is used to quantify and compare PET image data.  Essentially, the 

SUV reveals how much radiotracer is present in a given region of interest (17, 

18).  The region of interest (ROI) can be a tumor volume, organ, or tissue (17-

21). 
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The SUV correlates to the amount of radiotracer in a region of interest (17, 18).  

Therefore, an increased SUV represents a higher uptake of radiotracer.  If the 

radiotracer used is FDG, this in turn correlates to higher metabolic activity (8, 9, 

11, 15, 16).  It has been shown that local increased metabolic activity relates to 

the presence of cancer and thus, FDG-PET scanning can be used clinically to 

diagnose tumor presence (17). 

 

The SUV is calculated by determining the activity of the radiotracer in a region of 

interest, and normalizing this activity to the injected dose and patient body weight 

(17, 18, 20).  The following formula is used to determine the SUV: 

 

SUV = A / ( ID / W ) 

 

A represents the measured tracer activity in μCi/mL within a region of interest, ID 

is the activity of the injected dose in mCi, and W is the patient’s weight in kg (18).   

 

In order to calculate the SUV, the ID must be calibrated prior to injection.  The  ID 

activity (in mCi) and volume must be measured.  These measurements must be 

made relatively close to the time of injection in order to best determine the 

activity of the injected dose.  Care must also be taken to measure the room 

background activity in order to accurately determine the SUV.  The volume and 
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activity present in the syringe after injection must also be recorded in order to 

accurately calculate the ID and thus the SUV.  

 

A serious drawback of the SUV is the difficulty to reproduce similar values (22).  

Often there is intrapatient variation in the SUV.  The variation in SUV depends 

upon many factors including body weight, body composition, dose injection time, 

scanning time, patient glucose level, and region of interest geometry (17-21).  

Despite these sources of error, the SUV is the clinical gold standard for PET 

data. 

 

FDG uptake, and thus the SUV are affected by patient body weight and 

composition (17, 20).  Studies have shown that the SUV of normal tissue can 

vary by up to 50% over a 50 kg range in body weight (17).  Body composition, 

especially percent body fat, also affects the SUV.  Fat and fatty tissues have 

lower uptake of radiotracer than other tissues (17).  Lower uptake of radiotracer 

in turn results in a lower SUV (17).  Previous studies show that the SUV 

increases as body weight increases (20).   

 

A potential serious error source for SUV calculation is the uptake period (17, 18, 

21), which is the time interval between dose injection and scanning.  Clinically, 

an uptake period of 45 – 60 minutes is employed.  The main issue with the 

uptake time is how much of the injected activity has reached the region of 

interest.  Ideally the PET scan is performed after the uptake has reached a 
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plateau (21).  This plateau in uptake insures accurate representation of the 

activity distribution, and in turn, the SUV within the ROI.  The 45 – 60 minute 

uptake period often corresponds to a period of rapid tracer uptake (18, 21).  

Rapid tracer uptake is responsible for changing SUVs during the 30 - 60 minute 

PET scan (18).  A rapid change in the uptake of FDG can produce 20% - 25% 

increase in SUV over a 15 minute window (18).  Studies have shown that the 

uptake of FDG for lung cancer patients may not plateau for about five hours post-

injection (21).  It has also been shown that the SUV at the 60 minute point differs 

from the plateau value of the SUV by 46%, and at the 90 minute time point this 

difference can range from 22% - 67% (21).  In order to minimize the effect of the 

tracer uptake period it is best to standardize the uptake time, and one hour is the 

time period most commonly used (17, 18, 21).     

 

Blood glucose level is another source of error when calculating the SUV, 

particularly when FDG is used as the radiotracer (17, 20).  A previous study has 

shown that when the SUV is normalized for total body weight, the SUV is highly 

dependent upon the blood glucose level (20).  Previous studies have shown that 

an increase in glucose level can decrease the SUV by up to 42% (17).  To 

counter the effects of blood glucose levels clinical scans are performed after a 

fasting period of at least six hours (17, 20).  This fasting serves to normalize 

glucose levels prior to the activity injection.  Although fasting serves to normalize 

glucose levels for healthy patients, the issue is still present for diabetic patients 

(17).   
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The geometry of the PET target plays a key role in interpreting the SUV.  Studies 

have shown that the spatial resolution for PET scans decreases for simple flat 

slabs to more complex shapes such as spheres and actual tumor lesions (17).  In 

order to account for target geometry, phantom studies are usually incorporated to 

empirically measure the effect of geometry and size on the SUV (17, 19).  These 

phantom studies usually employ measuring the SUV for a range of spherical 

volumes containing a range of radiotracer activity.  Corrections can then be made 

to clinical scans that contain lesion volumes similar to those of the phantom 

studies.  A drawback of using spherical phantoms is that an actual clinical lesion 

volume is rarely spherical (20).   

 

The SUV for a region of interest can be calculated using two different methods 

that each yield differing SUV values.  One method calculates the average activity 

within an ROI, yielding the mean SUV (17).  A second method determines and 

then reports the peak SUV within a ROI (17).  Previous studies have shown that 

if the SUV is calculated using the average pixel value within a ROI there is a 24% 

reduction in tracer activity compared to calculating the SUV using the peak pixel 

value (17).  Also, as the ROI increases in size the calculated SUV will decrease 

by as much as 66% using the average pixel value compared to using the peak 

pixel value (17).  This occurs because at the borders of a large ROI intensity 

counts are often reduced due to their proximity to normal tissues (17). 
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2.4 PET WINDOW AND LEVEL 

 

One of the most significant challenges for creating radiation treatment volumes 

based upon PET is determining the appropriate window at which images are to 

be viewed during target delineation for treatment planning.  Incorrectly choosing 

the window can result in viewing images that reveal either an exaggerated 

uptake of FDG, or a depreciated uptake of FDG, meaning an increased or 

decreased target volume.   

 

Intensity thresholding is the most common method used to choose the 

appropriate PET image parameters.  The threshold is basically a cut off point 

used to determine the boundary of a PET avid region.  Figure 2.9 shows one CT 

image and two PET-CT images, one using a 40% threshold and the other using a 

45% threshold of peak tracer uptake for a NSCLC patient.  The threshold is used 

to create the appropriate window width for viewing the PET scan.  The upper 

window value is the maximum SUV within a region of interest.  The lower window 

value is often chosen by multiplying the upper window value, max SUV, by a 

threshold percentage.  A review of the literature shows that suggested thresholds 

for tumor contouring vary from 23% - 80% (23-28, 30, 31).  Erdi et al. found that 

threshold values can vary from 36% - 44% (24).  Common threshold values of 

40% - 50% are used.  Choosing an appropriate threshold is vital to tumor contour 

drawing with PET.  Ford et al. showed that contouring PET based tumor volumes 

with 42% and 55% thresholds yielded tumor volumes of 111 mL and 37 mL, 
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respectively (23).  Nestle et al. showed that tumor volumes could vary by up to a 

factor of five, depending on the choice of threshold (32).   

 

 

 

Erdi et al. found that threshold values are highly dependent upon lesion size and 

the signal to background ratio (24), and that the appropriate threshold for a 

particular signal to background ratio became relatively constant for spherical 

lesion volumes above 4.0 mL (24).  The appropriate threshold for viewing lesions 

of low volume varies greatly due to the enhanced partial volume effect for small 

lesion volumes (33).  Erdi et al. found that at large lesion volumes, the 

appropriate thresholds for viewing PET scans were dependent upon the signal to 

background ratio (24).  Higher signal to background ratios required lower image 

thresholds around 36%, where as lower signal to background ratios required a 

higher image threshold of about 44% (24).    

 

Figure 2.9:  The same axial slice of a NSCLC patient with three different image settings.  
PET-CT images are shown using a 40% threshold of the max SUV (A) and 45% threshold of 
the max SUV (B).  The planning CT scan is shown in (C). 
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Another method that is employed to choose an appropriate window and level is 

to allow the physician viewing the PET images to alter the window on a case by 

case basis.  A study by Scarfone et al. determined the appropriate window on a 

case by case basis, and their method yielded an average threshold of 50% (33).  

Adjusting the window on a case by case basis is attractive because it insures that 

the PET images will never under represent the uptake of FDG.  A significant 

drawback to this method is that variability between observers can lead to 

different treatment plans being formed for the same patient.  Mah et al. showed 

that if physicians are allowed to contour PET tumor volumes based upon different 

image parameters, the resulting tumor volume contours can differ by up to 24% 

(30).  An ideal approach to determining the window would produce the same 

image viewing settings for every observer.  This would in turn insure that different 

physicians will create treatment volumes utilizing the same PET image 

information.  Also, the ideal window and level method would account for lesion 

size and lesion signal to background ratio (SBR), which currently is not 

considered.   

 

2.5 PHANTOM STUDIES 

 

Phantom studies can be performed to determine image viewing properties and 

characteristics of the PET scanner (23, 24, 25, 28, 33, 35, 36).  Previous work 

has been performed utilizing spherical and cylindrical phantoms to determine the 

appropriate threshold for volume delineation (23, 24, 25, 28, 33, 35, 36).  These 
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Figure 2.10:  The NEMA phantom has two cylindrical inserts that may contain different 
radiotracer activities, and a third representing bony anatomy may be utilized (37). 

studies then utilize the determined threshold to produce PET volumes and create 

radiation treatment plans (23, 24, 25, 28, 33, 35, 36). 

 

Ciernik et al. utilized the 1994 National Electronic Manufacturers Association 

(NEMA) phantom (Fig. 2.10) to determine an appropriate threshold to create 

FDG-PET radiation therapy plans for lung, H&N, anal, and rectal cancer (28, 29).  

In their study, Ciernik et al. filled the three cylindrical inserts with 1.1, 1.9, and 2.4 

μCi/mL of FDG in a background activity of 0.1 μCi/mL (28).  Subsequent scans of 

the phantom were viewed at varying thresholds to determine which threshold 

produced the appropriately sized image (28).  Their study found that a 50% 

threshold should be used when viewing all FDG-PET scans (28). 

 

 

 

 

 

 

 

 

The 1994 NEMA phantom will produce high intensity regions that have cylindrical 

cross sections over an entire image.  This shape differs from the distribution of 

FDG throughout tumors.  Another drawback of the 1994 NEMA phantom is that it 
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is only capable of modeling cylinders of a single diameter.  This limitation is 

significant seeing as tumors vary in size and shape based upon their cancer 

stage.  Also, the 1994 NEMA phantom is only able to produce PET distributions 

of uniform activity, a limitation since tumor PET images are often heterogenous 

due to their anatomical location as well as non-uniform uptake in tumor cells.   

 

Erdi et al. utilized the Jaszczak phantom (Fig. 2.11) to determine an appropriate 

threshold for viewing PET NSCLC images (24).   The Jaszczak phantom 

contains six spherical inserts of varying size (0.4 mL – 5.5 mL) that contain 

radiotracer placed in a background activity.  In their study, Erdi et al. used 2.0 -

3.0μCi/mL in the phantoms and varied the source to background ratio from 7.4–

2.8 (24).  Images were viewed with varying thresholds to determine which 

threshold produced the PET image matching the known target volume.  Erdi et 

al. found that for volumes above 4.0 mL, a threshold of 36% - 44% could be used 

to appropriately view FDG-PET images of NSCLC (24). 

 



 24

 

 

The Jaszczak phantom is one of the more advanced PET phantoms available.  It 

allows for multiple spheres of varying size to be imaged at the same time.  Tracer 

activities can be varied in the spheres as well.  The range of the spherical 

volumes correlates well to the small and average volumes of NSCLC nodules.   A 

drawback of the Jaszczak phantom is that non-spherical inserts are not available, 

and that the phantom does not account for target heterogeneity. 

 

Black et al. performed another phantom experiment to determine the effects of 

volume, background, and tracer activity on the threshold SUV used to draw FDG-

PET NSCLC tumor volumes (35).  In their study, Black et al. inserted six spheres 

ranging in volume from 12.2 mL – 291.0 mL into a cylindrical tank filled with 

background activities ranging from 0.04 μCi/mL – 0.1 μCi/mL (35).  The spherical 

inserts were filled with FDG ranging in activity from 0.6 μCi/mL - 3.1 μCi/mL (35).  

Figure 2.11:  PET threshold studies often use the Jaszczak phantom to determine 
appropriate threshold values for PET based radiation therapy planning.  The phantom 
contains spherical inserts of varying volumes.  Each sphere is capable of being injected with a 
different radiotracer activity (36).
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They found that the threshold SUV varied linearly with the maximum SUV and 

phantom volume, but was not dependent upon background activity (35). 

 

2.6 RADIATION TREATMENT PLANNING (RTP) WITH PET 

 

Currently, several methods are employed to draw tumor volumes using PET.  

One method is called the visual interpretation method.  This entails a physician 

drawing tumor volumes on a PET-CT scan using their visual interpretation of the 

scans (34).  This method is attractive because it means that the physician will 

use their clinical expertise and judgment for PET image interpretation.  The 

drawback of this method is that it allows for different volume interpretations 

between different physicians (30).  Interpretation differences most often result 

from the use of different image display parameters (i.e. window and level). 

 

A second method used to define PET tumor volumes is the use of an SUV cut off 

point.  An SUV of 2.5 is commonly used as the criteria for drawing NSCLC PET 

tumor contours and previous studies have used an SUV of 2.5 as a marker to 

discern between malignant and benign tumor lesions, a discovery made by Patz, 

et al. (39).  Therefore these methods use an SUV greater of 2.5 as a cancer 

marker.  Using a finite SUV as the tumor contour criteria is attractive because it 

does not allow for variation between differing physicians examining the PET 

scans.  Also, using an SUV of 2.5 to contour tumor volumes insures that all 



 26

patient tumor volumes will be contoured with the same criteria that are not 

dependent upon any imaging parameters. 

 

A third method used to contour PET tumor volumes employs a threshold method 

based on image intensity values.  The threshold method employs a threshold 

percentage of the peak tumor activity which is used to determine the lower 

window setting for PET image viewing (24).  In order to use the threshold 

method, the peak intensity value is determined within an ROI, such as a 

pulmonary nodule (24).  This peak intensity is then used as the upper window 

level and the lower window level is set to the peak intensity multiplied by the 

threshold, which is usually chosen to be between 40% and 50% (24, 26, 28, 31).  

Once the upper and lower window levels are chosen the ROI is contoured. The 

threshold method is valuable because it takes into account that each patient will 

have different PET scans, i.e. image intensity values, but that these scans will be 

viewed with the same relative criteria. 

 

A fourth method used to create PET tumor volumes is a threshold method that 

depends upon the intensity of the ROI compared to the background activity.  In 

this method the peak intensity of the ROI is determined and then corrected for 

background activity (25, 32, 35, 36).  Once this correction is made a threshold is 

determined to delineate between intensity values that fall within the ROI and 

those that are not within the ROI.  This method is similar to the thresholding 

method in that the peak intensity is used to determine a boundary for which 
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intensities are included in the ROI, but this method differs from the threshold 

method because there is a correction for the background activity. 

 

2.7 NON-SMALL-CELL LUNG CANCER (NSCLC) 

 

Lung cancer is one of the most prevalent cancers in the US.  According to the 

American Cancer Society, lung cancer is the third most prevalent cancer, trailing 

only breast cancer and prostate cancer (40).  Official statistics estimate that there 

will be 174,000 new lung cancer cases in the US for 2006 (40).  Lung cancer is 

also one of the most fatal cancers, accounting for about 18% of all cancer deaths 

worldwide, including about 157,000 deaths within the US (40).  Non-small cell 

lung cancer, NSCLC, is the most prevalent of lung cancers, accounting for about 

75% of all lung cancer cases (41).  Figure 2.12 shows an axial PET-CT and CT 

image for a NSCLC patient. 

 

 

Figure 2.12:  Two images of the same axial slice of a stage 1A NSCLC patient.  The PET-
CT scan is shown in (A) and the planning CT scan is shown in (B). 
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There are three factors to consider when staging NSCLC:  tumor stage, nodal 

stage, and metastasis stage (42).  The tumor stage is divided into the following 

five groups:  T0, T1, T2, T3, and T4 (42).  Descriptions of the tumor stages are 

shown in Table 2.1.  The nodal stage is also divided into the following 4 groups:  

N0, N1, N2, and N3 (42).  Descriptions of the nodal stages are revealed in Table 

2.2.  The metastasis stage is divided into the following two stages: M0 and M1 

(42).  Descriptions of the metastasis stages are given in Table 2.3.  There are 

seven overall stages for NSCLC, and each stage is composed of various levels 

of tumor stage, nodal stage, and metastatic stage as shown in table 2.4 (42).   

 

Tumor Stage Tumor Description 
T0 No tumor present 
T1 Tumor nodule of less than or equal to 3cm in diameter 
T2 Primary tumor nodule of greater than 3cm in diameter 

T3 
Chest wall, diaphragm, pericardium, or within 2cm of the 
carina  

T4 Spread into the mediastinum  
 

Table 2.1:  NSCLC tumor stages are listed and defined (42). 

 

Nodal Stage Lymph nodes positive for disease 
N0 None 
N1 Ipsilateral bronchopulmonary or hilar lymph nodes 
N2 Ipsilateral mediastinal or subcarinal lymph nodes 

N3 
Contralateral mediastinal, hilar, or supraclavicular lymph 
nodes 

 

Table 2.2:  The NSCLC nodal stages are listed and described (42). 
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Metastatic 
Stage Metastatic Description 

M0 No distant metastasis are present 
M1 Disease has metastasized 

 

Table 2.3:  The metastasis stages for NSCLC are listed and described (42). 

 

Disease Stage Tumor, Nodal and Metastatic Stages 
IA T1N0M0 
IB T2N0M0 
IIA T1N1M0 
IIB T2N1M0, T3N0M0 
IIIA TIN2M0, T2N2M0, T3N2M0, T3N1M0 
IIIB All stage T4 or TIN3M0, T2N3M0, T3N3M0 
IV All disease that is positive for metastasis 

 

Table 2.4:  Disease stages for NSCLC are listed along with their tumor, nodal, 

and metastasis stage (42). 

 

2.8 RADIATION TREATMENT TARGET DELINEATION WITH FDG FOR 

NSCLC 

 

Lung cancer is one of the most deadly forms of cancer in the world (40, 41).  

Bradley et al., state that the five year survival rates for stage I and stage II 

NSCLC are 6% - 32% (25).  Stage III NSCLC patients have a 17% five year 

survival rate and an 83% incidence of local failure, or relapse of disease (26).  

Previously, computed tomography (CT) was the imaging method of choice for 

staging, treatment planning, and assessing treatment outcome for NSCLC.  

However, FDG PET has shown to be superior to CT in several aspects of RTP 



 30

for NSCLC, specifically in diagnosing pulmonary nodules, staging the 

mediastinum, and detecting metastatic disease (26, 43). 

 

FDG PET has a much higher sensitivity and specificity than CT for RTP of 

NSCLC (26, 41, 44, 45).  Sensitivity correlates to the proportion of positive 

disease patients that are correctly diagnosed as positive.  Specificity is the 

proportion of negative disease patients that are correctly diagnosed as negative 

for disease.  Mah et al. showed that PET was more sensitive than CT for 

detecting lymph metastasis (30).  Previous studies have shown that PET has the 

ability to determine whether a pulmonary nodule is benign or malignant (39).  

Giraud et al. states that PET has a sensitivity of 93% - 100%, specificity of 52% - 

88%, and accuracy of 92% - 94% when distinguishing between benign and 

malignant pulmonary masses (46).  Erdi et al. and Bradley et al. revealed that 

PET is far superior to CT with regards to examining the mediastinum for nodules 

(26, 27).  Bradley et al. found that PET has a sensitivity of 84% and specificity of 

89% when staging the mediastinum, whereas CT has a sensitivity of 57% and 

specificity of 84% when staging the mediastinum (26).  Kelly et al. found in their 

NSCLC study that CT has a sensitivity of 46% and specificity of 86% when 

staging NSCLC patients compared to a sensitivity of 62% and specificity of 98% 

for PET (41).  Rosenzweig et al. compared PET and CT scans of NSCLC 

patients to tissue biopsies and determined that PET had a sensitivity of 76% - 

92% and specificity of 81% - 100%, while CT has a sensitivity of 56% - 75% and 

specificity of 73% - 87% (44).  Mah and Erdi have shown that one reason for the 
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increased sensitivity of PET when staging pulmonary nodules is that PET does 

not produce false findings due to inflammation and infection such as atelectasis 

and pneumonitis (27, 30).   

 

Many studies have been performed to examine the effect of incorporating PET 

into radiation treatment planning (RTP) for NSCLC on patient management.  

Bradley et al. found that incorporating FDG PET changed the clinical staging in 

31% of his NSCLC patients studied (26).  Bradley et al. also diagnosed new 

distant mets previously unforeseen by CT in 8% of his patients studied (26).  

Kremp et al. determined that significant alteration to NSCLC tumor volumes 

would have resulted for 30% of patients undergoing FDG PET (47).  Mah et al. 

found that incorporating PET into RTP changed patient management in 23% of 

the patients studied since it was determined that the NSCLC had spread (30).  It 

has been suggested that incorporating FDG PET will alter patient management 

by finding distant mets in 10% - 30% of cases presented and by discovering new 

regional pulmonary nodes in 10% - 20% of patients (43).   

 

It has been shown that incorporating FDG PET into RTP tumor contouring alters 

patient management and the tumor volume in up to 58% of NSCLC patients (26).  

Tumor volume can be divided into the following subcategories:  gross tumor 

volume (GTV), clinical target volume (CTV), and planning target volume (PTV).  

The GTV includes the primary target that is visible through imaging (1).  The CTV 

consists of the GTV and any neighboring tissues that are considered to be 



 32

cancerous (1).  The PTV consists of the CTV with an additional margin to 

account for uncertainties due to motion and patient setup (1).  The relationship 

between the GTV, CTV, and PTV are shown in Figure 2.13.   

 

 

 

Many studies have examined the effect of incorporating PET on radiation 

treatment planning volumes.  Bradley et al. found that FDG PET altered the 

gross tumor volume contoured in 58% of the NSCLC cases studied (26).  Nestle 

et al. found that incorporating PET altered the RTP tumor volume in 35% of the 

NSCLC cases studied (48).  Kiffer et al. found that treatment volume was altered 

in 47% of the cases studied with the incorporation of PET into RTP (49).  

