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Traditional methods of evaluating a computed radiography (CR) imaging system’s 

performance.  The noise power spectrum (NPS), the modulation transfer function 

(MTF), the detective quantum efficiency (DQE) and contrast-detail analysis) were 

adapted in order to evaluate the feasibility of identifying a quantitative metric to evaluate 

image quality for digital radiographic images. The addition of simulated patient scattering 

media when acquiring the images to calculate these parameters altered their fundamental 

meaning. To avoid confusion with other research they were renamed the clinical noise 

power spectrum (NPSC), the clinical modulation transfer function (MTFC), the clinical 

detective quantum efficiency (DQEC) and the clinical contrast detail score (CDSC). These 

metrics were then compared to the subjective evaluation of radiographic images of an 

anthropomorphic phantom representing a 1-year-old pediatric patient. 



 

xv 

Computer algorithms were developed to implement the traditional mathematical 

procedures for calculating the system performance parameters. In order to easily compare 

these three metrics, the integral up to the system Nyquist frequency was used as the final 

image quality metric. These metrics are identified as the INPSC, the IMTFC and the 

IDQEC respectively. A computer algorithm was also developed, based on the results of 

the observer study, to determine the threshold contrast to noise ratio (CNRT) for objects 

of different sizes. This algorithm was then used to determine the CDSC by scoring images 

without the use of observers. 

The four image quality metrics identified in this study were evaluated to determine 

if they could distinguish between small changes in image acquisition parameters (e.g., 

current-time product and peak-tube potential). All of the metrics were able to distinguish 

these small changes in at least one of the image acquisition parameters, but the ability to 

digitally manipulate the raw image data made the identification of a broad indicator of 

image quality not possible. The contrast-detail observer study revealed important 

information about how the noise content in an image affects the low-contrast detectability 

of different sized objects. Since the CNRT for each object size in the contrast-detail 

phantoms was almost independent of the exposure level, the minimum CNRT that would 

be necessary for an object of that size to be "visible" in a clinical image was identified. 

Finally, in order to determine more refined CNRT values (due to possible observer biases 

from the physical construction of the contrast-detail phantoms available for this study) 

the design of new contrast detail phantoms is proposed. 
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CHAPTER 1 
INTRODUCTION 

Image quality is one of the most important aspects of diagnostic radiology. The 

concept of image quality has been undergoing a transformation with the widespread use 

of digital-projection radiography. Imaging modalities, such as computed radiography 

(CR), are beginning to replace standard screen-film imaging systems. While many 

aspects of the imaging system remain unchanged, the processing of the image receptor 

and the viewing environment for the resulting radiographic images are significantly 

different. The radiologist is no longer limited to the single set of data represented by the 

light transmitted through a piece of film. They now have the ability to digitally 

manipulate the image data set and have access to the full dynamic range of information 

contained in that data set. 

Traditionally, radiographic image quality is evaluated in two separate ways, 

quantitatively or qualitatively. Quantitative methods, such as the calculation of the noise 

power spectrum (NPS) or the modulation transfer function (MTF), are tests of the 

imaging system performance. They convey the ability of the system to transfer the 

anatomical or physiological information of the patient to a radiographic image, 

henceforth referred to simply as an image. These two quantities can be combined to 

produce the detective quantum efficiency (DQE), which is the currently accepted 

standard for imaging system performance. The images used to calculate these metrics are 

acquired under conditions that allow the evaluation of the imaging chain without the 

interference of additional scattering media (e.g., a patient, exam table, or grid) between 
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the x-ray source and the image receptor. Semi-qualitative methods, such as contrast-detail 

analysis, are tests of an imaging system’s performance as perceived by human observers. 

These observers subjectively evaluate, or score, images of contrast-detail phantoms. This 

identifies the perceived contrast-detectability in images produced by the imaging system. 

The results of this type of study can be used to establish threshold contrast-to-noise ratios 

(CNRT) based on the size of the objects in the phantom to determine the total number of 

visible objects. This type of study will provide a quantitative parameter based on a semi-

qualitative evaluation that does not have to be repeated. Therefore, it would be ideal to 

develop a method of applying these evaluations of imaging system performance to a 

perception of clinical image quality. System performance evaluations could be performed 

with images acquired under more realistic clinical conditions (e.g., with the use of 

additional scattering media between the x-ray source and the image receptor). These 

quantitative parameters, in conjunction with qualitative evaluations of simulated clinical 

images of a pediatric patient, could be used to infer the quality of an image that would be 

produced by the imaging system with those same acquisition parameters (e.g., peak-tube 

potential and current-time product). 

The radiation dose a patient receives in order to produce an image is also a concern 

and is especially important for pediatric patients. Pediatric patients may be at the greatest 

risk of potential adverse radiation effects for the following reasons: their growing tissues 

are more susceptible to radiation effects than mature adult tissues; their skeleton, an 

organ of high radiation sensitivity, encompasses a greater fractional distribution of active 

bone marrow; their greater post-exposure lifetime increases the possibility for any 

radiation-induced effects to manifest; children may be uncooperative and are frequently 
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subject to a greater number of exposures than adult patients; and pediatric patients 

generally have a larger fraction of their anatomy located within the x-ray field compared 

to adults having similar exams and projections.1 

Despite the precise testing of imaging system performance, the true test of the 

quality of an image is whether or not the radiologist can extract the needed diagnostic 

information from an image in order to make the correct diagnosis. Therefore, it is 

necessary to identify the patient radiation dose that is necessary to produce an image of 

minimum acceptable quality that still has the necessary diagnostic information. The most 

effective way to do this would be to image patients with a known condition at 

continuingly decreasing exposure levels until the diagnosis is no longer possible. This is 

not a viable option for several reasons. Acquiring multiple images of the same patient 

would dramatically increase the radiation dose, which is precisely what a study of this 

type is trying to limit. In addition, any adverse effects that might occur from the radiation 

exposure would be magnified for pediatric patients. An alternative to this method is to 

use an anthropomorphic phantom in place of real patients. The disadvantages in this 

approach are that the phantom only approximates the anatomy of a human and in most 

cases there will be no disease present. The radiologist will then have to make a subjective 

evaluation of the “quality” of the image. Despite these limitations, the image acquisition 

parameters necessary to acquire an image of minimum acceptable quality could be 

determined. 

Once the acquisition parameters required to obtain an image of minimum 

acceptable quality are determined from an anthropomorphic phantom study, quantitative 

metrics can be calculated from images obtained with the same acquisition parameters. In 
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order to ensure that the images used to calculate these metrics are more representative of 

a clinical image, additional scattering media will be placed between the x-ray source and 

the image receptor to simulate the presence of a pediatric patient. The quantitative value 

of these metrics can then be directly linked to the image acquisition parameters required 

to produce an image of minimum acceptable quality determined from the 

anthropomorphic phantom study. In the future, this will allow the performance of a 

simple quantitative test instead of a lengthy observer study to determine the acquisition 

parameters necessary to create an image of minimum acceptable quality for a specific 

type of exam. 

The main objective of this research is to evaluate the feasibility of developing a 

quantitative metric that can be used to set image acquisition parameters for CR exams 

without the use of complicated observer studies. A metric of this type will allow images 

to be produced with the minimal dose to the patient that ensures the image is of sufficient 

quality for a radiologist’s evaluation. This work will investigate the use of three 

traditional quantitative methods and one semi-qualitative method of evaluating 

radiological-imaging system performance as a direct measure of clinical image quality: 

the calculation of the system NPS, MTF and the DQE, as well as the evaluation and 

scoring of contrast-detail phantoms. Other researchers have applied these measures of 

system performance as a direct measure of image quality.2-9 These methods will be 

applied specifically to pediatric CR imaging. Since the images used in this research to 

calculate these performance parameters are not acquired under the same conditions as in 

imaging system evaluation (with the inclusion of additional scattering media), they are 

not strictly representative of their definition. The traditional mathematical procedures are 
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followed in the calculation of the following image quality metrics evaluated in this 

research: the clinical noise power spectrum (NPSC), the clinical modulation transfer 

function (MTFC) and the clinical detective quantum efficiency (DQEC). The introduction 

of additional scattering media does not change the technical aspects of contrast-detail 

analysis and the image quality metric derived from this analysis is the clinical contrast-

detail score (CDSC). 

The objectives of this research are listed below. They will show if these new 

metrics can be used as measures of clinical image quality, using images acquired under 

non-traditional conditions, with an inherently digital imaging system. 

A. To determine if the traditional methods of calculating the NPS, MTF and DQE can 
be applied to images acquired in a non-traditional manner at diagnostic exposure 
levels. 

 
B. To quantify the variation of the NPSC and MTFC with current-time product and 

peak-tube potential. Since the MTFC is not expected to vary strongly with current-
time product for a set peak-tube potential, it must be determined if the same is true 
for a set current-time product and a varying peak-tube potential. If this is the case, it 
may not be necessary to calculate the DQEC as a metric. 

 
C. To quantify the effect of any computer processing of the raw data before the image 

is viewed on the evaluations of the NPSC, MTFC and the CDSC. 
 
D. To quantify the effect of grayscale inversion on the evaluation of the CDSC. Two 

different contrast detail phantoms will be used in this work and each produces 
contrast in a different way. One has attenuating objects (creating light objects on a 
dark background) and the other radio-opaque objects or holes (creating dark objects 
on a light background). 

 
E. To determine if the calculation of the NPSC and the MTFC with the original image 

data is directly applicable, as a measure of image quality, to an image displayed on 
the radiologist’s monitor that has been manipulated (e.g., the dynamic use of 
window and level controls). Since the radiologist now has the ability to manipulate 
an image during the viewing process, the data set that the radiologist sees has 
changed (the data set available for diagnosis is now the brightness of each pixel on 
the monitor). Since the image can be continuously changed, the information 
available to calculate quantitative image quality metrics is not the same information 
that a viewer is seeing. 
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F. To quantify the effect of this dynamic image manipulation on the determination of 

the CDSC through observer studies. 
 
G. To correlate the newly developed image quality metrics with a qualitative 

evaluation of anthropomorphic phantom images and identify the radiation dose 
associated with the exam parameters used to obtain those images. 

 
The remainder of this dissertation provides a detailed description of the equipment 

utilized, approach and methods used, tools developed, results and conclusions reached in 

the search for a quantitative metric applicable to clinical image quality. Chapter 2 

contains background information and defines critical terminology so that a reader new to 

this area can fully understand the remaining chapters. Chapter 3 contains a review of the 

current literature that describes the calculation of the previously mentioned system 

performance parameters, their applications as measures of image quality and the various 

methods used in conducting a contrast-detail study. Chapter 4 provides a detailed 

description of the equipment, both hardware and computer software, used in this 

research. Chapter 5 contains the experimental methodologies utilized to answer the 

questions at the heart of the objectives of this research. Chapter 6 provides the results and 

discussion of the experiments that were carried. Chapter 7 summarizes the findings of 

this research and provides a description of the applicability of the image quality metrics, 

as well as their implications to the research objectives, and then discusses future proposed 

work related to this research.  

In addition to the main text, four appendices have been included that give a detailed 

description of the computer codes and program input files that were utilized. The text of 

those codes and input files are provided, as well as a plain language description of the 

construction and functionality of those files. It is this description that should assist the 
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reader in implementing the methodology developed through this work. Also included in 

the appendices is a description of the benchmarking of the MATLAB codes that ensures 

their proper functioning. 
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CHAPTER 2 
BACKGROUND INFORMATION 

This chapter first gives an overview of CR adapted from Bushberg10 and from 

Siegel and Kolonder11. There are many sources detailing the calculation of system 

performance parameters and applying them as measures of image quality. These sources 

have been compiled and a coherent description of the methods used to calculate an 

imaging system’s NPS, MTF and DQE is presented. There are many different 

methodologies covered under the broad topic of contrast-detail analysis. A summary of 

the different aspects of this type of analysis is described. Finally, the calculation of 

effective dose is presented. 

Computed Radiography 

The use of a photostimulable phosphor (PSP) as an image receptor was introduced 

in the 1970s but did not come into wide spread use until the turn of the century.10 The 

term CR did not come into use until 1981 when Fuji introduced the PSP imaging plate 

and named the technique FCR.3 The first commercial CR, the Model 101, was introduced 

by Fuji into clinical practice in Japan in 1983.11 

A typical CR imaging plate, or PSP, is made from a combination of BaFBr and 

BaFI, doped with a small amount of europium (Eu). A PSP acts in a similar manner to the 

phosphors used in screen-film radiography (e.g., Gd2O2S). The difference in the 

functioning is the process of photostimulable luminescence. The intensifying screens 

used in screen-film radiography emit visible light promptly upon exposure to x rays. A 

PSP, while also promptly emitting a small amount of visible light upon exposure to x 
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rays, traps the majority of the absorbed x-ray energy. The PSP can then be stimulated 

with a laser and the trapped x-ray energy is released. The details of this process are 

graphically represented in Figure 2-1. 

When x-ray energy is absorbed in a CR imaging plate, the electrons of the Eu 

atoms (Eu+2) are excited to the conduction band and Eu+3 is produced. These excited 

electrons migrate and are trapped by fluorine atoms (F+), which then become non-ionized 

F. These are referred to as “F-centers.” These trapped electrons form the latent image in 

the imaging plate. When the exposed imaging plate is scanned by a red laser, the 

electrons trapped in the F-centers are excited back to the conduction band where they 

become mobile again. They then can de-excite back into the electron hole of the Eu+3 by 

releasing blue-green visible light (see Figure 2-2). This light is collected by a fiberoptic 

light guide, which directs the light to a photomultiplier tube where an electronic signal is 

generated. This electronic signal is digitized and stored, creating an inherently digital 

image. When the imaging plate is first read, not all of the stored energy is released. In 

order to reuse the plate, it must be erased by exposure to a high intensity light source.10,11 

There are many advantages to acquiring an image this way. First of all, there is no 

longer a need for a film processor and there are no longer chemicals to worry about. This 

reduces the workload on a number of fronts from mechanical maintenance to waste 

disposal (e.g., silver recovery). There is no longer the need for a dark room which will 

free up valuable space in what seems to be ever shrinking budgets and facilities. All of 

this equates to an overall cost savings for the radiology department. A CR imaging plate 

also has a much wider latitude, or dynamic range, than a screen-film system. This means 

that a CR plate can produce a usable image over a much wider range of exposures than a 
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screen-film system. This can dramatically reduce the amount of retakes. This increased 

latitude can also lead to problems because the abilities to overexpose and underexpose a 

CR plate and still get a good image are both possible. This could lead to an unnecessary 

increase in patient dose, a phenomenon called dose creep. While a problem in the early 

days of CR, this problem has been addressed by the CR manufacturers. All major 

manufacturers of CR systems provide an exposure indicator that allows the technologist 

to monitor the exposure level to the plate. Nevertheless, by far the most important 

advantage is the ability to digitally manipulate the image, which will aid the radiologist in 

the interpretation of the image. 

Picture Archiving and Communications System 

A picture archiving and communications system (PACS) is an integrated system of 

interfaces, computer networks, computer hardware and computer software for the storage 

and transfer of images. Imaging systems need to be physically linked to the PACS. In the 

case of CR, this is accomplished through the image plate reader. Once the plate is 

scanned and the image digitized, it is sent over the local area network to a computer 

quality assurance (QA) station. At the QA station the technologist can view the image, 

with specialized viewing software, and ensure that it is acceptable for a radiologist’s 

evaluation. The image is sent to the QA station in a standard format known as Digital 

Imaging and Communications in Medicine (DICOM). This format was sponsored by the 

American College of Radiology and the National Electrical Manufacturers’ Association. 

The purpose of this standard image format was to overcome the difficulties of integrating 

imaging system components from different manufacturers. 

Images are sent from the QA stations over a wide area network for storage and 

archiving. There are usually two levels of storage, a short term archive that allows quick 
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access to the images and a long term archive for the permanent storage of the images. 

Database programs are used to manage the large number of images that need to be stored. 

The images can then be accessed through the network by the physicians and viewed on a 

local PC with specialized viewing software.10 

Mathematical Transforms 

In order to calculate the NPSC and the MTFC, some specialized mathematical 

operations are required. The first is the Fourier transform. This transform converts the 

information contained in an image into its frequency components. The second is the 

Radon transform. This transform, used primarily in the reconstruction of computed 

tomography images, can be used to detect lines in an image. Below is a mathematical, as 

well as a conceptual description, of both of these mathematical operations. 

Fourier Transform 

The two dimensional Fourier transform of a function f(x,y) is mathematically 

represented by 

∫ ∫
∞

∞−

∞

∞−
+−= dydxxfvyuxivuI )()](2exp[),( π   (2-1). 

The Fourier transform can be conceptually described as a mathematical procedure 

that identifies the magnitude and phase of sinusoidal variations in the intensity of the 

pixel values as a function of spatial frequency. Spatial frequency is analogous to the 

general term of frequency as applied to a time varying signal and has units of inverse 

distance. The Fourier transform is best described by example. Figure 2-3 depicts an 

image of a sinusoidal pattern (a) and the modulus of the Fourier transform of that image 

(b). Note the three bright dots, or peaks, in the center of Figure 2-3-b. The center peak is 

the zero frequency value, or DC component, and represents the average brightness across 
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the whole image. The other two peaks represent the sinusoid in the image. The magnitude 

of those peaks is the difference in brightness between the dark and light areas. The 

placement of them is the spatial frequency associated with the sinusoid (the inverse of the 

distance between the peaks). The orientation of the sinusoid in the image correlates with 

the orientation of the peaks in the Fourier transform relative to the zero frequency value. 

This is shown in Figure 2-3-c and 2-3-d. In this case a tilted sinusoidal pattern creates a 

tilted pair of peaks in the Fourier transform. There are two peaks representing a single 

sinusoid because the Fourier transform produces a mirror image of itself creating 

redundant information referred to as the negative frequency values. It is important to note 

that the Fourier transform just does not identify a single sinusoidal variation, but 

simultaneously breaks down the spatial function into a sum of sinusoids that exactly 

represents the information contained in the image. Only sinusoids up to a certain 

maximum frequency (the Nyquist frequency) can be represented by the Fourier transform 

of a digital image. The Nyquist frequency is related to the size of the pixels in the image 

as 

sizepixel
frequencyNyquist

⋅
=

2
1    (2-2). 

Since the Fourier transform contains all of the information in the original image, the 

inverse Fourier transform can be applied and the original image can be recovered.12 

Radon Transform 

The Radon transform is an integral transform that converts a function f(x,y) into a 

set of projections p(r,θ). Mathematically it can be represented as 

∫ ∫
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where δ is the Dirac delta function. This process is graphically represented in Figure 2-4. 

Each projection p, rotated at an angle θ, is a collection of all of the line integrals 

perpendicular to the projection at all distances r from the origin. The complete Radon 

transform is a collection of the projections for all angles. 

Noise Power Spectrum 

The NPS shows the ability of an imaging system to process noise as a function of 

spatial frequency. The term power spectrum is somewhat of a misnomer in this context. It 

is a carryover from electrical engineering. If x(t) is the voltage across (or current through) 

a one-ohm resistor, the expectation value of the squared modulus of x(t) is the average 

power dissipated. Since the NPS is simply the squared modulus of the Fourier transform 

of an image function, the term power spectrum is used.13,14 

The NPS can be thought of as the variance associated with a particular frequency 

component of an image.4 For a flat-field image, the NPS is the variance associated with a 

particular frequency component of the noise in that image. In most cases, noise may be 

represented, or approximated, as a stationary Gaussian random process with zero-mean. 

Therefore, all of the relevant statistical properties will be contained in the power 

spectrum. Unfortunately, exact determination of a power spectrum would require a 

perfectly measured, indefinitely long piece of a random function, and would require 

indefinitely detailed computations.13 We are therefore reduced to approximating the NPS. 

The power spectrum of a stationary random process can be directly estimated 

through the periodogram, which is given by 

2
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for a continuous function I(x) of length N.13,15 With CR, we are dealing with a discrete 

function I(x) that is represented by the pixel values. The NPS estimation then becomes 
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where the term ∆x, the pixel size, inside the squared modulus symbol arises from the 

definition of the discrete Fourier transform (DFT).16 The 1/N term is due to Parseval’s 

theorem that states for discrete functions, the relationship between power as computed in 

the spatial domain and as computed in the frequency domain is given by 
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where H(n) is the Fourier transform of h(k).16 Equation 2-5 can then be simplified to read 

2)]([)( xIDFT
N
xfNPS ∆

=     (2-7). 

This can be easily expanded to two dimensions as follows, 

2)],([),( yxIDFT
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=    (2-8) 

where  represents an ensemble average over many NPS calculations from small 

regions of interest (ROIs) in the same image. 

In order to use Equation 2-8 to calculate the NPS, the data need to be prepared in 

order to obtain the most accurate estimate of the NPS. Due to the nature of this 

application of the NPS, only one image is available to calculate each NPS. Therefore, a 

tradeoff must be made between the number of NPS calculations that are averaged and the 

size of the ROI for each calculation. Utilizing the center 1024 × 1024 region of each 
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image to avoid nonuniformities near the edges makes sixty-four 128 × 128 ROIs 

available for the calculation of the NPS.4 

In order to reduce the effect on the low frequency components of the NPS due to 

structure in the flat field image, the variation in exposure across the image due to the heel 

effect must be removed. In order to accomplish this, a surface is fit to the data and must 

be subtracted from the flat-field image.4,5,17 

The final data preparation step is to minimize the effect of having only a finite data 

set to perform the NPS calculation. A finite data set, mathematically, is a rectangular 

truncation function multiplied by what would be the infinite data set.15 This causes a 

function of the form sin(f)/f to be superimposed on the NPS in the frequency domain. In 

order to reduce this effect, the data must be truncated with a weighting function that 

slowly goes to zero at the Nyquist frequency. A function of the following form 
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1)(  cXx ≤≤0    (2-9), 

called the Hanning function,16 multiplied by the data set before the Fourier transform is 

calculated, will accomplish this goal.5,15 It is important that the Hanning function be 

normalized so the mean-square value of H(x) is equal to unity in order to preserve the 

magnitude of the NPS.2 

In order to calculate the DQE, the one-dimensional NPS must be calculated from 

the two-dimensional NPS. The one-dimensional NPS can be calculated from a thick slice 

comprising four lines of data immediately adjacent to the frequency axes for the scan (u) 

and sub-scan (v) directions, respectively. Each data point is assigned a frequency value 

of 22 vu + and then binned. Each bin is averaged to produce the one-dimensional NPS.4 
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Modulation Transfer Function 

The MTF represents the maximum ability of an imaging system to transfer subject 

contrast, to the final image, as a function of spatial frequency. There are multiple 

methods for determining the MTF of an imaging system.4,18-21 The two most common are 

the use of a sharp attenuating edge or an attenuating material with a narrow slit cut 

through the material (see Figure 2-5). Since the images of these devices are already 

digitized, the pixel values can be easily sampled in the direction of the arrows in Figure 

2-5. If these pixel values are plotted, the sharp edge produces the system edge spread 

function (ESF) and the narrow slit produces the system line spread function (LSF). The 

LSF can also be derived from the ESF. The LSF of a system is the first derivative of the 

ESF. The MTF is then the modulus of the DFT of the LSF normalized to the value at zero 

frequency. 

Since the image is comprised of discrete data, a correction needs to be made for the 

effect of finite differentiation with the edge method. The correction is made in the spatial 

frequency domain by multiplying the MTF by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

cf
f

2
sinc

1FunctionCorrection
π
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where f is frequency and fc is the Nyquist frequency.19 

In order to sample the MTF at frequencies higher than the Nyquist frequency, the 

slit or edge must be angled with respect to the pixel matrix. The ideal angle is between 

one and six degrees. Before the pixel values can be sampled, the edge angle must be 

determined. This can be done using the Radon transform. The distance of each pixel from 

the edge, along a line perpendicular to the edge, must also be determined. This is done be 
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transforming the coordinates of the pixels into a coordinate system that is rotated by the 

edge angle. The two coordinate systems are related by the following relationships: 

θθ sincos yxxrotated +=     (2-11) 

θθ sincos xyyrotated −=     (2-12). 

The ESF data can then be binned into intervals smaller than the pixel size.20,22 This allows 

the calculation of the pre-sampled MTF. 

The MTF calculation also suffers from the same problem of rectangular data 

truncation as the NPS calculation. Therefore, the Hanning function is multiplied by the 

data set before the Fourier transform is calculated. In this case it is important that the 

Hanning function be normalized so the mean value of H(x) is equal to unity in order to 

preserve the magnitude of the MTF. 

Detective Quantum Efficiency 

The DQE is a quantity used to describe the overall signal-to-noise ratio (SNR) 

performance of a system. Currently, the DQE has become the standard by which digital 

x-ray imaging systems are measured in the research environment. It is essentially the 

ratio of the output SNR squared to the input SNR squared. The DQE can be calculated 

from the MTF and the NPS as follows: 
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=     (2-13) 

where k corrects for the gain of the imaging system and Q is the number of photons 

incident on the image receptor (in photons/mm2) used to generate the flat-field image.2,5,23 
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Exposure 

The quantities k and Q combined have units of photons/mm2·mR. The 

determination of this quantity is related to the calculation of exposure (X) for a specified 

x-ray spectrum. Exposure is defined as the absolute value of the total charge of one sign 

produced in air when all the electrons liberated by photon interactions in a given mass of 

air are completely stopped in air. Exposure can be calculated from the following equation 
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    (2-14) 

where Ψ is the energy fluence of the x-ray spectrum, (µen/ρ)E,air is the energy dependant 

mass energy-absorption coefficient for air and (e/W) is a constant of 33.97 J/C that is 

related to the amount of energy required to create an ion pair in air.24 

Contrast-Detail Analysis 

Visual Perception 

The NPS, MTF and DQE are indicators of the performance of an imaging system 

up to the point of storage of the final image. In medical imaging, a radiologist’s 

perception of the displayed visual information is used to make a diagnosis. The 

perception of visual information consists of three sequential steps: detection, recognition 

and interpretation. Contrast-detail analysis focuses on the task of detection. Various 

models have been developed to describe how observers detect visual signals in images. 

One approach is the use of a signal-to-noise model. The signal-to-noise model describes 

the ability of an observer to detect simple visual signals embedded in a noisy background. 

The model characterizes an “ideal observer” who detects signals with a certain likelihood 

if their amplitude differs from the background by a set threshold.25 Hendee et al. states, 

“Wagner and Brown26 have suggested that the performance of an imaging system can be 
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characterized quantitatively by describing the ability of an ideal observer to detect simple 

visual signals provided by the system.”(25, p. 295) 

There are two aspects to the detection of visual information, visual acuity and 

contrast discrimination. Hendee et al.defines visual acuity as the ability of an observer to 

extract detailed information from a small region of an image. This is the ability to detect 

high spatial frequency signals. Visual acuity is often measured using the Snellen eye test 

chart. This chart has black letters of varying sizes on a white background. If the grayscale 

on the chart were to be reversed, the ability of observers to recognize the letters from a 

distance is impaired. Deficiencies in visual acuity can be corrected with eyeglasses. 

Hendee et al. then define contrast discrimination as the ability of the visual system to 

distinguish differences in brightness in the image. This is the ability to detect middle and 

low spatial frequency signals. Deficiencies in contrast discrimination suggest a neuro-

opthalmological cause. Hendee et al. conclude that, “Contrast discrimination is probably 

a more critical feature than visual acuity in determining how well the average person 

‘sees’.”(25, p. 297) 

Contrast-to-Noise Ratio 

The signal in traditional screen film radiography can be represented by a quantity 

called radiographic contrast. Radiographic contrast is the difference between the average 

optical densities of the region where the object of interest providing the signal is located 

in the background.  

BackgroundSignal ODODContrasticRadiograph −=  (2-15) 

With the use of an inherently digital imaging modality such as CR, the imaging system 

software often performs a series of processing steps before the image is viewed. One 
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common form of processing is the subtraction of a constant from all of the pixel values in 

the image. This can lead to problems if traditional notions of contrast, such as subject 

contrast that is described in the next section (see Equation 2-19), are used. If the constant 

that is subtracted is equal to the average pixel value represented by N1, the subject 

contrast becomes infinite. Therefore, a more meaningful and frequently used measure of 

contrast is the contrast-to-noise ratio (CNR) 

σ
BackgroundSignalCNR −

=     (2-16) 

where σ is the standard deviation of the pixel values in the background.10 

Contrast-Detail Phantoms 

Many different forms of contrast-detail phantoms have been used to evaluate the 

performance of imaging systems.6,27-29 While the designs may differ, all have one thing in 

common: the presence of circular objects of varying diameter and varying levels of 

subject contrast. Subject contrast is the inherent difference in the x-ray attenuating 

properties between two regions in an object. If the number of x-rays reaching the imaging 

plate directly below the two regions of interest are N1 and N2 
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then subject contrast is defined as 
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=     (2-19). 

While all contrast-detail phantoms have this design property in common there are 

two distinct ways in which subject contrast can be designed in the phantom. The first is to 

start with a phantom of uniform thickness and drill circular holes of varying depth. An 
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example of this type of phantom is the UF Radiology phantom (see Figure 2-6).27 A 

radiograph of this phantom will produce an image with dark signals (circular objects) on 

a light background. The second method is to insert circular objects with varying x-ray 

attenuating properties. An example of this type of phantom is the Leeds test object 

TO.10i (see Figure 2-7). A radiograph of this phantom will produce an image with light 

signals on a dark background. 

Observer Perception Study 

The first task in contrast-detail analysis is to use human observers to evaluate 

images of contrast-detail phantoms. The images are acquired under the conditions that are 

to be compared or evaluated. The observer is then asked to evaluate, or score, the images. 

Depending on the design of the phantom, the observer is either asked to identify the 

presence or absence of the object (or signal) in a specific region of the image or identify 

the number of objects that are visible. The definition of what constitutes a present or 

visible object is dependent upon the design of the study. The observer is instructed on 

these criteria before the images are evaluated. Even with the most explicit instructions, 

there is still an amount of subjectivity in each observer’s interpretation of those 

instructions. Therein lies the inherent qualitative nature in this type of study.  

CNR Calculations 

In an attempt to speed up the evaluation of quality assurance phantoms, several 

researchers have developed computer algorithms to identify, localize and mathematically 

evaluate objects and ROIs in those phantoms.30-32 These completely automated algorithms 

depend either on some initial preparation of the digital image or an a priori knowledge of 

                                                 
i Leeds Test Objects Ltd, Wetherby Road, Boroughbridge, North Yorkshire, YO51 9UY, UK 
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the size of some or all of the objects in the image. The methods utilized involved the 

convolution of a mask of the object of interest with part or all of the original image. For 

the circular objects, the maximum value of the resulting convolution would be the point 

of maximum correlation between the mask and the object (i.e., the center of the object). 

These methods are extremely sensitive to the size of the object of interest in the image. If 

the mask is not exactly the same size as the object, a precise center can not be located. In 

order to make an algorithm more broadly applicable to geometrical magnification or 

phantom rotation a manual localization procedure can be utilized. If two points in each 

image are manually identified, all objects and ROIs can subsequently be successfully 

located. Once the positions of the objects in the image have been successfully located, 

mathematical operations such as the calculation of CNR can be performed. 

Measurement of Dose 

There are three aspects to the determination of the radiation dose a patient will 

receive from a specific type of radiographic examination. First, an anthropomorphic 

phantom that simulates the anatomy of the human body is constructed. This is done so 

that the attenuated and scattered x-ray spectrum produced through interactions with the 

patient’s internal organs is reproduced. Secondly, the amount of absorbed x-ray energy to 

those organs must be measured. This requires the use of very small radiation detectors (or 

dosimeters) so that the x-ray spectrum in the anthropomorphic phantom is not 

appreciably disturbed. Lastly, the amount of measured energy deposition in the dosimeter 

must be converted to the amount of energy that would have been deposited in human 

tissues, which can be used to calculate a dosimetric quantity.  
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Anthropomorphic Phantom 

Mathematical models have been developed to simulate the anatomy of human 

beings. The most widely used of these models was developed by Cristy.33 These models 

are based on the size of the “average” person of varying age and gender. Bower34 

produced a physical phantom based on the Cristy and Eckerman one-year old pediatric 

model. It consists of three physical regions, head, trunk and legs. The head region is 

modeled after the Bouchet and Bolch model.35 The phantom is composed of three tissue 

substitute types: soft tissue, bone and lung. The composition of these tissue substitutes is 

explained in detail by Bower.34 For organs used in the calculation of effective dose that 

are internal, small holes are drilled in the phantom so a small dosimeter can be placed at 

the centroid of the organs. A radiograph of the anthropomorphic phantom’s trunk can be 

seen in Figure 2-8. 

Dosimeter 

The radiation dosimeter needed to measure the amount of energy deposited in the 

organs of a pediatric patient must be very small. Not only does a dosimeter have to be 

small to measure the absorbed dose to pediatric organs, the measurement of total 

accumulated dose requires the use of miniature dosimeters that will not perturb the 

radiation field. The implicit size restriction narrows the choice of conventional detectors 

to thermoluminescent dosimeters (TLDs) or semiconductor diode detectors.36 Accurate 

surface dose measurements can be made with parallel plate ionization chambers, but 

because of their size are not suitable for internal organ dose measurements.37 The TLD 

measures cumulative dose, but the reading procedure is destructive in the sense that the 

stored signal is lost after reading. Although small diodes provide dose rate information, 

which can be integrated to yield the total dose for any time duration, the signal due to 
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total dose is not retained in the device and any signal lost can not be recovered.36 An 

alternative option for absorbed dose measurements is the use of metal oxide-silicon 

semiconductor field effect transistors (MOSFETs) as radiation dosimeters. The MOSFET 

detector has a very small size, with commercially available systems having active 

volumes typically 400 um x 500 um x 100 um.38,39 The MOSFET detector also offers the 

unique advantage of permanently storing the total cumulative dose signal, which can be 

read at any time in a nondestructive manner. This ensures that the dose information will 

not be lost during the readout procedure. In addition, the acquired dose signal is dose rate 

independent.40 These factors combine to make the MOSFET an ideal detector for 

absorbed dose measurements in an anthropomorphic phantom. 

The basic MOSFET structure is shown in Figure 2-9. This type of MOSFET is a p-

channel MOSFET that is built on a negatively doped (n-type) silicon substrate. Two of 

the terminals of the MOSFET called the source and the drain are situated on top of a 

positively doped (p-type) silicon region. The third terminal shown is the gate. Underneath 

the gate is an insulating silicon dioxide layer and under this oxide layer is the n-silicon 

substrate. The region of the substrate immediately below the oxide layer is known as the 

inversion layer or channel region. When a sufficiently negative voltage is applied to the 

gate, with reference to the substrate, a significant number of minority carriers (holes in 

this case) will be attracted to the oxide-silicon surface from both the bulk of the silicon 

and the source and drain regions. Once a sufficient number of holes have accumulated 

there, a conduction channel is formed, allowing an appreciable amount of current to flow 

between the source and the drain. The gate voltage needed to allow a predetermined 

current flow is defined as the threshold voltage (Vth).40,41  
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During irradiation, a positive voltage is applied to the gate. Electron-hole pairs are 

generated within the silicon dioxide by the incident ionizing radiation. The electrons 

quickly move toward the positively biased gate while the holes migrate toward the Si-

SiO2 interface. When the holes get close to the interface, some of them are captured in 

long-term trapping sites. These trapped positive charges cause a negative shift in Vth. The 

magnitude of this shift is proportional to the radiation dose deposited in the oxide layer.40 

The use of a single MOSFET as a dosimeter does have some limitations. A 1°C 

change in ambient temperature can shift Vth by as much as 4-5 mV. Also, the response of 

a single MOSFET detector (Vth) as a function of accumulated dose will exhibit a 

nonlinear region at high dose levels.40 Commercially available MOSFET dosimeters 

consist of two identical MOSFETs fabricated on the same silicon chip. The two 

MOSFETs are operated at two different positive gate biases during irradiation and the 

difference between the threshold voltage shifts of the two MOSFETS is representative of 

the absorbed dose. Since the response to temperature of each individual MOSFET is 

identical, this type of construction renders minimal temperature effects. This type of 

construction also reduces the nonlinear response at high dose levels.40 

Many investigators36,38,39,42,43 have reported an angular dependence in the sensitivity 

of the MOSFET dosimeter. Pomije et al.43 investigated this behavior for diagnostic 

exposure levels from 60 kVp to 120 kVp and found that a significant reduction in the 

response of the MOSFET occurs when the epoxy bubble faces away from the x-ray 

source. The black epoxy bubble covering the active MOSFET can be seen in Figure 2-10 

and 2-11. These figures picture a commercially available MOSFET dosimetry system 

manufactured by Thomson and Nielsen Electronics Ltd. This effect can be minimized if 
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care is taken to orient the MOSFET with the epoxy bubble facing the x-ray source during 

dosimetric measurements. 

Determination of Effective Dose 

The currently accepted dosimetric quantity linking absorbed dose and the 

probability of stochastic radiation induced effects is effective dose (E).44 Effective dose is 

calculated from the following equation 

RT
R

R
T

T DwwE ,⋅= ∑∑      (2-20) 

where R signifies the type of radiation, T signifies the type of tissue exposed, wR and wT 

are the radiation and tissue weighting factors, respectively, and DT,R is the absorbed dose 

to a particular tissue T from radiation type R. In order to calculate the effective dose to a 

patient, the absorbed dose to the organs listed in Table 2-1 must be measured. 

The first step in measuring absorbed dose using the MOSFET as a dosimeter is to 

calibrate the system. This procedure is described by Bower and Hintenlang.42 This will 

result in calibration factors that will be able to convert the MOSFET reading to exposure 

in Roentgens (R). After the exposure of the phantom has been measured with the 

dosimetry system, those measurements must be converted to absorbed dose. An exposure 

of one R produces an absorbed dose of 0.876 rads in air. Therefore, the absorbed dose to 

tissue can be calculated as follows,34 
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where ρµ en  is the average mass energy absorption coefficient for the specified material 

in cm2/g, CF is the calibration factor in R/mV, and V is the MOSFET reading in mV. 
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Figure 2-1. The process of photostimulable luminescence in a PSP. 

 
Figure 2-2. Optical spectra used in CR (adapted from Bushberg).10 
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Figure 2-3. Representation of two images (a and b) and their associated Fourier 

transforms (c and d). Used with the permission of Dr. Stephen Lehar.12 

 

Figure 2-4. Graphical representation of the Radon transform. 
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Figure 2-5. Representation of an ideal edge profile and an ideal slit. If the pixel values are 

sampled in the direction of the arrows, the ESF and LSF can be determined. 

 

Figure 2-6. Radiograph of the UF radiology phantom. 
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Figure 2-7. Radiograph of the TO.10 phantom. 

 

Figure 2-8. Radiograph of Bower’s anthropomorphic phantom. 

 
Figure 2-9. Cross-section of a p-type MOSFET (adapted from Zeghbroeck).41 
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Figure 2-10. MOSFET dosimetry system manufactured by Thomson and Neilson.ii The 
active MOSFETs are encased in the black epoxy bubbles at the tips of the 
long brown strips at the bottom of the figure. The bias supply is the small box 
labeled A in the right center of the figure while the readout device is at the top 
of the figure. 

 

Figure 2-11. Figure showing actual size of the active region of the MOSFET dosimeter. 
The black rectangular region (3 mm in width) contains the MOSFETs. 

                                                 
ii Thomson and Nielsen Electronics Ltd, 25B Northside Road, Ottowa, ON, Canada K2H 8S1 
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Table 2-1. ICRP Publication 60 tissue weighting factors.44 
Tissue or Organ Tissue weighting factor 

Gonads 0.2 
Bone marrow (red) 0.12 

Colon 0.12 
Lung 0.12 

Stomach 0.12 
Bladder 0.05 
Breast 0.05 
Liver 0.05 

Esophagus 0.05 
Thyroid 0.05 

Skin 0.01 
Bone Surface 0.01 

Remainder 0.05 
 



 

33 

CHAPTER 3 
LITERATURE REVIEW 

Noise Power Spectrum 

The NPS has been calculated by many researchers for a wide variety of imaging 

systems and image receptors. The choice of normalization of the NPS varies slightly from 

researcher to researcher but the underlying methodology is consistent (the squared 

modulus of the Fourier transform of a flat-field image). In all cases, the researchers are 

attempting to determine the noise properties of the imaging system, or systems, in 

question. 

Flynn and Samei2 determined the two-dimensional NPS of a CR system utilizing 

two different imaging plate resolutions. The measurements were made by exposing the 

imaging plate to a spatially uniform x-ray beam while simultaneously measuring the 

exposure level to the imaging plate. One-hundred and forty-four subregions in a 12 × 12 

array were used in the NPS calculation. For the low resolution mode with pixels of 200 

µm, the subregions were 128 × 128. For the high resolution mode with pixels of 100 µm, 

the subregions were 256 × 256. Even though the x-ray field is assumed to be uniform, in 

reality slight variations exist across the image receptor due to the heel effect. The 

exposure measurement and the mean signal level in different regions of the image were 

used to correct for large-scale nonuniformities (e.g. the heel effect). The data in each 

subregion was truncated with the Hanning function before the two-dimensional Fourier 

analysis generated the NPS. The subregions were averaged to produce the final NPS. The 
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one-dimensional NPS was estimated by averaging the central row or column and ±5 rows 

or columns from the two-dimensional NPS. 

Fetterly and Hangiandreou5 calculated the NPS of a Lumisys ACR-2000 single 

plate desktop CR reader with a method similar to Flynn and Samei.2 The primary 

differences in their methodology were the size of the subregions used to calculate the 

NPS and the subtraction of a planar fit from each subregion before calculation of the 

NPS. Fetterly and Hangiandreou utilized 225 100 × 100 ROIs from each uniform field 

image. This selection was stated to be a matter of convenience. The resultant NPS 

measurements were judged to contain suffient detail and the frequency increments were 

equal to those of their MTF measurements. 

Dobbins et al.4 measured the NPS of four generations of CR imaging plates by 

acquiring a flat-field image with 0.5-mm Cu added filtration. The two-dimensional NPS 

was computed directly. The center 1024 × 1024 portion of a single image for each plate 

was used to calculate the NPS in order to avoid nonuniformities near the edges. This 

portion of the image was subdivided into 64 128 × 128 ROIs. They observed that this size 

for the ROIs was the smallest size that could be used without appreciably changing the 

shape of the average NPS curve near zero frequency. In order to remove the background 

trends created by the heel effect, a planar ramp was fitted to the data of each ROI and 

subtracted from the ROI before the Fourier analysis. All of the NPS calculations for each 

ROI were averaged to generate the final NPS. The method used by Flynn and Samei2 to 

generate the one-dimensional NPS from the two-dimensional NPS was found to be 

insufficient by Dobbins et al.4 Instead, the pixels of a thick slice on either side of the 

axes, excluding the axes, were binned to generate the one-dimensional NPS. The 
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frequency value assigned to each pixel was computed as the radial distance of that pixel 

from the zero-frequency pixel. 

Modulation Transfer Function 

Multiple methods for determining the MTF are presented in the literature. The 

methods vary from the use of a radio-opaque square, a thin slit cut into a radio-opaque 

material, a small pin-hole cut into a radio-opaque material and a thin wire. In all cases an 

image is acquired of one of the test devices listed above and a LSF is generated. This LSF 

is then used to calculate the MTF through the use of the Fourier transform. Each method 

is usually given a name that represents the test device used. For example, the edge 

method would utilize the radio-opaque square and the edges of that square are used in the 

calculation of the MTF. 

Fetterly and Hangiandreou5 used an angled edge technique to determine the MTF of 

a Lumisys ACR-2000 single plate desktop CR reader. The edge device was custom made 

and consisted of a 250-µm thick square of lead laminated between two sheets of acrylic, 

each 1 mm in thickness. A single image was used to evaluate the MTF in both the scan 

and subscan directions. Fetterly and Hangiandreou processed the storage phosphors in a 

dimly lit room with only the monitor of the Lumisys control workstation providing light. 

This leads to the conclusion that the edge images were acquired with the bare imaging 

plate and it was not in a normal cassette. The angle the edge device made with respect to 

the pixel matrix was calculated to be between two and five degrees for all images. A 4-

cm × 8-cm region of the image encompassing the edge was extracted and the pixel values 

were averaged in bins 0.2 times the pixel size. This produced an over-sampled ESF. The 

resulting LSF was zero-padded so that the frequency values of the MTF matched those of 

the NPS calculated in the same study. The MTF was then corrected for finite element 
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differentiation as described by Cunningham and Fenster.19 The formula used to calculate 

this correction is given in Equation 2-10. Cunningham and Fenster state that the MTF 

resulting from finite differentiation of the ESF contains an error that remains unimportant 

only if the sampling rate is approximately four times the Nyquist frequency or greater.  

Samei and Flynn2 constructed a sharp, attenuating edge device and designed a 

procedure for the measurement of the MTF of a digital storage phosphor radiography 

system. The edge device was constructed from a 250-µm thick lead foil laminated 

between two 1-mm-thick sheets of acrylic. Images of the edge device were acquired with 

the presence of an additional three-mm of aluminum filtration between the x-ray source 

and the image receptor. The edge device was angled between one and six degrees with 

respect to the pixel matrix. An 8-cm × 8-cm region containing only the edge was 

extracted from the image. In order to determine the precise edge angle, the data was 

processed with the following steps; the gray-scale image is converted to a binary image 

through a thresholding procedure, a binary line along the edge is produced through the 

application of a gradient operation and the edge angle is then determined with the use of 

the Hough transform. The data were then placed in bins with sub-pixel bin widths of 0.1 

times the pixel width. The resulting LSF was then truncated with a Hanning filter to 

eliminate the high-frequency content of the measurement not associated with the edge. 