Vanuystel showed that RTP volumes were altered in 62% of the NSCLC cases 

studied (50).  Munley et al. found that FDG PET altered RTP volumes in 34% of 

NSCLC patients (51).  Mah et al. showed that 40% of NSCLC patients had 

changed RTP volumes following the incorporation of FDG PET (30).  Erdi et al. 

showed that RTP volumes changed in 64% of the NSCLC patients studied using 

FDG PET (27).  Giraud et al. revealed that 42% of the NSCLC patients studied 

Figure 2.13:  Representation of the GTV, CTV, and PTV.  
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had a change in RTP volumes following the incorporation of FDG PET (46).  The 

incorporation of PET into RTP can increase volumes due to either the discovery 

of new pulmonary nodules, including lymph nodes in the RTP, or by increasing 

the GTV of a single nodule. 

 

The use of FDG PEt al.so has the ability to decrease the PTV for NSCLC.  These 

decreases in PTV often occur due to the ability of PET to discern between 

pulmonary infection or atelectasis and tumor volume, which is a limitation of CT.  

Bradley et al. state that PET was superior to CT in that the PTV was decreased 

by distinguishing between tumor volume and atelectasis in 12% of the patients 

studied (26).  Giraud et al. found that incorporating FDG PET into RTP for 

NSCLC patients showing signs of atelectasis provided a better RTP (46).  Erdi et 

al. found that FDG PET distinguished between tumor volume and atelectasis, 

allowing for an 18% reduction in the lung volume irradiated (27).  Nestle et al. 

found that 50% of NSCLC patients studied were afflicted with tumor induced 

atelectasis (48).  Nestle revealed that 50% of the patients studied who had 

atelectasis had their tumor volume decreased by an average of 19% compared 

to those tumor volumes drawn based on CT (48). 

 

2.9 HEAD AND NECK CANCER  

 

H&N cancer (Fig. 2.14) is responsible for about 3% all cancer cases within the 

US, and this amounts to about 50,000 new patients every year (34).  More than 
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60% of newly diagnosed H&N cancer cases are diagnosed during the late stages 

of the disease (52).  This in turn results in a low three year survival rate of about 

30% (52).  H&N cancer is a broad term that is used to describe cancer in seven 

primary anatomical locations.  Specifically H&N cancer includes cancer in the 

following anatomical locations: nasal cavity and paranasal sinuses, nasopharynx, 

oral cavity, oropharynx, hypopharynx, larynx, and salivary glands (53).  Of these, 

oral cavity cancer is the most prevalent resulting in about 30,000 new cases per 

year.  Laryngeal cancer presents about 13,000 new cases per year, while cancer 

of the hypopharynx and oropharynx each result in about 3000 new cases per 

year. 

 

 

 

Treatment for H&N cancer usually consists of either surgical removal of disease 

and/or radiation (53).  Also, for highly aggressive and advanced stages of 

Figure 2.14:  Two images of the same axial slice of a stage 4A H&N cancer patient.  A PET-
CT scan (A) is shown along with the planning CT scan (B). 
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disease chemotherapy is often used for treatment (53).  One radiation method 

used to treat H&N cancer is intensity modulated radiation therapy, IMRT (23, 34, 

55, 56, 57, 58, 59).  The Radiation Oncology department at WFUBMC prescribes 

H&N IMRT plans consisting of nine fields that are arranged to spare the 

esophagus, trachea, spinal chord, and any non disease glands.  The IMRT H&N 

treatments at WFUBMC prescribe 200cGy/fraction, for 25 fractions to the 100% 

isodose line.  At WFUBMC IMRT fields are given in conjunction with bilateral 

radiation fields extending to the base of the neck.   

 

Staging H&N cancer involves characterizing the primary tumor (T), nodal 

involvement (N), and the existence of metastases (M).  T-staging in H&N cancer 

varies depending on the anatomical location of the disease however N and M 

staging are consistent throughout the various anatomies (60).  The nodal stage is 

divided into the following 6 groups: N0, N1, N2a, N2b, N2c, and N3 (60).  Table 

2.5 describes the various nodal stages for H&N cancer.  The metastasis stage is 

divided into the following two subgroups:  M0, and M1 (60).  Table 2.6 further 

describes the metastatic stages for H&N cancer. 
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Table 2.5:  Nodal stages for H&N cancer (60). 

 

Metastatic 
Stage Metastatic Description 

M0 No distant metastasis are present 
M1 Disease has metastasized 

 

Table 2.6:  Metastasis stages for H&N cancer (60). 

 

The tumor stage for H&N cancer is divided into the following 6 subgroups:  T0, 

Tumor in situ (Tis), T1, T2, T3, and T4 (60).  Regardless of the anatomical 

location of the disease, T0 and Tis are the same (60).  T0 reveals that no primary 

tumor exists.  Tis signifies that the disease has not spread to any neighboring 

tissues.  T1 - T4 varies depending on the anatomical location of the disease (60).  

For oral cavity cancer, oropharyngeal cancer, and salivary gland cancer T1 -T3 

describe the size of the primary tumor.  In this case T1 corresponds to a tumor 

less than 2cm in length, T2 corresponds to a tumor between 2cm and 4cm in 

length, and T3 corresponds to a tumor greater than 4cm in length.   For oral 

cavity cancer, oropharyngeal cancer, and salivary gland cancer T4 reveals that 

Nodal Stage Lymph nodes positive for disease 
N0 No nodal disease 
N1 Ipsilateral lymph node smaller than 3cm 

N2a Ipsilateral lymph node between 3cm and 6cm in diameter 

N2b 
Multiple ipsilateral lymph nodes none greater than 6cm in 
length 

N2c Contralateral lymph nodes none greater than 6cm in length 
N3 All nodes greater than 6cm in length 
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the disease incorporates neighboring tissue.  For nasal and paranasal cancer, 

nasopharyngeal cancer, and laryngeal cancer T1 - T4 describe what tissues 

have been invaded by disease. 

 

The tumor stage, nodal stage, and metastatic stage are combined revealing the 

stage for H&N cancer.  The 6 stages for H&N cancer are I, II, III, IVa, IVb, and 

IVc (60).  Table 2.7 reveals the various tumor, nodal, and metastasis stages that 

determine overall disease stage. 

 

Disease Stage Tumor, Nodal and Metastatic Stages 
I T1N0M0 
II T2N0M0 
III T1N1M0, T2N1M0, T3N1M0, T3N0M0 
Iva T4N0M0, T4N1MO and T1-T4N2a-N2cMO 
Ivc Any disease positive for metastases 

  

Table 2.7:  List of H&N cancer stages along with the respective tumor, nodal, 

and metastatic stages (60). 

 

2.10 INTENSITY MODULATED RADIATION THERAPY (IMRT) PLANNING 

FOR H&N CANCER WITH PET 

 

Radiation therapy for H&N cancer is complex due to the abundance of organs at 

risk and their close proximity to each other and the primary disease.  Organs at 

risk for H&N cancer radiotherapy include the spinal chord, salivary glands, 

disease free lymph nodes, brain stem, larynx, and optical nerves (57, 59).  IMRT 
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is a desirable radiation treatment for H&N cancer due to its ability to deliver low 

doses of radiation to organs at risk while at the same time delivering high doses 

of radiation to primary disease (23, 55, 56, 57, 58, 60).  Previous studies have 

prescribed fractionated IMRT therapy delivering 66 Gy to the primary tumor and 

54 Gy to any nodal disease while sparing dose to organs at risk (56). 

 

Currently, FDG-PET is being included for H&N cancer with traditional CT (and 

possibly MR) treatment planning scans.  The inclusion of PET is attractive 

because it can be used to determine the presence of disease, as well as produce 

treatment volumes, as discussed for NSCLC.  Compared to CT, PET has 

superior sensitivity and specificity for disease staging, detecting reappearance of 

disease, and tracking therapeutic results.  Schwartz et al. showed that PET had a 

sensitivity and specificity of 100.0% for detecting tumors in the neck, while CT 

had a sensitivity of 82.0% and specificity of 100.0% (52).  Schwartz et al. also 

showed that PET had a sensitivity of 96.0% and specificity of 98.5% for detecting 

nodal disease in the neck, while CT had 78.0% sensitivity and 98.5% specificity 

for detecting nodal disease (52).  It has previously been shown that CT has a 

sensitivity of 62.0% and specificity of 73.0% for H&N staging (34).  PET can 

stage H&N disease with a sensitivity of 87.0% and specificity of 89.0% (34).  

Regarding detection of H&N disease recurrence, CT has a sensitivity of 54.0% 

and specificity of 74.0%, whereas PET has a sensitivity of 93.0% and specificity 

of 83.0% for detecting H&N disease recurrence (34).  When used to track H&N 

therapeutic response CT has a sensitivity of 60.0% and specificity of 39.0% (34).  
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At the same time PET has a sensitivity of 84.0% and specificity of 95.0% for 

evaluating H&N therapeutic response (34).      

 

IMRT plans based upon PET-CT are different than those based solely on CT.  

Studies have shown that the inclusion of PET in treatment planning can reduce 

dose to the organs at risk (55, 56, 57, 58, 61).  Schwartz et al. showed that 

delivered dose to contralateral parotid glands decreased from 51Gy for the CT 

plan to 21 Gy for the PET-CT plan (56).  The same study shows that PET-CT 

plans resulted in dose to the larynx decreasing from 59 Gy to 40 Gy (56).  Ford et 

al. examined eight possible H&N IMRT plans based upon CT and PET/CT, and 

all resulting FDG-PET GTVs were smaller than the CT GTVs (23).  Ciernik et al. 

examined 12 H&N patients and found that the GTV changed by at least 25% in 

six patients with the addition of FDG-PET (28).  Daisne et al. examined the GTVs 

for 29 H&N patients resulting from CT, MRI, and PET (62).  Daisne et al. found 

that the mean GTV for oropharyngeal tumors was 32.0 ml, 27.9 ml, and 20.3 ml 

based upon CT, MRI, and PET respectively (62).  Daisne et al. also found that for 

laryngeal tumors the GTV was 21.4 ml for both CT and MRI, while the PET GTV 

was 16.4 ml (62).  Geets et al., found that FDG-PET tumor volumes for H&N 

cancer were 33% - 42% smaller than CT volumes (64).  A previous study has 

shown that PET-CT IMRT plans result in a tumor volume 15% larger than that of 

CT IMRT plans (34). 
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When creating IMRT plans for H&N cancer with PET scans, image thresholding 

becomes an important factor.  One study created PET-CT IMRT H&N plans 

using a threshold of 55% and 42% (23).  Initially a CT IMRT plan was created to 

deliver 66Gy to the primary tumor and a boost dose was delivered to the PET 

positive areas (23).  While minimizing the organs at risk to the same parameters 

the 55% threshold PET IMRT plan could receive 77 Gy while the 42% threshold 

PET IMRT plan could only receive 72 Gy (23).  Altering the image threshold has 

a significant effect on the delineated tumor volume.  It has been shown that a 

worst case scenario can occur in which a 5% change in PET threshold yields a 

200% change in tumor volume (23).  This in turn would also have dramatic 

effects on treatment planning.  The effect of FDG-PET image thresholding is 

especially critical for IMRT due to the extreme dose gradients that often result 

(65).   
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CHAPTER 3 CLINICAL EXPERIMENTS 
 
 
 
3.1 INTRODUCTION 
 
 
 
PET is becoming a more integral aspect of patient management and treatment 

planning for non-small cell lung cancer and H&N cancer (H&N).  The inclusion of 

PET in patient management is attractive because it yields information concerning 

disease biology as a complement to only anatomical data which results from CT 

and MRI scanning.  The inclusion of PET is also important because it has been 

shown that PET is superior to CT in staging disease and detecting metastasis.  

The addition of PET to patient treatment presents a significant challenge to 

radiation oncology, specifically for how to interpret PET images.  A review of the 

literature reveals that image threshold based upon the standardized uptake value 

is the popular method for choosing a window and level for PET.  Much debate 

exists as to which thresholds should be used, what factors should be considered 

when choosing a threshold, and the effects of various factors on measured PET 

activity. 

 

This experiment initially examines the relationship between PET image 

thresholding and lesion size using a cylindrical phantom with spherical inserts.  A 

second experiment examines multiple threshold methods for three NSCLC 

patients and three H&N patients.  All threshold values are then compared to the 

resulting tumor volumes.    
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3.2 MATERIALS AND METHODS 

 

Experiment 1: 

 

PET/CT images of a cylindrical phantom were examined for threshold volume 

dependencies.  A 6.4 L cylindrical phantom containing 6 spherical inserts was 

used for the study.  The volumes (VOLCT) for the six spherical inserts were 14.4 

ml, 7.2 ml, 3.1 ml, 1.8 ml, 0.7 ml, and 0.3 ml as determined from the CT scan.  All 

spheres were injected with 1.2μCi/cc of 18F with the exception of the 7.15ml 

sphere.  The 7.2 ml sphere was injected with 0.6μCi/cc of 18F.  A 20 minute 2-D 

PET scan and an initial CT scan were performed on the phantom.    

 

At the completion of the scan all spherical insert volumes were examined using 

the GE Advantage Workstation.  ROIs were placed over each individual spherical 

insert to determine maximum uptake.  Volume contours were made using a 

threshold of 40% (VOL40%), 45% (VOL45%), and 50% (VOL50%) of the peak 

uptake.  Threshold levels were then adjusted so that the PET lesion volume 

matched the CT defined lesion volume.  Experiment 1 was designed to show that 

various thresholds match CT and PET volumes. 
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Experiment 2: 

 

Digital PET-CT images for three NSCLC patients and three H&N patients were 

examined.  ROIs were defined as areas of increased tracer uptake correlating to 

tumor activity.  Eight different threshold methods were used to view the PET-CT 

NSCLC images and seven different threshold methods were used to view the 

PET-CT H&N images.  For each method the upper threshold was chosen to be 

the peak SUV in the ROI.  For the NSCLC patients the eight lower thresholds 

were chosen using the following three methods: as a percentage of the upper 

threshold, at a constant SUV of 2.5, and as a background corrected threshold.  

For the H&N patients the seven lower thresholds were chosen using the following 

two methods: as a percentage of the upper threshold and as a background 

corrected threshold. 

 

The 40%, 45%, and 50% values of the upper threshold were chosen to be lower 

thresholds for both NSCLC and H&N cancer patients.  These values are used 

because previous literature has shown that a typical threshold value often falls 

between 40% and 50% of the upper threshold.  A fixed threshold value of 2.5 is 

employed for NSCLC PET-CT scans because previous research has shown that 

a lower threshold of 2.5 corresponds to tumor activity.  Four background 

corrected threshold values are used to view the PET-CT images for both NSCLC 

and H&N (32).  The first value is corrected for the maximum SUV within the liver.  

The second background corrected threshold is corrected for the mean liver SUV.  
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The third background corrected threshold is corrected for the maximum SUV in 

healthy tissue (healthy lung or healthy H&N tissue).  The fourth background 

corrected threshold is corrected for the mean SUV in healthy tissue. 

 

The resulting thresholds based upon the methods above and corresponding 

lesion volumes were calculated.  The lesion volumes and thresholds are then 

compared to their thresholding method.  This experiment was designed to reveal 

how various threshold methods will produce different target volumes.  

 

Experiment 3: 

 

Digital PET-CT images for eight NSCLC patients and five H&N patients were 

examined.  ROIs were defined as areas of increased tracer uptake correlating to 

the primary tumor activity.  The peak and average SUV values were recorded for 

the primary tumor ROIs.  Background activity was determined by placing an ROI 

on the contralateral lung or H&N tissue.  Peak and average SUV values were 

recorded for the background tissue.  Signal to background ratios (SBRs) were 

then tabulated for average and peak activity levels.  This experiment was 

designed to determine clinically relevant SBRs. 
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3.3 RESULTS 
 
 
 
Experiment 1: 

 

A CT scan revealed that the 6 spherical inserts have volumes of 14.4 ml, 7.2 ml, 

3.1 ml, 1.8ml, 0.7 ml, and 0.3 ml (Fig. 3.1).  A PET scan using a 40% threshold 

produced spherical volumes of 15.1 ml, 7.0 ml, 3.6 ml, 1.9 ml, 1.0 ml, and 0.4 ml.  

A PET scan using a 45% threshold yielded spherical volumes of 14.6 ml, 6.4 ml, 

3.3 ml, 1.7 ml, 0.8 ml, and 0.3 ml.  A PET scan using a 50% threshold produced 

spherical volumes of 13.5 ml, 5.9 ml, 3.1 ml, 1.7 ml, 0.6 ml, and 0.3 ml.  PET 

thresholds resulting in a PET volume equal to the CT volume for each spherical 

insert ranged from 39.0% - 50.4%.  All resulting volume, threshold, and activity 

values are tabulated in table 3.1.   

 

 

 

 

 

Figure 3.1:  18F-PET and CT image of cylindrical phantom with six spherical inserts.  
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Sphere VOLCT    
(ml) 

VOL40%   
(ml) 

VOL45%   
(ml) 

VOL50%   
(ml) 

Threshold Activity   
(μCi/cc) 

1 14.4 15.1 14.6 13.5 46.8 1.2 
2 7.2 7.0 6.4 5.9 39.0 0.6 
3 3.1 3.6 3.3 3.1 50.4 1.2 
4 1.8 1.9 1.7 1.7 42.8 1.2 
5 0.7 1.0 0.8 0.6 46.2 1.2 
6 0.3 0.4 0.3 0.3 42.8 1.2 

 

Table 3.1:  Volume data for the spherical inserts used during the scan. 

 

Experiment 2: 

 

The threshold data collected for the three NSCLC patients is shown in figure 3.2.  

Thresholds were chosen to be 40%, 45% and 50% of the maximum SUV value 

within the lesion volume.  Also, a constant threshold of SUV = 2.5 was applied to 

the three NSCLC patients.  Four background normalized threshold values were 

applied to the NSCLC patients.  The background 1 method (BG 1) yields a 

threshold normalized to the maximum intensity of the liver, while the background 

2 method (BG 2) produces a threshold normalized to the average intensity within 

the liver.  The background 3 method (BG 3) yields a threshold normalized to the 

maximum intensity value in healthy lung tissue, where as the background 4 

method (BG 4) produces a threshold normalized to the average intensity value in 

normal lung.  Figure 3.4 illustrates the lesion volumes that result from applying 

the various threshold methods to the three NSCLC patients.  The threshold data 

collected for the three H&N patients is shown in figure 3.3.  Thresholds were 
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chosen to be 40%, 45%, and 50% of the maximum SUV value within the lesion 

volume.  Also, four background normalized thresholds were applied.  BG 1 

correlates to the threshold normalized to the maximum intensity in the liver, 

where as BG 2 correlates to the threshold normalized to the average intensity 

within the liver.  BG 3 correlates to the threshold normalized to the maximum 

intensity in healthy H&N tissue, where as BG 4 correlates to the threshold 

normalized to the average intensity in healthy H&N tissue.  Figure 3.5 illustrates 

the lesion volumes that result from applying the threshold methods to the H&N 

patients.   
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Experiment 3: 

 

The signal to background data collected for the eight NSCLC patient data sets is 

shown in table 3.2.  The average NSCLC signal to background ratio for peak 

tracer activity is 13.8.  The average NSCLC signal to background ratio for mean 

tracer activity is 9.4.  The signal to background data collected for the five H&N 

patient data sets is shown in table 3.3.  The average H&N signal to background 
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Figure 3.2: Graph of lesion threshold 
versus threshold method for the three 
NSCLC patients. 

Figure 3.3: Graph of lesion volume 
versus threshold method for the three 
NSCLC patients.
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Figure 3.4: Graph of lesion threshold 
versus threshold method for the three H&N 
cancer patients. 

Figure 3.5: Graph of lesion volume 
versus threshold method for the three H&N 
cancer patients.
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ratio for peak tracer activity is 5.3.  The average H&N SBR for mean tracer 

activity is 5.2. 

 

Patient Peak    
tumor 
SUV 

Mean    
tumor 
SUV 

Peak 
BG      
SUV 

Mean 
BG      
SUV 

SBR 
peak    

uptake 

SBR 
mean    

uptake 
1 18.5 6.1 1.1 0.4 16.8 15.3 
2 13.1 4.7 0.8 0.5 16.4 9.4 
3 17.1 8.2 1.9 1.1 9 7.5 
4 16.0 4.4 0.7 0.4 22.9 11.0 
5 10.7 4.7 0.8 0.5 13.4 9.4 
6 20.9 5.5 2.8 0.6 7.5 9.2 
7 10.3 3.9 0.7 0.4 14.7 9.8 
8 7.8 1.2 0.8 0.3 9.8 4.0 

 

Table 3.2:  PET signal to background data for eight NSCLC patient scans. 

 

Patient Peak   
tumor  
SUV 

Mean   
tumor  
SUV 

Peak   
BG     
SUV 

Mean   
BG    
SUV 

SBR     
peak     

uptake 

SBR     
mean    

uptake 

1 30.5 9.5 4.1 1.6 7.4 5.9 
2 9.9 5.3 2.2 1.4 4.5 3.8 
3 22.6 12.9 5.3 1.7 4.3 7.6 
4 13.6 7.4 2.9 1.7 4.7 4.4 
5 17.1 8.6 3.2 2.1 5.3 4.1 

 

Table 3.3:  PET signal to background data for five H&N patient scans. 
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3.4 DISCUSSION  

 

Experiment 1 

 

The PET/CT scan of the cylindrical inserts shows that various thresholds are 

required to contour PET targets depending upon object size.  The experiment 

also reveals that there may be a relationship between PET threshold and target 

tracer activity, specifically that lower tracer activity may require a lower threshold 

as evident for the 8.0 cc sphere.  More importantly, this suggests that PET 

threshold is also a function of target SBR. 

 

Experiment 2 

 

Multiple threshold methods retrospectively applied to three NSCLC and three 

H&N cancer cases show that slight changes in the percent threshold will produce 

different target volumes (figures 3.4 and 3.5).  A change in the image threshold 

from 40% to 50% produces target volumes that can differ by as much as 50%.  

Therefore, it is imperative to determine a method that accurately determines what 

threshold to apply to a given PET target.   

 

Application of a uniform threshold for an SUV of 2.5 yields different NSCLC 

volumes compared to using a percent threshold ranging from 40% to 50%, 

because the 2.5 SUV threshold does not take into account the peak threshold of 
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the target volume.  If the peak activity of a target volume is near an SUV of 2.5 

then the resulting threshold volume based upon a flat threshold for an SUV of 2.5 

will be much smaller than the volume resulting from using a threshold as a 

percentage of the peak SUV.  Also, if the target volume has a peak SUV less 

than 2.5 the entire volume would be ignored, compared to applying a percent 

threshold of the peak activity.  An SUV threshold of 2.5 can be applied clinically 

to detect cancerous lesions, but not for contouring lesions.   