The pre-sampled MTF was calculated through Fourier analysis of the LSF. This method 

was compared to a slit method similar to Fujita et al.21 It was determined that the edge 

method provided similar results to the slit method. 

The use of a narrow slit to determine the MTF of a CR imaging system is described 

by Fujita et al.21 This method was also employed by Dobbins et al.4 Images of a 0.01-mm 
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slit that was angled less than 2 degrees with respect to the pixel matrix were acquired. 

The slit was oriented almost perpendicular to the scanning direction. Four rows of data, 

each five pixels in width, were used in the determination of the ‘finely’ sampled LSF. 

The data was binned using the simple geometrical relationships according to their relative 

positions. The Fourier transform of this LSF results in the presampled MTF. 

Detective Quantum Efficiency 

The majority of the researchers discussed above that measured an MTF also 

measured an NPS in order to calculate a DQE. The basic definition of the DQE is 

consistent throughout the literature.2,4,5,10,23 In order to calculate the DQE the ideal SNR 

must be determined. This is the SNR of the x-ray beam incident upon the image receptor. 

The ideal SNR is defined as the incident number of x-ray quanta.6,10,23 To calculate this, 

the x-ray spectrum of the imaging system must be determined. Bradford et al. 17 

eliminated the need for this calculation by using the same image acquisition conditions as 

Dobbins et al.4 and utilizing the already published values. Launders et al.23 used computer 

simulations based on published methods and tables. Flynn and Samei2 used a 

semiempirical x-ray spectra model based on work by Storm.45 Dobbins et al.4 used the 

ideal SNR value provided by the manufacturer. Fetterly and Hangiandreou5 estimated the 

x-ray spectra used experimentally with the tungsten anode spectral model using 

interpolating polynomials (TASMIP) program developed by Boone and Seibert.46 

Fetterly and Hangiandreou5 investigated the effects of different x-ray spectra on the 

DQE of a CR system. In order to obtain different quality x-ray spectra the beam was 

filtered with various thicknesses of a patient equivalent phantom (PEP), aluminum and 

copper. The PEP was constructed from 1mm of type 1100 aluminum secured between 

two 2.48-cm thick pieces of acrylic. Depending on the peak tube potential up to six PEP 
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phantoms were used. In addition, up to 80 mm of aluminum and 8.1 mm of copper were 

utilized. X-ray beams between 70 and 120 kVp were investigated. The term that corrects 

for the system gain in the calculation of the DQE was eliminated by converting the image 

pixel values to exposure values before the calculation of the NPS. This methodology was 

also followed by Flynn and Samei.2 

Contrast-Detail Analysis 

Lu et al.29 utilized a custom made contrast detail phantom to compare computed 

radiography (Kodak CR 400) and film-screen combination (Speed 400) systems in 

regards to patient dose, technique settings and contrast-detail detectability. The phantom 

was constructed from a 26.5-cm × 26.5-cm Lucite sheet that was 2.5-cm thick. Two 

hundred and twenty-five holes (arranged in a 15 × 15 square pattern) were drilled in the 

Lucite ranging from 0.3 to 8 mm in both diameter and depth. The phantom was imaged in 

an under-table bucky with the use of a 10:1 grid. The phantom was placed on top of 

additional Lucite sheets to simulate tissues that generate scattered radiation. The Lucite 

and the phantom were placed on the examination table. Varying amounts of scattering 

media were used and the source to image distance (SID) was adjusted so the geometric 

magnification of the phantom in the image remained constant for different thicknesses of 

scattering media. The CR images were printed onto film for a hard copy reading 

comparison with the images acquired directly on film. In order to compare the use of CR 

with a higher peak-tube potential x-ray beam, the soft copy CR images were read and the 

data manipulation tools of the diagnostic workstation were employed. Four physicists 

evaluated the images by scoring the threshold target depth for each object size. An object 

detection ratio was calculated by dividing the number of detected objects by the total 

number of objects in the phantom. Lu et al.29 concluded that using a higher peak-tube 
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potential setting and additional aluminum filtration would reduce the patient entrance 

skin dose without compromising the contrast-detail detectability, which was compensated 

by the contrast manipulation on soft-copy workstations. 

Padgett and Kotre6 utilized the Leeds TO20 test object to evaluate the effect of 

“dead pixels” on image quality in direct digital radiography based on selenium detectors. 

The Leeds TO20 test object creates contrast by using x-ray attenuating objects so the 

objects in the image are light compared to the background. Images of the contrast-detail 

phantom were obtained from a Hologic Direct Ray EPEX system with the anti-scatter 

grid in place. No additional scattering media was placed between the x-ray source and the 

image receptor. Four experienced observers scored the images and the threshold contrast 

(CT) was determined for each object size. The threshold contrast was the contrast of the 

object at the threshold of visual detectability. The degradation in observer performance 

was found to be similar to the reduction in the relative DQE (DQE normalized to zero 

frequency) with the loss of active pixels. The loss of active pixels was simulated in the 

images prior to scoring. 

Aufrichtig47 and Aufrichtig and Xue28 investigated the low contrast threshold 

detectability for an amorphous silicon x-ray detector designed for digital radiography and 

a standard thoracic screen-film combination. The contrast-detail phantom utilized in this 

study is the commercially available CDRAD contrast-detail phantom manufactured by 

Nuclear Associates, Carle Place, NY. The phantom is constructed from a 26.5-cm × 26.5-

cm Plexiglass plate that is 1-cm thick. The Plexiglass plate is divided into 255 separate 

square regions (15 rows × 15 columns) of equal size. There are holes drilled in the 

plexiglass creating objects that vary logarithmically in diameter and depth from 0.3 to 8.0 



40 

 

mm. The first three rows of square regions, containing objects 5.0 mm and larger, have 

one object in the center of each square. The remaining rows have two identical objects in 

each square, one in the center and the other in one of the four corners. The design of these 

rows allows for the use of a four-alternative forced choice (4-AFC) experimental 

methodology. The observer is forced to choose in which corner the object is located. This 

type of study design can reduce the subjectivity of the observers’ detection thresholds. 

Twelve images of the CDRAD phantom were sequentially acquired for each image 

receptor. The images were acquired to simulate a clinical chest exam; the image receptor 

was in an upright bucky, an anti-scatter grid was utilized and a 12.7-cm acrylic absorber 

was placed between the CDRAD phantom and the x-ray source. The images acquired 

with the flat-panel detector were printed to film with a laser imager for hard-copy 

evaluation. In order to utilize the 4-AFC methodology, the first three rows of the phantom 

were not evaluated by the observers. Six observers with normal or corrected vision were 

used. A signal detection model that is beyond the scope of this discussion was used to 

calculate the threshold contrast level where a 75 percent probability of correct object 

identification was reached. 

Rong et al.48 compared the low-contrast performance of an amorphous silicon-

cesium iodide based flat-panel digital chest radiography system to those of a screen-film 

and a CR system by measuring their contrast-detail curves. The CDRAD contrast-detail 

phantom was also used in this study. Images were acquired with the CDRAD phantom in 

the center of the x-ray field against the chest detector-grid assembly and a 0.5-mm thick 

copper plate was placed at the tube output to simulate patient attenuation. All images 

were processed and printed according to their respective clinical protocols. The images 
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were evaluated by three physicists, a graduate student, and an undergraduate student. 

Rong et al. state that, “previous studies have shown that for images of a contrast-detail 

phantom there were no significant differences in observer responses between radiologists 

and nonradiologists and that there was no noticeable improvement in the readers' 

performance with increased experience.”(48, pp.2330-2331) The minimum detectable object 

contrast was then determined for each object size. A procedure to correct for the false 

identification of an object in one of the four corners on a subregion, supplied by the 

manufacturer, was applied to the raw scoring data before development of the contrast-

detail curves. Rong et al. concluded that the flat-panel system demonstrated a 

significantly better low-contrast performance than the screen-film or CR systems as 

compared by the contrast-detail curves. 

MOSFET Dosimetry 

Bower and Hintenlang42 evaluated the characteristics of a patient dose verification 

system that uses high sensitivity MOSFET dosimeters that were developed for low dose 

measurements. The dosimeters were evaluated at clinical diagnostic energy levels and 

were found to perform well at these energies. The system was found to have a sensitivity 

that was precise enough for many physics applications. It was also determined that the 

size of the dosimeters would not interfere with diagnostic image quality. Bower and 

Hintenlang concluded that, “The dosimeters have a good angular response, a very linear 

response with dose and are extremely small. These characteristics make them good 

candidates for use in a variety of dosimetry applications.”(42, p.204) 
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CHAPTER 4 
EXPERIMENTAL EQUIPMENT 

Imaging System 

All images utilized in this research were acquired in the Radiology Department’s 

Examination Room 1 in Shands Teaching Hospital at the University of Florida. The x-ray 

source is a Dunlee‡ Duratron x-ray tube with a Picker§ VPE 3-phase generator. The x-ray 

tube insert has a target angle of 13.5 degrees with a 0.6-mm and a 1.2-mm focus. The 

inherent filtration of the tube-collimator assembly is 2.35-mm aluminum equivalent. The 

system has a half-value layer of 2.73 mm of aluminum at 60 kVp. The table assembly 

was manufactured by Picker and contains a reciprocating anti-scatter grid. The grid is 

36.2 cm × 48.0 cm with a grid ratio of 12:1 and 103 lines per inch. The grid has a focal 

distance of 36 to 40 inches. 

The CR system is the Agfa** ADC system with a Compact plate reader and the 

MD30 code15 imaging plates. The 24-cm × 30-cm high-resolution imaging plates were 

used. The plate-reader combination generates 8.8 pixels per mm in the final image. 

Software 

There were various commercially available computer packages used in the 

completion of this work. Matlab®, a high-level technical computing language produced 

                                                 
‡ Dunlee, 555 North Commerce Street, Aurora, IL 60504 

§ Philips Medical Systems, 22100 Bothell Everett Highway, P.O. Box 3003, Bothell, WA 98041-3003 

** Agfa Corporation, 100 Challenger Road, Ridgefield Park, NJ 07660 
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by The Mathworks, Inc.††, was used in the calculation of the image quality metrics 

investigated in this research. TASMIP, developed by Boone and Seibert46, was used to 

generate the x-ray spectra needed in the evaluation of the image quality metrics. The 

General Monte Carlo N-Particle Transport Code – Version 4C (MCNP4C), produced by 

the Diagnostics Applications Group at Los Alamos National Laboratory,‡‡ was used to 

verify input parameters to TASMIP and simulate additional x-ray spectra for different 

experimental setups. All statistical analysis was performed using SPSS for Windows, 

Release 11.5.0, which is produced by SPSS Inc.§§ 

The images that were retrieved from the PACS at Shands hospital are in DICOM 

format. Matlab was not able to read the images directly from the PACS. The program 

ImageJ, developed by Wayne Rasband at the National Institutes of Health was used to 

make the images readable by Matlab. This was accomplished by saving the DICOM 

images as text images. 

NPSC, MTFC and DQEC 

Acrylic was used to simulate patient scatter in the acquisition of the images used to 

calculate the NPSC while maintaining a flat field. Two blocks of acrylic, each 40 cm × 32 

cm × 2.5 cm were utilized. In addition to the acrylic, a 254-µm thick tungsten square (10 

× 10 cm) was used as the edge device in the measurement of the MTFC. This device was 

manufactured by Electronic Space Products International.*** The edges of the tungsten 

square were manufactured to be straight with a precision of 50 µm. In order to reproduce 
                                                 
†† The Mathworks, Inc., 3 Apple Hill Drive, Natick, MA 01760 

‡‡ Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545 

§§ SPSS Inc., 233 South Wacker Drive, 11th Floor, Chicago, IL 60606 

*** Electronic Space Products International, 1050 Benson Way, Ashland, OR 97520 
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the angle of the edge, a device was custom made in-house to position the tungsten square. 

Exposure measurements were made with the Radcal††† MDH (model 1015) ion chamber. 

The standard probe was used for table top measurements and the pancake probe was used 

for measurements in the bucky. The generator ripple was measured with a Kiethley‡‡‡ 

35080A kVp voltage divider, with the 50-kV – 150-kV pack, and a Tektronix§§§ 

THS720A 100 MHz oscilloscope. 

Clinical Contrast Detail Score 

In addition to the acrylic used to simulate patient scatter, two contrast-detail 

phantoms were used in this study. The first is the UF Radiology phantom shown in 

Figure 2-6. This phantom was constructed from a 20 cm × 15 cm × 2.5 cm piece of 

Lucite.27 The phantom contains nine object sizes ranging from 12.7 mm to 0.8 mm in 

diameter. For each object size, seven contrast steps are created from drilled holes ranging 

from 10.0 mm to 0.25 mm in depth. The objects are arranged in a square pattern. As 

pictured, decreasing object size is arranged in columns and decreasing contrast steps are 

arranged in rows. The second is the Leeds test object TO.10 shown in Figure 2-7. This 

phantom contains twelve object sizes with each size having nine contrast steps. The six 

largest object sizes are arranged in a circular pattern around the periphery of the phantom 

while the six smallest object sizes are arranged in rows in the phantom’s center. The 

objects range in diameter from 11.1 mm to 0.25 mm. The contrast steps for each object 

size and the relative subject contrast between the different object sizes are not the same as 

                                                 
††† Radcal Corporation, 426 West Duarte Road, Monrovia, CA 91016 

‡‡‡ Cardinal Health Radiation Management Services, 6045 Cochran Road Cleveland, OH 44139-3303 

§§§ Tektronix, Inc, 14200 SW Karl Braun Drive, P. O. Box 500, Beaverton, OR 97077 
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in the UF Radiology phantom. The nominal contrast values, as listed in the instruction 

manual, range from 0.012 to 0.93 but are not specified for a specific energy.49 

Dosimetry 

In order to measure the effective dose for different radiographic examinations, an 

anthropomorphic phantom of a one-year old, produced by Bower34, and the MOSFET 

AutoSense™ Dose Verification System, manufactured by Thomson and Nielsen 

Electronics Ltd, were utilized. The anthropomorphic phantom, previously mentioned in 

Chapter 2, is shown in Figure 4-1. The arms are contained in the elliptical trunk while the 

head and legs are not permanently attached. The trunk of the phantom is 21.5 cm in 

length and 13.2 cm in width. Figure 4-2 and Figure 4-3 show the top and bottom of the 

phantom’s trunk respectively. Figure 4-4 shows the bottom of the phantom’s head. The 

small holes (3 mm in diameter) provide access to the body organs of interest for insertion 

of the MOSFET dosimeters. The large hole in the head is for the spine, which protrudes 

from the top of the trunk. The high sensitivity MOSFET dosimeters, TN-1002RDI, and 

the dual bias supply, TN-RD-22, were utilized in this study. The dual bias supply allows 

for either high sensitivity or standard bias in one piece of equipment. 

 

Figure 4-1. One-year old Bower stylized anthropomorphic phantom. 
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Figure 4-2. View of the top of the phantom’s trunk showing the MOSFET access ports 
and the spine (top-center). 

 

Figure 4-3. View of the bottom of the phantom’s trunk. 
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Figure 4-4. View of the bottom of the phantom’s head. The large hole on the left is for 

insertion of the spine. 
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CHAPTER 5 
EXPERIMENTAL METHODOLOGY 

The majority of the research objectives stated in Chapter 1 deal with comparing the 

NPSC, MTFC, DQEC and CDSC from images acquired and/or presented under varying 

conditions. In order to make this comparison quantitative, a single metric was defined for 

each image quality parameter. Since the NPSC, MTFC and DQEC vary over a range of 

spatial frequencies, the integral under these curves, up to the Nyquist frequency, was used 

for comparisons. These integral values were labeled INPSC, IMTFC and IDQEC 

respectively, where the I stands for integral in each case. This methodology has been 

utilized by previous researchers.50 The total number of visible objects in an image of the 

contrast detail phantom (either perceived by a human observer or inferred from CNRT 

values calculated from the observer studies) was used for the CDSC. 

Image Acquisition 

Experimental Setup 

All images were acquired with a standard experimental setup that mimics clinical 

practice. The clinical examination setup for a chest/abdomen/pelvis (CAP) exam of a 

pediatric patient of similar size to the anthropomorphic phantom was chosen. This setup 

can be seen in Figure 5-1. The edge test device and the TO.10 phantom were imaged on 

the exam table between two 2.5-cm blocks of acrylic. Flat-field images were acquired 

with only the two blocks of acrylic in the x-ray field. Since the UF Radiology phantom 

was constructed from a 2.5-cm block of Lucite it was imaged on the exam table, the 

drilled holes facing up, with only one 2.5-cm block of acrylic on top of the phantom. The 
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test devices were placed between the two blocks of acrylic to simulate the evaluation of 

the image quality metrics at a location inside the patient. The two contrast-detail 

phantoms were oriented so that the portion of each phantom with the smallest objects and 

the lowest subject contrast were in the portion of the image with the highest exposure. 

The imaging cassette was placed in the bucky and the SID was set at 40 inches. The 

automatic collimation was used in all cases except when imaging the anthropomorphic 

phantom. In those cases the x-ray field was tightly collimated on the phantom’s trunk. 

Finally, the small focal spot (0.6 mm) was used for all images. 

Acquisition Parameters 

The medical physics staff at Shands Hospital has conducted extensive studies to 

optimize the technique settings for various exams with the Agfa CR imaging system. The 

x-ray generator technique settings (peak-tube potential and current-time product) that 

would normally be used for a CAP of the anthropomorphic phantom are 60 kVp and 1.0 

mAs. The image quality metrics were evaluated with images acquired around this 

exposure level. 

In addition to technique settings, there are many ways the raw image data can be 

collected and processed before it is viewed on the QA station. These settings are selected 

by the user before the image plate is scanned. The two most important parameters for this 

research were the exposure class and the processing options associated with a specific 

type of exam. The exposure class sets the gain of the photomultiplier tube in the plate 

reader. This setting is chosen based on the exposure to the imaging plate. The CR 

imaging system at Shands is calibrated so that an image acquired in the bucky with the 

automatic exposure control (AEC) is scanned with exposure class 400. The exposure 

class is analogous to the traditional speed of a screen-film imaging system. If the 
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exposure to the plate is doubled, the exposure class needs to be reduced by half. This will 

produce the desired “optical density,” or brightness, in the final image. The average 

brightness level over the entire image is shown at the QA station and is called the 

exposure level. The desired exposure level is 2.2. 

There are three levels of processing options to describe a specific type of 

radiographic procedure. Unless otherwise stated, the following processing options were 

used for all images in this work. The primary and secondary processing option used was 

system diagnosis. These options allowed for the minimum amount of processing 

available with this imaging system. The tertiary processing options used were either flat-

field or full range. The flat-field option was used for the determination of the NPSC and 

the full range option was used for all other images. In order to minimize any additional 

variations in the acquisition parameters being evaluated, a single imaging plate was used 

for the acquisition of all images that were directly compared (unless otherwise noted). 

Image Retrieval 

After the images were acquired, the consistency of the radiation output from the x-

ray tube, and therefore the level of exposure to the imaging plate, was verified for each 

image acquired by recording the exposure level indicator at the QA station. The images 

were then sent to the PACS. Most of the images, except those utilized in observer studies, 

were retrieved from the PACS via CD. These images were then transferred to a personal 

computer (PC) for processing. 

Clinical Noise Power Spectrum 

Variation with Peak-Tube Potential and Current-Time Product 

In order to determine the NPSC, flat-field images with 5 cm of added acrylic (see 

Figure 5-2) were acquired and mathematically evaluated the same way as a traditional 
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NPS calculation. This calculation was detailed in Chapter 2 and a Matlab algorithm, or 

m-file, was developed to determine the INPSC. This m-file and an explanation of its 

functionality can be seen in Appendix A. To compare the variation of the INPSC with 

current-time product and peak-tube potential, images were acquired for each of the 

technique settings listed in Tables 5-1 and Table 5-2. The last column in each table gives 

the exposure class used to scan the imaging plate. This was based on an AEC exposure 

with the CPS setup. For the peak-tube potential variation study, the current-time product 

was adjusted to maintain as constant an exposure level as possible to the imaging plate. 

The exposure level was measured in the bucky with the MDH ion chamber. The 

measured exposure level for each set of technique factors is listed in Table 5-2. 

Variation with Processing Option 

In order to quantify the effect of other processing options, flat-field images were 

acquired at 60 kVp and 1.0 mAs as previously described but two different exam types 

were selected to process the raw image data. The processing options compared are listed 

in Table 5-3. 

Clinical Modulation Transfer Function 

Edge Angle Verification 

The edge alignment device was constructed to produce an edge angle of three 

degrees with respect to the pixel matrix (see Figure 5-3). The following setup procedure 

was tested to ensure reproducibility of the edge angle. The first block of acrylic was 

placed on the exam table so the long edge was aligned with the line down the center of 

the table. The alignment device, fitting snugly over the edge of the acrylic, was put in 

place. The hinged arm (the right arm in Figure 5-3) was set to the correct angle by a small 

peg. The edge device was placed on the acrylic and aligned with the right arm. The right 
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edge of the tungsten square was secured to the acrylic with tape. The alignment device 

was removed and the second block of acrylic was placed on top of the first. This 

procedure ensured the left and upper edges of the tungsten square (as shown in Figure 5-

3) were near the center of the image so one image could be used to calculate the MTFC in 

both the scan and subscan directions (see Figure 5-4). 

The imaging plate does not fit tightly in the imaging cassette (see Figure 5-5), so 

even if the alignment device was exactly reproducible, slight variations in the plate 

position could change the edge angle with respect to the pixel matrix. Two series of 

images were acquired to investigate the reproducibility of the edge device setup. In the 

first series, the setup was repeated for each image. In the second series, the edge device 

was set up once and multiple images were taken. These images were mathematically 

evaluated the same way as the traditional MTF calculation detailed in Chapter 2. A 

Matlab m-file was developed to determine the IMTFC. This m-file and an explanation of 

its functionality can be seen in Appendix B. 

Variation with Peak-Tube Potential, Current-Time Product and Processing Option 

To compare the variation of the IMTFC, images of the edge device were acquired 

with the same technique settings and processing options as listed above for the INPSC. 

The images were then evaluated with the IMTFC Matlab m-file. 