 

The background corrected threshold methods (BG 1 – BG 4) yield different 

volumes from the percent threshold method.  BG 1 and BG 2 produce thresholds 

that correct for the peak and average background activity of the liver.  The 

process results in a higher threshold for a higher background activity, which is 

determined from the liver in this case.  Correcting for liver activity resulted in 

target volumes that did not greatly differ from employing a 40% - 50% threshold.  

The BG 3 and BG 4 methods produce thresholds corrected for peak and average 

background activity of healthy contralateral tissue.  Correcting for healthy 

contralateral tissue results in lower thresholds compared to those corrected for 

liver activity.  This is especially evident for NSCLC targets where healthy lung 

has very little uptake of PET tracer.  Volumes resulting from healthy tissue 

correction are larger than those corrected for liver activity.  This results from the 

fact that the liver has increased uptake of PET tracer compared to healthy tissue, 

thereby resulting in a higher threshold and lower target volume.  Thus the liver 

background correction thresholds do not produce clinically relevant target 
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volumes.  Correcting for the peak tracer uptake will produce clinically acceptable 

target volumes.   

 

Experiment 3 

 

The SBRs for the eight NSCLC and five H&N cancer patients vary greatly (tables 

3.2 and 3.3).  The range of SBRs suggests that phantom studies will need to 

address a large range of SBRs.  The SBRs for the NSCLC tumors range from 

22.9 to 4 and the SBRs for the H&N patients range from 7.6 to 4.1.  PET 

phantom studies should encompass a majority, if not all, of this SBR range.  

Therefore, the phantom experiments of this study are designed to examine SBRs 

of 15, 10, 5, and 2.5. 
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CHAPTER 4 SHAPE PHANTOM EXPERIMENTS 
 
 
 
4.1 INTRODUCTION 
 
 
 
Phantom studies have long been a part of PET research.  Ciernick et al. used a 

NEMA phantom with cylindrical inserts of various activities surrounded by a low 

background activity to determine that an SUV threshold of 50% is ideal for image 

analysis (28, 29).  Erdi et al. used a phantom with spherical inserts to determine 

that an SUV threshold range of 36% - 44% yields acceptable PET boundaries 

(24).  These initial studies represented in vivo conditions utilizing cylindrical or 

spherical inserts of high tracer activity with a low surrounding background activity 

in a cylindrical tank.  This experimental set up is a gross simplification of tumor 

anatomy.   PET phantom studies are used to determine the appropriate image 

threshold for analysis (23, 24, 25, 28, 33, 35, 36).  The resulting image 

thresholds produced by these studies range from 35% - 54% (24, 28, 32, 35).  In 

oncology, choosing the appropriate image threshold is vital since treatment 

planning requires prescribing radiation to the tumor volume.  An invalid threshold 

can lead to larger or smaller gross tumor volumes both wrong in target shape 

and target size, thus affecting patient prognosis (32).    

 

Currently PET is used to study NSCLC and H&N cancer.  NSCLC tumor sites are 

not perfectly spherical but tend to be spherical, often having soft edges of activity 

and spike-like extensions.  Some of the more complex shaped NSCLC tumors 
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are those surrounded by areas of inflammation and atelectasis.  These areas of 

activity are highly dissimilar from spheres and vary greatly in their geometry.  

H&N cancer sites often have spherical nodes of activity, yet the primary tumor 

sites are highly nonuniform. 

 

Recent studies have examined the relationship between image threshold, 

resulting tumor size, and RTP (23, 32, 35, 62).  There has been research 

examining the relationship between target size and the appropriate image 

threshold, but these studies only examined spherical phantoms (23, 24, 25, 28, 

32, 35).  Few research studies have looked at the relationship between image 

threshold and complex non-spherical phantoms (6, 66).  Seeing as NSCLC and 

H&N tumors can be abnormally shaped, investigation of PET imaging of non-

spherical geometries is warranted.    

 

First, this chapter examines the transaxial resolution of the PET/CT scanner.  

Second, the relationships between PET threshold, target volume, and SBR are 

investigated for various PET phantoms.  Spherical and cylindrical phantoms are 

examined, along with a new phantom with six different geodesic shapes.  Third, 

the degree to which the partial volume effect changes measured PET data is 

explored.  Finally, an error analysis is performed on all phantom experiments.  

The experiments in this chapter were designed to address specific aim one.    
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4.2 MATERIALS AND METHODS 

 

4.2.1 TRANSAXIAL RESOLUTION SCAN 

 

In order to determine the transaxial resolution of the PET scanner the 1994 

NEMA PET protocol was followed (28).  First, a line source was injected with 

approximately 500.0 µCi of 18F.  The line source had a diameter of 1.7 mm and a 

length of 19.5 mm, pictured in figure 4.1.  Once the line source was filled with 

radioactivity it was positioned at the center of a mounting plate and aligned at the 

isocenter of the PET according to the set-up lasers.  A one minute emission scan 

was acquired and the data were analyzed to determine the transaxial resolution 

at the imaged position.  The line source phantom was then moved 10 cm up from 

the isocenter of the scan and another one minute emission scan was performed.  

A third one minute emission scan was performed at 20 cm up from the isocenter.  

A fourth one minute emission scan was performed by placing the line source 1 

cm below the isocenter and then raising the table 1 cm to position the line source 

at the isocenter.  All scans were examined using the GE diagnostic protocol to 

determine the average radial resolution and tangential resolution at the scanning 

position.  The protocol reconstructed the images using FBP with a 4.0 mm 

hanning filter and 6.4 cm FOV.  The GE diagnostic examination protocol 

calculated the transaxial resolution by measuring line profiles in direct and cross 

planes to determine the radial and tangential resolutions. 
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4.2.2  PHANTOM STUDIES SCANS 

 

For every scanning day, scan times and the appropriate SBRs were planned in 

the morning.  The 18F concentration for the initial phantom scan was 

approximately 2.0 μCi/cc.  The 18F concentration for the initial background activity 

was determined based upon the desired SBR for the day’s first phantom scan.  

The overall required 18F activity was determined based upon the number of 

desired scans and scan time.  The daily required 18F activity was prepared at and 

retrieved from the cyclotron in the PET Center.  For phantom volumes less than 

60cc, a saline solution was created for injection.  Prior to scanning, the 18F was 

diluted in saline to produce a volume of activity with a concentration of 2 μCi/cc.  

The phantoms were then filled with this activity and the background was filled 

with the calculated background activity.  Time of injection and activity injected 

was recorded for all scans.  An example of all data collected for a scan is given in 

Appendix A.    

Figure 4.1:  Three coronal images of the line source used to determine the transaxial 
resolution of the PET scanner.  The left, center, and right images are PET, CT, and PET/CT 
images of the line source placed within a water filled cylindrical tank. 



 57

 

Two cylindrical phantoms were used throughout this study with cylindrical 

volumes of 287.2 cc and 278.5 cc.   The external diameter of the cylinder inserts 

was approximately 5cm, and the length of the inserts was approximately 18.5 

cm.  Each phantom contained three cylindrical targets, shown below in figure 4.2.  

Two targets were hollow and filled with water and radioactive 18F.  The third 

target was a solid polyethylene tube.  Since each scan contained two identical 

phantom volumes, the phantoms were filled with a different amount of 

radioactivity.  This allowed for multiple SBRs to be investigated in a single scan.  

One phantom target was filled with water and an amount of 18F that resulted in a 

phantom concentration of approximately 2 μCi/cc at the time of the first scan.  

The other phantom target was filled with an amount of radioactivity to produce an 

SBR of 10 for the first phantom scan.  The background was then filled with an 

amount of 18F that yielded a SBR of 15 and 10 for the phantom targets for the 

initial scan.     

 

 

 

Figure 4.2:  The left, center, and right images are PET, CT, and PET/CT axial images of the 
cylindrical phantom containing three cylindrical inserts are shown.  Two cylinders are filled 
with radioactive 18F, while the third is made of plastic.  
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Six spherical phantom inserts were investigated throughout this project.  The six 

volumes of the spherical inserts were 16.0 cc, 8.0 cc, 4.0 cc, 2.0 cc, 1.0 cc, and 

0.5 cc as determined by injection.  The external diameters of the 6 sphere inserts 

were 3.2 cm, 2.5 cm, 2.1 cm, 1.8 cm, 1.3 cm, and 1.2 cm respective to the above 

volumes.  The spheres are pictured below in figure 4.3.   

 

 

 

18F was diluted in 40 cc of saline to yield a solution with a concentration of 2 

μCi/cc for the estimated scan time.  The spherical inserts were injected with the 

radioactive solution and suspended in the phantom.  The tank was then filled with 

water and an amount of radioactivity to produce the desired SBR.   

 

Three injectable cubical phantoms were constructed of 1.3mm thick acrylic and 

attached to a 5.0 mm thick acrylic base.  The three volumes of the cubical inserts 

were 93.0 cc, 32.3 cc, and 3.2 cc as determined by injection.  The outer edge 

length of the cube inserts were 5.0 cm, 3.5 cm, and 1.9 cm respective to the 

above volumes.  The cube inserts are shown below in figure 4.4.  The large cube 

Figure 4.3:  The left, center, and right image are PET, CT, and PET/CT axial images of the 
cylindrical tank containing the six spherical inserts.  The spheres are injected with the same 
activity of 18F and the background activity is progressively increased to change the SBR.
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was injected with water and a sufficient amount of 18F to result in a concentration 

of 2.0 μCi/cc at scan time.  18F was diluted in 40 cc of saline to yield a solution 

with a concentration of 2.0 μCi/cc at scan time.  The 32.3 cc and 3.2 cc cube 

were injected with the radioactive solution.  The background was filled with water 

and an amount of 18F to result in the desired SBR for the scan. 

 

 

Six injectable geodesic shape phantoms composed of flexible silicone were 

attached to a 5 mm thick acrylic base.  The volumes of the six shape targets 

were 20.0 cc, 21.6 cc, 16.0 cc, 23.4 cc, 20.5 cc, and 19.5 cc as determined by 

injection.  The six geodesic phantoms had a common height of 3.0 cm, but their 

remaining dimensions varied.  The geodesic phantoms are shown below in figure 

4.5.  18F was diluted into two syringes of 60.0 cc of saline to yield solutions with a 

concentration of 2.0 μCi/cc at scan time.  The targets were injected with the 

radioactive solution and the background was filled with water and an amount of 

18F to yield the appropriate SBR for the scan.            

 

Figure 4.4:  The left, center, and right image are PET, CT, and PET/CT axial images of the 
cylindrical tank containing the three cube inserts.  The cubes are injected with a similar activity 
of 18F and the background activity is progressively increased to change the SBR. 
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All phantoms were scanned in a Discovery ST PET/CT scanner.  A concurrent 

CT scan and 2D PET scan were performed.  The CT scan used a 3.8 mm slice 

thickness and was utilized for attenuation correction.  Two bed positions were 

used for the PET scan protocol.  The bed position time was 10 minutes, resulting 

in a total scan time of 20 minutes.  At the completion of the scan the PET image 

was reconstructed using both filtered backprojection (FBP) and an iterative 

ordered subsets expectation-maximization (OSEM) protocol.  FBP is an analytic 

reconstruction method based upon line integrals.  An advantage of using FBP is 

that the process is less computationally advanced than OSEM, thereby resulting 

in an image much quicker.  A disadvantage of FBP is that it is unable to model 

multiple characteristics of PET (71).  OSEM is an iterative reconstruction method.  

It is more computationally exhaustive than FBP, but it is able to more accurately 

model PET characteristics (71).  The image matrix was 128 X 128 ,with a voxel 

size of 5.5 mm X 5.5 mm X 3.8 mm.  Following each scan additional 18F was 

added to the background to adjust the SBR.  Phantoms were initially injected with 

approximately 2.0 µCi/cc and allowed to decay over the scanning day.  The 2.0 

Figure 4.5:  The left, center, and right image are PET, CT, and PET/CT axial images of the 
cylindrical tank containing the six geodesic inserts.  The inserts are injected with a similar 
activity of 18F and the background activity is progressively increased to change the SBR. 
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µCi/cc initial injection was chosen based upon observed clinical radiotracer 

activities.  This target initial injection corresponds well to published noise 

equivalent count rates of 80.8 kcps at 1.7 µCi/cc and 54.0 kcps at 1.3 µCi/cc for 

the Discovery ST (67).        

 

 

4.2.2.1 AUTOMATIC CONTOURING            

 

All PET image viewing and volume contouring was performed using GE 

Advantage Workstation MD (AW MD).  ROIs were placed on each single 

phantom target.  A larger ROI was placed away from the targets to determine the 

average background activity.  The placement of ROIs is illustrated in figure 4.6.   

 

 

 

Figure 4.6:  An ROI, shown in green, is placed over the background and the average 
activity is measured as shown in the left image. An ROI is then placed over an insert and the 
peak activity is recorded, as shown to the right.   
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The peak activity of the ROI was recorded and used to determine the threshold.  

Images were then contoured with an applied threshold that varied from 20% of 

peak activity to 70% of the peak activity.  The contour was determined by the 

automatic PET contour function of the AW MD software.  The resulting target 

volume was recorded for the threshold range in 5% increments.  This volume 

determination process was performed for both PET scans reconstructed with 

FBP and OSEM as shown in figures 4.7 – 4.15.  The resulting volumes were 

plotted and fitted using a polynomial.  The threshold that matched the PET 

volume to the known injected volume was determined from the Volume-

Threshold curve.   
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Figure 4.7:  Threshold – volume data for five scans reconstructed using FBP.  For each 
target the PET volume was determined and plotted as a percent of the true target volume.  
This data point was then plotted for the applied threshold and the experimental SBR.  These 
data were obtained on the first scanning day. 
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Figure 4.8: Threshold – volume data for five scans reconstructed using FBP.  For each 
target the PET volume was determined and plotted as a percent of the true target volume.  
This data point was then plotted for the applied threshold and the experimental SBR.  These 
data were obtained on the second scanning day.  
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Figure 4.9:  The data from figure 4.7 are fitted with a polynomial.  The Threshold at which 
the point intersects the 100% volume line is determined.  The intersection points are shown in 
red above.  These points correlate to the threshold that matches the PET target volume to the 
injected target volume. 
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Figure 4.10:  The data from figure 4.8 are fitted with a polynomial.  The Threshold at which 
the point intersects the 100% volume line is determined.  The intersection points are shown in 
red above.  These points correlate to the threshold that matches the PET target volume to the 
injected target volume. 
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Figure 4.11:  Threshold – volume data for five scans reconstructed using OSEM.  For each 
target the PET volume was determined and plotted as a percent of the true target volume.  
This data point was then plotted for the applied threshold and the experimental SBR.  These 
data were obtained on the first scanning day.
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Figure 4.12:  Threshold – volume data for five scans reconstructed using OSEM.  For each 
target the PET volume was determined and plotted as a percent of the true target volume.  
This data point was then plotted for the applied threshold and the experimental SBR.  These 
data were obtained on the second day. 
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Figure 4.13:  The data from figure 4.11 are fitted with a polynomial.  The Threshold at which 
the point intersects the 100% volume line is determined.  The intersection points are shown in 
green above.  These points correlate to the threshold that matches the PET target volume to 
the injected target volume. 
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Figure 4.14:  The data from figure 4.12 are fitted with a polynomial.  The Threshold at which 
the point intersects the 100% volume line is determined.  The intersection points are shown in 
green above.  These points correlate to the threshold that matches the PET target volume to 
the injected target volume. 

 

 

 

 

 

 

 

 

 



 71

Figure 4.15:  Data points matching Pet volume to the known target volume are plotted as a 
function of SBR.  Data points for both FBP and OSEM are plotted in red and green, 
respectively.  The data points correlate to the intersection of the polynomials to the 100% 
volume line in figures 4.9, 4.10, 4.13, and 4.14. 
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4.2.2.2 MANUAL CONTOURING 

 

Phantom targets reconstructed with OSEM were also manually contoured using 

the AW MD manual contour function.  The manual contour process required that 

the phantom target be manually contoured for all axial slices.  Manual contouring 

was performed by first determining the peak activity of each target and the 

background activity of each scan, as done above for the automatic contouring 

method.  All images were windowed by setting the upper window to a percentage 

of the peak target activity and matching the lower window to the upper window. 

   

 

This window process produced a binary image that simplified the manual 

contouring process, as shown in figure 4.16.  The manual contouring process 

was performed for multiple thresholds in order to calculate the threshold that 

matched the PET volume to the known target volume.  All manual contour 

volumes were recorded and fit with a polynomial in order to determine the 

Figure 4.16:  The same axial slice of a spherical phantom is shown above.  The left image 
is the resulting image from the PET default viewing settings.  The middle image results from 
setting the upper and lower window to the same percentage of the peak target activity.  The 
right image reveals the manual contour of the spherical target, shown in yellow. 
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threshold that matched the known target volume to the PET volume, as shown 

above. 

 

Manual contouring was performed because  its software operates with the CT 

image resolution, whereas the automatic contouring method produced contours 

using a 4.0 mm X 4.0 mm pixel size, resulting in very blocky image contours.  

However, the manual contour method produces contours using a 1.0 mm x 1.0 

mm pixel size.  This lower pixel size produces much smoother images that 

preserve shape better when compared to those produced by the automatic 

method. 

 

4.2.3 PARTIAL VOLUME EFFECT 

 

As discussed in section 2.1 and illustrated in figure 2.6, the partial volume effect 

is a significant degrading factor on PET image quality.  The partial volume effect 

is examined using two methods.  The calculated radiotracer activity (µCi/cc) 

injected into the spherical phantoms was compared to the measured average 

radiotracer activity (µCi/cc) within each spherical phantom.  The spherical 

phantoms are examined because each phantom was injected from the same 

diluted solution, therefore each phantom should have the same radiotracer 

concentration.  The average radiotracer concentration within each phantom was 

determined by placing an ROI within the phantom volume (figure 4.17).  The 

largest ROI that could be fully circumscribed by the phantom was placed within 
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the phantom volume.  The partial volume effect was also investigated by 

examining the radiotracer distribution at four various points throughout phantom 

volumes (figure 4.18).  Radiotracer concentrations are measured at the center 

axial slice of each phantom, the center of the final axial slice, the wall edge of 

each phantom’s center axial slice, and any vertices of the phantom.  These 

measurements were performed on phantom scans that yielded the highest SBR 

in order to minimize the contribution of PET activity from the background 

radiotracer activity.     

 

 

 

 

Figure 4.17:  ROI placement for determining the average activity (µCi/cc) within the 
phantoms.  ROIs are shown in green. 
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4.2.4 ERROR ANALYSIS 

 

Several sources of error were investigated for these phantom experiments.  

Injecting the radiotracer in each phantom lends itself to several errors.  Phantoms 

were occasionally overfilled with radiotracer, therefore the recorded injected 

activity was too high.  Also, for higher radiotracer activities the dose was 

calibrated in mCi, as opposed to µCi, therefore resulting in a less precise dose 

calibration due to the loss in significant digits.  These experimental errors were 

investigated by comparing the injected radiotracer activity to the measured 

radiotracer activity for each phantom target and phantom scan.  This analysis 

procedure also examines the partial volume effect on measured radiotracer 

activity within the phantom target by comparing the average measured 

radiotracer concentration to the calculated injected radiotracer concentration.  

These errors are combined in the same variable below as the Partial Volume 

Figure 4.18:  Placement of the three point measurements of activity (µCi/cc) throughout the 
phantoms. 



 76

Error.  Finally, multiple threshold data points (phantom scans performed at the 

same SBR for the same phantom volume) exist for the phantom scans.  In 

plotting the threshold data, multiple points are averaged in order to provide a 

smoother plot.  The percent differences between the averaged data and original 

data were determined for the manual contouring method and the automatic 

contouring methods.  The maximum percent difference determined for each 

phantom type (sphere, cube, shape) and contouring method was determined.  

These errors are referred to as Averaging Error in the equation below.  The total 

percent error was calculated based upon the following equation: 

 

Total % Error = ((Averaging Error)2 + (Partial Volume Error)2)1/2 

 

4.3 RESULTS 

 

4.3.1 TRANSAXIAL RESOLUTION SCAN RESULTS 

 

When the line source was placed at the scanning isocenter the average 

tangential resolution FWHM and FWTM were 6.3 mm and 11.7 mm.  The 

average radial resolution FWHM and FWTM were 6.4 mm and 12.3 mm when 

the line source was at isocenter.  When the line source was placed 10 cm above 

the center of the scanning FOV, the average tangential resolution FWHM and 

FWTM were 7.3 mm and 13.8 mm.  The average radial resolution FWHM and 

FWTM were 7.0 mm and 13.0 mm when the line source was placed 10.0 cm 
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above the center of the imaging FOV.  When the line source was placed 20.0 cm 

above the center of the FOV the average tangential FWHM and FWTM were 8.8 

mm and 16.2 mm.  The average radial resolution FWHM and FWTM were 7.7 

mm and 15.3 mm when the line source was placed 20.0 cm above the FOV.  

When the line source was positioned 1.0 cm below the center of the FOV the 

average tangential resolution FWHM and FWTM were 6.1 mm and 11.3 mm.  At 

this same location the average radial resolutions were 6.2 mm and 13.1 mm.  

Line source positioning is shown below in figure 4.19.  

 

 

 

 

 

 

 

Figure 4.19:  Position of the line source phantom with the three measurements of the line 
source and their relation to the radial and tangential positions.  The diagram is in the axial 
image plane. 
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4.3.2 PHANTOM STUDIES SCANS 

 

4.3.2.1 AUTOMATIC CONTOURING RESULTS 

 

PET/CT cylindrical phantom scans were performed for the following SBRs:  24.0, 

19.0, 12.0, 9.0, 8.5, 7, 6.5, 5.5, 4.7, 3.0, and 2.7.  The thresholds matching the 

PET volume to the known volume for each SBR and reconstruction method are 

given below in table 4.1.  The average percent threshold that matched the 

injected volume to the PET volume reconstructed using FBP was 34.4% with a 

standard deviation of 2.6.  The average percent threshold matching the injected 

volume to the PET volume reconstructed using OSEM was 36.1% with a 

standard deviation of 3.3.  Figure 4.20 plots the threshold data points that match 

the PET volume to the known CT volume as a function of the SBR for all 

cylindrical phantom targets.  
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Cylinder
SBR FBP OSEM
24.0 31.8 34.3
19.0 33.5 32.1
12.0 33.5 32.3
9.0 33.1 35.9
8.5 32.6 34.8
7.0 30.9 34.2
6.5 34.1 34.3
5.0 34.6 39.8
4.7 37.0 38.3
3.0 38.2 42.4
2.7 39.2 39.2  

Table 4.1: Threshold (% peak uptake) that matched the known cylindrical volume 

to the PET volume as a function of SBR and reconstruction method. 

 

 

 

Figure 4.20:  Plot of trendlines revealing the threshold that will match the known 
cylindrical volume and PET volume for a range of SBRs and the two reconstruction 
methods.       
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Generally, at SBRs below 10.0 cylindrical phantom scans reconstructed with 

OSEM require a higher threshold than those reconstructed with FBP.  As the 

SBR increases from 12.0 to 20.0, cylindrical phantom scans reconstructed with 

FBP require a higher threshold than those reconstructed with OSEM.  Also, at 

SBRs above 7.0 thresholds for FBP and OSEm are all within 5.0% of each other. 

 

PET/CT phantom scans for the spherical inserts were performed at various SBRs 

ranging from 2.0 to 18.0.  The thresholds matching the PET volume to the known 

volume for each phantom, SBR, and reconstruction method are given below in 

table 4.2.  The average percent threshold matching the injected volume to the 

PET volume for the 16.0 cc insert reconstructed with FBP was 42.9% with a 

standard deviation of 5.9.  The average percent threshold that matched the 

injected volume to the PET volume for the 16.0 cc insert reconstructed using 

OSEM was 42.7% with a standard deviation of 7.2.  The average percent 

threshold that matched the injected volume to the PET volume for the 8.0 cc 

insert reconstructed using FBP was 43.2% with a standard deviation of 6.1.  The 

average percent threshold that matched the injected volume to the PET volume 

for the 8.0 cc spherical insert reconstructed using OSEM was 42.6% with a 

standard deviation of 8.7.  The average percent threshold that matched the 

injected volume to the PET volume for the 4.0 cc insert reconstructed using FBP 

was 39.8% with a standard deviation of 6.8.  The average percent threshold that 
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matched the injected volume to the PET volume for the 4.0 cc spherical insert 

reconstructed using OSEM was 40.3% with a standard deviation of 7.5.  The 

average percent threshold that matched the injected volume to the PET volume 

for the 2.0 cc insert reconstructed using FBP was 39.6% with a 9.8 standard 

deviation.  The average percent threshold that matched the injected volume to 

the PET volume for the 2.0 cc spherical insert reconstructed using OSEM was 

42.6% with a 12.7 standard deviation.  The average percent threshold that 

matched the injected volume to the PET volume for the 1.0 cc insert 

reconstructed using FBP was 46.8% with a 7.8 standard deviation.  The average 

percent threshold that matched the injected volume to the PET volume for the 1.0 

cc spherical insert reconstructed using OSEM was 50.8% with a standard 

deviation of 8.8.  The average percent threshold that matched the injected 

volume to the PET volume for the 0.5 cc insert reconstructed using FBP was 

53.0% with a standard deviation of 12.2.  The average percent threshold that 

matched the injected volume to the PET volume for the 0.5 cc spherical insert 

reconstructed using OSEM was 61.9% with a standard deviation of 15.6.  Figure 

4.21 plots the threshold curves that match the PET volume to the known volume 

as a function of SBR for the spherical inserts.  
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Table 4.2:  Thresholds (% peak uptake)  matching spherical target volume to the 

PET volume. 

16.0 cc Sphere 8.0 cc Sphere 4.0 cc Sphere
SBR FBP OSEM SBR FBP OSEM SBR FBP OSEM
18.0 38.5 37.8 18.0 37.8 35.2 17.0 35.0 35.9
18.0 37.1 35.4 18.0 39.3 32.7 17.0 35.0 34.3
14.0 41.0 40.3 14.0 39.4 40.7 14.0 38.3 35.4
14.0 40.0 37.7 13.0 40.5 38.2 13.0 36.6 34.6
5.5 47.5 46.7 5.0 45.4 49.0 5.5 36.1 42.2
5.5 39.3 40.5 5.0 42.9 41.0 5.5 39.1 38.7
4.5 44.6 45.5 4.0 43.0 44.2 4.0 42.8 44.9
2.7 55.0 57.6 2.3 56.9 60.0 2.3 55.4 56.1

2.0 cc Sphere 1.0 cc Sphere 0.5 cc Sphere
SBR FBP OSEM SBR FBP OSEM SBR FBP OSEM
16.0 31.6 32.4 13.0 41.8 44.1 10.0 45.0 41.3
16.0 30.0 33.7 13.0 36.8 46.8 9.0 38.1 57.1
12.0 35.8 35.6 10.0 50.0 42.6 7.0 45.0 50.0
12.0 35.0 33.6 10.0 40.0 44.8 6.0 50.0 64.8
5.5 35.0 37.9 4.0 46.4 51.0 3.0 55.0 60.0
4.0 47.5 52.8 3.0 55.9 64.0 2.5 72.6 70.0
4.0 42.3 46.2 3.0 57.0 62.0 2.0 65.0 90.0
2.0 59.5 68.6
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Figure 4.21:  Threshold-SBR trendlines for the spherical inserts.  Data was obtained for 
scans reconstructed with FBP (top) and OSEM (bottom). 
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As the SBR decreases for the spherical phantom scans, the required threshold to 

match PET volume and known target volume increases.  Also, the threshold 

curves steeply decline from an SBR of 2.0 to 6.0.  The curves continue to decline 

at a much slower rate at SBRs above 6.0. 

 

PET/CT phantom scans for the cubic inserts were performed at various SBRs 

ranging from 25.0 – 2.5.  The thresholds matching the cube PET volumes to the 

known volume for all SBRs and reconstruction methods are given below in table 

4.3.  The average percent threshold that matched the injected volume to the PET 

volume for the 93.0 cc insert reconstructed using FBP was average 39.1% with a 

standard deviation of 1.8.  The average percent threshold that matched the 

injected volume to the PET volume for the 93.0 cc insert reconstructed using 

OSEM was 40.2% with a 1.4 standard deviation.  The average percent threshold 

that matched the injected volume to the PET volume for the 32.3 cc insert 

reconstructed using FBP was 32.8% with a standard deviation of 5.9.  The 

average percent threshold that matched the injected volume to the PET volume 

for the 32.3 cc insert reconstructed using OSEM was 32.5% with a standard 

deviation of 5.9.  The average percent threshold that matched the injected 

volume to the PET volume for the 3.2 cc insert reconstructed using FBP was 

35.6% with a 4.4 standard deviation.  The average percent threshold that 

matched the injected volume to the PET volume for the 3.2 cc insert 

reconstructed using OSEM was 34.9% with a standard deviation of 5.7.  Figure 
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4.22 plots the threshold data points that match the PET volume to the known 

volume as a function of the SBR for the 3.2 cc cubic insert.   

 

93.0 cc Cube 32.3 cc Cube 3.2 cc Cube
SBR FBP OSEM SBR FBP OSEM SBR FBP OSEM
18.0 39.1 39.0 25.0 29.0 27.5 24.0 40.0 30.0
14.0 37.2 39.4 18.0 29.8 28.1 16.0 31.1 28.3
10.0 40.0 40.8 13.0 28.3 28.3 12.0 31.6 29.5
8.0 38.5 41.0 10.0 25.0 29.2 9.0 35.7 32.0
8.0 42.3 39.7 9.0 34.8 32.7 8.0 33.5 35.1
3.0 39.4 42.6 8.0 29.7 31.7 7.0 30.0 36.2
3.0 37.1 38.7 3.3 36.3 38.0 3.5 35.7 35.9

3.0 42.6 36.4 2.5 42.4 43.5
2.8 40.0 40.3 2.5 40.0 43.6  

 

Table 4.3:  The threshold that matches the known cube volume to the PET 

volume is given for each scan’s reconstruction method and SBR. 
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Figure 4.22:  Threshold-SBR trendlines for the three cube inserts.  Data was obtained 
for scans reconstructed with FBP (top) and OSEM (bottom). 
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The threshold required to match the PET volume to the known volume for the 

93.0 cc cube does not change greatly as the SBR changes.  The thresholds 

required for the 3.2 cc cube are slightly higher than those required for the 32.3 cc 

cube.  Also, the 93.0 cc cube required higher thresholds than the 32.3 cc and 3.2 

cc cubes at all SBRs except for SBRs below approximately 2.5. 

 

PET/CT phantom scans for the 20.0 cc geodesic insert were performed for SBRs 

ranging from 2.0 to 25.0.  The percent thresholds matching the PET volume to 

the known volume for all SBRs and geodesic phantom targets are given below in 

table 4.4.  The average percent threshold that matched the injected volume to 

the PET volume for the 20.0 cc insert was 38.2% (4.3 standard deviation) and 

38.9% (5.0 standard deviation) when reconstructing with FBP and OSEM.  The 

average percent thresholds that matched the injected volume to the PET volume 

for the 21.6 cc was 36.6% (3.4 standard deviation) and 38.1% (5.0 standard 

deviation) when reconstructing with FBP and OSEM.  The average percent 

threshold that matched the injected volume to the PET volume for the 16.0 cc 

insert was 39.0% (2.7 standard deviation) and 34.3% (4.3 standard deviation) 

when reconstructing with FBP and OSEM.  The average percent thresholds that 

matched the injected volume to the PET volume for the 23.4 cc insert were 

37.3% (3.8 standard deviation) and 38.6% (3.8 standard deviation) when 

reconstructing with FBP and OSEM.  The average percent thresholds that 

matched the injected volume to the PET volume for the 20.5 cc insert were 

39.0% (2.6 standard deviation) and 39.2% (2.6 standard deviation) when 
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reconstructing with FBP and OSEM.  The average percent thresholds that 

matched the injected volume to the PET volume for the 19.5 cc insert were 

38.7% (2.9 standard deviation) and 37.8% (5.2 standard deviation) when 

reconstructing with FBP and OSEM.  Figure 4.23 plots the threshold data points 

that match the PET volume to the known volume as a function of the SBR for the 

19.5 cc geodesic insert.  
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Table 4.4:  The threshold matching the known phantom volume to the PET 

volume is given for each target SBR and reconstruction method. 

 

20.0 cc Shape 21.6 cc Shape 16.0 cc Shape
SBR FBP OSEM SBR FBP OSEM SBR FBP OSEM
21.0 34.2 34.3 18.0 31.5 33.8 25.0 39.3 32.1
17.0 35.0 34.9 14.0 33.7 35.1 22.0 32.9 29.7
13.0 33.0 35.7 14.0 33.6 30.9 17.0 37.8 28.0
12.0 36.4 36.2 11.0 35.4 37.1 13.0 38.4 31.8
11.0 35.6 34.2 9.0 39.4 37.1 10.0 37.4 35.5
4.5 39.3 39.4 5.0 35.0 37.0 9.5 38.8 32.9
4.0 37.8 38.8 4.0 40.2 41.9 7.5 39.7 35.8
3.5 41.0 41.8 3.5 37.4 38.2 6.0 42.6 35.8
2.5 42.5 45.5 3.0 37.1 41.0 4.0 40.6 41.3
2.0 47.0 48.6 2.5 42.3 49.0 4.0 42.1 40.4

23.4 cc Shape 20.5 cc Shape 19.5 cc Shape
SBR FBP OSEM SBR FBP OSEM SBR FBP OSEM
21.0 35.2 36.7 16.0 38.0 37.0 21.0 39.5 30.5
17.0 31.9 35.0 13.0 38.0 35.0 16.0 35.3 32.3
14.0 35.6 36.2 10.0 38.9 37.6 13.0 35.3 37.2
11.0 36.0 34.2 8.0 40.2 37.2 13.0 35.9 36.4
10.0 33.5 35.7 8.0 37.7 37.8 10.0 37.5 33.8
4.0 43.5 40.8 3.5 34.7 41.7 5.0 38.7 36.9
3.5 39.8 42.3 3.0 41.2 40.7 4.0 39.3 38.8
2.5 41.2 43.3 2.5 43.5 46.3 4.0 38.9 40.3
2.0 39.2 43.5 2.5 41.6 43.9

2.0 44.7 47.4
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Figure 4.23:  Threshold-SBR trendlines for the six geodesic inserts.  Data was obtained 
for scans reconstructed with FBP (top) and OSEM (bottom).
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The thresholds required to match the shape phantom PET volumes to their 

known volumes all fall within about a 5.0% threshold window of each other.  The 

overlap between the thresholds increases at lower SBRs below 5.0.  As the SBR 

increases the overlap between the shape thresholds decreases.  Also, for 

images reconstructed with OSEM the overlap was much more evident than those 

reconstructed with FBP. 

 

4.3.2.2 MANUAL CONTOURING RESULTS 

 

Manual contouring of the PET targets revealed the average percent thresholds 

that matched the injected volume to the PET volume was 41.5% (2.0 standard 

deviation).  The thresholds resulting from manually contouring the cylinder follow 

the threshold – SBR trend, decreasing as the SBR increases.  Manually 

contouring the cylinder resulted in higher thresholds than those obtained from the 

automatic contouring method.  The threshold-SBR data for the manually 

contoured cylindrical phantom scans is shown in table 4.5.  Figure 4.24 plots the 

threshold data points that match the PET volume to the known CT volume as a 

function of the SBR for all cylindrical phantom targets. 
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SBR Manual
24.0 40.3
19.0 39.4
12.0 40.6
9.0 41.3
8.5 40.3
7.0 39.0
6.5 41.0
5.0 44.1
4.7 41.7
3.0 45.0
2.7 44.1

Cylinder

 

 

Table 4.5:  Thresholds determined from manual contouring that match the PET 

cylindrical volume to the known volume are given for their respective SBR. 

 

Figure 4.24:  Threshold-SBR trendline for the cylindrical insert.  Data was obtained by 
manually contouring all PET targets.
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Manually contouring the 16.0 cc sphere in all PET scans revealed the average 

percent thresholds that matched the injected volume to the PET volume was 

47.0% (5.3 standard deviation).  Manually contouring the 8.0 cc spherical target 

showed the average percent thresholds that matched the injected volume to the 

PET volume for the 8.0 cc insert was 48.0% (7.6 standard deviation).  Manual 

contouring revealed the average percent thresholds that matched the injected 

volume to the PET volume for the 4.0 cc insert was 43.6% (7.3 standard 

deviation).  Manual contouring of the 2.0 cc spherical insert showed the average 

percent thresholds that matched the injected volume to the PET volume was 

46.8% (11.2 standard deviation).  Manual contouring of the 1.0 cc spherical insert 

shows the average percent threshold that matched the injected volume to the 

PET volume was 51.4% (9.5 standard deviation).  Manually contouring reveals 

the average percent threshold that matched the injected volume to the PET 

volume for the 0.5 cc insert was 62.8% (10.4 standard deviation).  Generally, 

Thresholds obtained from manually contouring the spheres decrease as the SBR 

increases.  Thresholds obtained from the manual method are higher than those 

obtained from the automatic methods.  Table 4.6 shows the thresholds that 

match the known spherical volume to the PET volume acquired from manually 

contouring the targets.  Figure 4.25 graphs the relationship between the 

threshold matching known spherical volume to PET volume as it relates to SBR.   
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SBR Manual SBR Manual SBR Manual
18.0 43.5 18.0 42.2 17.0 39.1
18.0 42.3 18.0 40.5 17.0 38.4
14.0 44.1 14.0 44.1 14.0 38.4
14.0 46.1 13.0 44.2 13.0 42.4
5.5 48.7 5.0 50.0 5.5 42.4
5.5 45.6 5.0 48.0 5.5 41.2
4.5 46.5 4.0 50.3 4.0 46.2
2.7 59.2 2.3 64.5 2.3 60.3

SBR Manual SBR Manual SBR Manual
16.0 40.0 13.0 43.3 10.0 50.0
16.0 37.4 13.0 45.0 9.0 55.0
12.0 43.7 10.0 46.8 7.0 57.8
12.0 42.8 10.0 46.9 6.0 65.0
5.5 37.9 4.0 50.0 3.0 58.5
4.0 57.0 3.0 70.0 2.5 76.0
4.0 45.9 3.0 57.8 2.0 77.2
2.0 70.0

4.0 cc Sphere8.0 cc Sphere16.0 cc Sphere

2.0 cc Sphere 1.0 cc Sphere 0.5 cc Sphere

 

 

Table 4.6:  Thresholds determined from manual contouring that match the PET 

spherical volumes to the known volume are given for their respective SBR. 
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Manually contouring the 93.0 cc cube revealed that the average percent 

threshold matching the injected volume to the PET volume was 41.9% (4.4 

standard deviation).  Manual contouring revealed the average percent threshold 

that matched the injected volume to the PET volume for the 32.3 cc was 34.8% 

(4.3 standard deviation).  Manually contouring the 3.2 cc cube showed the 

average percent threshold that matched the injected volume to the PET volume 

was 38.8% (4.5 standard deviation).  The cube thresholds obtained by manual 

contouring increase as the SBR decreases.  The cube thresholds are lower from 

the smaller volumes.  Unlike the automatic method thresholds, the thresholds for 

Figure 4.25:  Threshold-SBR trendline for the sphere inserts.  Data was obtained by 
manually contouring all PET targets.
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the 93.0 cc cube decrease as the SBR increases.  Threshold - SBR data for the 

cube phantom scans is shown in table 4.7.  Figure 4.26 plots the threshold data 

points that match the PET volume to the known volume as a function of the SBR 

for the 3.2 cc cubic insert.   

 

SBR Manual SBR Manual SBR Manual
18.0 38.1 25.0 30.0 24.0 33.5
14.0 39.1 18.0 30.5 16.0 35.0
10.0 40.1 13.0 32.2 12.0 35.0
8.0 41.0 10.0 32.2 9.0 37.8
8.0 39.5 9.0 33.7 8.0 41.1
3.0 50.7 8.0 33.5 7.0 36.2
3.0 44.5 3.3 40.7 3.5 39.6

3.0 39.5 2.5 45.9
2.8 40.5 2.5 45.0

93.0 cc Cube 32.3 cc Cube 3.2 cc Cube

 

 

Table 4.7:  Thresholds determined from manual contouring that match the PET 

cube volumes to the known volume are given for their respective SBR. 
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Manual contouring revealed the average percent threshold that matched the 

injected volume to the PET volume for the 20.0 cc insert was 41.6% (3.9 

standard deviation).  Manual contouring showed the average percent threshold 

that matched the injected volume to the PET volume for the 21.6 cc was 40.4% 

(2.5 standard deviation).  Manual contouring the 16.0 cc insert revealed the 

average percent threshold that matched the injected volume to the PET volume 

was 40.9% (3.3 standard deviation).  Manual contouring shows the average 

percent threshold that matched the injected volume to the PET volume for the 

23.4 cc insert was 42.3% (4.9 standard deviation).  Manually contouring the 20.5 

Figure 4.26:  Threshold-SBR trendline for the cube inserts.  Data was obtained by 
manually contouring all PET targets.
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cc insert revealed the average percent threshold that matched the injected 

volume to the PET volume was 42.4% (1.9 standard deviation).  Manual 

contouring revealed the average percent threshold that matched the injected 

volume to the PET volume for the 19.5 cc insert was 42.7% (5.1 standard 

deviation).  The thresholds for the shape phantoms steeply decline at SBRs 

below 5.0.  Compared the thresholds resulting from the automatic methods the 

manual threshold are higher, especially at lower SBRs.  The threshold - SBR 

data for the shape phantom scans are shown in table 4.8.  Figure 4.27 plots the 

threshold data points that match the PET volume to the known volume as a 

function of the SBR for the 19.5 cc geodesic insert.  
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SBR Manual SBR Manual SBR Manual
21.0 37.9 18.0 37.7 25.0 38.7
17.0 37.0 14.0 38.5 22.0 35.8
13.0 38.8 14.0 35.7 17.0 37.3
12.0 37.8 11.0 39.1 13.0 38.7
11.0 39.7 9.0 41.0 10.0 42.7
4.5 42.3 5.0 42.0 9.5 43.0
4.0 43.4 4.0 42.7 7.5 42.5
3.5 44.2 3.5 41.9 6.0 40.5
2.5 47.1 3.0 43.8 4.0 42.4
2.0 47.4 2.5 41.7 4.0 47.1

SBR Manual SBR Manual SBR Manual
21.0 41.2 16.0 42.6 21.0 40.0
17.0 38.6 13.0 40.2 16.0 37.8
14.0 38.9 10.0 43.0 13.0 39.8
11.0 37.3 8.0 41.1 13.0 39.6
10.0 36.9 8.0 40.0 10.0 40.0
4.0 44.6 3.5 41.4 5.0 41.4
3.5 43.8 3.0 45.7 4.0 43.3
2.5 48.4 2.5 43.4 4.0 41.4
2.0 50.7 2.0 44.6 2.5 51.4

2.0 52.4

23.4 cc Shape 20.5 cc Shape 19.5 cc Shape

20.0 cc Shape 21.6 cc Shape 16.0 cc Shape

 

 

Table 4.8:  Thresholds determined from manual contouring that match the PET 

shape volumes to the known volume are given for their respective SBR. 
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The effect of target shape on image threshold was investigated on a large scale 

by examining the threshold – SBR curves for phantoms of similar geometries.  

The threshold – SBR curves for the shape phantoms, 16.0 cc sphere, and 32.3 

cc cube phantoms were all fit to the power function y=Ax-B and compared 

because all have a similar diameter of approximately 3.0 cm.  The power function 

was chosen because it produced the best approximation when compared to 

various other methods (polynomial, exponential, etc.).  Also, the threshold – SBR 

curves for the 4.0 cc sphere, 2.0 cc sphere, and 3.2 cc cube phantoms were 

compared because they have a common diameter of approximately 2.0 cm.  