Clinical Detective Quantum Efficiency 

Once the NPSC and MTFC had been determined for a given set of acquisition 

parameters, the DQEC could be determined. Before this calculation could take place, the 

parameters k and Q in Equation 2-13 were determined. This was done through the 

simulation of the x-ray spectrum at the imaging plate. The x-ray spectrum output from 

the x-ray tube housing was simulated using TASMIP and MCNP4C. This procedure will 
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be explained later in this chapter. The details of this procedure are not necessary for this 

discussion and it is assumed the output spectrum is known. A simulation was performed 

in MCNP4C based on the physical setup of the NPSC measurement. The MCNP4C input 

file for the simulation of the x-ray spectrum in the bucky at the imaging plate is shown in 

Appendix D. This simulation was performed twice. The first was with a thin sheet of lead 

simulating the thickness of the grid in the x-ray field. The second was without the lead in 

the x-ray field. A weighted average was performed on the two resulting spectra to get the 

simulated spectrum at the imaging plate. The weights were based on the proportion of the 

x-ray field obstructed by the thickness (t) of the lead strips in the grid to the gaps (g) 

between the strips (see Figure 5-6). The grid ratio is defined as h divided by g. 

After the x-ray spectrum incident on the imaging plate was determined the value of 

Q (photons·mm-2·mR-1) was calculated. The x-ray spectrum from MCNP4C was 

normalized so that when multiplied by a constant would give a true spectrum of 

photons/mm2. Before the exposure in mR could be calculated from equation 2-14, the 

energy dependant mass-energy absorption coefficients (µen/ρ) for air were calculated 

from published values (see Table 5-4).24 The simulated spectrum was calculated at one 

keV intervals, but µen/ρ values are only published at a few energies between 10 and 80 

keV. The intermediate values were calculated by fitting several curves to the known data. 

The energy range between 0 keV and 80 keV was subdivided into five regions; 0-

10, 10-20, 20-40 40-60 and 50-80. The µen/ρ values for the 10-20 keV range were fit with 

a power series of the form 

1738.36102)( −−×= EEen

ρ
µ

    (5-1). 

The µen/ρ values for the 20-40 keV range were fit with a power series of the form 
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9433.26105)( −−×= EEen

ρ
µ

    (5-2). 

The µen/ρ values for the 40-60 keV range were fit with a polynomial of the form 

3326.0865.95.80)( 2 +−= EEEen

ρ
µ

   (5-3). 

The µen/ρ values for the 50-80 keV range were fit with a polynomial of the form 

1611.0576.3333.23)( 2 +−= EEEen

ρ
µ

  (5-4). 

This last energy range overlapped with the previous one so that three µen/ρ values 

were available for the curve fitting but Equation 5-4 was only used to calculate the µen/ρ 

values above 60 keV. The R2 values describing how well the above equations fit the data 

are 1.0, 0.9992, 1.0 and 1.0 respectively, with 1.0 being the best possible fit. The µen/ρ 

values for the 0-10 keV range were determined from linear back-interpolation using the 

known µen/ρ value for 10 keV and the calculated value for 9 keV. Since two equations 

were fit to each known data point except at 10 keV and 60 keV, the published values 

were used at those energies. 

The multiplicative constant mentioned previously was changed until the sum of the 

exposure (in mR) for each energy bin in the spectrum was one. The exposure for each 

energy was calculated using Equation 2-14. The photon spectrum was then summed over 

all energies to give a total number of photons per mm2 to produce one mR at the imaging 

plate. This value was then used in the calculation of the DQEC based on the measured 

exposure level in the bucky for a given set of technique factors. 

The parameter k, representing the gain of the imaging system for each set of 

acquisition parameters, was determined from the average pixel values from the center 



55 

 

portion of the flat-field images used in the determination of the INPSC. A ROI about the 

size of the MDH pancake probe used to measure the in bucky exposure was extracted and 

averaged from each flat-field image. These values were then averaged for each set of 

acquisition parameters. These average pixel values were then normalized to one set of 

acquisition parameters. This gave a relative system gain which included not only the 

change in technique factors, but also the exposure class. 

Clinical Contrast Detail Score 

Observer Study 

Images were acquired of the two contrast detail phantoms with 5 cm of total acrylic 

scattering media. The images were acquired at 60 kVp with the acquisition parameters 

listed in Table 5-5 and Table 5-6. The exposure classes were based on an AEC exposure 

of each phantom setup and adjusted accordingly for the change in current-time product. 

As previously mentioned, the system-diagnosis/full-range processing options were used. 

Two sets of these images were sent to the PACS. The first set was the normal images and 

the second was a set of those same images with the grayscales inverted. All of the images 

were then available for scoring at a diagnostic workstation in the pediatric reading room 

at Shands. 

Thirteen human observers were utilized to score the images of the contrast-detail 

phantoms. There were four third- or fourth-year radiology residents, four experienced 

medical physicists and five medical physics graduate students. All images were evaluated 

on the same diagnostic viewing workstation. All of the images of one phantom were 

evaluated in a single viewing session. Therefore, each observer had two viewing sessions 

during this study. The images were presented to each observer in the same randomly 

selected order based on the current-time product acquisition value. For each current-time 
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product value four images were read in a specific order. The normal image was scored 

first without the use of any of the image processing tools available at the workstation. 

Next, the grayscale inverted image was scored without the use of any processing tools. 

The normal image was then scored again with the use of the window and level controls. 

Finally, the grayscale inverted image was scored with the use of the window and level 

controls. Each observer was allowed to get familiar with the functioning of the window 

and level controls at the workstation with a test image of the phantom before the scoring 

began. Each observer was also given the following instructions before scoring began. 

1. Identify the number of objects you can see of each object size. An object is 
considered visible if it is an entire circle with a clear circular outline. 

2. Score each row with your first impression. Do not spend more than a few seconds 
on each row. 

3. Operate the window and level controls as you see fit to best score the image. 

4. Do not score past an object that is “not” visible. 

Once all of the images were scored, one of the images the viewer had already scored was 

presented again as a check of observer reproducibility. 

CNR Calculations 

The observer study produced an average threshold object number for each object 

size for the four image scoring conditions. In order to calculate the CNR associated with 

this threshold of visibility, a Matlab m-file was developed for each phantom to calculate 

the CNR of each object. This m-file and an explanation of its functionality can be seen in 

Appendix C. Since both m-files function essentially the same and differ only by input 

parameters, only the TO.10 m-file is presented. 
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Variation with Processing Option 

The m-file in Appendix C can also automatically score images of the contrast-detail 

phantoms used in this study. This algorithm’s automatic scoring ability is based on the 

combination of the CNR calculations and the observer data. The reasoning behind this 

procedure will be presented in the next chapter. This ability allowed the scoring of 

images acquired with the acquisition parameters listed in Table 5-5 and Table 5-6 for 

each of the processing options listed in row two and three of Table 5-3 without the use of 

human observers. 

Anthropomorphic Phantom Viewer Study 

In order to evaluate the image acquisition parameters needed to produce an image 

of minimum acceptable quality, a series of images were acquired of the anthropomorphic 

phantom. The phantom was placed on the exam table and the imaging cassette was 

placed in the bucky. No additional scattering material was placed in the x-ray field. The 

images were acquired with the acquisition parameters listed in Table 5-6 (based on an 

AEC exposure of the phantom) for both of the processing options listed in rows one and 

two of Table 5-3. The images were then sent to the PACS for retrieval at the same 

diagnostic viewing station used in the contrast-detail observer study. Since Shands has 

already undergone a procedure to optimize their technique factors, the technique factors 

recommended by the technologist to image the anthropomorphic phantom were initially 

assumed to produce an image of minimal acceptable quality (60 kVp and 1.0 mAs). In 

order to verify that assumption the radiology residents were asked to rate all other images 

to this standard image. In a process similar to Rill,51 the images were presented one at a 

time against the standard image and the radiologist was asked to score the new image on 

a five-point scale (see Table 5-7). An image with a lower exposure level than the standard 
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image with an average rating of three or higher will replace the standard image as the 

image of minimum acceptable quality. 

Dosimetry 

Four MOSFET dosimeters were used in the measurement of absorbed dose to the 

individual organs of the anthropomorphic phantom. This was done because only four of 

the dosimeters had a total accumulated exposure resulting in less than 10,000 mV. Under 

this level of exposure, the dosimeters do not need to be recalibrated. Three measurements 

were made at each of the relevant organ sites needed to calculate the effective dose. Each 

measurement was performed with the same physical setup used in the anthropomorphic 

phantom viewer study with technique settings of 60 kVp and 300 mAs. 

In order to perform the calculation of effective dose using Equation 2-20, the 

average mass energy absorption coefficients were needed. This involved determining the 

average energy of the x-ray beam. An accurate method for determining diagnostic x-ray 

spectra is through the use of TASMIP. The TASMIP algorithm requires three input 

parameters; peak tube potential, generator ripple and aluminum-equivalent-inherent 

filtration. The peak tube potential, the effective kV and the generator ripple were 

physically measured with an oscilloscope. The inherent filtration provided by the 

manufacturer was verified through the measurement of the x-ray unit’s aluminum half-

value layer (HVL) and the use of MCNP4C. The MCNP4C input file that performs this 

simulation is shown in Appendix D. 

The half-value layer was measured with the use of the MDH ion chamber, a test 

stand designed specifically for the HVL measurement and varying thicknesses of 

aluminum. An initial exposure measurement was performed without any aluminum in the 

x-ray field. Varying thicknesses of aluminum were added and an exposure measurement 
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was taken for each aluminum thickness until the exposure level was less than one-half the 

value of the initial exposure measurement. This data was then used to determine the 

thickness of aluminum that would be needed to reduce the exposure to one half of the 

initial exposure measurement. This procedure was repeated for 50, 60, 70 and 80 kVp. 

Starting with the manufacturer’s stated inherent filtration as an input to TASMIP, a 

spectrum was generated and used in a simulation of the x-ray system. The simulation was 

performed twice. The first was with the measured amount of aluminum, determined from 

the half-value layer measurement, in the x-ray field. The second was without the 

aluminum in the x-ray field. The exposure to a simulated detector was calculated for each 

simulation. When the first simulation produce a reduction in the exposure to the 

simulated detector of one-half the value of the second simulation, the inherent filtration 

parameter used as the input to TASMIP was considered correct. This did not occur with 

the first x-ray spectrum so the inherent filtration value was changed until the proper 

exposure reduction was seen. The mean energy was calculated from this spectrum. The 

effective dose was then calculated from the measured exposure level and linearly scaled 

with current-time product to get the effective doses at the diagnostic exposure levels used 

in the evaluation of the image quality metrics. 
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Figure 5-1. Image acquisition setup. 

 

Figure 5-2. Image acquisition setup for the flat-field images. The two 2.5-cm blocks of 
acrylic are placed on the exam table and the x-ray tube is set at an SID of 40 
inches. 
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Figure 5-3. Device to ensure proper angulation of edge device. 

 

Figure 5-4. Final setup of the edge device for the determination of the MTFC. 
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Figure 5-5. The Agfa imaging plate inside the open imaging cassette. 

 
Figure 5-6. Idealized graphical representation of the grid. 

Table 5-1. Technique factors for the current-time product variation study. 
kVp mAs Exposure Class 
60 0.4 800 
60 0.8 800 
60 1.0 800 
60 1.2 800 
60 2.0 800 
60 3.2 400 

 

t g 

h 
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Table 5-2. Technique factors for the peak-tube potential variation study. 
kVp mAs Exposure Class 
50 12 200 
60 5.6 200 
70 3.0 200 
80 2.1 200 

 
Table 5-3. Processing options compared. 

Processing Option Level 
Primary Secondary Tertiary Exposure Class 

System Diagnosis System Diagnosis Flat Field 800 
Pediatric Chest Chest PA 800 
Pediatric Upper Extremity Hand AP 800 
 
Table 5-4. Published mass energy-absorption coefficients for air. 
Energy (keV) (µen/ρ)E,air (1/cm) 

10 4.61 
15 1.27 
20 0.511 
30 0.148 
40 0.0668 
50 0.0406 
60 0.0305 
80 0.0243 

 
Table 5-5. Technique factors for the TO.10 phantom. 
kVp mAs Exposure Class 
60 0.4 800 
60 0.8 800 
60 1.0 800 
60 1.2 800 
60 2.0 800 
60 3.2 400 
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Table 5-6. Technique factors for the UF Radiology Phantom. 
kVp mAs Exposure Class 
60 0.4 800 
60 0.8 800 
60 1.0 800 
60 1.2 800 
60 2.0 400 
60 3.2 200 

 
Table 5-7. Five-point scale for subjective image quality evaluation. 
Score Image Quality Compared to Standard Image 

1 Much Worse 
2 Worse 
3 Same 
4 Better 
5 Much Better 
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CHAPTER 6 
RESULTS AND DISCUSSION 

NPSC 

The full two-dimensional NPSC was calculated directly from the flat-field images 

in this study. The pixel values in the raw image data were used directly and were not 

converted to exposure values before calculation of the NPSC. Unlike the MTFC, which 

must be calculated in the laser scan and subscan directions separately, the two-

dimensional NPSC can be calculated from a single image and the one-dimensional NPSC 

in the scan and subscan directions is then calculated from the two-dimensional NPSC as 

previously described. The INPSC is the integral under the full two-dimensional NPSC. 

Even though the full two-dimensional NPSC has the positive, as well as the redundant 

negative frequency values present, the INPSC was defined in this way for ease of 

evaluation. 

Variation with Current-Time Product 

The variation of the INPSC with current-time product is shown in Figure 6-1. Five 

images at each current-time product were used to calculate an average INPSC. The INPSC 

decreased as the current-time product was increased. A one-way analysis of variance 

(ANOVA) was performed to compare the means and check for statistically significant 

differences. The ANOVA p-value was 0.000 so differences exist among the means. 

Additionally, the Levene statistic was used to test for homogeneity of the variances. The 

p-value was 0.000 so the assumption of equal variances was not used in the post-hoc 

tests. Three multiple comparison post-hoc tests that do not assume equal variances were 
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performed. The results of the post-hoc tests are shown in Appendix E (Table E-1). 

Tamhane’s T2 is a conservative pairwise comparisons test based on a t test. Dunnett’s T3 

is a pairwise comparisons test based on the Studentized maximum modulus. Lastly, 

Games-Howell is a more liberal comparison test. 

The INPSC decreases with increasing current-time product. This was the expected 

result since the NPSC is a measure of the noise level in an image and as the current-time 

product is increased more photons go into the formation of the image and the quantum 

noise level is reduced. The differences in the INPSC were statistically significant for all 

current-time product comparisons. The INPSCs determined at 0.4 mAs had the largest 

variance. The average values and their associated standard deviations (σ) are shown in 

Table 6-1. 

As the current-time product is increased, the magnitude of change in the INPSC for 

equal increases in current-time product does not remain constant. For example, the 

difference in the average INPSC for a doubling of the current-time product as determined 

from 0.4 mAs and 0.8 mAs is 2.222×10-6 while the difference is 9.497×10-7 between 1.0 

mAs and 2.0 mAs. This shows that the INPSC is more sensitive to changes in exposure 

level at lower exposure levels. This was the expected result since the CR imaging plate is 

a non-linear photon detection system. 

Variation with Peak-Tube Potential 

The variation of the INPSC with peak-tube potential is shown in Figure 6-2. Five 

images at each peak-tube potential were used to calculate an average INPSC. The current-

time product was adjusted in the acquisition of the flat-field images used to test the 

INPSC variation with peak-tube potential in the attempt to maintain a constant exposure 

level of 1.0 mR (3.876 C/kg). The mA and time were adjusted independently at each 
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peak-tube potential to maintain the exposure level as close to 1.0 mR (3.876 C/kg) as 

possible. The INPSC decreased slightly as the peak-tube potential was increased from 50 

kVp to 60 kVp, then remained statistically constant up to 80 kVp. The ANOVA p-value 

was 0.000 so significant differences exist among the means (in this case the INPSCs 

determined at 50 kVp and 60 kVp statistically differed). The Levene p-value was 0.000 

so the assumption of equal variances was not used in the post-hoc tests. The results of the 

post-hoc tests are shown in Table E-2. 

Variation with Processing Option 

The variation of the INPSC with the three different processing options previously 

discussed is shown in Figure 6-3. Ten images processed with each processing option 

were used to calculate an average INPSC. Ten images were used instead of five because 

of the increased variance in the INPSC when the hand AP processing algorithm was used. 

The INPSC decreased with the chest PA processing option and increased with the hand 

AP processing option. The ANOVA p-value was 0.000 so statistical differences exist 

among the means. The Levene statistic p-value was 0.001 so the assumption of equal 

variances was not used in the post-hoc tests. The results of the post-hoc tests are shown in 

Table E-3. The slight decrease in the INPSC when the chest PA processing option was 

used indicated that the algorithm performs a smoothing operation on the raw image data. 

The significant increase in the INPSC when the hand AP processing option was used 

indicated that an edge enhancement process was performed. 

MTFC 

Two methods of determining the MTFC were initially performed; the use of a 

narrow slit and the use of a sharp attenuating edge. Initial images of a 20-µm slit at the 

diagnostic exposure levels investigated in this work did not produce a viable data set to 
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calculate the LSF. With the low exposure levels and the presence of simulated patient 

scattering media the slit was barely visible in the image. There was not enough data 

present in the image to generate a usable LSF and the data that was available was 

extremely noisy. The images of the 250-µm thick tungsten edge device were easily used 

to generate an ESF. Therefore, the investigations of the MTFC that follow were all 

accomplished with the edge method. 

Scan Versus Subscan Direction 

The Agfa Compact CR reader scans the imaging plate along its’ longest dimension. 

Since a single image is used to calculate the MTFC in both the scan and subscan 

directions, these metrics are determined using two perpendicular edges of the tungsten 

square. To ensure that both edges produced the same results, several images were 

acquired with both edges in the scan and subscan direction. The images were acquired 

with 60 kVp and 1.0 mAs. It should be noted that the Matlab m-file used to calculate the 

IMTFC was designed to evaluate the subscan MTFC using a vertical edge that is parallel 

to the scan direction (see Figure B-1). In order to evaluate the MTFC in the scan direction 

the image must be rotated 90-degrees counter-clockwise so that the top edge of the 

tungsten square in Figure B-1 is properly oriented for evaluation. The average IMTFC 

from five images for both edges in the scan and subscan directions are listed in Table 6-4. 

A Student’s t-test was performed on the data and it was determined that both edges 

functioned equally well in both directions. 

IMTFC Reproducibility 

There are two main sources of variability in the IMTFC calculation. The first is due 

to the manual selection of the usable edge data from the edge image. This caused a 

variation in the value of the IMTFC for multiple evaluations of the same image. The 
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second is the difference in the IMTFC as calculated from multiple images acquired with 

the same acquisition parameters. Both of these sources of variability were evaluated. The 

IMTFC calculated five times from a single image acquired with 60 kVp and 1.0 mAs is 

shown in Table 6-5. This evaluation showed a maximum variability of 0.006 mm-1. The 

IMTFC calculated once from five separate images is shown in Table 6-6. This evaluation 

showed a maximum variability of 0.017 mm-1. 

Edge Angle Reproducibility 

The actual angle the edge device made with respect to the pixel matrix was 

calculated by the Matlab IMTFC algorithm. The target edge angle was three degrees. The 

actual angle of the edge in the images for both repeated edge setups and repeated images 

with a single setup are listed in Table 6-7. The average for the repeated setups was 2.8 

degrees with an overall variability of 0.61 degrees. The average for repeated images of 

the same setup was 2.75 degrees with an overall variability of 0.50 degrees. Combining 

these results, the 95-percent confidence interval for the edge angle used to determine the 

IMTFC is 2.79 ±0.49 degrees. The edge angle was the same for the scan and subscan 

direction in each case. 

Number of ESF Data Points 

The number of data points selected about the edge for the ESF has an effect on the 

magnitude of the IMTFC. This is primarily due to increased exposure just under the edge 

device from scattered x rays. This phenomenon causes a shoulder on the attenuated side 

of the ESF that reduces the sharpness of the edge response (see Figure 6-4). If more 

pixels are used for the ESF, more of the shoulder is incorporated and the magnitude of 

the IMTFC is decreased.  
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Due to the way the FFT is calculated, the number of data points in the final MTFC 

is one half the number of data points in the LSF. Since the LSF is zero padded to 256 data 

points before the calculation of the MTFC, there are 128 data points in the MTFC 

independent of the length of the ESF. Therefore, the frequency resolution of the MTFC 

appears to be independent of the ESF length. This is not the case since the length of the 

LSF is artificially increased to 256 data points. This process is analogous to adding 

additional data points to the MTFC by interpolating between the values that would be in 

the MTFC based on the true length of the ESF. The IMTFC for ESFs of varying lengths 

are shown in Table 6-8 and Table 6-9. An image of the edge device acquired with 60 kVp 

and 1.0 mAs was used to calculate the IMTFCs in Table 6-8 and Table 6-9. 

There is approximately a 20-percent reduction in the IMTFC when 250 data points 

are used compared to the use of 25 data points in both the scan and subscan directions. 

This is not a large decrease and since the shoulder on the attenuated side of the ESF is a 

direct result of the clinical nature of the edge image acquisition, it was decided that some 

of the shoulder should be included in the “clinical” edge response. In addition, the 

smaller number of data points used does produce a smoother MTFC (see Figure 6-5), but 

at the cost of frequency resolution. Since the MTFC is used to compare different images, 

the choice of data length is somewhat arbitrary as long as the same methodology is used 

for each calculation. Therefore, in order to see the effect of the ESF shoulder 128 data 

points were selected for further calculations of the IMTFC. 

Variation with Current-Time Product 

The variation of the IMTFC with current-time product is shown in Figure 6-6 and 

Figure 6-7. Five images at each current-time product were used to calculate an average 

IMTFC. The IMTFC appears to decrease with increasing current-time product. The 
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ANOVA p-value was 0.002 for the scan direction and 0.000 for the subscan direction so 

differences appear to exist among the means. The Levene statistic p-value was 0.001 for 

the scan direction and 0.029 for the subscan direction so the assumption of equal 

variances was not used in the post-hoc tests. The results of the post-hoc tests are shown in 

Table E-4 and Table E-5. Even though the ANOVA had a p-value of 0.002 for the scan 

direction, when the post-hoc tests were performed and the observed significance level 

was adjusted for the fact that multiple comparisons were made, the IMTFC means were 

not statistically different. The IMTFCs for the subscan direction showed statistically 

significant differences between those determined at low current-time product values and 

those determined at high current-time product values. A difference was not seen between 

the IMTFCs determined from 0.4 to 1.0 mAs and those determined from 1.0 to 3.2 mAs. 

The IMTFCs determined at 0.4 mAs showed the largest variation. The average 

values and their associated standard deviations are shown in Table 6-10. This larger 

variation, as well as the overall larger average magnitude, can be attributed to the 

increased noise level in the edge imaged acquired at 0.4 mAs. The increased noise causes 

increases in the high frequency components of the MTFC. As the current-time product 

was increased and the noise level in the edge image decreased, the MTFC became more 

stable. This behavior can be seen in Figure 6-8 and Figure 6-9. If the MTFC is averaged 

over many images these variations start to get averaged out and the MTFC starts to 

stabilize (see Figure 6-10). Even though these increases in the high frequency 

components are reduced when the MTFCs are averaged before integration, there are still 

slight increases in the average MTFC determined at lower current-time product values 

(see Figure 6-11). Since the maximum variation of the IMTFC is approximately 0.04  
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mm-1 and the reproducibility of the IMTFC calculation is on the order of 0.02 mm-1, these 

small increases in the high frequency components of the MTFC from increased noise in 

the edge image account for the increase in the IMTFC at low current-time product values. 

Variation with Peak-Tube Potential 

The variation of the IMTFC with peak-tube potential is shown in Figure 6-12 and 

Figure 6-13. Five images at each current-time product were used to calculate an average 

IMTFC. The IMTFC showed a definite increase with peak-tube potential. The ANOVA p-

value was 0.000 for both the scan and subscan directions so differences exist among the 

means. The Levene statistic p-value was 0.230 for the scan direction and 0.564 for the 

subscan direction so the assumption of equal variances was assumed in the post-hoc tests. 

Three multiple comparison post-hoc tests that assume equal variances were 

performed. The results of the post-hoc tests are shown in Table E-6 and Table E-7. Both 

Tukey’s honestly significant difference test (HSD) and the Bonferroni test are multiple 

comparisons tests that adjust the observed significant level for the fact that multiple 

comparisons are made. Tukey’s HSD is based on the Studentized range statistic while the 

Bonferroni test is based on Student’s t statistic. The least significant difference (LSD) test 

is a pairwise multiple comparison test that is equivalent to multiple individual t tests 

between all pairs of groups. The LSD test does not adjust the observed significance level 

for multiple comparisons. All of the comparisons showed statistical differences in the 

average IMTFCs at all peak-tube potentials in both directions. 

The increase in the IMTFC with peak-tube potential was a direct result of the shape 

of the ESF. It was previously noted that the ESFs at 60 kVp have a shoulder on the 

attenuating side of the edge as a result of scatter. As the peak-tube potential is increased, 

the scattering of photons under the edge device is decreased and the shoulder on the ESF 
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is reduced (see Figure 6-14). This leads to an increase in the magnitude of the MTFC and 

as a result an increase in the IMTFC. Using the MTFC as a measure of image quality 

could lead to the conclusion that the higher the peak-tube potential used the better the 

image quality. This is not true for all applications because more factors than just the 

ability of the system to transfer subject contrast need to be considered. If an imaging 

system had a perfect MTFC (a value of one for all spatial frequencies) but such a high 

peak-tube potential was used that the object being imaged presented very little subject 

contrast, the image would still be of poor quality. So even though the IMTFC increases 

with increasing peak-tube potential, more factors need to be considered before a 

statement can be made regarding the quality an image would have if the same acquisition 

parameters were used. 

Variation with Processing Option 

The variation of the IMTFC with the three different processing options is shown in 

Figure 6-15 and Figure 6-16. Five images processed with each processing option were 

used to calculate an average IMTFC. The IMTFC increased when both the chest PA and 

the hand AP processing algorithms were applied to the raw image data. The ANOVA p-

value was 0.000 for both the scan and subscan directions so differences exist among the 

means. The Levene statistic p-value was 0.019 for the scan direction and 0.178 for the 

subscan direction so the assumption of equal variances was not used in the post-hoc tests 

for the scan direction but was used for the subscan direction. The results of the post-hoc 

tests are shown in Table E-8 and Table E-9. The IMTFC means were statistically different 

for all processing options. The increase in the IMTFC for the chest PA and the hand AP 

processing options was directly attributed to the enhancement of the ESF (see Figure 6-

17). The shoulder on the attenuated side of the edge is almost completely eliminated, 
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which lead to an increase in the magnitude of the MTFC and therefore an increase in the 

IMTFC. This occurs because both processing options perform a smoothing of the bright 

areas (those that would represent bone in a clinical image) after the edge enhancement. 

This leads to not only a better edge response but a flattening of the data under the edge 

device which is a bright area in the image similar to a bone. The hand AP processing 

option was so effective with this enhancement that the MTFC has a value greater than one 

for the low frequency components in the scan direction (see Figure 6-18). This behavior 

was not noticed in the subscan direction because the edge response was not reproduced as 

well in that direction, but the IMTFC is still increased with the use of the hand AP 

processing option. This enhancement of the MTFC does have its limitations. In the case of 

the hand AP processing option the noise level in the image is increased. If the noise level 

in the original image data is sufficiently low, this noise increase may be tolerable in a 

clinical setting. For the chest PA processing option, the increase in noise over the entire 

image caused by the edge enhancement is corrected by a smoothing operation which 

leads to an overall noise reduction. 

Dynamic Image Manipulation 

The calculation of the INPSC and the IMTFC in the previous two sections was 

performed on the raw, or digitally processed, image data before any changes were made 

by the viewing software or the viewer. The monitors of the diagnostic display stations 

used in the Radiology Department at Shands are capable of displaying 4096 gray scale 

levels so a 12-bit image would be accurately represented. Therefore, the raw image data 

used for calculations in this study should be represented by the pixel brightness values 

displayed on the monitor. Unfortunately, the viewing software automatically adjusts the 

window and level settings on the image to optimize the display. The level is simply the 
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midpoint of the pixel values displayed. The window is the range of pixel values that are 

displayed around the level. This automatic adjustment changes the image data that the 

viewer sees so the displayed image is no longer the same as the raw image data. Once the 

image is displayed, the viewer also has the ability to dynamically change the window and 

level settings. This causes a continuous change in the displayed image data. These 

changes have an effect on the INPSC and the IMTFC, but it is not practical to capture the 

displayed image data to perform calculations. In order to demonstrate the range of this 

effect, the window and level of a flat-field and an edge image (acquired at 60 kVp and 

1.0 mAs) were altered with the ImageJ program. The INPSC and the IMTFC were then 

calculated (see Table 6-11 and Figure 6-19) from these manipulated images. ImageJ only 

allows the user to save an image that has had the window and level adjusted if it is an 8-

bit grayscale image. Since the images acquired from PACS are 12-bit images, they were 

first converted to 8-bit images before the adjustments were made. The window and level 

were adjusted one at a time in both the positive and negative directions to the full extent 

allowed by the ImageJ program. After each adjustment the image was saved as a text 

image so it could be read by Matlab. 

As the window was increased to its maximum slope, the flat-field image became an 

almost uniform image with all pixel values set to 255 except a few around the periphery 

where the imaging plate was outside of the x-ray field during image acquisition. This 

reduced the INPSC to nearly zero. The reason the INPSC was not exactly zero is discussed 

in Appendix A. The increase in window caused the edge image to resemble the perfect 

binary image discussed in Appendix B. All of the pixel values outside of the edge device 

were set to 255 while all of the pixel values under the edge device were set to zero. This 
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caused a dramatic increase in the IMTFC. It should be noted that this is the most extreme 

case and in clinical practice as the window is increased, so is the perceived noise level. 

The noise level begins to vanish as the window approaches its maximum slope, but so 

does any subject contrast. Therefore, once again more factors than just the MTFC need to 

be considered when assessing the quality of an image. As the window was decreased to 

its minimum slope, the pixels in the flat-field image were set to a narrow range of values 

in the middle of the grayscale range. This caused a reduction in the INPSC but was not as 

drastic an effect as the window increase. The window decrease had a similar effect on the 

edge image except the pixels were set to two narrow ranges of values corresponding to 

those pixels outside of the edge device and those under the edge device respectively. This 

did not have an effect on the IMTFC because the relative edge response remained 

unchanged. 

As the level was increased to its maximum value, the flat-field image became a 

uniform image as almost all of the pixel values increased beyond the usable 8-bit 

grayscale level of 255. This caused the same effect on the INPSC as the increase in 

window. This increase in level caused the majority of the pixels outside of the edge 

device to increase in value beyond the usable grayscale level and were therefore set to a 

value of 255. This flattened the tail of the ESF on the non-attenuated side of the edge 

resulting in a small increase in the IMTFC. As the level was decreased to its minimum 

value, the pixel values in the flat-field image were all reduced by a constant but none of 

the pixel values decreased below zero so the INPSC was not affected. This decrease in 

level caused the majority of the pixel values under the edge device to decrease below the 

minimum grayscale level and therefore be set to zero. This significantly flattened out the 
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shoulder on the attenuated side of the ESF and caused an increase in the IMTFC. The 

MTFCs for these changes in window and level are shown in Figure 6-19. 

It should be noted that the increase in level affected the non-attenuated side of the 

ESF because the raw image data from the PACS has an inverted grayscale compared to 

the images viewed on the display stations. The raw image data has high pixel values for 

high radiation exposure and low pixel values for low radiation exposure. This is exactly 

opposite from images acquired on film where a high radiation exposure leads to a darker 

area on the film. This increased exposure results in less light being transmitted through 

the film causing the perception of a low “number.” In order to make the raw image data 

in CR to appear like a traditional film, the grayscale is inverted before display. For this 

reason, the ESFs shown in this chapter have been grayscale inverted for display purposes 

so they appear in the traditionally accepted way. 

DQEC 

The DQEC was calculated from the NPSC and MTFC data previously shown in this 

chapter. In order to calculate the DQEC, the parameters k and Q in Equation 2-13 were 

calculated. The value of k for this application of the DQEC was determined to be unity. 

Since the raw image data is corrected for background trends by subtracting a fitted 

surface from the original data before the calculation of the NPSC, the mean pixel value of 

each ROI used in the NPSC calculation is nearly zero. This procedure corrected for the 

total gain of the imaging system including any change in exposure class. The effect of the 

system gain on the image noise content is not accounted for by the background trend 

correction. A correction for this was not desired because the altered noise content is what 

is initially displayed on the monitor as 12-bit brightness levels during image viewing. In 

order to calculate Q, the input parameters for TASMIP were determined. The half-value 
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layer (HVL) was determined to be 0.2733 mm of Al at 60 kVp. Simulating the HVL 

measurement in MCNP4C the x-ray tube housing inherent filtration was determined to be 

2.35-mm Al-equivalent. The generator ripple was determined to be approximately five 

percent across the peak-tube potential range of interest. Using the x-ray spectrum 

generated by TASMIP, the flat-field setup was simulated in MCNP4C and the parameter 

Q was calculated for each peak-tube potential (see Table 6-12). The parameter Q and was 

then normalized by the exposure measured in the bucky for each set of acquisition 

parameters (see Table 6-13 and Table 6-14). 

Variation with Current-Time Product 

The variation of the IDQEC with current-time product is shown in Figure 6-20 and 

Figure 6-21. The IDQEC showed the same trend with current-time product as the INPSC. 

This decrease in the average IDQEC with current-time product is due to the parameter Q 

in Equation 2-13. The NPSC decreases with current-time product but the Q value 

increases at a greater rate causing a decrease in the IDQEC. Physically this was 

determined to show that as the current-time product is increased the efficiency of the 

imaging system per unit photon decreases. The ANOVA p-value was 0.000 for both the 

scan and subscan directions so differences exist among the means. The Levene statistic p-

value was 0.098 for the scan direction and 0.152 for the subscan direction so the 

assumption of equal variances was assumed in the post-hoc tests for both directions. The 

results of the post-hoc tests are shown in Table E-10 and Table E-11. All of the average 

IDQECs showed statistically significant differences for two of the post-hoc tests in the 

scan direction and all of the post-hoc tests in the subscan direction. The Bonferroni test 

showed statistically equivalent IDQECs determined at 0.8, 1.0 and 1.2 mAs. 
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Variation with Peak-Tube Potential 

The variation of the IDQEC with peak-tube potential is shown in Figure 6-22 and 

Figure 6-23. The IDQEC showed a decreasing trend with increasing peak-tube potential. 

The ANOVA p-value was 0.000 for both the scan and subscan directions so differences 

exist among the means. The Levene statistic p-value was 0.470 for the scan direction and 

0.885 for the subscan direction so the assumption of equal variances was assumed in the 

post-hoc tests for both directions. The results of the post-hoc tests are shown in Table E-

12 and Table E-13. The decrease in the average IDQEC was statistically significant for at 

least two of the post-hoc tests in the scan direction for all increases in peak-tube potential. 

The only statistically significant difference in the average subscan IDQEC with a change 

in the peak-tube potential was for 80 kVp. The average subscan IDQEC determined from 

lower peak-tube potentials were not statistically different as determined by the post-hoc 

tests that adjust the error rate for multiple comparisons. 

This decrease in the IDQEC with increasing peak-tube potential was once again 

driven by the parameter Q but the MTFC also added to the decrease. Since the exposure 

level was kept constant for all of the peak-tube potentials, the NPSCs were almost the 

same. Both the MTFC and the Q value increased with increasing peak-tube potential, this 

lead to the decrease in the IDQEC with increasing peak-tube potential. 

Variation with Processing Option 

The variation of the IDQEC with processing option is shown in Figure 6-24 and 

Figure 6-25. The average IDQEC increased with the chest PA processing option but did 

not change with the hand AP processing option in both the scan and subscan directions. 

The ANOVA p-value was 0.000 for both the scan and subscan directions so differences 

exist among the means. The Levene statistic p-value was 0.026 for the scan direction and 
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0.028 for the subscan direction so the assumption of equal variances was not assumed in 

the post-hoc tests for both directions. The results of the post-hoc tests are shown in Table 

E-14 and Table E-15. All three post-hoc tests showed a statistically significant increase in 

the average IDQEC with the use of the chest PA processing option but no statistical 

change occurred with the use of the hand AP processing option. 

The use of the integral of a function as a means of comparing two functions does 

have its limitations. As the NPSC and MTFC changed with different acquisition 

parameters (current-time product and peak-tube potential), the direction of the change 

(positive or negative) was consistent for all spatial frequencies. The IDQEC did not show 

this same behavior with a change in the processing option. The DQEC in the subscan 

direction for all three processing options is shown in Figure 6-26. The IDQEC for the full-

range and the hand AP processing options are statistically the same but the DQECs have 

dramatically different shapes. This shows that the processing options are truly application 

specific and the magnitude of the DQEC they produce at any particular spatial frequency 

value would depend on what is being imaged. If small objects are to be imaged, the ideal 

DQEC would have a large magnitude at high spatial frequencies while in contrast if large 

objects are to be imaged, the ideal DQEC would have a large magnitude at low spatial 

frequencies. This shows that the IDQEC could be a misleading indication of overall image 

quality. 

CDSC 

Observer Study 

Each of the contrast-detail phantoms used in this study was scored under four 

different viewing conditions: the standard image without the use of window and level, the 

standard image with the use of window and level, and the inverted image under the same 
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two conditions. The total number of visible objects, or score, for each phantom under all 

viewing conditions is shown in Table 6-15 and Table 6-16. These are the combined 

results of all observers. A one-way ANOVA was performed on the total score across all 

current-time product values and viewing conditions for each phantom to determine if 

there was a difference in the performance of the observers based on specialty. Of the 

three groups of observers, the radiology residents and the students performed statistically 

equivalent for both phantoms. The medical physicists performed statistically equivalent 

to the other groups for the UF Radiology phantom but scored statistically higher by 7.5 

percent for the TO.10 phantom (the p-value was 0.001). This is attributed to the 

subspecialties within the medical physicists group. Despite the same viewing instructions, 

the nuclear medicine physicist and the mammography specialist scored higher than the 

other medical physicists. Therefore, the total scores shown in Table 6-15 and Table 6-16 

are representative of an average observer across several radiological specialties. 

Since the number of visible objects changes with current-time product, the 

ANOVA was repeated for the mean total score of each group across all viewing 

conditions at each current-time product independently. This was done to ensure that the 

increased variance caused by the total score changing with current-time product did not 

affect the results. The p-values for this analysis are shown in Table 6-17. The only 

difference found between the groups was with the TO.10 phantom at 2.0 mAs. Post-hoc 

tests showed that only the medical physicists and the radiology residents scoring of the 

contrast-detail images statistically differed but the conclusion regarding inter-group 

performance was verified. 
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To determine if there were any differences in the scores due to the different 

viewing conditions, the same type of ANOVA was performed for the different viewing 

conditions as was done for the observer groups. The p-values for the mean total score for 

each viewing condition across all groups and current-time product values was 0.549 and 

0.098 for the TO.10 and the UF Radiology phantom, respectively. The p-values for the 

ANOVAs performed at each current-time product independently are shown in Table 6-

18. This analysis showed that there was no statistically significant difference in observer 

performance for the different viewing conditions. 

CNRT Determination 

The purpose for determining the CNRT for each object size was to automate the 

scoring of the contrast-detail phantoms. Since there was no statistical difference in 

observer performance for the four viewing conditions the observer scores for the standard 

image with the use of window and level were used for all subsequent analysis. This 

viewing condition was chosen because it best represents the true clinical viewing 

conditions. Utilizing the Matlab m-file shown in Appendix C the CNR for all of the 

objects in each phantom was calculated for each image used in the observer study. It was 

then necessary to determine the object that was considered the threshold of visibility for 

each object size, or row, across all observers. Since each observer counted the total 

number of visible objects in each row, these values were averaged to determine the object 

that the average observer would consider the threshold of visibility. A non integer value 

was allowed to add precision to the calculation of the CNRT. These average values are 

listed in Table 6-19 and Table 6-20. The CNRT was then calculated for this threshold 

object by linearly interpolating between the CNRs for the two objects on either side if the 

average threshold object. 
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The CNRTs for each phantom are shown in Figure 6-27 and Figure 6-28. The 

CNRT for each row is nearly independent of the exposure level to the image plate 

especially for the UF Radiology phantom. This behavior became less pronounced as the 

object size decreased. It should be noted that CNRTs were not calculated for all of the 

rows in each phantom. The last three rows (smallest three object sizes) of the TO.10 

phantom and the last row of the UF Radiology phantom were excluded from the CNRT 

analysis. This was done because the small size of the objects produced only a few pixels 

in the image. The small number of pixels led to large relative errors in the reproducibility 

of the CNR calculations. 

The manual image registration procedure discussed previously and incorporated in 

the Matlab m-file shown in Appendix C does have a slight disadvantage to a completely 

automated procedure. Depending on the exact location of the user input from the image 

during the registration procedure (see Appendix C), the CNR calculations for each object 

can vary. Even with this limitation the manual registration procedure produced better 

results than a completely automated procedure. If a completely automated procedure 

produced inadequate localization of the objects there was no way to correct the problem. 

The m-file produced the same CNR values each time but they were incorrect. The m-file 

using the manual registration procedure is capable of exactly reproducing the CNR 

calculations for multiple analyses of the same image if the registration inputs are 

identical. This ability to exactly reproduce the CNR calculations was difficult due to the 

slight variations of the user input during the registration procedure so there were 

variations in the reproducibility of the CNR calculations. These variations were less than 

five percent for the larger objects but increased to as much as 30 percent for the small 
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objects. To limit the effect of these variations some object sizes were excluded and the 

CNR calculations were performed five times on each image and the results were 

averaged. The CNRT determined for each object size was then averaged over all current-

time product values to determine the CNRT to be used in the automated scoring algorithm 

described below. The CNRT for each object size and each phantom is shown in Table 6-

21. 

Automated Phantom Scoring – The Average Observer 

Once a CNRT was determined for each object size both contrast-detail phantoms 

could be scored without the use of observers and a CDSC for the average observer 

determined. In order to increase the accuracy of the auto-scoring process the CDSC is an 

interpolated value and not a whole number. This procedure is explained in Appendix C. 

The total number of visible objects for the object sizes used in this evaluation and the 

CDSC for all current-time product values for both phantoms is shown in Table 6-22. The 

CDSCs in Table 6-22 were calculated from the same images used in the observer study. 

The auto-scoring algorithm performs very well except at the lowest current-time product, 

the 0.4 mAs level. This is due to the fact that the CNRT is not exactly independent of 

exposure level. Since the CNRTs calculated from the images acquired at 0.4 mAs were 

slightly below the average CNRT for all object sizes and the CNR decreases with 

decreasing subject contrast, the use of a slightly higher CNRT than was actually measured 

from the observer data caused fewer objects to be scored as visible. This caused the 

CDSC to be smaller than the observers’ score at this current-time product level. 

Automated scoring reproducibility 

Due to the variations that can occur in the calculation of the CNR for each object in 

an image, the automated scoring algorithms used to calculate the CDSC (see Appendix C) 
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were tested for reproducibility. A single image of each phantom was acquired at each of 

the current-time product values shown in Table 6-22 and five CDSCs were determined 

from each image. A one-way ANOVA was performed on the results to see if this 

variability affects the ability of the scoring algorithm to detect small changes in exposure 

level. The p-value was 0.000 for the analysis of both phantoms so there were statistical 

differences in the mean CDSC determined at different current-time product values. Post-

hoc tests showed that all mean CDSCs were statistically different for all current-time 

product comparisons with a p-value of 0.000 in all cases. This showed that the variation 

in the calculation of the CNR does not affect the performance of the scoring algorithm. 

Variation with current-time product 

Like the NPSC, the CDSC is capable of distinguishing between small changes in 

exposure levels. Five images of the TO.10 phantom were acquired with the current-time 

product levels listed in Table 5-5. The variation of the average CDSC with current-time 

product determined from these images, as well as the associated standard deviations, is 

shown in Table 6-23. The ANOVA p-value was 0.000 so significant differences exist 

among the means. The Levene p-value was 0.227 so the assumption of equal variances 

was used in the post-hoc tests. The results of the post-hoc tests are shown in Table E-16. 

All of the CDSCs statistically differed for all current-time product comparisons. Since the 

CDSC differentiated a 0.2 mAs change with the TO.10 phantom, the CDSC variation with 

current-time product for the UF Radiology phantom was done only at 0.8, 1.0, 1.2 and 

2.0 mAs. These results are also shown in Table 6-23. The ANOVA p-value was 0.000 so 

significant differences exist among the means. The Levene p-value was 0.408 so the 

assumption of equal variances was used in the post-hoc tests. The results of the post-hoc 

tests are shown in Table E-17. All of the CDSCs statistically differed for all current-time 
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product comparisons. With both phantoms, the CDSC increases with increasing current-

time product and 0.2 mAs changes are discernable. 

Variation with peak-tube potential 

The variation of the CDSC with peak-tube potential was not characterized since the 

primary goal of the development of the ideal observer was to determine if small changes 

in current-time product could be identified. Since this work is specifically designed for 

pediatric radiology all of the contrast detail analysis was performed with a fixed peak-

tube potential of 60 kVp. 