Generally, sphere volumes require a higher threshold compared to the shape 

Figure 4.27:  Threshold-SBR trendline for the geodesic inserts.  Data was obtained by 
manually contouring all PET targets.
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and cube phantom volumes.  The results of the large scale shape comparisons 

are shown below in figure 4.28. 
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Figure 4.28:  Comparison of threshold – SBR surves for similarly sized phantoms reveals 
that threshold decreases as targets become less smooth. 
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4.3.3 PARTIAL VOLUME EFFECT RESULTS 

 

Table 4.9 and Figure 4.29 illustrate the result of the partial volume effect on 

measured spherical radiotracer concentration.  Generally, as the spherical target 

volume decreases, the difference between the measured radiotracer 

concentration and the injected radiotracer concentration increases.  Only a slight 

falloff in the measured spherical radiotracer concentration occurs from the 16 cc 

volume to the 8 cc volume.  For target volume below 8 cc the falloff in measured 

radiotracer concentration rapidly begins to increase in magnitude.  Also, the 

range in measured radiotracer concentrations decreases as the target volume 

decreases.  For the smallest target volume (0.5 cc) the measured radiotracer 

concentrations are either 0.3 µCi/cc or 0.2 µCi/cc.   

 

Vol (cc) 1.8 1.7 1.4 1.1 1.0 0.9 0.8 0.7
16.0 1.6 1.5 1.2 1.2 0.5 1.0 0.7 0.7
8.0 1.4 1.4 1.0 1.1 0.7 0.9 0.6 0.6
4.0 1.2 1.1 0.9 0.8 0.6 0.7 0.5 0.5
2.0 0.8 0.7 0.6 0.6 0.5 0.5 0.4 0.4
1.0 0.5 0.5 0.5 0.4 0.4 0.4 0.3
0.5 0.3 0.3 0.3 0.3 0.3 0.3 0.2

Calculated Injected Activity (µCi/cc)

 

Table 4.9: Measured radiotracer concentrations (µCi/cc) are given for each 

phantom volume (cc) and calculated radiotracer concentration that was injected.  
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Further investigation of the partial volume effect relates to radiotracer distribution 

within the phantom.  Apparent radiotracer concentration is determined at the 

center axial slice of the phantom, the center of the last axial slice, along the edge 

wall of the center axial slice, and at any vertices.  Radiotracer concentrations are 

then normalized to the center of the phantom.  The average radiotracer 

concentration measured at the center of the final axial slice was 79.8% of the 

concentration at the center of the phantom.  The radiotracer concentration further 

decreases at the edge wall where the average concentration was 53.8% of the 

concentration at the center of the phantom.  The average radiotracer 

Figure 4.29: Plot of the partial volume effect on measured average radiotracer 
concentration (µCi/cc) within each spherical phantom volume (cc).  Data points are given with 
respect to their calculated radiotracer activity determined during dose calibration and phantom 
injection.
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concentration at the corners of the phantom wall are 49.3% of the concentration 

a the center of the phantom.  The greatest discrepancy between radiotracer 

concentrations occurs at the vertex of any phantom where the radiotracer 

concentration is 31.5% of the concentration at the center of the phantom.  

Generally the partial volume effect causes apparent radiotracer concentration to 

decrease at radial points, and at the intersection of phantom walls. 

 

4.3.4 ERROR ANALYSIS RESULTS 

 

The calculated errors for volume averaging are given below in table 4.10.  The 

total errors for each scan are given below in tables 4.11 – 4.14.  No double scans 

were performed for the cylindrical phantoms, so in order to give an estimate of 

possible future data averaging the spherical averaging errors were applied to the 

cylindrical phantoms due to their similar axial shape.  The total error for each 

scan was calculated as the sum of squares for the averaging error and partial 

volume error.  Generally, the determined errors are largest for the spherical 

scans and smallest for the cylindrical scans.  Also, the determined errors tend to 

increase as the target volume decreases. 

 

  Manual FBP OSEM
Cylinders 10.8 11.1 8.8 
Spheres 10.8 11.1 8.8 
Shapes 5.3 3.2 6.4 
Cubes 6.5 4.7 4.8 

 

Table 4.10: Percent errors due to data averaging. 
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Cylinder 
SBR Man. FBP Auto
24.0 11.5 11.7 9.6 
19.0 11.9 12.2 10.2 
12.0 10.8 11.1 8.8 
9.0 10.8 11.1 8.8 
8.5 11.0 11.3 9.0 
7.0 23.0 23.1 22.1 
6.5 11.0 11.3 9.0 
5.0 25.5 25.6 24.7 
4.7 10.9 11.2 9.0 
3.0 12.5 12.8 10.8 
2.7 25.5 25.6 24.7 

 

Table 4.11: Percent errors for all cylindrical scans and contouring methods. 

 

16.0 cc Sphere 8.0 cc Sphere 4.0 cc Sphere 
SBR Man. FBP Auto SBR Man. FBP Auto SBR Man. FBP Auto
18.0 16.3 16.5 15.0 18.0 23.2 23.4 22.4 17.0 36.5 36.6 36.0 
14.0 15.8 16.0 14.5 14.0 29.6 29.7 28.9 14.0 36.4 36.5 35.9 
5.5 36.9 37.0 36.3 13.0 10.8 11.1 8.8 13.0 28.7 28.8 28.0 
4.5 14.9 15.1 13.5 5.0 22.4 22.5 21.5 5.5 31.1 31.2 30.5 
2.7 11.7 12.0 9.9 4.0 25.5 25.6 24.7 4.0 37.5 37.6 37.0 
        2.3 13.3 13.5 11.7 2.3 25.5 25.6 24.7 

2.0 cc Sphere 1.0 cc Sphere 0.5 cc Sphere 
SBR Man. FBP Auto SBR Man. FBP Auto SBR Man. FBP Auto
16.0 58.6 58.6 58.2 13.0 72.4 72.5 72.2 10.0 84.3 84.3 84.1 
12.0 51.9 51.9 51.5 10.0 64.4 64.5 64.1 9.0 83.1 83.1 82.8 
5.5 52.6 52.6 52.2 4.0 62.1 62.2 61.8 7.0 79.0 79.0 78.8 
4.0 45.9 46.0 45.5 3.0 53.5 53.5 53.1 6.0 73.3 73.3 73.0 
2.0 39.9 40.0 39.5         3.0 71.7 71.7 71.4 
                2.5 65.2 65.2 64.9 
                2.0 10.8 11.1 8.8 

 

Table 4.12: Total percent error for spherical scans and contouring method. 
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20.0 cc Shape 21.6 cc Shape 16.0 cc Shape 
SBR Man. FBP Auto SBR Man. FBP Auto SBR Man. FBP Auto
21.0 12.1 11.4 12.6 18.0 9.1 8.1 9.8 25.0 20.3 19.8 20.6 
17.0 14.6 14.0 15.0 14.0 12.4 11.7 12.9 22.0 7.5 6.2 8.3 
13.0 8.8 7.7 9.5 11.0 6.0 4.3 7.0 17.0 9.5 8.5 10.2 
12.0 18.1 17.6 18.5 9.0 5.3 3.2 6.4 13.0 10.5 9.6 11.1 
11.0 11.3 10.5 11.9 5.0 11.3 10.5 11.9 10.0 15.8 15.2 16.2 
4.5 15.8 15.2 16.2 4.0 8.5 7.4 9.2 9.5 19.6 19.2 19.9 
4.0 11.5 10.7 12.1 3.5 6.2 4.5 7.2 7.5 21.0 20.6 21.4 
3.5 15.2 14.6 15.7 3.0 13.4 12.7 13.8 6.0 24.0 23.7 24.3 
2.5 7.8 6.5 8.5 2.5 8.8 7.7 9.5 4.0 10.8 10.0 11.4 
2.0 25.6 25.2 25.8                 

23.4 cc Shape 20.5 cc Shape 19.5 cc Shape 
SBR Man. FBP Auto SBR Man. FBP Auto SBR Man. FBP Auto
21.0 11.1 10.3 11.7 16.0 22.8 22.4 23.1 21.0 8.9 7.8 9.6 
17.0 14.6 14.0 15.1 13.0 24.2 23.8 24.5 16.0 12.7 12.0 13.2 
14.0 15.2 14.6 15.7 10.0 22.4 22.0 22.7 13.0 11.6 10.8 12.2 
11.0 11.1 10.3 11.7 8.0 27.8 27.5 28.1 10.0 13.2 12.5 13.7 
10.0 23.7 23.3 23.9 3.5 28.0 27.7 28.3 5.0 11.3 10.5 11.9 
4.0 12.3 11.6 12.8 3.0 39.4 39.2 39.5 4.0 11.9 11.2 12.5 
3.5 26.5 26.1 26.7 2.5 34.8 34.6 35.0 2.5 29.1 28.8 29.3 
2.5 18.8 18.3 19.1 2.0 35.2 34.9 35.4 2.0 8.8 7.7 9.5 
2.0 35.2 34.9 35.4                 

 

Table 4.13: Total percent error for each shape phantom and contouring method. 
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93.0 cc Cube 32.3 cc Cube 3.2 cc Cube 
SBR Man. FBP Auto SBR Man. FBP Auto SBR Man. FBP Auto
18.0 10.2 9.2 9.3 25.0 6.6 4.8 4.9 24.0 39.2 39.0 39.0 
14.0 7.5 6.0 6.1 18.0 16.9 16.3 16.3 16.0 42.1 41.8 41.8 
10.0 6.6 4.9 5.0 13.0 15.9 15.3 15.3 12.0 49.1 48.9 49.0 
8.0 6.7 4.9 5.0 10.0 21.5 21.0 21.0 9.0 39.9 39.7 39.7 
3.0 6.5 4.7 4.8 9.0 11.2 10.2 10.3 8.0 43.7 43.4 43.4 
        8.0 25.1 24.7 24.7 7.0 39.9 39.7 39.7 
        3.3 15.5 14.8 14.9 3.5 38.1 37.8 37.8 
        3.0 22.5 22.1 22.1 2.5 38.7 38.4 38.4 
        2.8 18.7 18.1 18.2         

 

Table 4.14: Total percent error for cube phantom scans and contouring method. 

 

4.4 DISCUSSION  

 

4.4.1 TRANSAXIAL RESOLUTION DISCUSSION 

 

The transaxial resolution is measured according to the NEMA 1994 protocol (29).  

The measured results match published vertical FWHM and horizontal FWHM 

resolutions at 1 cm and 10 cm vertical line source positions within 0.75 mm (67).  

At the 20 cm vertical position the measured vertical resolution FWHM differs from 

the published resolution by approximately 2.0 mm.  This behavior is likely do to 

the experimental set-up in which the line source phantom was centered 

horizontally and vertically at the initial 1 cm vertical set-up position, but was not 

realigned at subsequent vertical positions.  Therefore, vertical line source sag 

resulting from the line source mounting device was not corrected, producing an 

increased difference between the published resolution and our measured 
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resolutions at more radial line source positions.  The effects of mounting plate 

sag on radial positions at 20 cm do not translate to the phantom scans performed 

in this study.  All phantom scans are measured in a 20 cm diameter cylindrical 

phantom that is centered vertically and horizontally in the scanner.  Therefore the 

furthest radial position of a possible for a phantom arrangement is at 10 cm.    

 

Transaxial resolution becomes coarser as the line source insert moves further 

out in the FOV.  This results form the fact that image reconstruction increasingly 

samples at the center of the FOV compared to the perimeter of the FOV.  

Therefore, increased image sampling improves image resolution. 

 

In order to accurately model a clinical PET target, phantom radial thickness 

should be as thin as possible.  The transaxial resolution ranges form 6.5 mm at 

the center of the FOV to 8.8 mm at the edge of the FOV.  The PET phantoms 

imaged in this study were constructed with a wall thickness of approximately 

1.3mm.  Therefore, the wall thickness of the phantoms is negligible compared to 

the transaxial resolution of the PET scanner, allowing for examination of the 

relationship between PET target activity and background. 
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4.4.2 PHANTOM STUDIES DISCUSSION  

 

4.4.2.1 AUTOMATIC CONTOURING DISCUSSION 

 

This study employs PET phantom studies to examine the relationship between 

PET threshold and various parameters.  Generally, the phantom studies contain 

various PET targets with 0.5 µCi/cc – 2.5 µCi/cc of 18F and SBRs of 2.0 – 25.0.  

The experimental design of the phantom scans corresponds to published PET 

phantom experiments that examine PET targets with activities ranging from 0.1 

µCi/cc – 4.0 µCi/cc of 18F and SBRs ranging from 2.0 – 20.0 (6, 23, 24, 35, 36, 

62, 68-70).  

 

The relationship between PET threshold and the phantom targets inversely 

depends upon the target SBR as shown in the threshold – SBR figures above for 

each phantom scan (figures 4.20-4.23).  As the target SBR decreases the 

required threshold increases, and this is a result of the increase in edge blur.  As 

edges become more blurred, the volumes resulting from applying a threshold will 

increase, therefore a higher threshold must be applied to reach the intended 

phantom volume.  The threshold increases the most at SBRs below three, with 

gradual increase for SBRs below ten compared to the higher SBRs.  The 93.0 cc 

cube does not follow this SBR – threshold trend for the automatic contour 

methods (figure 4.22).  This is likely due to the large target volume and possibly 

the matching of the target dimensions to the pixel size.  As target volume 
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increases, the volume becomes composed of more PET pixels, thereby 

producing a less blurry image.  At the edge of an image, the large pixel size (5.5 

mm x 5.5 mm) will partially cover both the phantom target edge and background 

activity (figure 2.6).  This behavior therefore results in decreased measured PET 

activity for that portion of the phantom.  However, this behavior will be less of an 

issue for phantoms with sharp edges (cubes), as opposed to phantoms with a 

curved shape (cylinder and spheres).  The SBR – threshold trend is a result of 

the increased blurring of the target edge due to the increased contribution of PET 

intensity from the background activity.     

 

The measured SBR – threshold trend corresponds to previously published 

studies.  Erdi, et al. shows that thresholds matching known volumes and PET 

volumes increased as the SBR decreased from 7.4 to 2.8 (24).  Daisne, et al. 

observes that the required threshold to match known and PET volumes greatly 

increases as the SBR decreases from 9.0 to 2.0 (25).  However, the measured 

SBR – threshold relationship does not correspond to the study performed by 

Black, et al. which found no effect of SBR on required PET image thresholds 

(35).  The threshold – SBR results of Black are most likely due to the fact that the 

SBR – threshold phantom study only examines large phantom volume (92.9 cc).    

 

Generally as target volume decreases the required threshold also increases.  

There are outliers to this target volume – threshold trend.  The 4.0 cc and 2.0 cc 

spheres require lower thresholds than the 16.0 cc and 8.0 cc spheres (figure 
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4.21).  Also, the 93.0 cc cube insert requires a higher threshold than the smaller 

cube inserts (figure 4.22).  These anomalies are possibly a result of the target 

geometry better matching the pixel spacing.  This increased matching reduces 

spill the contribution of background activity to a pixel value containing phantom 

target activity (spill over) and the partial volume effect.  The relationship between 

threshold and target volume is negligible for the shape phantoms.  This is due to 

the fact that the phantoms have very similar dimensions and the volume changes 

result from their geometries.   

 

The measured target volume – threshold trend corresponds to several published 

PET phantom reports. The separate phantom studies of Ford, Erdi, and Davis 

reveal that as the target volume decreases the required threshold greatly 

increases (23, 24, 36).  However, Black states that target volume does not effect 

the required PET threshold (35).  This finding is likely due to the fact that Black’s 

study does not examine target volumes below 12.0 cc, where as the experiments 

of this study examine multiple target volumes less than 12.0 cc.  

 

There appears to be a general relationship between target threshold and image 

reconstruction method.  At SBRs greater than ten, images reconstructed with 

OSEM consistently require a lower threshold than those reconstructed with FBP 

(tables 4.1-4.4).  This is a result of the ability of OSEM to preserve image 

sharpness compared to that of FBP (71).  At higher SBRs the phantom images 
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are less blurred, and therefore the OSEM reconstruction will yield a more 

accurate image than the FBP reconstruction.   

 

Few previously published reports examine the relationship between target shape 

and PET threshold.  Separate reports by Drever and Montgomery utilize 

irregularly shaped phantoms, yet they do not fully address the relationship 

between target shape and PET threshold by comparing threshold results to other 

shapes (6, 66).  According to the phantom experiments in this study, there is a 

relationship between PET threshold and target shape.  On a large scale, a target 

with fewer sharp edges requires a higher threshold then those with sharp edges.  

This is prevalent in the fact that on average the spherical inserts require a higher 

threshold than the shape and cube inserts of similar geometry.  The cube 

phantoms require the lowest threshold compared to the shape phantoms and the 

spheres of similar size.  This trend is likely due to the increased partial volume 

effect for more round and smooth targets.  On a smaller scale the influence of 

target shape on threshold appears to be negligible.  The shape phantoms are of 

similar geometry and volume.  Therefore differences in their thresholds are likely 

due to target shape.  When reconstructed with OSEM the thresholds of all shape 

phantoms fall within a 5% threshold gap for a given SBR.   
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4.4.2.2  MANUAL CONTOURING DISCUSSION  

 

The relationship between PET threshold and target SBR are similar for targets 

manually contoured compared to those that are automatically contoured.  As the 

SBR decreases the required PET threshold increases (figures 4.24-4.27).  This 

trend exists for all sphere targets, cylindrical targets, geodesic targets, and cube 

targets.  This trend is stronger for the 93 cc cube compared to the automatic 

method (figures 4.22 and 4.26).  The SBR – threshold trend exists for the 21.6 cc 

and 20.5 cc geodesic phantoms when manually contoured, but the trend is not as 

strong compared to the automatic contour method.  This difference is a result of 

the coarse nature of the automatic contours which does not preserve the target 

edge geometry as well as the manual contour method. 

 

Generally, the required threshold increases as target volume decreases.  This 

trend is a result of the relatively poor PET image resolution that results in volume 

blurring.  The shape phantoms do not follow this trend but since those targets 

have similar volumes, target width, target height, and target length the threshold 

differences most likely result from the edges of the geodesic phantoms.  The 

main outliers to the target threshold - volume trend occur for the 4.0 cc sphere 

phantom, 2.0 cc sphere phantom, and the 93.0 cc cube.  These same outliers 

also exist when using the automatic contouring method, yet the disagreement 

with the trend is not as sound for the manually contoured method.  This suggests 

that the manual contouring method is less susceptible to the partial volume effect 
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than the automatic contouring method.  This is a result of the manual contouring 

method utilizing a pixel size (CT) of approximately 1.0 mm x 1.0 mm as 

compared to a pixel size (PET) of approximately 5.0 x 5.0 mm for the automatic 

contouring method. 

 

The required threshold depends upon target shape on a large scale, but not on a 

small scale.  Smooth targets, such as spheres, require a higher threshold than 

targets with sharp edges, such as cubes.  This trend is evident in that comparing 

phantoms of similar dimensions spheres require the highest threshold while 

geodesic phantoms require a threshold lower than the spheres but greater than 

the cubes.  When comparing the thresholds required for the geodesic phantoms 

there is little difference between the six phantoms, with all thresholds generally 

falling within an approximate 5% threshold range of each other.  There is less 

variance between the thresholds required for the six phantoms using the manual 

contour method compared to the automatic contour method.      

 

The manual contour method requires a higher threshold than the automatic 

contour method.  The outliers of this trend occur for small target volume and low 

SBR.  There are also outliers for the 93.0 cc cube, but the differences are less 

than an approximate 3% threshold range.  The manual contour method requires 

a higher threshold to match the PET and known volume because the target 

shape is more highly preserved using the manual method.  The manual method 
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preserves target shape because the resulting image contours are smoother 

compared to the automatic method contours for purposes of this experiment. 

 

The manual contouring method is more attractive than the automatic contouring 

method, in that PET target contours conform better to the true target geometry.  

Outliers from the threshold – SBR and threshold – volume trends are of less 

magnitude than those from the automatic contour method.  Target shape is better 

preserved using the manual method than the automatic method.  Even though 

the manual contouring method requires more steps and time than the automatic 

contouring method, the improved results justify its use. 

 

4.4.3 PARTIAL VOLUME EFFECT DISCUSSION  

 

The partial volume effect study shows that the magnitude of the effect increases 

as target volume decreases (figure 4.29).  As target volume decreases the 

percentage of PET pixels exposed to the target edge increases while the 

percentage of pixels circumscribed by the target volume decreases.  This results 

in increased image blurring and a decrease in measured target concentration, as 

shown in table 4.9.  The increased partial volume effect at smaller target volumes 

explains why the percent error determined for smaller volumes is much larger 

than that for large volumes as shown in tables 4.12 and 4.14. 
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Analysis of the partial volume effect on radiotracer distribution reveals at points 

further away from the phantom center and closer to the phantom wall the 

measured radiotracer decreases.  This is due to the fact that pixels close to the 

phantom edge will contain background activity, the radiotracer-free phantom wall, 

and the injected phantom activity, as shown in figure 2.6.  Also, the measured 

radiotracer activity decreases at the vertices of phantoms due to an increased 

amount of radiotracer-free phantom wall within the pixel.  The lower radiotracer 

uptake at phantom edges and vertices suggest that clinical PET targets will have 

decreased measured activity at areas of fine detail.  This decrease in activity will 

result in loss of the fine detail at normal thresholds used to image the PET target.  

Therefore, the study suggests that a lower PET threshold should be used to 

preserve detailed PET spatial information.  

 

Future phantom experiments should investigate the partial volume effect on 

radiotracer distribution.  The cube phantoms and shape phantoms in this study 

allow for examining the partial volume effect for sharp edges and vertices.  This 

is an improvement upon the standard cylindrical and spherical phantoms.  The 

partial volume effect and reduction of measured radiotracer activity at target 

edges and vertices suggest that even more complex phantoms should be 

examined.  Future phantoms should contain projections of fine detail from a 

central phantom volume.   
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4.4.4  ERROR ANALYSIS DISCUSSION  

 

The first aspect of the percent error analysis examines the effect of averaging 

double data points, as shown in table 4.10.  The largest percent error calculated 

for a given phantom type (sphere, shape, cube) is determined and applied to all 

phantom volumes within that phantom type.  This method results in representing 

the largest error for all image scans.  Also, no repeat scans were performed for 

the cylindrical phantom.  The percent error for the spherical scans is applied to 

the cylindrical scans.  This was chosen due to their circular axial images.  

 

The largest errors in table 4.10 occur for the spherical phantoms.  This is 

expected since the partial volume effects are greatest for the spherical scans.  

Also, the target volumes of the spherical scans are generally smaller than the 

other phantoms.  Therefore, contouring these smaller volumes with the limited 

resolutions of the automatic and manual contouring methods will result in a 

higher error compared to the larger phantom volumes. 

 

The main aspect of the percent errors given in tables 4.11 – 4.14 concerns the 

partial volume effect.  The partial volume effect is calculated as the percent 

difference between the injected radiotracer activity and the average radiotracer 

activity measured from the PET scan by ROI analysis.  These errors are the 

largest contributing factor to the calculated percent errors.  Also, these errors 
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increase as target volume decreases.  This is due to the large PET pixel size (5.5 

mm X 5.5 mm).  This large pixel size will result in a large blurred image for small 

phantom targets, thus overestimating the target volume.  The pixel size of the 

PET system suggests that targets with a diameter less than 1.1 cm will not be 

accurately portrayed on the PET image.  Clinically, this suggest that for small 

target volumes PET should be used to determine disease presence, but not 

target contouring.  For targets with diameters greater than 1.1 cm, target 

contouring can be performed with PET.     
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CHAPTER 5 HETEROGENEOUS PHANTOM EXPERIMENTS 

 

5.1 INTRODUCTION 

 

As stated in Aim 1, previous PET phantom studies have examined uniform 

spherical or cylindrical targets of high activity placed in a background of lower 

activity (24, 25, 28, 35).  This approach is a simplification of tumor anatomy.  

NSCLC nodules in the simplest form have varying tracer activity throughout the 

volume.  A specific problem with NSCLC targets is that the outer dimensions 

often have less activity.  The uptake at the outer dimensions results in soft 

boundaries, and these boundaries are variable depending upon the chosen 

image threshold.  A lower threshold will include much of the soft boundary, 

increasing the tumor volume, while a high threshold will reject much of the soft 

boundary, decreasing tumor volume (32).  Another problem with NSCLC is that 

tumors are often located near the mediastinum.  The mediastinum inherently has 

increased tracer uptake compared to normal lung (32).  This creates a problem 

for delineating tumor from the mediastinum.  A problem often associated with 

H&N cancer is that tracer uptake often occurs near the trachea.  The trachea is 

simply an air pocket that does not contain any PET tracer.   

 

Since the tumor anatomy associated with NSCLC and H&N cancer is much more 

complex than simple spherical nodules, more complex phantom work is needed.  

Specifically new phantom work needs to address the issue of heterogeneity 
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Figure 5.1:  CT images for the heterogeneity phantom.  The let image corresponds to an 
axial slice of the phantom and the right image corresponds to a coronal slice of the image.  
The wall thickness of the phantom is 1.3 mm.  The edge length of the phantom is 
approximately 5 cm.  As pictured above the phantom is composed of nine individual cubes 
that can be injected with various PET radiotracer concentrations. 

within a region of interest.  Certain points of interest are phantoms containing 

areas of no tracer uptake (i.e. air) and phantoms containing multiple areas of 

high activity.  The experiments throughout this chapter were designed to address 

specific aim two. 

 

5.2 MATERIALS AND METHODS 

 

A 3 x 3 injectable cubic heterogeneity phantom was constructed as shown in 

figure 5.1.  The outer dimensions of the phantom are 5.0 cm X 5.0 cm X 1.7 cm.  

The cubes were constructed of 1.3mm thick acrylic and attached to a 5 mm 

acrylic base.  The nine cubes were constructed such that each individual cube 

can be injected with a different radiotracer concentration. The heterogeneity 

phantom was scanned using the same protocol as above.  All phantom scans 

included a CT scan for attenuation correction and a 20 minute 2-D PET scan.  All 

PET scans were reconstructed using the OSEM reconstruction algorithm. 
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Multiple radiotracer distributions were investigated using the heterogeneity 

phantom.  First, all 9 cubes were injected with approximately 3.0 µCi/cc of 18F 

and scanned as shown in figure 5.2.  The scan was performed 3 times with 

varying SBRs (16.5, 5.3, and 3.2).  Then this uniform tracer scan was performed 

again, but with the center cube blank as shown in figure 5.3.  Eight cubes were 

injected with approximately 3.0 µCi/cc of 18F while leaving the center scan blank.  

The scan was then performed three times with varying SBRs (15, 6, and 3.6).   

 

 

 

 

 

Figure 5.3:  Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  A uniform radiotracer distribution is shown in the above images 
with the center cube void of radiotracer.     

Figure 5.2:  Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  A uniform radiotracer distribution is shown in the above images.  
The threshold matching the uniform PET volume to the injected volume was determined by 
manually contouring the PET volume at various thresholds.
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Another radiotracer arrangement examined was a concave distribution of 

radiotracer as shown in figure 5.4.  This was examined by injecting seven of the 

cubes with approximately 2.0 µCi/cc of 18F while two cubes were left blank.  The 

concave scan was performed for SBRs of 20.0 and 4.3.   

 

 

 

Another radiotracer distribution was examined by injecting every other cube with 

either a 2.2 µCi/cc or 1.5 µCi/cc concentration of 18F as shown in figure 5.5.  The 

scan was then performed for SBRs of 22.0, 4.3, and 3.0 as normalized to the 

cube with the peak tracer activity.  This alternating tracer investigation was 

performed a second time by injecting every other cube with either 3.0 µCi/cc of 

18F or 1.5 µCi/cc of 18F while leaving the center cube blank as shown in figure 

5.6.  This investigation was performed for two SBRs of 30.0 and 4.2 normalized 

to the cube with the peak tracer activity.  Another alternating tracer investigation 

was performed by injecting every other cube with either 2.3 µCi/cc of 18F or 1.5 

µCi/cc of 18F while injecting the center cube with an increased activity of 2.9 

Figure 5.4:  Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  A uniform radiotracer distribution is shown in the above images 
with two cubes void of radiotracer.  All seven cubes were injected with the same concentration 
of radiotracer.  The threshold matching the PET volume to the injected volume was 
determined by manually contouring the PET volume at various thresholds. 
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µCi/cc of 18F.  This investigation was performed for a SBR of 29.0 normalized to 

the cube with the peak tracer activity.   

 

 

 

 

 

Another radiotracer arrangement was investigated by injecting the cubes with a 

range of tracer activities that varied from 6.3 µCi/cc of 18F to 1.4 µCi/cc of 18F as 

shown in figure 5.7.  This arrangement was scanned with an SBR of 32.0 

calibrated to the cube with the highest tracer activity.  A second range of tracer 

Figure 5.6: Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  An alternating radiotracer distribution is shown above with the 
center cube void of PET activity.  The threshold matching the PET volume to the injected 
volume was determined by manually contouring the PET volume at various thresholds. 

Figure 5.5: Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  Five cubes were injected with 2.2 µCi/cc of 18F, and four cubes 
were injected with 1.5 µCi/cc of radiotracer.  Thresholds matching the PET volume to the 
injected volume were determined manually. 
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activities was investigated that varied from 6.1 µCi/cc of 18F to 0.9 µCi/cc of 18F 

with the center cubes injected with 17.9 µCi/cc of 18F.  This scan was performed 

at a SBR of 44.8 calibrated to the center cube.   

 

 

 

Finally, random radiotracer arrangements were investigated by injecting the 

cubes with activity that ranged from 3.5 µCi/cc of 18F to 2 µCi/cc of 18F as shown 

in figure 5.8.  The scans were performed for SBRs of 17.5, 13.5, and 5.7.  All 

SBRs were normalized to the cube with the highest radiotracer activity.      

 

 

 

Figure 5.8:  Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom with a random radiotracer distribution. 

Figure 5.7:  Above are axial PET (left), axial CT (center), and coronal PET (right) images of 
the heterogeneity phantom.  A progressively changing radiotracer distribution is shown above.  
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The threshold that matched the heterogeneity target volume to the injected 

volume was determined using the manual contour method from above.  The peak 

activity of the nine cube phantom was determined by placing an ROI over the 

entire phantom volume.  Various percentages of the peak uptake were recorded 

and used to create binary phantom images by setting the upper and lower 

window to a percentage of the peak uptake.  Thresholds were updated and 

contouring continued until either the known volume was reached, or until the 

threshold was set to a level that was above the activity of a single cube.  If the 

threshold was set to an activity above the activity of a single cube, no PET 

volume results from that portion of the phantom, and this was considered a non 

ideal representation of the phantom volume. 

 

Once a threshold was determined to match the PET volume to the known volume 

for phantoms with volumes void of PET activity, the void volume was also 

determined.  The threshold matching the PET volume and the known volume 

was applied to each scan that contained volumes void of PET activity.  These 

void volumes were determined by manually contouring them on the axial PET 

scan.  The lateral borders of the void volume were contoured to the lateral most 

point of the PET volume in each axial slice.  The superior and inferior borders of 

the void volume were contoured to the matching most superior and inferior PET 

volume in each axial slice.   
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In order to quantify the amount of heterogeneity within the phantom the 

coefficient of variation was calculated for the entire phantom volume based upon 

the below equation.   

 

Coefficient of Variation = (STDEV / MEAN)*100% 

 

The coefficient of variation was calculated first by determining the ratio of the 

standard deviation (STDEV) of the heterogeneous phantom activity to the 

average (MEAN) heterogeneous phantom activity.  The ratio was then multiplied 

by 100% and the coefficient of variation is expressed as a percentage.  The 

coefficient of variation increases as the degree of heterogeneity in the phantom 

increases. 

 

5.3 RESULTS 

 

Heterogeneity scans with a uniform tracer activity in all 9 cubes were performed 

for SBRs of 16.5, 5.3, and 3.2.  The coefficient of variation for each of the three 

scans was 29.4%, 25.0%, and 22.2%, respective to the above SBRs.  The 

thresholds determined to match the known volume to the PET volume were 

36.9%, 46.5%, and 48.9%, respective to the above SBRs.  The uniform 

heterogeneity scans were also performed with a blank center cube.  These scans 

were performed at SBRs of 15.0, 6.0, and 3.6.  The coefficient of variation for 

each scan was 50.0%, 50.0%, and 50.0% respective to the above SBRs.  The 



 128

threshold determined to match the known volume to the PET volume was 

determined to be 40.3%, 39.1%, and 40.7% respective to the above SBRs.  The 

void volumes of the uniform distribution were determined to be 6.7 cc, 6.2 cc, and 

7.3 cc for the above thresholds.  These void volumes are approximately double 

the volume for a single cube (3.2 cc). 

 

Concave heterogeneity phantom scans were performed at an SBR of 23.0 and 

4.3.  The coefficients of variations for the two scans were 66.7% and 57.1% 

respective to the above SBRs.  The thresholds determined to match the PET 

concave tracer arrangement to the known volume were 40.4% and 40.7% of the 

peak uptake respective to the above SBRs.  The void volumes of the concave 

phantom were determined to be 12.3 cc and 13.1 cc when the above thresholds 

were applied.  These void volumes are more than double the volume of two 

cubes within the heterogeneity phantom (6.6 cc).     

 

Scans with an alternating tracer activity distribution were performed at SBRs of 

23.0, 4.3, and 3.0.  The coefficients of variation for the three scans were 36.4%, 

37.5%, and 33.3%, respective to the above SBRs.  The thresholds determined to 

match the known phantom volume to the PET volume were 37.4%, 40.7%, and 

43.1%, respective to the above SBRs.  Scans with an alternating tracer activity, 

but with a blank center cube were performed at SBRs of 30.0 and 4.2.  The 

coefficients of variation for the two scans were 60.0% and 50.0%.  The 

thresholds determined to match the known volume to PET volume for the two 



 129

scans were 27.9% and 32.0%.   The void volumes of the alternating distribution 

were determined to be 7.4 cc and 7.0 cc when the above thresholds were 

applied.  These void volumes are more than double the volume of a single 3.3 cc 

cube within the heterogeneity phantom.   A scan with an alternating tracer 

activity, but with increased activity in the center cube was performed at an SBR 

of 29.0.  The coefficient of variation for this scan was 53.7% and the threshold 

determined to match the known volume to the PET volume was 18.5%.   

 

A phantom scan with a progressively decreasing distribution of PET activity was 

performed at an SBR of 31.5.  The coefficient of variation for this scan was 

58.8%, and the threshold determined to match the PET volume to the known 

volume was 18.5%.  A second scan was performed for this arrangement but with 

an increased PET activity in the center cube.  This scan was performed at an 

SBR of 44.8.  The coefficient of variation for this scan was 126.9% and the 

threshold determined to match the PET volume to the known volume was 4%. 

  

Three heterogeneity scans with a random distribution of PET activity were 

performed at SBRs of 17.5, 13.5, and 5.7.  The coefficients of variation for the 

scans were 42.9%, 40.0%, and 25% with respect to the above SBRs.  The 

threshold determined to match the known volume to the PET volume was 33.1%, 

30.2%, and 36% with respect to the above SBRs. 
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All data for each scan was tabulated in table 5.1.  All threshold data points are 

plotted as a function of coefficient of variation in figure 5.9.  The plotted data 

points are then fit with an exponential trend line. 

 
 
 
 

 

Table 5.1:  The SBR, Coefficient of variation (%), and threshold (% of peak 

activity) for every radiotracer distribution of the heterogeneous phantom is given. 

 

 

 

Radiotracer Distribution SBR Coefficient of Variation Threshold
Concave 23.0 66.7 40.5
Concave 4.3 57.1 40.7

Alternating 23.0 36.4 37.4
Alternating 4.3 37.5 40.7
Alternating 3.0 33.3 43.1

Alternating - void 30.0 60.0 27.9
Alternating - void 4.2 50.0 32.0

Alternating - increased 29.0 53.7 18.5
Gradient 31.5 58.8 18.5

Gradient - increased 44.8 126.9 4.0
Uniform 16.5 29.4 36.9
Uniform 5.3 25.0 46.5
Uniform 3.2 22.2 48.9

Uniform - void 15.0 50.0 40.3
Uniform - void 6.0 50.0 39.1
Uniform - void 3.6 50.0 40.7

Random 17.5 42.9 33.1
Random 18.5 40.0 30.2
Random 5.7 25.0 36.0
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Figure 5.9:  Plot of all thresholds matching known heterogeneity phantom volume to PET 
volume as a function of the phantom coefficient of variation.  Generally as the coefficient of 
variation increases, the required threshold decreases.  
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5.4 DISCUSSION  

 

The effect of target heterogeneity on PET threshold is examined with a 3 x 3 

cube phantom.  Thresholds are determined that match a known target volume to 

PET volume for multiple PET tracer distributions examined at various SBRs.  

Target heterogeneity is quantified as the coefficient of variation, and the 

relationship between this variable and PET threshold is examined.  A general 

relationship between the coefficient of variation and PET threshold is shown in 

figure 5.9, suggesting that as PET radiotracer heterogeneity increases the 

threshold to match the PET volume to the known volume decreases. 

 

The heterogeneous phantom with a uniform radiotracer distribution behaves 

similar to the cube phantoms discussed above in section 4.4.  The 

heterogeneous phantom is composed of nine individual cubes that are 

approximately the same volume as the 3.2 cc cube discussed above in section 

4.3.  Also the edge lengths of the heterogeneous phantom correspond to the 

edge length of the 93.0 cc cube discussed above in section 4.4.  The threshold 

required to match the heterogeneous volume to the PET volume increases as the 

SBR decreases.  This behavior corresponds to the threshold – SBR behavior for 

the cubes discussed above in section 4.4, and is a result of the increased edge 

blurring produced by the greater contribution of PET signal from the background 

solution.  The transaxial resolution scan in section 4.3.1 reveals the transaxial 

resolution of the PET scanner is approximately 6.3mm at FWHM and 11.7  mm 
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at FWTM.  At the edge of the phantom, signal from the background activity and 

the PET activity begin to merge, and this in effect increases the FWHM and 

FWTM, causing the phantom edge to blur.  PET pixels positioned along the edge 

of the phantom receive radiotracer contribution from both the background and 

phantom injected activities.  As background activity increases, the activity 

measured within the edge pixels also increases.  Therefore, when a percent 

threshold of the peak phantom activity is applied, the edge pixels will be included.   

 

Thresholds required to match the heterogeneous volume to the PET volume fall 

between those required to match the 93.0 cc cube volume and 3.2 cc cube 

volume to their respective PET volumes.  This behavior is expected as the 

geometry and individual cube volumes match those of the 93.0 cc cube and 3.2 

cc cube.  Therefore the heterogeneity phantom behaves according to linear 

systems theory, meaning the phantom operates as a sum of individual 3.2 cc 

cubes.      

 

Phantom arrangements with volumes void of radiotracer activity require lower 

thresholds than phantoms with uniform distributions of PET radiotracer.  This 

effect is observed when comparing the thresholds required for the concave 

radiotracer distribution and uniform radiotracer distribution with a center void to 

the threshold required for uniform radiotracer distribution.  This behavior 

corresponds to the phantom – threshold behavior discussed in section 4.3.  Here, 

the void volumes result in an increased amount of phantom edges, and as 
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discussed in section 4.4 the required PET threshold decreases as the amount of 

edges in a phantom increases.  The increased amount of phantom edges results 

in an increased partial volume effect from the large PET pixel size.  For pixels 

containing both phantom activity, zero activity from the phantom wall, and zero 

activity from the phantom void the calculated concentration within the pixel will be 

greatly decreased compared to the concentration within the PET phantom.  

Therefore, in order to match the PET volume to the phantom volume a lower 

threshold must be used in order to include the PET contribution from the edge 

pixels.  Clinically, this suggests that when viewing PET volumes that surround 

areas void of PET uptake, such as in the trachea or necrotic tissue, a lower 

threshold should be applied to contour these PET targets. 

 

Uniform phantom arrangements with volumes void of radiotracer are less 

susceptible to the effects of SBRs on PET threshold than are phantom 

arrangements with uniform radiotracer distributions.  This effect is observed 

when comparing the thresholds required for the concave radiotracer distribution 

and uniform radiotracer distribution with a center void to the threshold required 

for uniform radiotracer distribution.  This effect is especially evident for the 

concave phantom in which two of the nine cubes of the heterogeneous phantom 

are void of radiotracer.  This effect is due to the overestimation of the void 

volume by the AW MD.  As thresholds are applied, the void volume is over 

estimated due to the decreased measured PET activity in edge pixels containing 

the void volume, phantom wall, and phantom activity.  This overestimation results 
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in a smaller radiotracer volume being measured for a given threshold. Therefore, 

as the SBR decreases a uniform phantom requires a higher threshold to match 

the known and PET volumes, yet the overestimation of the void volume requires 

that a lower threshold be used, in turn counteracting the threshold – SBR 

relationship. 

 

The phantom arrangement with an alternating radiotracer distribution requires a 

threshold approximately 5% lower than that for the uniform radiotracer 

distribution.  This behavior is not evident for scans that have a high SBR.  As the 

SBR increases the edge blurring decreases.  Also, thresholding the alternating 

radiotracer distribution over estimates the volumes of cubes with increased PET 

activity and underestimates the volumes of cubes with decreased PET activity.  

This behavior mitigates the heterogeneous distribution and explains why the 

alternating radiotracer distribution still exhibits the threshold – SBR behavior 

discussed for cubes in section 4.4. 

 

The phantom arrangement with an alternating radiotracer arrangement and a 

center void requires a lower threshold than that for the alternating radiotracer 

arrangement.  This behavior is likely a result of the center void volume being 

overestimated by the PET system, therefore requiring a lower threshold to match 

the PET and known volumes.  As discussed above, the phantom edge is blurred 

due to increased PET signal from the background activity.  However, at a 

phantom edge with no additional PET signal from the background (areas void of 
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radiotracer) the PET signal behaves more like that of the transaxial resolution 

scan (FWHM 6.3 mm, FWTM 11.7 mm) according to the transaxial resolution 

scan.  Therefore PET activity adjacent to areas of no radiotracer require a lower 

threshold to match PET and known volumes.  The alternating radiotracer 

arrangement with a center void behaves according to the threshold – SBR 

behavior discussed in section 4.4.  This is due to the fact that the overestimation 

of volumes with increased activity counteracts the underestimation of volumes 

with decreased activity.  Yet the behavior of the center void and edge pixels (as 

discussed above) requires a lower threshold to match known phantom volume 

and PET volume.  Therefore, the center void is the main factor resulting in a 

decreased threshold matching the PET volume to the known volume. 

 

The heterogeneous phantom with a random distribution of radiotracer does not 

behave according to previous phantom studies.  The thresholds required to 

match the known volume and PET volume for the random radiotracer distribution 

are lower than those required to match the uniform radiotracer distribution.  Also, 

the thresholds are lower than those required for the 93.0 cc and 3.2 cc cubes 

discussed above in section 4.4.  This behavior is due to the fact that there is not 

an equal volume of increased radiotracer uptake to mitigate the underestimated 

volumes from areas of decreased tracer uptake.  Also, the difference in 

radiotracer activity between the volumes of increased uptake and the volumes of 

decreased uptake is greater than previous phantoms examined.  This increased 

difference results in a higher peak activity used to determine the threshold levels, 
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therefore a lower threshold will result that matches the known volumes to the 

PET volumes.       

 

The coefficient of variation is used to examine the degree of PET radiotracer   

heterogeneity.  The coefficient of variation is chosen as a parameter to measure 

heterogeneity due to its simplicity and the ease of which it can be calculated for a 

PET radiotracer distribution.  Also, the unit-less nature of the variable allows for 

comparison heterogeneity between multiple scans.   

 

The method by which the threshold is determined plays a role in the relationship 

between PET threshold and target heterogeneity.  For this study the peak activity 

was determined as the peak activity in the entire nine cube heterogeneity 

phantom.  This peak activity therefore only originates from a volume that 

represents a small fraction of the entire volume.  If the peak activity greatly differs 

from the activity distribution of the PET target the required threshold to match the 

PET volume to the known injected volume will obviously be much smaller than a 

threshold required for a uniform distribution of PET radiotracer. 

 

Thresholds matching the PET volume to the known volume for the 

heterogeneous phantom provide volume matches, but not necessarily geometric 

matches.  This behavior results from the relationship between PET volumes for 

increased radiotracer concentration versus volumes for decreased radiotracer 

concentration.  As the activity in a single cube within the heterogeneity phantom 
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increases the resulting volume is greater than the volume form a cube with less 

activity injected.  Therefore the overall target volume may match the known 

volume for a given threshold, while underestimating and over estimating the 

volumes of the heterogeneity phantom’s individual components.  This effect 

becomes more of an issue with increased difference between volumes of 

increased activity and volumes of decreased activity.  Clinically, this suggests 

that contouring increasingly heterogeneous PET volumes using the threshold 

method may result in PET volumes that do not accurately portray the PET target 

geometry.  It is noted that the geometry of clinical PET volumes are often smaller 

than the heterogeneous phantom, and that the radiotracer distribution within 

these clinical volumes is less heterogeneous than the extremely varying phantom 

distributions.   