Variation with processing option 

The effect of processing option on the CDSC was determined by evaluating five 

images of each phantom acquired with the three previously discussed processing options 

with 60 kVp and 1.0 mAs. These results are shown in Figure 6-29 and Figure 6-30. The 

ANOVA p-value was 0.000 for both phantoms so significant differences exist among the 

means. The Levene p-value was 0.406 for the TO.10 phantom and 0.141 with the UF 

Radiology phantom so the assumption of equal variances was used in all post-hoc tests. 

The results of the post-hoc tests are shown in Table E-18 and Table E-19. All of the 

CDSCs statistically differed for all processing option comparisons. For both phantoms the 

hand AP processing option increased the CDSC but the chest PA processing option 

increased the contrast detectability the greatest. 

Automated Phantom Scoring – The Ideal Observer 

In the previous section the CDSC was based on an observer study and was intended 

to emulate the average observer. During this research a question was posed regarding the 

mathematical detectability of an object versus a human observer’s ability to detect an 

object. To determine if an object can be mathematically detected, if the location of that 
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object is known, the ideal observer was developed. The only difference between the 

average observer algorithm in Appendix C and the ideal observer is the CNRT. For the 

ideal observer, a constant CNRT (the same for all object sizes) was calculated. This CNRT 

was calculated by performing repeated CNR calculations of two adjacent background 

regions where no object was located from images of both phantoms at all current-time 

product values investigated to this point. These CNRs are plotted in Figure 6-31. The 

CNR values were found to be normally distributed about zero. Since an object can only 

be present with a positive CNR (as defined in this study), the CNRT was defined as the 

upper limit of the 95-percent confidence interval about the mean of zero. This value was 

determined to be 0.172. 

Using this value as the CNRT instead of the CNRTs determined from the viewer 

study, the images used in the variation with current-time product section were scored 

with the ideal observer algorithm. The results for the TO.10 phantom are shown in Figure 

6-32. At 2.0 mAs and above all of the objects in rows scored by the ideal observer were 

“visible.” The results for the UF Radiology phantom are shown in Figure 6-33. Not all of 

the objects were visible for the ideal observer at 3.2 mAs but the CDSC still appeared to 

be approaching its maximum value with increasing current-time product. This showed 

that the UF Radiology phantom could be useful over a wider range of exposure levels 

before all objects become visible. 

The increase in the CDSC for the ideal observer showed that some objects can be 

mathematically detected that are not visible to a human observer. This could be of 

clinical relevance but in this application the location of each object is precisely known. 
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Without this a priori knowledge of not only the location, but the size of the object this 

mathematical detection might not be possible. 

Anthropomorhic Phantom Evaluation 

The images of the anthropomorphic phantom were evaluated by the four radiology 

resident’s who participated in the contrast detail observer study. Two sets of images were 

acquired; the first using the system diagnosis/full range processing option and the second 

using the upper extremity/full range processing option. All images were acquired with 60 

kVp. The base image (the one all others were compared too) was acquired with 60 kVp 

and 1.0 mAs with the full range processing option. The results of this study are shown in 

Table 6-24. Under the rules defined in Chapter 5, the use of the chest PA processing 

option would allow a reduction of 0.6 mAs to obtain an image of minimum acceptable 

quality. Even though the images acquired with 0.4 and 0.8 mAs and processed with the 

chest PA processing option received an average score of three (having the same 

perceived image quality as the reference image), the radiology residents were split as to 

whether these images were better or worse. This shows the subjectivity of what 

constitutes a good image. The images processed with the chest PA processing option 

produced much sharper transitions across the bony structures. When the two residents 

that rated these two images worse than the reference image were asked why they made 

this decision (after the viewing session was completed), they both stated that the images 

processed with the chest PA processing option appeared to be noisier and preferred the 

smoother images of the full-range processing option. Therefore, this study is not 

sufficient to define a different set of acquisition parameters to define an image of 

minimum acceptable quality based on the full range processing option. It does show that 

using the same technique factors (60 kVp and 1.0 mAs in this instance), all of the 



89 

 

radiology residents noticed an improvement in image quality with the use of the chest PA 

processing option. This demonstrates the benefit of a truly digital imaging modality such 

as CR. 

Effective Dose Calculation 

One of the limitations of the MOSFET dosimetry system utilized in this study is its 

sensitivity. The MOSFET dosimeters are not sensitive enough to measure the exposure at 

the diagnostic exposure levels investigated. The effective dose to the anthropomorphic 

phantom for a CAP exam performed at 60 kVp and the range of current-time product 

values previously stated was indirectly measured. The effective dose was measured at 

250 mAs and assuming the dose to be linear with current-time product, the dose was 

scaled to the desired current-time product. The absorbed doses to the organs listed in 

Table 2-1 were calculated with the method described in Chapter 2 with the exception of 

the bone marrow and the bone surface. Using a method similar to Johnson3, the absorbed 

dose from each exposed bone site available for measurement within the anthropomorphic 

phantom (see Table 6-25) was multiplied by a bone marrow fraction (BMF) or a bone 

surface fraction (BSF) then summed to get the absorbed dose to the exposed bone 

marrow and bone surface, respectively. 

The remaining information needed to complete the effective dose calculation was 

the mass energy-absorption coefficients (µen/ρ) for the x-ray beam. The average energy of 

the x-ray beam used in this study was determined to be 37.5 keV with the use of TASMIP 

and MCNP4C as previously described. The µen/ρ values for the three tissue types used in 

the construction of the anthropomorphic phantom are shown in Table 6-26. Multiple 

dosimetric measurements were made and averaged for each organ in order to increase the 

accuracy of the dose measurement. The average voltage reading (R) for each organ site, 
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the MOSFET calibration factor (CF), the appropriate µen/ρ ratio and the tissue weighting 

factor (wT) is shown in Table 6-27. The same information used in the calculation of the 

bone marrow and bone surface absorbed doses is shown in Table 6-28 and Table 6-29. 

The effective doses for the exposure levels investigated in this research are shown in 

Table 6-30. 
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Figure 6-1. Variation of the INPSC with current-time product at 60 kVp. 

0.00E+00
5.00E-08
1.00E-07
1.50E-07
2.00E-07
2.50E-07
3.00E-07
3.50E-07

50 60 70 80

Peak-Tube Potential (kVp)

A
ve

ra
ge

 IN
PS

C

 
Figure 6-2. Variation of the INPSC with peak-tube potential for a constant exposure level. 
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Figure 6-3. Variation of the INPSC with processing option. 
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Figure 6-4. Relative pixel values across the edge from an image acquired at 60 kVp and 

1.0 mAs. 
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Figure 6-5. MTFC for 25 and 128 data points in the scan direction from an edge image 

acquired at 60 kVp and 1.0 mAs. 
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Figure 6-6. Variation of the IMTFC in the scan direction with current-time product. 
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Figure 6-7. Variation of the IMTFC in the subscan direction with current-time product. 
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Figure 6-8. Five MTFC curves in the scan direction from five separate edge images 

acquired at 0.4 mAs. 
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Figure 6-9. Five MTFC curves in the scan direction from five separate edge images 

acquired at 3.2 mAs. 
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Figure 6-10. Smoothing effect of averaging the MTFC before integration. MTFC 1 is the 

MTFC from a single image. MTFC 2 is an average MTFC from five images all 
acquired at 0.4 mAs. 
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Figure 6-11. Average MTFC in the scan direction calculated from five images acquired at 

both 0.4 mAs and 3.2 mAs. 
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Figure 6-12. Variation of the IMTFC in the scan direction with peak-tube potential for a 

constant exposure level. 
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Figure 6-13. Variation of the IMTFC in the subscan direction with peak-tube potential for 

a constant exposure level. 
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Figure 6-14. Change in the ESF with peak-tube potential. 
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Figure 6-15. Variation of the IMTFC in the scan direction with processing option. 
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Figure 6-16. Variation of the IMTFC in the subscan direction with processing option. 
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Figure 6-17. ESFs for the three processing options in the scan direction. 
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Figure 6-18. MTFC for the full-range and the hand AP processing options in the scan 

direction. 
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Figure 6-19. The MTFC for different window and level settings in the scan direction. 
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Figure 6-20. Variation of the IDQEC with current-time product in the scan direction. 
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Figure 6-21. Variation of the IDQEC with current-time product in the subscan direction. 
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Figure 6-22. Variation of the IDQEC with peak-tube potential in the scan direction. 
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Figure 6-23. Variation of the IDQEC with peak-tube potential in the subscan direction. 
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Figure 6-24. Variation of the IDQEC in the scan direction with processing option. 
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Figure 6-25. Variation of the IDQEC in the subscan direction with processing option. 
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Figure 6-26. Variation of the DQEC in the subscan direction with processing option. 
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Figure 6-27. CNRT for each object size as a function of acquisition current-time product 

for the TO.10 phantom. 
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Figure 6-28. CNRT for each object size as a function of acquisition current-time product 

for the UF Radiology phantom. 
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Figure 6-29. Variation of the CDSC with processing option for the T0.10 phantom. 
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Figure 6-30. Variation of the CDSC with processing option for the UF Radiology 

phantom. 
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Figure 6-31. Repeated CNR calculations of two adjacent background regions. 
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Figure 6-32. The CDSC for the ideal observer and the TO.10 phantom. 
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Figure 6-33. The CDSC for the ideal observer and the UF Radiology phantom. 

Table 6-1. Average INPSCs and their associated standard deviations. 
mAs Average INPSC σ 
0.4 4.397E-06 2.662E-08 
0.8 2.175E-06 2.490E-08 
1.0 1.716E-06 2.556E-08 
1.2 1.353E-06 1.920E-08 
2.0 7.663E-07 2.099E-09 
3.2 4.831E-07 3.011E-09 

 
Table 6-2. Average INPSCs and their associated standard deviations. 

kVp Average INPSC σ 
50 3.252E-07 4.539E-09 
60 2.871E-07 2.658E-09 
70 2.856E-07 8.771E-09 
80 2.846E-07 1.109E-08 

 
Table 6-3. Average INPSCs and their associated standard deviations. 

Processing Option Average INPSC σ 
System Diagnosis/Flat Field 1.696E-06 5.261E-8 
Chest/Chest PA 1.362E-06 7.322E-8 
Upper Extremity/Hand AP 3.068E-06 2.485E-7 
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Table 6-4. Edge comparison for the IMTFC (mm-1) in the scan and subscan directions. 
Orientation Edge 1 Edge 2 p-value 

Scan 1.2316 1.0944 0.372 
Subscan 1.2370 1.1038 0.132 

 
Table 6-5. Calculation based variability in the IMTFC. 

IMTFC (mm-1) Evaluation Scan Subscan 
1 1.2337 1.0960 
2 1.2337 1.0919 
3 1.2321 1.0924 
4 1.2293 1.0976 
5 1.2287 1.0919 

 
Table 6-6. Image based variability in the IMTFC. 

IMTFC (mm-1) Image Scan Subscan 
1 1.2413 1.0994 
2 1.2350 1.0985 
3 1.2360 1.0919 
4 1.2282 1.0892 
5 1.2448 1.0931 

 
Table 6-7. Edge angle in degrees for repeated setups of the edge device and repeated 

images of the same setup. 
Repeated Setups Same Setup 

2.49 2.70 
3.30 2.70 
2.50 2.80 
2.90 3.00 
3.10 2.80 
2.70 2.50 
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Table 6-8. IMTFCs for various ESF lengths in the scan direction. 
Number of ESF Data Points IMTFC (mm-1) 

25 1.5175 
50 1.3428 
100 1.2562 
150 1.2117 
250 1.1574 

 
Table 6-9. IMTFCs for various ESF lengths in the subscan direction. 

Number of ESF Data Points IMTFC (mm-1) 
25 1.3365 
50 1.2089 
100 1.1180 
150 1.0756 
250 1.0374 

 
Table 6-10. Average IMTFCs and their associated standard deviations. 

Average IMTFC (mm-1) σ mAs Scan Subscan Scan Subscan 
0.4 1.27006 1.13638 0.026643 0.020392 
0.8 1.24306 1.10602 0.016477 0.003792 
1.0 1.23378 1.09542 0.008067 0.009759 
1.2 1.23800 1.09142 0.006496 0.008100 
2.0 1.22678 1.08640 0.013779 0.008329 
3.2 1.23396 1.08494 0.006065 0.006593 

 
Table 6-11. The INPSC and IMTFC value for different window and level settings. 

IMTFC (mm-1) Image Adjustment INPSC Scan Direction 
Standard 5.7631E-08 1.2414 
Window Increased 5.9711E-37 4.1171 
Window Decreased 5.0270E-10 1.2493 
Brightness Increased 5.9411E-37 1.7753 
Brightness Decreased 5.7631E-08 2.2583 
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Table 6-12. The value of Q for each peak-tube potential. 
kVp Q (photons·mm-2·mR-1) 
50 1.5518E5 
60 1.8253E5 
70 2.0325E5 
80 2.5305E5 

 
Table 6-13. In bucky exposure measurements at 60 kVp for the DQEC variation with 

current-time product study. 
mAs Exposure (mR) 
0.4 0.044 
0.8 0.106 
1.0 0.140 
1.2 0.182 
2.0 0.334 
3.2 0.570 

 
Table 6-14. In bucky exposure measurements for the DQEC variation with peak-tube 

potential study. 
kVp Exposure (mR) 
50 1.03 
60 1.04 
70 1.04 
80 1.02 

 
Table 6-15. Number of visible objects in the TO.10 phantom. 

Viewing Conditions mAs Standard Standard W/L Inverted Inverted W/L 
0.4 55.92 62.15 57.54 60.23 
0.8 65.92 67.23 64.08 66.08 
1.0 71.15 71.77 71.00 72.62 
1.2 73.23 75.69 73.00 74.85 
2.0 81.23 82.92 81.15 81.69 
3.2 87.31 89.46 87.38 88.46 
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Table 6-16. Number of visible objects in the UF Radiology phantom. 
Viewing Conditions mAs Standard Standard W/L Inverted Inverted W/L 

0.4 30.33 32.42 32.50 31.42 
0.8 33.42 34.92 33.50 34.50 
1.0 36.42 37.50 35.92 36.92 
1.2 34.83 36.25 35.17 35.92 
2.0 37.33 39.42 37.50 38.58 
3.2 39.67 41.67 39.25 41.25 

 
Table 6-17. ANOVA p-values for total score comparisons by observer group. 
mAs TO.10 Phantom UF Radiology Phantom 
0.4 0.100 0.675 
0.8 0.101 0.914 
1.0 0.056 0.534 
1.2 0.064 0.753 
2.0 0.003 0.249 
3.2 0.114 0.442 

 
Table 6-18. ANOVA p-values for total score comparisons by viewing condition. 
mAs TO.10 Phantom UF Radiology Phantom 
0.4 0.233 0.412 
0.8 0.860 0.759 
1.0 0.952 0.824 
1.2 0.935 0.680 
2.0 0.969 0.272 
3.2 0.844 0.181 

 
Table 6-19. Average threshold object for the TO.10 phantom. 

Row mAs A B C D E F G H J K L M 
0.4 7.00 6.15 5.85 6.38 6.00 6.08 6.62 5.92 4.85 4.69 1.92 0.69 
0.8 7.15 6.38 6.46 5.85 6.08 5.38 7.08 7.08 5.62 5.00 3.38 1.77 
1.0 7.46 7.15 6.62 6.92 6.08 6.00 7.38 7.15 5.15 5.38 4.46 2.00 
1.2 7.54 7.62 6.54 7.46 6.85 6.69 7.38 7.62 6.15 6.62 4.85 0.38 
2.0 8.15 7.92 7.85 7.92 7.15 7.00 7.62 7.46 6.85 6.69 5.31 3.00 
3.2 8.46 8.54 7.92 8.54 8.69 8.23 8.62 7.62 6.92 8.08 4.69 3.15 
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Table 6-20. Average threshold object for the UF Radiology phantom. 
Row mAs A B C D E F G H J 

0.4 4.75 4.67 3.92 4.25 3.58 3.58 3.17 2.50 2.00 
0.8 4.83 4.33 4.17 4.17 4.00 3.92 3.67 3.17 2.67 
1.0 5.58 4.50 4.42 4.42 4.33 4.17 4.00 3.33 2.75 
1.2 5.00 4.50 4.25 4.33 4.50 4.25 3.83 3.08 2.50 
2.0 5.33 5.00 5.00 4.75 4.33 4.08 4.00 3.50 3.42 
3.2 6.08 5.08 5.00 5.00 4.75 5.00 4.17 3.75 2.83 

 
Table 6-21. CNRT for each object size and each phantom. 

CNRT Object Size (Row) TO.10 Phantom UF Phantom 
Row A 0.6573 0.7307 
Row B 0.7402 0.9643 
Row C 0.8012 0.9877 
Row D 1.0395 1.0851 
Row E 1.3596 1.3425 
Row F 1.3786 1.4021 
Row G 2.0702 1.7583 
Row H 2.2272 2.4761 
Row J 2.6991 N/A 
 
Table 6-22. Observer study and CDSC comparison. 

Total Observer Score CDSC mAs TO.10 Phantom UF Phantom TO.10 Phantom UF Phantom 
0.4 54.85 30.42 48.76 27.07 
0.8 57.08 32.25 56.92 32.29 
1.0 59.92 34.75 60.75 33.60 
1.2 63.85 33.75 62.36 34.50 
2.0 67.92 36.00 68.40 37.15 
3.2 73.54 38.83 73.21 39.07 
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Table 6-23. Variation of the CDSC with current-time product. 
Average CDSC 

mAs TO.10 
Phantom σ UF 

Phantom σ 

0.4 48.95 1.07 - - 
0.8 56.20 1.25 31.77 0.39 
1.0 59.70 0.69 32.87 0.36 
1.2 62.32 0.53 33.90 0.30 
2.0 67.21 1.08 36.71 0.16 
3.2 72.02 0.89 - - 

 
Table 6-24. Radiology residents evaluation of anthropomorphic phantom images. 

Radiology Resident Processing 
Option mAs 1 2 3 4 Average 

Full Range 0.4 2 3 3 2 2.50 
Full Range 0.8 2 2 2 3 2.25 
Full Range 1.0 - - - - - 
Full Range 1.2 3 3 3 2 2.75 
Full Range 2.0 3 4 3 4 3.50 
Full Range 3.2 2 4 3 5 3.50 
Chest PA 0.4 4 2 4 2 3.00 
Chest PA 0.8 4 2 4 2 3.00 
Chest PA 1.0 5 3 4 3 3.75 
Chest PA 1.2 4 4 4 3 3.75 
Chest PA 2.0 5 3 5 3 4.00 
Chest PA 3.2 5 4 5 4 4.50 
 
Table 6-25. The exposed bone sites and their associated BMFs and BSFs. 

Bone Site BMF BSF 
Right Arm 0.0779 0.0980 
Left Arm 0.0779 0.0980 
Pelvis 0.2191 0.2191 
Spine 0.1588 0.1850 
Skull 0.1470 0.1660 
 
Table 6-26. Mass energy-apsorption coefficients for the four tissue types at 35 keV. 

Tissue Type µen/ρ (cm2/g) 
Air 0.0871 
Soft Tissue 0.0898 
Bone 0.3003 
Lung 0.9213 
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Table 6-27. Calculation of the Effective dose at 60 kVp. 
Organ R (mV) CF (mR/mV) µen/ρ Ratio wT E (mSv) 

Gonads 12.67 29.82 1.0307 0.20 0.6821 
Colon  15.33 29.38 1.0307 0.12 0.4881 
Lung 24.00 33.99 1.0577 0.12 0.9070 
Stomach 16.67 33.99 1.0307 0.12 0.6138 
Bladder 18.00 31.72 1.0307 0.05 0.2578 
Breast 25.33 29.82 1.0307 0.05 0.3410 
Liver 16.00 31.72 1.0307 0.05 0.2291 
Esophagus 9.67 29.82 1.0307 0.05 0.1301 
Thyroid 22.33 29.38 1.0307 0.05 0.2962 
Skin 25.33 29.82 1.0307 0.01 0.0682 
Bone marrow (red) See Table 6-28 0.12 0.5311 
Bone Surface See Table 6-29 0.01 0.0500 
Remainder 6.44 31.22 1.0307 0.05 0.0907 

Total = 4.6853 
 
Table 6-28. Calculation of the absorbed dose to the bone marrow. 
Bone Site R (mV) CF (mR/mV) µen/ρ Ratio BMF E (mSv) 

Right Arm 15.33 31.72 3.4472 0.0779 1.1441 
Left Arm 15.33 31.72 3.4472 0.0779 1.1441 
Pelvis 4.67 33.99 3.4472 0.2191 1.0495 
Spine 4.00 29.82 3.4472 0.1588 0.5720 
Skull 3.67 31.72 3.4472 0.1470 0.5163 

Total = 4.4260 
 
Table 6-29. Calculation of the absorbed dose to the bone surface. 
Bone Site R (mV) CF (mR/mV) µen/ρ Ratio BMF E (mSv) 

Right Arm 15.33 31.72 3.4472 0.0980 1.4393 
Left Arm 15.33 31.72 3.4472 0.0980 1.4393 
Pelvis 4.67 33.99 3.4472 0.2191 1.0495 
Spine 4.00 29.82 3.4472 0.1850 0.6664 
Skull 3.67 31.72 3.4472 0.1160 0.4074 

Total = 5.0019 
 
Table 6-30. Effective doses for clinical pediatric current-time product levels. 
mAs E (mSv) 
0.4 0.0750 
0.8 0.01499 
1.0 0.01874 
1.2 0.02249 
2.0 0.03748 
3.2 0.05997 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

The primary objective of this research was to investigate the feasibility of 

developing a quantitative metric that can be used to assess image quality and therefore set 

acquisition parameters for pediatric CR exams without the use of complicated observer 

studies. In order to reach this objective, a series of intermediate objectives were 

established as steps that would lead to the completion of the primary objective. Each of 

these intermediate objectives were detailed in the first chapter and are reiterated below 

with the conclusions reached from each objective immediately following. 

Objective A. To determine if the traditional methods of calculating NPS, MTF and 

DQE can be applied to images acquired in a non-traditional manner at diagnostic 

exposure levels. 

The traditional methods of determining the NPS were easily adapted to the 

calculation of the NPSC. The addition of simulated patient scattering media and the use of 

low exposure levels did not change the mathematical procedures used in the calculation 

of the NPS and were reproduced to calculate the NPSC. Of the two traditional methods of 

determining the MTF, only the edge method was adaptable to the calculation of the 

MTFC. Due to the low exposures the slit method did not provide an adequate data set for 

the calculation of the MTFC. The mathematical procedures used in the edge method did 

not need altering in the calculation of the MTFC. The only alteration of the traditional 

methods was the introduction of simulated patient scatter and placing the image receptor 

in the under-table bucky for image acquisition. 
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Since the DQE is a combination of the NPS and the MTF, the DQEC was easily 

determined using the traditional definition of the DQE. The only change in the definition 

of the DQEC from the DQE is the point in the imaging chain were the parameter is 

applicable. The DQE, through the application of the parameters k and Q in equation 2-13, 

is a measure of the SNR properties of the imaging system at the image receptor. By 

defining the parameter k as unity due to the background trend correction, the DQEC is a 

measure of the SNR properties of the final image as viewed by a human observer before 

the image is altered with active image manipulation tools (e.g. window and level). 

Objective B. To quantify the variation of the NPSC and MTFC with current-time 

product and peak-tube potential. 

In order to readily compare the NPSC and the MTFC as determined from images 

acquired under differing acquisition parameters the integral of these functions up to the 

Nyquist frequency were used. The INPSC was found to distinguish small changes in 

exposure levels. As the current-time product was increased for a constant peak-tube 

potential, the INPSC decreased as expected, but when the exposure level was kept 

relatively constant the INPSC did not change with peak-tube potential above 60 kVp. The 

IMTFC was not able to detect changes in current-time product for a constant peak-tube 

potential over the range of current-time product values investigated in this work, but 

when the exposure level was kept relatively constant the IMTFC increased with 

increasing peak-tube potential. This behavior was primarily due to the method used to 

determine the MTFC. With the adaptation of the traditional edge method by introducing 

simulated patient scatter and the acquisition of the edge images in the under-table bucky, 

the scattering of photons produced a shoulder on the attenuated side of the ESF. This 
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caused a decrease in the MTFC that would not occur with the traditional MTF. As the 

peak-tube potential was increased, the scattering decreased and the magnitude of the 

MTFC increased leading to an increase in the IMTFC. 

The use of the INPSC or the IMTFC alone as a measure of image quality was 

insufficient to identify changes in both current-time product and peak-tube potential. 

These two metrics were then combined to produce the DQEC. As the current-time product 

was increased for a constant peak-tube potential, the IDQEC decreased. This behavior is 

not intuitive and is a result of the choice of normalization of the DQEC. The parameter Q 

in Equation 2-13 was the dominating factor that caused the IDQEC to decrease with 

increasing current-time product. This behavior is consistent with the traditional DQE as 

presented by other researchers.4,5 This decrease with increasing current-time product 

brings into question the clinical applicability of the IDQEC as a measure of image quality. 

Traditionally the DQE has been used to compare different aspects of radiographic 

imaging systems or the overall performance of the entire imaging chain. A system with a 

higher DQE is considered to be the better imaging system. In this case, the IDQEC leads 

to the conclusion that as the current-time product is increased over the range of current-

time product values investigated in this study, the image quality would decrease when in 

reality the opposite is true. When the exposure level was kept relatively constant, the 

IDQEC decreased as the peak-tube potential was increased. The discussion above 

regarding the trend of the IDQEC with current-time product is not applicable since the 

optimum peak-tube potential, both from the clinical image quality and patient dose 

perspectives, depends on the type of radiographic study being done. The fact that the 

IDQEC was statistically different at all peak-tube potential values only in the scan 
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direction showed that even though the IDQEC is not an ideal indicator of clinical image 

quality, the IDQEC in the scan direction was the only parameter capable of identifying 

changes both in current-time product and peak-tube potential. 

Objective C. To quantify the effect of any computer processing of the raw data 

before the image is viewed on the evaluations of the NPSC, MTFC and the CDSC. 

The ability to digitally manipulate the raw image data before it is viewed by a 

human observer further confuses the notion of using the metrics INPSC, IMTFC and 

IDQEC as indicators of clinical image quality. When the chest PA processing option is 

used, the INPSC decreased, the IMTFC increased and the IDQEC increased. All of these 

are desirable and lead to the conclusion that an image processed with the chest PA 

processing option would be superior in quality to an image processed with the system 

diagnosis processing options. The confusion occurs when the hand AP processing option 

is used. The INPSC increased, which is not desirable, and the IMTFC increased even more 

than with the chest PA processing option, but the IDQEC did not statistically change. In 

this case, the IDQEC would indicate that the system diagnosis processing options and the 

hand AP processing option would produce an image of equal quality when in reality they 

would visually appear dramatically different. The use of the IDQEC as a measure of 

clinical image quality can be further questioned if the shapes of the DQEC curves are 

examined. Since the DQEC is a function of spatial frequency, the magnitude of the DQEC 

at any particular spatial frequency value would depend on what is being imaged. If small 

objects are to be imaged, the ideal DQEC would have a large magnitude at high spatial 

frequencies while in contrast if large objects are to be imaged, the ideal DQEC would 

have a large magnitude at low spatial frequencies. So even though the IDQEC was not 
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statistically different between the system diagnosis processing options and the hand AP 

processing options, the DQEC curves had dramatically different shapes. The hand AP 

processing option produced a DQEC that has a larger magnitude at higher spatial 

frequencies which makes clinical sense since that processing option is designed to image 

the small bones in a hand. These results showed that the processing options are truly 

application specific. In order to produce an image with the optimum noise properties or 

the optimum subject-contrast transfer properties, the ability to digitally manipulate the 

raw image data allows for application specific alteration of these properties. 

The questions regarding the use of the IDQEC as a measure of clinical image 

quality were confirmed when the variation of the CDSC with the different processing 

options was investigated. The chest PA processing option produced an image with the 

best overall contrast detectability which is in agreement with the IDQEC results. In 

contrast, the hand AP processing option, which was supposed to produce an image of 

equal quality with that of the system diagnosis processing options, showed an increase in 

contrast detectability. The application specific nature of the processing options also raises 

a question about the applicability of the CDSC as a broad measure of clinical image 

quality. Even though the chest AP processing option produces a higher CDSC than the 

hand AP processing option, an image of the same physical object might not necessarily 

be of better quality if the chest PA processing option is applied. A radiograph of a 

pediatric hand, if processed with the chest PA processing option, might not have the 

desired detail of the small bones due to the smoothing operation that is performed. This 

examination specific application of digital processing makes the identification of a broad 

indicator of image quality not possible. 
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Objective D. To quantify the effect of grayscale inversion on the evaluation of the 

CDSC. 

Through the observer studies, it was determined that the contrast detectability of 

the human observers was not affected by the inversion of an image’s grayscale. 

Objective E. To determine if the calculation of the NPSC and the MTFC with the 

original image data is directly applicable, as a measure of image quality, to an image 

displayed on the radiologist’s monitor that has been manipulated. 

The artificial adjustments of the window and level settings on the images before the 

calculation of the NPSC and the MTFC had a profound effect on the magnitude of the 

INPSC and the IMTFC. These artificial adjustments simulate what the effect would be of 

capturing the image data from the viewing station and then performing the calculations. 

The determination of the NPSC and the MTFC from the raw image data gives a metric that 

is representative of the traditional meaning of the NPS and the MTF, as system 

performance parameters. If the manipulated image data is used, the calculation the NPSC 

and the MTFC are more representative of an image NPS or MTF (i.e., a parameter 

specifically tailored to the image being displayed). Since these two methods of 

determining the NPSC and the MTFC produce dramatically different results, it was 

concluded that the calculation of the NPSC and the MTFC with the original image data is 

not directly applicable, as a measure of image quality, to an image displayed on the 

radiologist’s monitor that has been manipulated. 

Objective F. To quantify the effect of this dynamic image manipulation on the 

determination of the CDSC through observer studies. 
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The artificial adjustment of the window and level settings was not necessary in 

quantifying the effect of those manipulation tools on the CDSC. The observer study was 

designed to answer this question directly. When the observer study was conducted using 

a clinical diagnostic viewing station in the radiology department, the use of the window 

and level controls did not statistically change the contrast detectability performance of the 

human observers. The display monitor was sufficiently capable of displaying all available 

information in the images of the contrast-detail phantoms without the need for digital 

manipulation. 

Objective G. To correlate the newly developed image quality metrics with a 

qualitative evaluation of anthropomorphic phantom images and identify the radiation 

dose associated with the exam parameters used to obtain those images. 

The qualitative evaluation of the anthropomorphic phantom failed to identify a 

different set of image acquisition parameters that would produce an image of minimum 

acceptable quality than those already utilized by the Radiology Department at Shands 

Hospital. The currently used clinical acquisition parameters for a CAP exam of a patient 

the size of the anthropomorphic phantom are 60 kVp, 1.0 mAs and the appropriate 

pediatric chest processing option. The metrics investigated in this study determined from 

the appropriate images acquired under these acquisition parameters are shown in Table 7-

1. Due to previously mentioned reasons, these values can not be applied as overall 

measures of the quality of an image produced with these acquisition parameters and are 

just shown for completeness. 

Even though a single quantitative metric to evaluate the overall quality of an image 

was not identified, the contrast-detail observer study revealed important information 
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about how the noise content in an image affects the low-contrast detectability of different 

sized objects. Since the CNRT for each object size in the contrast-detail phantoms was 

almost independent of the exposure level, this identified the minimum CNRT that would 

be necessary for an object of that size to be ‘visible’ in a clinical image. As the size of the 

objects decreased in each contrast-detail phantom, the CNRT increased. This showed that 

the contrast required for an object to be visible was greater for smaller objects since the 

noise level was approximately constant throughout the image. This behavior was 

consistent for each phantom but when the size of the objects and the CNRTs for those 

objects were compared between the two phantoms, the opposite behavior was seen. For a 

given object size a higher CNRT was determined for the UF phantom. The best example 

of this was comparing the objects in row E of both phantoms. The objects are 26 pixels in 

diameter in the TO.10 phantom and are 47 pixels in diameter in the UF phantom, but the 

CNRT was almost identical for that object size in each phantom. The sizes of the objects 

in each row for both phantoms as determined from the phantom characterization 

radiographs are shown in Table 7-2. The actual object sizes in the images used in the 

observer study were larger due to geometric magnification but the relative sizes were the 

same. These, when compared with Table 6-21, further show this trend in object size and 

CNRT for the inter-phantom comparisons. There are two plausible reasons for this 

behavior. The first involves the limited number of contrast steps in the UF phantom as 

compared to the TO.10 phantom. There is a smaller difference between the subject 

contrast of adjacent objects in each row in the TO.10 phantom than in the UF phantom. 

Since the objects are not of the same size in each phantom this might be causing this 

unexpected result. The second involves the regular pattern of the objects in the contrast-
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detail phantoms. This regular pattern can influence the observer’s threshold of 

detectability since they know precisely where each object is located. In order to further 

investigate these findings, the construction of two new contrast-detail phantoms and a 

new observer study is proposed below. 

The new contrast-detail phantoms will allow the use of the 4-AFC experimental 

methodology. One phantom will utilize holes of varying depths in acrylic to produce the 

subject contrast while the second will utilize varying thicknesses of aluminum embedded 

in acrylic. The physical dimensions of the phantom will allow its use with a 24-cm × 30-

cm imaging plate with the addition of up to 10 cm of simulated patient scatter at a 

maximum SID of 72 inches. Both phantoms will consist of a tray constructed from 1-mm 

thick sheets of acrylic with internal dimensions of 20 cm × 25 cm × 1 cm. The objects, of 

varying size and subject contrast, will be located in one of the four corners of 2.5-cm × 

2.5-cm × 1-cm acrylic blocks. These acrylic blocks will be removable so they may be 

randomized for each experiment. There will be eight object sizes and nine contrast steps 

for each object size. In order to use the phantom for a 4-AFC observer study the small 

acrylic blocks will need to be arranged in the tray. It is proposed that the top row consist 

of eight acrylic blocks that will have each object size at the maximum subject contrast 

located in the center of the block. The blocks will be arranged so that objects of 

decreasing size move from left to right. Below each of these blocks, the blocks with the 

objects of the same size will be placed in a column in a random order. The phantom will 

then be placed between the desired amount of simulated patient scatter. Each object size 

and the depth of the hole or the thickness of lead to produce the same subject contrasts (at 

a 60-kVp peak-tube potential) are shown in Table 7-3 and Table 7-4. 
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An observer study conducted with both of these phantoms should identify the 

reason for the increased CNRT for larger objects in the UF Radiology phantom. Since a 

4-AFC experimental methodology will eliminate any bias on the observer’s threshold of 

detectability, a more accurate CNRT for each object size should result. Even though the 

results of this type of study would not be applicable as a direct measure of image quality 

they would be useful in identifying the noise properties that an image could have for the 

identification of circular objects of different sizes. 

Table 7-1. Metrics evaluated at 60 kVp, 1.0 mAs with the chest PA processing option. 
INPSC 1.362E-6 
 Scan (mm-1) Subscan (mm-1) 
IMTFC 1.421 1.378 
IDQEC 481.4 404.9 
 TO.10 Phantom UF Phantom 
CDSC 62.35 35.16 
 
Table 7-2. Object diameters in image pixels for each row of both contrast-detail 

phantoms. 
Row TO.10 Phantom UF Phantom 

A 100 120 
B 73 89 
C 50 74 
D 38 62 
E 26 47 
F 18 33 
G 15 25 
H 12 18 
J 8 N/A 
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Table 7-3. Physical dimensions in mm of the objects in the proposed contrast-detail 
phantom using drilled holes for subject contrast. 

Object Size 2.00 3.21 4.43 5.64 6.86 8.07 9.29 10.50 
Depth 1 10.00 7.50 7.50 7.50 7.50 7.50 5.00 5.00 
Depth 2 8.81 6.59 6.59 6.59 6.59 6.59 4.41 4.41 
Depth 3 7.63 5.69 5.69 5.69 5.69 5.69 3.81 3.81 
Depth 4 6.44 4.78 4.78 4.78 4.78 4.78 3.22 3.22 
Depth 5 5.25 3.88 3.88 3.88 3.88 3.88 2.63 2.63 
Depth 6 4.06 2.97 2.97 2.97 2.97 2.97 2.03 2.03 
Depth 7 2.88 2.06 2.06 2.06 2.06 2.06 1.44 1.44 
Depth 8 1.69 1.16 1.16 1.16 1.16 1.16 0.84 0.84 
Depth 9 0.50 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

 
Table 7-4. Physical dimensions in mm of the objects in the proposed contrast-detail 

phantom using lead disks for subject contrast. 
Object Size 2.00 3.21 4.43 5.64 6.86 8.07 9.29 10.50 
Thickness 1 1.63 1.22 1.22 1.22 1.22 1.22 0.81 0.81 
Thickness 2 1.43 1.07 1.07 1.07 1.07 1.07 0.72 0.72 
Thickness 3 1.24 0.92 0.92 0.92 0.92 0.92 0.62 0.62 
Thickness 4 1.05 0.78 0.78 0.78 0.78 0.78 0.52 0.52 
Thickness 5 0.85 0.63 0.63 0.63 0.63 0.63 0.43 0.43 
Thickness 6 0.66 0.48 0.48 0.48 0.48 0.48 0.33 0.33 
Thickness 7 0.47 0.34 0.34 0.34 0.34 0.34 0.23 0.23 
Thickness 8 0.27 0.19 0.19 0.19 0.19 0.19 0.14 0.14 
Thickness 9 0.08 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
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APPENDIX A 
INPSC MATLAB M-FILE AND DESCRIPTION 

This appendix lists the Matlab m-file developed to calculate the INPSC. Following 

the m-file is a description of how the code functions as well as the built in Matlab 

functions that were used. Finally, the code is tested with known inputs and the outputs are 

examined to ensure proper functionality. 

INPSC MATLAB m-file 

% This code calculates the INPSC from M^2 different NxN regions of the image  
% and averages them. The data is smoothed with a Hanning truncation function  
% before the FFT is performed 
 
clear all; 
close all; 
 
% Prompt user for file name 
prompt = {'Enter file name with extension:'}; 
dlgTitle = 'File Name Input'; 
lineNo = 1; 
phantom_image_filename = char(inputdlg(prompt,dlgTitle,lineNo)); 
 
% Read in image data 
phantom_image = dlmread(phantom_image_filename); 
 
% Locate center of image and select usable data 
N = 128;      % Length of data in x direction (number of columns) 
M = 8;        % Number of square data repetitions in x and y direction 
center_x = round(size(phantom_image,2)/2); 
center_y = round(size(phantom_image,1)/2); 
usable_data = double(phantom_image(center_y - N*M/2:center_y +... 
    N*M/2 - 1,center_x - N*M/2:center_x + N*M/2 - 1)); 
 
% Perform abs(fft(ROI))^2 and write to a matrix 
r1 = 1; 
r2 = N; 
c1 = 1; 
c2 = N; 
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for n = 1:M, 
    for m = 1:M,  
        roi_rect = usable_data(r1:r2,c1:c2); 
        roi_fit = heel_effect(roi_rect,N);   % Subtract out the background trends 
        ROI_fft = hanning_fft2(roi_fit,N);   % Apply a Hanning filter and FFT2 
        ABS_ROI = abs(ROI_fft)./N^2; 
        ABS_SQ_ROI = ABS_ROI.^2; 
        USABLE_DATA(r1:r2,c1:c2) = ABS_SQ_ROI; 
        r1 = r2+1; 
        r2 = r1+N-1; 
    end 
    r1 = 1; 
    r2 = N; 
    c1 = c2+1; 
    c2 = c1+N-1; 
end 
 
% Calculate FFT Ensamble Average 
r1 = 1; 
r2 = N; 
c1 = 1; 
c2 = N; 
ENS_SUM = zeros(N,N); 
for n = 1:M, 
    for m = 1:M,  
        ENS_SUM = ENS_SUM + USABLE_DATA(r1:r2,c1:c2); 
        r1 = r2+1; 
        r2 = r1+N-1; 
    end 
    r1 = 1; 
    r2 = N; 
    c1 = c2+1; 
    c2 = c1+N-1; 
end 
ENS_AVE = ENS_SUM./(M^2); 
 
% Calculate NPSC 
Nx = N; 
Ny = N; 
delta_x = 1/8.8; 
delta_y = 1/8.8; 
NPSC_2D = ENS_AVE./(Nx*Ny).*(delta_x*delta_y); 
 
% 
% Determine 1D NPSC from 2D data 
% 
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% Calculate 1D frequency values 
f_1D = 0:1/(N*delta_x):1/(2*delta_x)-(1/(N*delta_x)); 
 
% Calculate 2D frequency values 
for m = 1:4, 
    for n = 1:N/2, 
        f_2D(m,n) = sqrt(f_1D(m+1)^2 + f_1D(n)^2); 
    end 
end 
f_2D(5:5,1:N/2) = f_2D(4:4,1:N/2); 
f_2D(6:6,1:N/2) = f_2D(3:3,1:N/2); 
f_2D(7:7,1:N/2) = f_2D(2:2,1:N/2); 
f_2D(8:8,1:N/2) = f_2D(1:1,1:N/2); 
 
%Extract 1D data 
DATA_V_2D = NPSC_2D(2:5,1:N/2); 
DATA_V_2D(5:8,1:end) = NPSC_2D(end-3:end,1:N/2); 
DATA_U_2D = NPSC_2D(1:N/2,2:5)'; 
DATA_U_2D(5:8,1:end) = NPSC_2D(1:N/2,end-3:end)'; 
 
% Bin data in delta f width bins 
warning off MATLAB:divideByZero 
hits = 0; 
NPSC_1D_V_temp = zeros(1,N/2); 
NPSC_1D_U_temp = zeros(1,N/2); 
for c = 1:N/2-1, 
    for m = 1:8, 
        for n = 1:N/2, 
            if f_2D(m,n) >= f_1D(c) & f_2D(m,n) < f_1D(c+1) 
                NPSC_1D_V_temp(c) = NPSC_1D_V_temp(c) + DATA_V_2D(m,n); 
                NPSC_1D_U_temp(c) = NPSC_1D_U_temp(c) + DATA_U_2D(m,n); 
                hits = hits + 1; 
            end 
        end 
    end 
    NPSC_1D_V(c) = NPSC_1D_V_temp(c)/hits; 
    NPSC_1D_U(c) = NPSC_1D_U_temp(c)/hits; 
    hits = 0; 
end 
 
% Assign frequency components greater than f_1D(128) to NPSC_1D(128) 
hits = 0; 
for m = 1:8, 
    for n = 1:N/2, 
        if f_2D(m,n) >= f_1D(N/2) 
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            NPSC_1D_V_temp(N/2) = NPSC_1D_V_temp(N/2) + DATA_V_2D(m,n); 
            NPSC_1D_U_temp(N/2) = NPSC_1D_U_temp(N/2) + DATA_U_2D(m,n); 
            hits = hits + 1; 
        end 
    end 
end 
NPSC_1D_V(N/2) = NPSC_1D_V_temp(N/2)/hits; 
NPSC_1D_U(N/2) = NPSC_1D_U_temp(N/2)/hits; 
subplot(1,2,1), plot(f_1D(5:end),NPSC_1D_V(5:end)) 
title({'One-Dimensional NPSC','in the Sub-Scan Direction'}) 
xlabel('1/mm') 
ylabel('NPSC Magnitude') 
subplot(1,2,2), plot(f_1D(5:end),NPSC_1D_U(5:end)) 
title({'One-Dimensional NPSC','in the Scan Direction'}) 
xlabel('1/mm') 
ylabel('NPSC Magnitude') 
 
% Calculate total power 
INPSC = trapz(trapz(NPSC_2D))*(1/(N*delta_x))*(1/(N*delta_y)); 
 
% Scale, Shift and Image the 2D NPSC 
SCALED_NPSC_2D = NPSC_2D; 
SCALED_NPSC_2D(1,1) = NPSC_2D(5,5); 
SCALED_NPSC_2D = log(SCALED_NPSC_2D); 
SCALED_SHIFTED_NPSC_2D = fftshift(SCALED_NPSC_2D); 
figure 
imagesc(SCALED_SHIFTED_NPSC_2D) 
colormap(gray) 
axis image off 
title({'Two-Dimensional NPSC for File: ' phantom_image_filename}) 
text(1,6,{'Total Power = ' num2str(total_power)},'Color',[1 1 1]) 
 
% Write NPSC data to a file 
NPSC_f = f_1D; 
dlmwrite('NPSC_V.txt', NPSC_1D_V, '\t') 
dlmwrite('NPSC_U.txt', NPSC_1D_U, '\t') 
dlmwrite('NPSC_f.txt', f_1D, '\t') 

Description of MATLAB m-file and Built in MATLAB Functions 

The first line of code illustrates how comments are inserted into an m-file. Any text 

following a “%” is automatically considered a comment. Then to initialize the system, the 

commands of “clear all” and “close all” are given. This closes all variables in the active 

memory and all open figure windows. This is a good practice when running multiple m-
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files consecutively so that variables that already exist do not corrupt new variables 

created by the next m-file. The next section uses the “prompt” command to prompt the 

user for the filename of the edge image to be analyzed. The image is then displayed with 

the “imagesc” command. This is the only portion of this m-file that prompts the user for 

information. 