 

The measured void volumes are approximately twice the volumes of the cubes 

void of radiotracer.  One reason for the increase in void volume is that the acrylic 

phantom also contributes to the void volume in the PET heterogeneity scans, by 

increasing the void edge length by 2.6 mm.  This increased edge length 

corresponds to a void volume of approximately 5.5 cc for a single cube.  This 

approximate volume is still lower than the measured void volumes from the 

heterogeneity scans.  Another possible reason for the increase in measured void 

volume is the effects of the small void volume on attenuation.  Clinically, the 

overestimation of a void volume is most significant for H&N tumor contouring for 
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tumor occurring near the trachea.  This volume behavior could have effects on 

applicable planning target volumes and isodose lines.   

 

Future phantom experiments should further investigate more clinically relevant 

heterogeneity distributions that better approximate the clinical behavior of PET 

volumes.  One area to improve upon is to construct phantoms with a thinner wall 

thickness.  Such a phantom would be difficult to construct manually, but phantom 

construction with 3D printing is an endeavor worth investigating.  Also, future 

heterogeneity phantoms should be composed of volumes that are smaller than 

the PET pixel size.  This would require constructing a phantom with lengths less 

than 5 mm and depths less than 3.7 mm.  Such a phantom would serve as a 

better approximation of tumor PET distribution.  Also, future heterogeneity 

experiments should investigate other target delineation methods besides the 

threshold method.  This area of interest is most important for PET radiotracer 

distributions that are highly heterogeneous.   
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CHAPTER 6 MODEL FORMATION AND APPLICATION 

 

6.1 INTRODUCTION 

 

In its infancy, viewing PET images for radiation oncology clinical purposes 

operated with few guidelines.  Initially visual interpretation was used to examine 

PET images (26, 30, 34).  Then an SUV of 2.5 was used as the determining 

factor for image analysis (39).  Phantom studies were used to determine what 

threshold SUV should be used (24, 28).  Ciernick et al. found that a threshold of 

50% was appropriate for PET image analysis (28).  Erdi et al. found that a PET 

threshold between 36% and 44% was appropriate for image analysis (24).  One 

method by which PET scans are currently viewed uses a flat threshold ranging 

from 40% - 50%.  Also, clinical treatment planning systems often come with 

image viewing presets, which do not reveal what PET threshold is used.   

 

Recent studies have examined the use of an adaptive PET thresholding 

algorithm for image analysis (25, 32, 35).  Daisne et al. performed phantom 

experiments with spherical targets examining the relationship between image 

threshold, signal to background ratio, and reconstruction algorithm (25).   It was 

shown that the signal to background ratio does in fact affect the optimum image 

threshold, resulting in an ideal threshold range of 48% - 54% (25).  Black et al. 

performed phantom experiments with spherical targets to examine the 

relationship between threshold SUV, source to background ratio, and target size 
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(34).  They found that a threshold range of 35% - 50% is ideal for PET image 

analysis.  Nestle et al. performed spherical phantom experiments examining the 

relationship between threshold SUV and adjacent areas of increased PET activity 

(34).  Nestle et al. found that a thresholding algorithm taking background into 

effect as ideal for PET image analysis, and their study concluded that 

background should be defined as adjacent areas of increased uptake (32).  

 

Currently no variable thresholding methods exist for PET that assess target 

geometry and SBR.  Thresholding methods need to adapt to the anatomy of the 

region of interest.  This includes using variable threshold methods for areas of 

various target sizes, and various target shapes.  In this work, the relationship 

between target shape and volume is examined graphically.  The experiments in 

this chapter serve to address specific aim three. 

 

6.2 MATERIALS AND METHODS 

 

6.2.1 MODEL FORMATION 

 

The model was formed using the manual contour data, since the resulting 

contours were more conformal to the PET target than the automatic contours as 

shown in figure 6.1.  Due to the better overlap of the contour volume and the PET 

volume it is also believed that using the manual contour data to form the model is 

more clinically significant. 



 142

 

 

 

Once all data points matching PET threshold and target volume are attained a 

threshold model was formed.  All data points match a determined threshold to a 

target volume and SBR.  These data points are then connected forming a surface 

that yields an experimental relationship between threshold, volume, and SBR.  

This surface was formed using MatLab. 

 

Threshold surfaces are formed for the sphere data, geodesic data, and cube 

data.  The threshold data determined from the manual contouring process are 

entered as a single matrix.  The SBR and target volumes matching the threshold 

experimentally determined data are also entered as individual matrices.  These 

data are then plotted forming a three dimensional graph.  The X axis is target 

volume, the Y axis is SBR, and the X axis is the experimental threshold data.  

These data points are then fitted using the MatLab surf command.  Surf is a 

function that connects data points to their four nearest neighbors.  This process 

Figure 6.1:  The same three axial slices are shown for a spherical phantom target.  The 
yellow contour corresponds to the contour resulting from the manual contour method.  The red 
contour results from using the automatic contouring method.  The right image compares the 
manual and automatic contours.  The automatic contour is less smooth than the manual 
contour, and covers less of the target volume. 
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results in a rectangular grid fitting all the data.  Depending on the amount of data 

present, the surf command may yield a coarse image that needs to be smoothed.  

The image is smoothed using the MatLab function griddata.  Griddata specifies a 

rectangular grid for X and Y and then plots the Z data according to the grid.  

Sampling X and Y at finer resolutions for the griddata produces a smoother 

image surface.  The coloring for the surface was interpolated using a bilinear 

method.  The bilinear method linearly interpolates the edge color of a rectangular 

grid across the grid edges.  A tabulated representation of the model surface is 

shown in Appendix B. 

 

6.2.2 MODEL APPLICATION 

 

The PET threshold model was retrospectively applied to a single NSCLC patient.  

The patient PET scan was reconstructed using the same scanning procedure as 

the phantom experiments discussed in section 4.2.2.  The volume to be applied 

to the model surface was determined from the CT-GTV of the initial patient 

treatment plan.  The SBR for the patient PET scan was determined by placing as 

large an ROI as possible over the contoured CT-GTV, and then transferring this 

ROI to the contralateral lung.  The peak PET uptake value for the tumor was 

measured in µCi/cc and the average uptake value of the ROI in the contralateral 

lung was measured in µCi/cc.  Once the tumor volume and the SBR were 

determined, two threshold levels were determined using the threshold surface 

based upon the spherical phantom data and the geodesic phantom data. 
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The PET GTV was retrospectively contoured by two residents in Radiation 

Oncology (observer 1 and observer 2).  Contouring was first performed based 

upon each observer’s preferred method, and the resulting PET GTV was 

recorded.  Next contouring was performed with the upper window of the PET 

image set to the peak tumor uptake (µCi/cc), and the lower window set to a 

percentage of the peak uptake determined from the spherical phantom threshold 

model surface.  Finally, a third PET GTV was contoured with the upper window of 

the PET image set to the measured peak tumor activity (µCi/cc), and the lower 

window set to a percentage of the peak uptake determined from the geodesic 

phantom threshold model surface.     

 

6.3 RESULTS 

 

6.3.1 MODEL FORMATION RESULTS 

 

The sphere model surface has X, Y, and Z axes of volume, SBR, and threshold.  

The volumes correspond to the target volumes of the six sphere inserts.  The X 

and Y axes were gridded using the MatLab function griddata.  The X axis ranged 

from 0.5 cc to 16.0 cc and the data was sampled at 0.1 increments.  The Y axis 

was grid from 2.0 to 18.0 and the data was also sampled at 0.1 increments.  The 

sphere model surface is shown below in figure 6.2 and figure 6.3. 
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Figure 6.2:  Depiction of how the model surface is formed for the spherical data.  The top 
left figure plots the individual data points matching threshold, sbr, and target volume as 
determined from the manual contouring method.  The top right image is a surface plot 
connecting the data points.  The bottom image results from performing a bilinear interpolation 
on the surface plot.  The final model surface is shown in figure 6.3.  
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The shape model surface has X, Y, and Z axes of volume, SBR, and threshold.  

The volumes correspond to the volumes of the six geodesic phantom inserts.  

The X and Y axes were gridded using the MatLab function griddata.  The X axis 

ranged from 16.0 cc to 19.5 cc and the data was sampled at 0.1 increments.  The 

Y axis grid was from 2.0 to 25.0 and the data was also sampled at 0.1 

increments.  The shape model surface is shown below in figure 6.4. 

 

Figure 6.3:  Image of the model surface for the spherical phantom data.  The surface was 
formed in the manner depicted in figure 6.2. 



 147

Figure 6.4:  Image of the model surface for the geodesic phantom data.  The surface was 
formed in the same manner depicted in figure 6.2. 

 

 

 

The cube model surface has X, Y, and Z axes of volume, SBR, and threshold.  

The volumes correspond to the volumes of the 3 cube phantom inserts.  The X 

and Y axis were gridded using the MatLab function griddata.  The X axis grid 

ranged from 3.2 cc to 93 cc.  The Y axis grid ranged from 2.5 to 25.  The cube 

model surface is shown below in figure 6.5. 
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Figure 6.5:  Image of the model surface for the cube phantom data.  The surface was 
formed in the same manner depicted in figure 6.2. 

 

 
 
 
6.3.2 MODEL APPLICATION RESULTS 

 

The NSCLC CT-GTV based upon the initial radiation treatment plan is 16.2 cc.  

The peak uptake of radiotracer within the PET tumor is 1.7 µCi/cc and the 

average uptake within the contralateral lung is 0.1 µCi/cc, resulting in an SBR of 

17.0.  Examining the spherical threshold surface data reveals that at an SBR of 

17.0 and a tumor volume of 16.0 cc, the correlating threshold (rounded to the 

nearest whole number) is 43.0% of the peak tumor activity.  The shape surface 
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data reveals that at an SBR of 17.0 and a tumor volume of 16.0 cc, the 

correlating threshold is 37.0% of the peak tumor activity. 

 

Initial PET GTV contouring is based upon the observer’s preferences.  Observer 

1’s initial contours used the default window setting of the PET system.  For this 

patient the default setting has an upper window of 1.5 µCi/cc and a lower window 

setting of 0.0 µCi/cc.  The resulting PET GTV for observer 1 preferences is 4.0 

cc.  Contouring with a 43.0% threshold of the peak tumor activity (given by the 

spherical threshold model surface) observer 1 produces a PET GTV of 1.3 cc.  

When user one uses the 37.0% threshold of the peak tumor activity (based upon 

the shape threshold model surface) the resulting PET GTV is 1.4 cc.  Observer 2 

preferred to view the PET images at various window settings while contouring.  

While contouring the PET GTV, observer 2 varies the upper window from 0.9 – 

1.5 µCi/cc, while keeping the lower window set to 0.0 µCi/cc.  The resulting PET 

GTV for observer 2 is 6.4 cc.  Contouring with the model thresholds of 43.0% and 

37.0% of the peak tumor activity respectively yield PET GTVs of 2.9 cc and 3.6 

cc.  The resulting PET GTVs for each user’s contouring is shown in table 6.1.  

The resulting GTV contours are shown in figure 6.6. 
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  GTV 1 GTV 2 GTV 3
User 1 4.0 1.3 1.4 
User 2 6.4 2.9 3.6 

 

Table 6.1: Resulting PET GTVs (cc) when using the user’s contouring 

preferences (GTV 1), window settings based upon the spherical threshold model 

(GTV 2), and window settings based upon the shape threshold model (GTV 3).  

 

 

 

Figure 6.6:  The same axial slice for a CT and PET scan of a NSCLC patient are shown.  
The top two images contain the GTV contours performed by user 1.  The contours are based 
upon the observer’s preferences (red), the 43% threshold (yellow), and the 37% threshold 
(green).  The bottom two images contain the GTV contours performed by observer 2.  The 
contours are based on the user’s preferences (blue), the 43% threshold (orange), and the 
37% threshold (purple). 
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6.4 DISCUSSION 

 

6.4.1 MODEL FORMATION DISCUSSION 

 

The relationship between target volume, SBR, and threshold is modeled as a 

surface.  The spherical, cube, and shape data are the basis for the three model 

surfaces.  Clinically the spherical surface and shape surface are most relevant.  

The sphere surface is relevant because a wide range of target sizes are 

investigated.  The shape surface is relevant due to the investigation of different 

target geometries, and also because the target volumes are applicable to the 

clinic.  Due to these behaviors, both models should be employed when 

examining a clinical case.  Employing both models can be applied by using the 

average threshold of the two methods. 

 

The model surfaces are based upon phantom data attained from manually 

contouring PET images reconstructed with OSEM.  The OSEM reconstruction 

method is implemented in the model method because OSEM reconstruction is 

the reconstruction algorithm of choice in the clinic, due to its increased ability to 

preserve fine spatial information.  A future study should examine the results of 

creating the model using FBP compared to the model using OSEM.  Also, future 

studies should examine optimizing the OSEM algorithm for PET image 

contouring.   
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In order to smooth the model surface double threshold data points are averaged.  

Double data points arise when thresholds are determined for the same phantom 

and SBR.  Often these thresholds only differ by an absolute threshold less than 

3.0, but a maximal absolute difference of 11.2 and 12.2 exists for the spherical 

phantoms at low target volume and low SBR.  Creating the model with a 

threshold taken as the average of multiple data points serves to smooth the 

model surface, but also results in a blurring of the measured data.  For a majority 

of the points this blurring is minimal, yet for some sphere phantom scans at low 

volume and low SBR this blurring is significant.  This error is the same error 

investigated in section 4.3.3 along with the partial volume effect of the phantom 

data.  Therefore, the same error estimations from section 4.3.3 can be applied to 

the model surfaces.  

 

The sphere model surface is recommended for clinical application because the 

data covers an acceptable range of target sizes.  An advantage of the spherical 

model surface is that its data covers a large range of targets (0.5 cc to 16.0 cc) 

with many data points recorded for the various phantom volumes.  A 

disadvantage of the spherical data is that the target shapes are not exactly 

clinically relevant.  Clinical targets are not perfectly spherical, yet a spherical 

approximation is acceptable.  The geodesic model surface reveals the effects of 

micro changes in target shape, yet the volumes examined only range from 16 cc 

to 23.4 cc, thereby not examining many clinically relevant target sizes.  The cube 

model surface covers a large range of target volume (3.2 cc to 93 cc) yet the 
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surface is not composed of many data points across this range (data is only 

collected for the 93.0 cc, 32.3 cc, and 3.2 cc targets) and the target shape is not 

necessarily clinically relevant.  When clinically implementing the sphere threshold 

surface, the shape trends of threshold (shown in figure 4.26) should be 

remembered.  This would allow for a user to determine the appropriate threshold 

from the spherical threshold surface and then interpolate the threshold to match 

the shape curve in figure 4.26 by reducing the shape threshold up to 7.0%.  Such 

an interpolation is needed since the shape phantoms more accurately model 

clinical target volumes, which are rounded but not perfectly spherical, as 

opposed to perfectly spherical volumes.    

 

Future spherical phantom studies should include larger phantom targets.  

Possible future sphere phantoms should have include volumes of 32.0 cc, 64.0  

cc, and 93.0 cc.  Future shape phantom studies should address the same six 

shapes addressed in this study, but at volumes ranging from at least 5.0 cc to 

90.0 cc.  Future cube phantom studies should address more cube volumes such 

as 8.0 cc, 16.0 cc, and 64.0 cc.  Including more phantom volumes will allow for 

further examination of the effect of shape and volume on PET threshold.     

 

Implementing the model clinically requires measuring the PET target SBR.  In the 

phantom studies the peak activity of the PET target was determined by placing 

an ROI over the PET target and measuring the peak activity.  The ROI was 

approximately twice as large as the PET target.  Clinically the peak activity of the 
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PET target will be determined by placing an ROI over the target and measuring 

the peak activity.  The clinical ROI should be large enough to cover the entire 

PET volume visible at a 40% threshold (this is the default setting on the planning 

station) while minimizing the amount of background included in the ROI.  In the 

phantom studies the background was determined as PET activity that does not 

represent the target volume, but surrounds the target.  Clinically this is 

determined by examining an ROI of background activity that is contralateral to 

the PET target and measuring the average PET activity within this ROI.  The 

background ROI will be placed as contralateral to the target ROI as possible 

within the central axial slice of the target.  Also, the background ROI should be 

larger than the target ROI.  For NSCLC and H&N cancer this will be an area of 

healthy tissue (lung, muscle, etc) that is contralateral to the PET target.  This 

procedure assumes that all increased PET activity for a target ROI results from 

the cancerous target, and that if no cancerous legion was present the PET 

acitivity in the target ROI would match the PET activity in the contralateral ROI.  

A larger background ROI is desired because such a measurement reveals a 

better representation of healthy tissue PET activity.  Placing a larger background 

ROI may prove to be difficult depending upon PET target location.  If this is the 

case a smaller ROI can be placed within the same axial slice of the tumor target, 

or the ROI can be placed in a slice superior or inferior to the PET target.  The 

issues with choosing ROI size and placement are common for all ROI analysis, 

yet the resulting data (peak target activity and average background activity) are 
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crucial to examining PET threshold.  Therefore, the current ROI methods are 

acceptable. 

 

Implementing the model requires measuring the target volume based upon the 

clinical CT scans.  Determining the CT volume of the PET target is easily 

performed by axially contouring the CT target at the planning station and 

measuring the resulting target volume.  However, using the target CT volume as 

the model volume presents several issues.  The CT volume and PET target 

volume do not have to match each other for several reasons.  First, a full body 

CT scanned is performed in a minute (at most) compared to a full body PET scan 

which requires 30 – 45 minutes.  Therefore the CT target volume is 

representative of the target volume during a small time window, whereas the PET 

volume can be viewed as an average image of the target volume over a long 

period of time.  One method to counteract this issue is to perform a 4D CT to 

determine the CT volume over a larger time window.  Further studies are 

required to examine the volume relationship between 4D CT and PET scans.  

Another reason why the CT and PET volumes do not match is that biologically 

the PET volume does not have to correspond to the anatomical volume due to 

several factors such as atelectasis, hypoxia, and necrosis.  In order to counteract 

this issue a wide range clinical study examining pathological tumor volume, PET 

volume, and CT volume is required.  Although using the CT volume as the input 

volume for the model has its limitations, this method is in use for a previously 

published study by Ford et al. (23).   
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Once the target SBR and CT volume are determined the PET threshold is 

determined from the model surface and applied to the PET volume.  The 

determined PET threshold is set as the lower window and the peak tumor activity 

is set as the upper window.  The model method requires a great deal of user 

interaction, which presents an opportunity for user variation.  The peak activity of 

the PET target is measured as opposed to the average activity to reduce the 

effect of the user defines ROI size on the model performance.  Also, the average 

background activity is determined from an ROI as opposed to the peak 

background activity to reduce the effect of user variance in placing the ROI.  User 

variation in manually contouring the PET volume exists based upon user 

contouring habits.   

 

One possible method to reduce user variation is to set both the upper and lower 

window to the percent threshold of peak tumor uptake determined from the 

model surfaces.  Such a method would produce a binary image.  The binary 

image clearly reveals what volume should be contoured, thereby reducing the 

amount of user variance in determining where to define the target edge.  

Depending upon the location of the PET target it is still possible for the binary 

PET target to overlap with non cancerous PET activity (such as the mediastinum 

or the liver).  Such a scenario will require the surface model user to determine 

where to draw the border between the PET target and the non-cancerous PET 

activity.  Determining this border will be variable between users, but employing 
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the model and using a binary image should serve to reduce the variance that 

would result form using user defined image settings.   

 

One method to further reduce user variability in contouring PET images is to 

employ a computer generated automatic contouring method.  Several studies 

examine various computer algorithms to automatically determine PET contours 

(66, 36, 72).  Automatic computer contouring can greatly decrease user variance 

and produce a clinical target volume quicker than the proposed model surface 

method.  However, decreasing the input from a radiation oncologist and 

simplifying radiation therapy target contouring to a computer process should be 

approached cautiously.  For instance, the automatic PET contouring method 

available on the GE AW MD console quickly produces consistent PET target 

volumes, but upon inspection these volumes poorly conform to smooth PET 

targets.  Also, MacManus states that automatic contouring methods will have 

difficulties discerning between increased PET tumor activity and increased PET 

activity of non-cancerous tissues such as the heart, inflammation, and the liver 

(73).  Ultimately, the goal of an automatic contouring algorithm is to produce 

clinically acceptable PET contours while decreasing user variability.  According to 

MacManus, achieving these goals is also possible by establishing a well outlined 

and firm contouring protocol that all contouring physicians must follow (73).   

 

A drawback of the threshold model surfaces is that they are not based upon 

various PET image settings.  The threshold surfaces are formed using PET 
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images with a 5.5 mm X 5.5 mm pixel size and a 70.0 cm FOV.  Clinical images 

are often performed at various settings, such as using a 60.0  cm FOV and pixel 

size of 4.7 mm X 4.7 mm.  Also, the OSEM reconstruction method used to form 

the threshold surfaces can be varied by altering the number of subsets, 

iterations, and filter sizes.  Changes in these PET images settings will change the 

determined threshold surfaces.  These changes result from the altered gaussian 

blurring and pixel size.  For example, a comparison of one set of phantom data 

reconstructed with a 70.0 cm FOV and 60.0 cm FOV produced thresholds that 

differed by an average of 5.3% (range 0.2% - 26.1%, 4.9% standard deviation).  

These percent differences resulted in an average threshold difference of 2.2 

(range 0.1 – 10.5, 2.0 standard deviation).  In order to apply the determined 

threshold surfaces to various PET reconstruction settings or different PET 

scanners the differences in resulting thresholds must be corrected.  The most 

detailed correction would be to perform the phantom experiments for all possible 

reconstruction settings and for each individual PET scanner.  A major drawback 

of this correction procedure is that reproducing the PET phantom experiments for 

various reconstruction settings is time consuming.  An alternative correction 

method is to utilize Monte Carlo computer simulations to determine the 

differences between the phantom threshold scans using different reconstruction 

methods and PET scanners.      
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6.4.2 APPLICATION DISCUSSION  

 

Applying the spherical and geodesic model surfaces yielded a 37.0% and 43.0% 

threshold respectively.  These values were both applied to the clinical case.  An 

alternate method to applying both threshold values is to apply the average 

threshold of the two values.  Future work should examine the degree to which 

applying the two thresholds changes target volume. 

 

Choosing the PET upper and lower window setting based upon the threshold 

surfaces reduces the resulting PET GTV.  Setting the upper and lower window to 

the determined values based upon the spherical threshold model surface and 

geodesic threshold model surface reduced the resulting GTVs for observer one 

to 32.5% and 35.0% of the PET GTV contoured with the user’s preferences.  

Employing the model surfaces reduced the PET GTVs contoured by observer 

two to 45.3% and 56.3% of the initial PET GTV contoured with the user’s 

preferences.  Therefore, employing the threshold model surfaces will alter the 

PET GTV.  Contour volumes based upon threshold model surfaces are smaller 

than contours based upon observer preference because both user one and user 

two set the lower window to 0.0 µCi/cc and the upper window to values that were 

below the peak tumor activity.  These settings result in an increased amount of 

bright pixels and edge blur.    
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The decrease in PET GTV using the threshold model surfaces would have no 

impact on the treatment planning of the patient.  The resulting PET volumes 

existed within the internal target volume (ITV) and would therefore not change 

the PTV.  It is worth noting that future application of the model threshold surfaces 

could increase the PET GTV, thereby increasing the ITV and PTV. 

 

Issues exist with the general practice of contouring PET images.  User variability 

exists as to where to draw the border on a PET target.  Preference ranges from 

contouring only the highest intensity values based upon the interpolated PET 

image colormap to contouring the edge by delineating between background 

activity and increased tracer uptake corresponding to tumor volume.  This 

variance represents a major component of user variation.   

 

Another issue with PET contouring is that variation exists in what image settings 

to use.  Often the PET upper and lower windows are not changed when 

contouring the PET GTV using the GE AW.  The default setting on the GE AW 

uses a lower window set to 0.0 µCi/cc and an upper window set to 40% of the 

peak tracer uptake.  A major issue with the default setting is that the upper 

window is determined based upon the peak tracer uptake within the entire scan 

volume.  This often correlates to the peak tracer uptake within disease free 

organs of increased tracer uptake due to an inherent increase in metabolism 

(brain) or digestion (bladder, kidneys).  Many previous studies state that when 
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contouring PET targets, the upper window should be set to the peak tracer 

activity within the PET target volume (23-25, 27). 

 

In order for the PET threshold model surfaces to be most effectively employed, 

user variation in PET contouring must be reduced.  The most crucial method to 

reduce user variance is to implement a standard PET contouring regimen that 

addresses what upper and lower PET window settings to use and where to draw 

the PET border.  Such a regimen would still allow for the valuable user 

interpretation while insuring a standard image viewing and examination 

procedure.   

 

In the future, the model thresholds can be used to determine appropriate window 

settings for PET targets.  Currently, choosing a threshold that is an average of 

the spherical data and geodesic data is suggested.  These phantoms are the 

most accurate representation of tumor geometry.  A future, thorough examination 

of various shape phantoms could result in threshold models that replace the 

spherical model.  Also, future work should examine that possibility of automating 

the contouring method based upon the threshold model data.  This would allow 

for suggested PET contours to be produced and reviewed by an expert for 

acceptance or alteration. 
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CHAPTER 7: CONCLUSIONS 

 

7.1: CLINICAL EXPERIMENTS CONCLUSIONS 

 

These experiments show that various thresholds are needed to match PET target 

volume to known volume.  The phantom experiment shows that a single 

threshold is not reasonable to match CT and PET volumes.  Various published 

thresholding methods are examined, and their results produce differing PET 

volumes, warranting further investigation of the relationship between PET 

threshold and target volume.  Examination of the SBRs of clinical scans reveals 

that phantom experiments should investigate an SBR range from at least 4.0 – 

15.0.   

 

7.2: SHAPE PHANTOM EXPERIMENTS CONCLUSIONS 

 

This experiment investigates the relationship between target SBR, volume, and 

PET threshold.  Generally, as the SBR decreases the required threshold 

increases.  Thresholds for targets less than 2.0 cc require higher thresholds than 

those above 2.0 cc.  This experiment is one of the few studies to examine non 

spherical and non cylindrical PET volumes.  The thresholds found to match PET 

volumes to known volumes for the novel phantoms differs from those found for 

the spherical phantoms.  Therefore, further analysis of different shaped 
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phantoms is warranted to improve the understanding of how to image PET 

targets using the threshold method. 

 

PET phantom images were reconstructed with a FBP and OSEM algorithm.  The 

thresholds for the phantom scans differ depending upon the reconstruction 

algorithm used.  At higher SBRs, PET images reconstructed with OSEM require 

lower thresholds than those reconstructed with FBP.  This behavior suggest that 

the reconstruction algorithm can affects what PET threshold should be used.  

Further analysis of the relationship between PET reconstruction algorithm and 

image threshold is warranted. 

 

7.3: HETEROGENEOUS PHANTOM EXPERIMENTS CONCLUSIONS 

 

A phantom capable of examining a distribution of PET activities has been 

created.  Previous phantom studies do not address the effect of target 

heterogeneity on PET threshold.  Our studies reveal that a more heterogeneous 

target requires a lower threshold.  Also, when examining phantom PET targets 

with areas void of radiotracer, the void areas were overestimated for thresholds 

that matched the PET volume to the known volume.  These findings suggest 

thresholding heterogeneous PET targets is more complex than thresholding 

relatively uniform PET targets.  Future heterogeneity phantom studies should 

address smaller PET target volumes and various shapes.   
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7.4: MODEL FORMATION AND APPLICATION CONCLUSIONS 

 

Model surfaces were created that yield PET thresholds based upon target 

volume and SBR for spherical targets, geodesic targets, and cubic targets.  The 

models are applied clinically by determining the PET target SBR and the target 

volume based upon the CT GTV, and then a threshold is revealed based upon 

these values.  The spherical model threshold surface and geodesic model 

threshold surface were applied to a clinical case.  PET GTVs contoured based 

upon the model thresholds were smaller than those based upon the original 

radiation treatment plan, suggesting that the model thresholds will produce 

clinically different PET target volumes than current methods.  A clinical study of 

contouring PET volumes with the model threshold reveals that observer variation 

is a significant factor when applying the model thresholds.  Implementation of a 

universal PET target contouring protocol is desirable.  In the future, if such a 

protocol is created, the threshold models can be incorporated into the protocol. 

 

 

 

 

 

 

 

 



 165

REFERENCES 

 

1.  Khan FM.  The Physics of Radiation Therapy 3rd edition.  Philadelphia: 
Lippincott Williams and Wilikins, 2003. 
 
2.  Turkington TG.  Introduction to PET Instrumentation.  Journal of Nuclear 
Medicine 2001; 29: 1-8. 
 
3.  Moadel RM, et al.  Positron emission tomography agent 2-deoxy-2-[18F]fluoro-
D-glucose has a therapeutic potential in breast cancer.  Breast Cancer Research 
2003; 5: R199-R205. 
 
4.  Rohren EM, et al.  Clinical applications of PET in oncology.  Radiology 2004; 
231: 305-332. 
 
5.  http://en.wikipedia.org/wiki/Positron_emission_tomography 
 
6.  Drever L, et al.  Iterative threshold segmentation for PET target volume 
delineation.  Medical Physics 2007; 34: 1253-1265. 
 
7.  Kim HW, et al.  Rapid synthesis of [18F]FDG without an evaporation step using 
an ionic liquid.  Applied Radiation and Isotopes 2004; 61: 1241-1246. 
 
8.  Som P, et al.  A fluorinated glucose analog, 2-fluoro-2-deoxy-D-glucose (F-
18): Nontoxic tracer for rapid tumor detection.  Journal of Nuclear Medicine 1980; 
21: 670-675. 
 
9.  Fowler JS, and Ido T.  Initial and subsequent approach for the synthesis of 
18FDG.  Seminars in Nuclear Medicine 2002; 32: 6-12. 
 
10.  http://web.centre.edu/muzyka/che17/biomolecules.htm 
 
11.  Gallagher BM, et al.  Metabolic trapping as a principle of 
radiopharmaceutical design: Some factors responsible for the biodistribution of 
[18F] 2-Deoxy-2-Fluoro-D-Glucose.  Journal of Nuclear Medicine 1978; 19: 1154-
1161. 
 
12.  www.med.unibs.it/~marchesi/glycolys.html 
 
13.  www.wikipedia.org/wiki/sugarphosphates 
 
14.  www.steve.gb.com/science/core-metabolism.html 
 



 166

15.  Webber G.  Enzymology of cancer cells.  New England Journal of Medicine 
1977; 296: 541-551. 
 
16. Coleman RE.  FDG imaging.  Nuclear Medicine and Biology 2000; 27: 689-
690. 
 
17.  Keyes JW.  SUV:  Standard uptake or silly useless value?  Journal of 
Nuclear Medicine 1995; 36: 1836-1839. 
 
18.  Beaulieu S, et al.  SUV varies with time after injection in 18F-FDG PET of 
breast cancer:  characterization and method to adjust for time differences.  
Journal of Nuclear Medicine 2003; 44: 1044-1050. 
 
19.  Thie JA.  Understanding the standardized uptake value, its methods, and 
implications for usage.  Journal of Nuclear Medicine 2004; 45: 1431-1434. 
 
20.  Schomberg A, et al.  Standardized uptake values of fluorine-18 
fluorodeoxyglucose: the value of different normalization procedures.  European 
Journal of Nuclear Medicine 1996; 23:  571-574. 
 
21.  Hamberg LM, et al.  The dose uptake ratio as an index of glucose 
metabolism: useful parameter or oversimplification?  Journal of Nuclear Medicine 
1994; 35: 1308-1312. 
 
22.  Hoekstra CJ, et al.  Monitoring response to therapy in cancer using [18F]-2-
deoxy-D-glucose and positron emission tomography: an overview of different 
analytical methods.  European Journal of Nuclear Medicine 2000; 27: 731-743. 
 
23. Ford EC, et al.  Tumor delineation using PET in H&N cancers:  Threshold 
contouring and lesion volumes.  Medical Physics 2006; 33(11): 4280- 4288. 
 
24.   Erdi YE, et al.  Segmentation of lung lesion volume by adaptive positron 
emission tomography image thresholding.  Cancer 1997; 80: 2505-2509. 
 
25.  Daisne JF, et al.  Tri-dimensional automatic segmentation of PET volumes 
based on measured source-to-background ratios: Influence of reconstruction 
algorithms.  Radiotherapy and Oncology 2003; 69: 247-250. 
 
26.  Bradley JD, et al.  Impact of FDG-PET on radiation therapy volume 
delineation in non-small cell lung cancer.  International Journal of Radiation 
Oncology Biology Physics 2004; 59: 78-86. 
 
27.  Erdi YE, et al.  Radiotherapy treatment planning for patients with non-small 
cell lung cancer using positron emission tomography (PET).  Radiotherapy and 
Oncology. 2002; 62: 51-60. 
 



 167

28.  Ciernik IF, et al.  Radiation treatment planning with an integrated positron 
emission and computed tomography (PET/CT): A feasibility study.  International 
Journal of Radiation Oncology Biology Physics 2003; 57: 853-863. 
 
29.  National Electronics Manufacturers Association.  NEMA NU-2 standards 
publication NU-2-1994: performance measurements of positron emission 
tomography.  Washington C: National Electrical Manufacturers Association, 
1994. 
 
30.  Mah K, et al.  The impact of (18)FDG-PET on target and critical organs in 
CT-based treatment planning of patients with poorly defined non-small cell lung 
carcinoma: A prospective study.  International Journal of Radiation Oncology 
Biology Physics 2002; 52: 339-350. 
 
31.  Biehl KJ, et al.  18F-FDG PET definition of gross tumor volume for 
radiotherapy of non-small cell lung cancer: is a single standardized uptake value 
threshold approach appropriate?  Journal of Nuclear Medicine 2006; 47: 1808-
1812. 
 
32.  Nestle U, et al.  Comparison of different methods for delineation of 18F-FDG 
PET-positive tissue for target volume definition in radiotherapy of patients with 
non-small cell lung cancer.  Journal of Nuclear Medicine 2005; 46: 1342-1348. 
 
33. Boellaard R, et al.  Effects of noise, image resolution, and ROI definition on 
the accuracy of standard uptake values: A simulation study.  Journal of Nuclear 
Medicine 2004; 45: 1519-1527. 
 
34.  Scarfone C, et al.  Prospective feasibility trial of radiotherapy target definition 
for head and neck cancer using 3-dimensional, PET and CT imaging.  Journal of 
Nuclear Medicine 2004; 45: 543-552. 
 
35.  Black QC, et al.  Defining a radiotherapy target with positron emission 
tomography.  International Journal of Radiation Oncology Biology Physics 2004; 
60: 1272-1282. 
 
36.  Davis JB, et al.  Assessment of 18F PET signals for automatic target volume 
definition in radiotherapy treatment planning.  Radiotherapy and Oncology 2006; 
80: 43-50. 
 
37.  www.biodex.com/radio/phantoms_755.htm 
 
38.  www.biodex.com/radio/phantoms_765.htm 
 
39.  Patz EF, et al.  Focal pulmonary abnormalities: evaluation with F-18 
fluorodeoxyglucose PET scanning.  Radiology 1993; 188: 487-490. 
 



 168

40.  American Cancer Society.  Cancer Facts and Figures 2006, Atlanta:  
American Cancer Society; 2006. 
 
41.  Kelly RF, et al.  Accuracy and cost-effectiveness of [18F]-2-fluoro-deoxy-D-
glucose-Positron emission tomography scan in potentially resectable non-small 
cell lung cancer.  Chest 2004; 125: 1413-1423. 
 
42.  http://www.emedicine.com/med/topic1333.htm 
 
43.  Bradley JD, et al.  Implementing biologic target volumes in radiation 
treatment planning for non-small cell lung cancer.  Journal of Nuclear Medicine 
2004; 45: 96S-101S. 
 
44.  Rosenzweig KE, et al.  New radiotherapy technologies.  Seminars in 
Surgical Oncology 2003; 21: 190-195. 
 
45.  Verhagen AT, et al.  FDG-PET in staging lung cancer: how does it change 
the algorithm?  Lung Cancer 2004; 44: 175-181. 
 
46.  Giraud P, et al.  CT and 18F-Deoxyglucose (FDG) image fusion for 
optimization on conformal radiotherapy in lung cancers. International Journal of 
Radiation Oncology Biology Physics 2001; 49: 1249-1257. 
 
47.  Kremp S, et al.  Comparison of CT and CT-PET fusion based 3D treatment 
plans in the percutaneous radiotherapy of lung cancer.  Radiotherapy and 
Oncology 2004; 73: S447-S448. 
 
48.  Nestle U, et al.  18F-deoxyglucose positron emission tomography (FDG-
PET) for the planning of radiotherapy in lung cancer: high impact in patients with 
atelectasis.  International Journal of Radiation Oncology Biology Physics 1999; 
44: 593-597. 
 
49.  Kiffer J, et al.  The contribution of 18F-fluoro-deoxyglucose positron emission 
tomography imaging to radiotherapy planning in lung cancer.  Lung Cancer 1998; 
19: 167-177. 
 
50.  Vanuystel L, et al.  The impact of 18F-fluoro-2-deoxy-D-glucose positron 
emission tomography (FDG-PET) lymph node stating on the radiation treatment 
volumes in patients with non-small cell lung cancer.  Radiotherapy and Oncology 
2000; 55: 317-324. 
 
51.  Munley MT, et al.  Multimodality nuclear medicine imaging in three-
dimensional radiation treatment planning for lung cancer: Challenges and 
prospects.  Lung Cancer 1999; 23: 105-114. 
 



 169

52.  Schwartz DL, et al.  FDG-PET/CT imaging for preradiotherapy staging of 
head-and-neck squamous cell carcinoma.  International Journal of Radiation 
Oncology Biology Physics 2005; 61: 129-136. 
 
53.  www.oncologychannel.com/headneck/types.shtml 
 
54.  Forastiere A, et al.  Medical progress: H&N cancer.  New England Journal of 
Medicine, 2001; 345: 1890-1900. 
 
55.  Nishioka T, et al.  Image fusion between 18FDG-PET and MRI/CT for 
radiotherapy planning of oropharyngeal and nasopharyngeal carcinomas.  
International Journal of Radiation Oncology Biology Physics 2002; 53: 1051-
1057. 
 
56.  Schwartz DL, et al.  FDG-PET/CT-guided intensity modulated H&N 
radiotherapy: A pilot investigation.  Head and Neck 2005; 27: 478-487 
 
57.  Hunt MA, et al.  Treatment planning and delivery of intensity modulated 
radiation therapy for primary nasopharynx cancer.  International Journal of 
Radiation Oncology Biology Physics 2001; 49: 623-632. 
 
58.  Boyer AL, et al.  Modulated beam conformal therapy for H&N tumors.  
International Journal of Radiation Oncology Biology Physics 1997; 39: 227-236. 
 
59.  Chao KS, et al.  Patterns of failure in patients receiving definitive and 
postoperative IMRT for H&N cancer.  International Journal of Radiation Oncology 
Biology Physics 2003; 55: 312-321. 
 
60.  www.oncologychannel.com/headneck/staging.shtml 
 
61.  Chapman JD, et al.  Molecular (functional) imaging for radiotherapy 
applications: an rtog symposium.  International Journal of Radiation Oncology 
Biology Physics 2003; 55: 294-301. 
 
62.  Daisne JF, et al.  Tumor volume in pharyngeal squamous cell carcinoma: 
comparison at CT, MR imaging, and FDG PET and validation with surgical 
specimen.  Radiology 2004; 233: 93-100. 
 
63. Hudson HM and Larkin RS.  Accelerated image reconstruction using ordered 
subsets of projection data.  IEEE transactions on medical imaging 1994; 20: 100-
108. 
  
64.  Geets X, et al.  Role of 11-C-methionine positron emission tomography for 
the delineation of the tumor in pharyngo-laryngeal squamous cell carcinoma: 
comparison with FDG-PET and CT.  Radiotherapy and Oncology 2004; 71: 267-
273. 



 170

 
65.  Grills I, et al.  Potential for reduced toxicity and dose escalation in the 
treatment of inoperable non-small-cell lung cancer: a comparison of intensity-
modulated radiation therapy (IMRT), 3D conformal radiation, and elective nodal 
irradiation.  International Journal of Radiation Oncology Biology Physics 2003; 
57: 875-890. 
 
66.  Montgomery DWG, er al.  Fully automated segmentation of oncological PET 
volumes using a combined multiscale and statistical model.  Medical Physics 
2007; 34: 722-736. 
 
67.  Bettinardi V, et al.  Performance evaluation of the new whole-body PET/CT 
scanner: Discovery ST.  European Journal of Nuclear Medicine and Molecular 
Imaging 2004; 31: 867-881. 
 
68.  Jentzen W, et al.  Segmentation of PET volumes by iterative image 
thresholding.  Journal of Nuclear Medicine 2007; 48: 108-114. 
 
69.  Drever L, et al.  Comparison of three image segmentation techniques for 
target volume delineation in positron emission tomography.  Journal of Applied 
Clinical Medical Physics 2207; 8: 93-109. 
 
70.  Drever L, et al.  A local contrast based approach to threshold segmentation 
fro PET target volume delineation.  Medical Physics 2006; 33: 1583-1594. 
 
71.  Phelps M.  PET: Molecular Imaging and Its Biological Applications.  1st 
Edition.  New York: Springer-Verlag; 2004. 
 
72.  van Baardwijk A, et al.  PET-CT-based auto-contouring in non-small-cell lung 
cancer correlates with pathology and reduces interobserver variability in the 
delineation of the primary tumor and involved nodal volumes.  International 
Journal of Radiation Oncology Biology Physics 2007; 68: 771-778. 
 
73.  MacManus MP, et al.  Where do we draw the line?  Contouring tumors on 
positron emission tomography/computed tomography.  International Journal of 
Radiation Oncology Biology Physics 2008; 71: 2-4. 
 
 
 
 
 
 
 
 
 
 



 171

 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX A 
 
 

    Activity (µCi/cc)     

Target 
Vol 
(cc) 

Peak-
measured  

BG-
measured

Peak-
injected  

BG-
injected 

S/B-
measured 

S/B-
injected 

1.0 287.2 2.4 0.2 2.0 0.2 12.0 13.3 
1.0 287.2 1.8 0.2 1.5 0.2 9.0 7.1 
1.0 287.2 1.4 0.3 1.1 0.3 4.7 4.3 
1.0 278.5 2.4 0.1 2.1 0.1 24.0 14.9 
1.0 278.5 1.7 0.2 1.4 0.2 8.5 6.5 
1.0 278.5 2.1 0.7 1.8 0.6 3.0 3.0 
2.0 287.2 1.4 0.2 1.4 0.2 7.0 9.2 
2.0 287.2 1.0 0.2 1.0 0.2 5.0 5.0 
2.0 287.2 0.8 0.3 0.8 0.3 2.7 3.0 
2.0 278.5 1.9 0.1 1.6 0.1 19.0 11.3 
2.0 278.5 1.3 0.2 1.1 0.2 6.5 4.9 
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APPENDIX B 
 

     VOLUME     
   2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 
 2.0 70.0               
 3.0 60.7 54.6 56.7 58.8 58.2 57.6 57.0 56.9 
 4.0 51.5 46.2 48.3 50.3 50.2 50.1 50.1 50.0 
 5.0 42.4 43.3 46.1 49.0 48.5 47.9 47.4 46.8 
 6.0 40.8 41.8 45.0 48.4 48.0 47.6 47.2 47.0 
 7.0 46.5 41.9 44.4 47.8 47.4 47.0 46.6 46.8 
 8.0 47.3 42.0 43.8 47.2 46.8 46.4 46.3 46.5 
SBR 9.0 45.2 42.1 43.2 46.6 46.2 45.8 46.0 46.3 

 10.0 45.3 42.2 43.1 46.0 45.6 45.5 45.8 46.1 
 11.0 45.4 42.2 43.1 45.4 45.0 45.3 45.5 45.8 
 12.0 43.3 42.3 43.2 44.8 44.7 45.0 45.3 45.6 
 13.0 42.5 42.4 43.3 44.2 44.5 44.8 45.1 45.3 
 14.0 41.4 38.4 41.3 44.1 44.4 44.6 44.9 45.1 
 15.0 40.0 38.5 41.4 43.4 43.8 44.1 44.3 44.6 
 16.0 38.7 38.6 41.1 42.7 43.1 43.5 43.8 44.0 
 17.0   38.8 40.4 42.0 42.4 42.8 43.2 43.5 
 18.0       41.4 41.7 42.1 42.5 42.9 
 19.0                 
 20.0                 
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