The next section locates the center of the image using the “size” command and 

extracts the desired, or usable, data for the NPSC calculation. The “size” command 

returns the number of rows and columns in the image. The amount of data selected 

depends on the size of each ROI and the number of regions desired for each image. As 

previously described, there are 64 128 × 128 ROIs used for each image. Most of the 

calculations performed in the rest of this code require double precision numbers so the 

usable data is converted from unsigned 16-bit integers. 

The next section performs the fast Fourier transform (FFT) on each individual ROI. 

Since a Hanning truncation function is used, the built in two-dimensional FFT command 

(“fft2”) in Matlab could not be utilized. Therefore, a special function was developed to 

apply the truncation function and perform the FFT. Before the FFT can be performed, 

low frequency background trends caused by the heel effect need to be removed. The 

functions designed to subtract the background trends and perform the two-dimensional 

FFT are described later in this appendix. In order to get the desired DFT from the FFT, 

the FFT must be divided by the number of pixels used in the calculation. The magnitude 

of the DFT is then calculated. This procedure is repeated M2 times. The next two sections 

average all of the DFT calculations and compute the NPSC. 
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In order to calculate the DQEC, it is necessary to determine the one-dimensional 

NPSC from the two-dimensional NPSC. Frequency values are assigned to the elements in 

the two-dimensional NPSC, adjacent to the frequency axes, based on their linear distance 

from the zero frequency element. The positive frequency components of the two-

dimensional NPSC are then extracted and binned. During the binning procedure, the 

command “warning off MATLAB:divideByZero” is used to prevent the error message 

that will occur when the zero frequency bin is averaged. Since the NPSC data used is 

adjacent to the zero-frequency axis, there will be no NPSC values with frequency 

components small enough for the first bin. Next, all NPSC values with frequency 

components greater than the last one-dimensional frequency value are put in the same 

bin. The one-dimensional NPSC bins are then averaged and plotted for the user to see.  

The integral under the NPSC is then calculated up to the system Nyquist frequency 

(4.4 cycles/mm) using the “trapz” command. This command uses the trapezoidal 

approximation to the integral and is the only means available for integration in Matlab 

without curve-fitting the NPSC data. The remainder of the code simply plots the NPSC for 

the user and writes the NPSC and frequency data to a tab-delimited text file using the 

“dlmwrite” command. 

Background Subtraction Function 

function output_roi = heel_effect(input_roi,N) 
 
% Subtract out the background trends from a matrix 
 
% Get a sampling of averaged data points from input_roi 
c = 1; 
r1 = 1; 
r2 = 11; 
c1 = 1; 
c2 = 11; 
for n = 1:2, 
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    for m = 1:2, 
        roi = input_roi(r1:r2,c1:c2); 
        data_points(c) = mean(mean(roi)); 
        c = c + 1; 
        r1 = r2 + N - 21; 
        r2 = r1 + 10; 
    end 
    r1 = 1; 
    r2 = 11; 
    c1 = c2 + N - 21; 
    c2 = c1 + 10; 
end 
x = [1 1 N N]; 
y = [1 N 1 N]; 
 
% Fit data 
xi = 1:N; 
yi = 1:N; 
[Xi,Yi] = meshgrid(xi,yi); 
heel = griddata(x,y,data_points,Xi,Yi,'linear'); 
output_roi = input_roi - heel; 

Description of MATLAB function to Subtract Background Trends 

Functions in Matlab have a unique structure from a standard m-file. They can be 

used when a specific task needs to be performed and you do not want to put the code in 

the main m-file. They act like subroutines in more traditional programming languages. 

The first line of this code shows how a function is identified. The inputs to the function 

are in the parentheses and the output is to the left of the equal sign. 

The two main commands in this function are “meshgrid” and “griddata.” The first 

section of the code gets an average value from the four corners of the input ROI. These 

average values are then assigned as the representative values of the four corners of the 

input ROI. The “meshgrid” command then produces the coordinates where the “griddata” 

command will fit a surface based on known values on that surface. Since the four corners 

of the surface are the only inputs, “griddata” returns a plane. This fitted plane is then 

subtracted from the original input data and the background subtracted ROI is passed back 
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to the INPSC m-file. An important point to note is that variables in functions like this only 

produce local variables. Therefore, variables produced will not corrupt already existing 

variables in the main m-file. 

Two-Dimensional Fast Fourier Transform Function 

function OUTPUT_ROI = hanning_fft2(input_roi,N) 
 
% Apply truncation function to the data array and take the 2D FFT 
 
x = 0:1:N-1; 
Hanning_row = (0.5-0.5*cos(2*pi*x/(N))).*1.633;  % Normalized so that the mean 
       % squared value is one 
y = x'; 
Hanning_column = Hanning_row'; 
for row = 1:N, 
    input_roi(row:row,1:N) = input_roi(row:row,1:N).*Hanning_row; 
    INPUT_ROI(row:row,1:N) = fft(input_roi(row:row,1:N),N,2); 
end 
for column = 1:N, 
    INPUT_ROI(1:N,column:column) =… 
 INPUT_ROI(1:N,column:column).*Hanning_column; 
    OUTPUT_ROI(1:N,column:column) = fft(INPUT_ROI(1:N,column:column),N,1); 
End 

Description of MATLAB Function to Perform the Fast Fourier Transform 

The built in Matlab function, “fft2”, to compute the two-dimensional FFT could not 

be used because of the Hanning truncation window. Therefore, the two-dimensional FFT 

was computed by using the “fft” command on each row and each column in the input 

ROI. This procedure is described by Brigham.15 First, each row is isolated, the Hanning 

window applied and then the FFT computed. This procedure is then repeated on the 

resulting columns. 

INPSC Code Verification 

Two known inputs are used to verify the functionality of the NPSC m-file. The first 

is a perfect flat field of all zeros and the second is a perfect flat field with all pixels 
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having a value of 2,000. This value was chosen because it is approximately the average 

pixel value for a flat-field image acquired at 60 kV and 1.0 mAs. The image of all zeros 

returned a NPSC, both one and two-dimensional of zero. The image with a constant value 

of 2,000 did not return a perfect result of zero but a two-dimensional NPSC integral of 

approximately 1×10-34. This is a result of the background trend removal. With all zeros, 

the “griddata” command fits a plane with a constant value of zero. But with the second 

image, the “griddata” command introduces an error on the order of 10-34. Given the order 

of magnitude of an actual NPSC, this is an acceptable error.
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APPENDIX B 
IMTFC MATLAB M-FILE AND DESCRIPTION 

This appendix lists the Matlab m-file (or code) developed to calculate the IMTFC. 

Following the m-file is a description of how the code functions as well as the built in 

Matlab functions that were used. Finally, the code is tested with known inputs and the 

outputs are examined to ensure proper functionality. 

IMTFC MATLAB m-File 

% Matlab code to calculate the IMTFC on an edge image 
clear all; 
close all; 
 
% Prompt user for file name 
prompt = {'Enter file name with extension:'}; 
dlgTitle = 'File Name Input'; 
lineNo = 1; 
phantom_image_filename = char(inputdlg(prompt,dlgTitle,lineNo)); 
 
% Read in and display image data 
phantom_image = dlmread(phantom_image_filename); 
imagesc(phantom_image); 
colormap('gray') 
axis image 
title('Click on top of data to be analyzed on the edge') 
 
% Select data to find the edge 
[top_edge_x1,top_edge_y1] = ginput(1); 
top_edge_x = round(top_edge_x1); 
top_edge_y = round(top_edge_y1); 
 
% Define usable data 
usable_data = phantom_image(top_edge_y:top_edge_y+511,... 
    top_edge_x-140:top_edge_x+140); 
 
% Create binary edge image 
[edge_image,thresh] = edge(usable_data,'sobel'); 
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% Detect line 
theta = 0:0.1:179; 
[R,xp] = radon(edge_image,theta); 
[x t] = find(R==max(max(R))); 
 
% Determine edge angle 
edge_angle = theta(t)*pi/180; 
 
% Determine the location of each pixel along the rotated x' axis with the 
% origin at 1,1 
[r c] = size(usable_data); 
for row = 1:r, 
    for column = 1:c, 
        x_prime(row,column) = (column - 1)*cos(edge_angle) + (1 - row)*sin(edge_angle); 
    end 
end 
 
% Bin data along x' axis 
bin_size = 0.5; 
first_bin = x_prime(r,1); 
number_of_bins = ceil((x_prime(1,c) - x_prime(r,1))/bin_size); 
bin_data = zeros(1,number_of_bins); 
bin_hits = zeros(1,number_of_bins); 
usable_data = double(usable_data);  % Convert uint16 data to double precision 
for b = 1:number_of_bins, 
    bin_value = first_bin + (b - 1)*bin_size; 
    bin_ul = bin_value + bin_size/2; 
    bin_ll = bin_value - bin_size/2; 
    for row = r:-1:1, 
        for column = 1:c, 
            if x_prime(row,column) >= bin_ll & x_prime(row,column) < bin_ul 
                bin_data(b) = bin_data(b) + usable_data(row,column); 
                bin_hits(b) = bin_hits(b) + 1; 
            end 
        end 
    end 
end 
ESF_temp = bin_data./bin_hits; 
 
% Find max slope of ESF_temp to determine where the edge is located 
plot(ESF_temp) 
title('Click on maximum slope') 
[edge_x,edge_y] = ginput(1); 
N = 128; 
ESF = ESF_temp(fix(edge_x) - N/2:fix(edge_x) + N/2); 
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% Compute the LSF 
pixel_size = 1/8.8;  % Pixel size in mm 
delta_x = pixel_size*bin_size; 
LSF_rect = diff(ESF)./delta_x; 
 
% Apply Hanning truncation function 
x = 0:1:N-1; 
Hanning = (0.5-0.5*cos(2*pi*x/(N))).*2; % Normalized so the mean value is 1 
LSF = LSF_rect.*Hanning; 
 
% Determine the uncorrected MTFC  
N_MTFC = 256; 
MTFC_f = 0:1/(N_MTFC*delta_x):1/(2*delta_x)-(1/(N_MTFC*delta_x)); 
uncorrected_MTFC = abs(fft(LSF,N_MTFC))./N_MTFC; 
normalized_uncorrected_MTFC = uncorrected_MTFC(1:N_MTFC/2)./… 
    uncorrected_MTFC(1); 
 
% Apply a correction for finite element differentiation 
fc = 1/(2*delta_x); 
correction_function(1) = 1; 
for element = 2:128, 
    theta = (pi*MTFC_f(element))/(2*fc); 
    correction_function(element) = theta/sin(theta); 
end 
corrected_MTFC = uncorrected_MTFC(1:N_MTFC/2).*correction_function; 
normalized_corrected_MTFC = corrected_MTFC./corrected_MTFC(1); 
 
% Calculate integral under MTFC 
f_system_Nyquist = 1/(2*pixel_size); 
f_indices = find(MTFC_f<=f_system_Nyquist); 
Nyquist_index = f_indices(end); 
IMTFC = trapz(normalized_corrected_MTFC(1:Nyquist_index))… 
    *(1/(N_MTFC*delta_x)); 
 
% Plot MTFC 
plot(MTFC_f,normalized_uncorrected_MTFC,'b-',… 
    MTFC_f,normalized_corrected_MTFC,'r+') 
axis ([0 4.4 0 1]) 
title({'MTFC for File: ' phantom_image_filename}) 
xlabel('1/mm') 
ylabel('MTFC Magnitude') 
text(3,0.9,{'Total Modulation = ' num2str(total_modulation)}) 
edge_angle_degrees = edge_angle*180/pi; 
text(3,0.8,{'Edge Angle = ' num2str(edge_angle_degrees)}) 
 
% Write MTFC data to a file 
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dlmwrite('MTFC.txt', normalized_corrected_MTFC, '\t') 
dlmwrite('MTFC_f.txt', MTFC_f, '\t') 

Description of MATLAB m-file and Built in MATLAB Functions 

The first few sections of this m-file accomplish the same things as the INPSC m-

file. The system is initialized and the user is prompted for the filename. The first numeric 

input is from the “ginput” command. This command provides a crosshair on the active 

figure (the edge image) and allows the user to select a data point with the mouse. The 

user is instructed to “Click on top of data to be analyzed on the edge.” This gives the 

reference point for the next section that extracts a section of data containing only the 

usable edge. The edge used for this m-file is identified in Figure B-1. 

The next three sections calculate the angle that the edge makes with respect to the 

pixel matrix. The usable data that was extracted from the original image is processed with 

the “edge” command. This function returns a binary image with the edge identified. The 

Sobel method of edge detection is used in this case. Once the edge is identified, the 

“radon” command performs a Radon transform on the binary image to determine the 

edge angle. The projection angle with maximum intensity is the angle the edge makes 

with respect to the pixel matrix. In reality, the “radon” command returns the angle a new 

x’y’ coordinate system, where the new y’ axis is parallel to the edge, is rotated in the 

counter-clockwise direction (see Figure B-2). The “find” command identifies the pixel of 

maximum intensity in the Radon transform thus determining the angle of rotation. 

Depending on the function, Matlab switches between degrees and radians. For example, 

sine and cosine are calculated using radians, while the “radon” command requires 

degrees as an input. 
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The next task is to bin the data along the x’ axis. The first step in this procedure is 

to determine the coordinate transform (from xy to x’y’) of each pixel in the usable edge 

data matrix. The relationship between the distance along the x-axis and the x’-axis is 

shown in Figure B-2. Both of the coordinate systems are centered in the first-row, first-

column pixel (1,1) for the calculation in the code. After the x’ values are determined for 

each pixel, they are placed into bins one-half the unit pixel spacing. The first bin is 

centered on the first-column, last-row pixel of the usable edge data. The number of bins 

is determined by the linear distance between this pixel and the last-column, first-row 

pixel. Each pixel is then checked to see which bin it belongs in and each bin averaged. 

Now that the super-sampled ESF has been identified, it must be truncated. The 

“ginput” command is used to ensure the center of the ESF is on the edge and 128 data 

points about the edge are extracted. The LSF is computed using the actual bin width and 

the Hanning truncation function is applied (the use of a truncation function made it 

important that the maximum of the LSF was in the center of the data vector). The LSF is 

zero padded to 256 data points. This length LSF with each data point representing one-

half of a pixel ensures the frequency components in the MTFC will match up with the 

frequency components in the NPSC. The MTFC is then calculated using the “fft” 

command. The MTFC is then normalized to the zero-frequency component. Since these 

calculations were done with unit spacing between pixels, the real spacial frequency 

values corresponding to the values of the MTFC need to be determined. These values are 

from zero to the Nyquist frequency (1/2·∆x) with spacing of 1/N·∆x where N is the 

number of data points used calculating the FFT. The next section calculates and applies 
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the correction for finite element differentiation. The last sections perform the same 

functions as those described for the INPSC m-file. 

IMTFC Code Verification 

Two known inputs are used to verify the functionality of the IMTFC m-file. The 

first is a perfect zero-degree binary edge and the second is a three-degree binary edge. 

For the zero-degree edge, a bin width of one has to be used. If a bin width of 0.5 is used, 

every other bin will have no data points. This input produced a perfect MTFC of one at all 

frequency values. A bin width of 0.5 was used with the three-degree edge. The resulting 

MTFC is shown in Figure B-3. This is not a perfect MTFC due to the discrete nature of the 

ESF. When the data is binned, there is a single bin blurring of the ESF. This can be seen 

in Figure B-4. This result is consistent with Samei and Flynn.2 

 

Figure B-1. Input image for the IMTFC m-file. 
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Figure B-2. Representation of the extracted usable edge data and the coordinate 

transform. 
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Figure B-3. MTFC of an ideal three-degree binary edge with a bin width of 0.5. 
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Figure B-4. Binned data for the three-degree binary edge. 
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APPENDIX C 
MATLAB M-FILE FOR CONTRAST-DETAIL PHANTOM SCORING AND 

DESCRIPTION 

This appendix lists the Matlab m-file developed to score a contrast detail phantom. 

Since the code for scoring both the TO.10 and the UF Radiology phantom are essentially 

the same, the code for the TO.10 phantom will be used. Following the m-file is a 

description of how the code functions as well as the built in Matlab functions that were 

used. 

MATLAB m-file for TO.10 Phantom 

clear all; 
close all; 
 
% Prompt user for file name 
prompt = {'Enter file name with extension:'}; 
dlgTitle = 'File Name Input'; 
lineNo = 1; 
phantom_image_filename = char(inputdlg(prompt,dlgTitle,lineNo)); 
 
% Read in and display image data 
phantom_image = dlmread(phantom_image_filename); 
imagesc(phantom_image) 
colormap('gray') 
axis image 
title('Click on object 1 in row C') 
 
% Read in TO.10 and object position data 
to10data = dlmread('TO10_data.txt','\t'); 
position = dlmread('object_position.txt','\t'); 
threshold_CNR_data = dlmread('threshold_CNR_data.txt','\t'); 
 
% 
% Establish orientation and size of test object 
% 
 
% Select and display ROI containing M1 and J1 



143 

 

[large_ROI_x1,large_ROI_y1] = ginput(1); 
large_ROI_x = fix(large_ROI_x1); 
large_ROI_y = fix(large_ROI_y1); 
large_ROI = phantom_image(large_ROI_y - 200:large_ROI_y + 200,... 
    large_ROI_x - 200:large_ROI_x + 200); 
imagesc(large_ROI); 
axis image 
title('Click on object 1 in row J') 
 
% Select and display small ROI for J1 
[small_ROI_x1,small_ROI_y1] = ginput(1); 
small_ROI_x = fix(large_ROI_x - 200 + small_ROI_x1 - 1); 
small_ROI_y = fix(large_ROI_y - 200 + small_ROI_y1 - 1); 
small_ROI = phantom_image(small_ROI_y - 20:small_ROI_y + 20,... 
    small_ROI_x - 20:small_ROI_x + 20); 
imagesc(small_ROI); 
axis image 
title('Click on the center of object J1') 
 
% Determine x,y coordinate for object J1 
[J1_x1,J1_y1] = ginput(1); 
J1_x = small_ROI_x - 20 + J1_x1 - 1; 
J1_y = small_ROI_y - 20 + J1_y1 - 1; 
 
% Select and display large ROI for M1 
imagesc(large_ROI); 
axis image 
title('Click on object 1 in row M') 
[small_ROI_x1,small_ROI_y1] = ginput(1); 
small_ROI_x = fix(large_ROI_x - 200 + small_ROI_x1 - 1); 
small_ROI_y = fix(large_ROI_y - 200 + small_ROI_y1 - 1); 
small_ROI = phantom_image(small_ROI_y - 20:small_ROI_y + 20,... 
    small_ROI_x - 20:small_ROI_x + 20); 
imagesc(small_ROI); 
axis image 
title('Click on the center of object M1') 
 
% Determine x,y coordinate for object M1 
[M1_x1,M1_y1] = ginput(1); 
M1_x = small_ROI_x - 20 + M1_x1 - 1; 
M1_y = small_ROI_y - 20 + M1_y1 - 1; 
 
% Determine scaling factor 
new_M1_J1_delta_x = M1_x - J1_x; 
new_M1_J1_delta_y = M1_y - J1_y; 
new_M1_to_J1_distance = sqrt(new_M1_J1_delta_x^2 + new_M1_J1_delta_y^2); 
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known_M1_J1_delta_x = to10data(12,1) - to10data(9,1); 
known_M1_J1_delta_y = to10data(12,2) - to10data(9,2); 
known_M1_to_J1_distance = sqrt(known_M1_J1_delta_x^2 +… 
 known_M1_J1_delta_y^2); 
scaling_factor = new_M1_to_J1_distance/known_M1_to_J1_distance; 
 
% Determine the angle of rotation for the M1 to J1 line from the new image 
new_theta_temp = atan(abs(new_M1_J1_delta_x)/abs(new_M1_J1_delta_y)); 
if new_M1_J1_delta_x >= 0 & new_M1_J1_delta_y > 0 
    new_theta = new_theta_temp; 
elseif new_M1_J1_delta_x >= 0 & new_M1_J1_delta_y < 0 
    new_theta = 180*pi/180 - new_theta_temp; 
elseif new_M1_J1_delta_x >= 0 & new_M1_J1_delta_y == 0 
    new_theta = 90*pi/180; 
elseif new_M1_J1_delta_x < 0 & new_M1_J1_delta_y < 0 
    new_theta = 180*pi/180 + new_theta_temp; 
elseif new_M1_J1_delta_x < 0 & new_M1_J1_delta_y == 0 
    new_theta = 270*pi/180; 
elseif new_M1_J1_delta_x < 0 & new_M1_J1_delta_y > 0 
    new_theta = 360*pi/180 - new_theta_temp; 
end 
 
% 
% Check for the presence of each object 
% 
 
% Define necessary counters 
object_counter = 1; 
 
% 
% Identify each object in phantom 
% 
 
for row = 1:9, 
    object_data = 1; 
    for object = 1:9, 
         
        % 
        % Define the object ROI and write data to a vector 
        % 
         
        % Determine the known r and alpha for the object 
        known_J1_object_delta_x = to10data(9,1) - to10data(row,object_data); 
        known_J1_object_delta_y = to10data(9,2) - to10data(row,object_data+1); 
        known_M1_object_delta_x = to10data(12,1) - to10data(row,object_data); 
        known_M1_object_delta_y = to10data(12,2) - to10data(row,object_data+1); 



145 

 

        known_J1_to_object_distance = sqrt(known_J1_object_delta_x^2 +…   
  known_J1_object_delta_y^2); 
        known_M1_to_object_distance = sqrt(known_M1_object_delta_x^2 +…   
  known_M1_object_delta_y^2); 
        if row == 9 & object == 1 
            known_alpha = 0; 
        elseif row == 12 & object == 1 
            known_alpha = 0; 
        else 
            known_alpha = acos((known_M1_to_J1_distance^2 +…     
  known_M1_to_object_distance^2 - known_J1_to_object_distance^2)… 
  /(2*known_M1_to_J1_distance*known_M1_to_object_distance)); 
        end 
         
        % Determine on which side of the M1 to J1 line the object lies and the polar angle 
        % Then calculate the x,y coordinates of the object center 
        if position(row,object) == 0 
            phi = new_theta + known_alpha; 
            new_M1_to_object_distance = known_M1_to_object_distance*scaling_factor; 
            object_x = M1_x - new_M1_to_object_distance*sin(phi); 
            object_y = M1_y - new_M1_to_object_distance*cos(phi); 
        elseif position(row,object) == 1 
            phi = new_theta + 360*pi/180 - known_alpha; 
            new_M1_to_object_distance = known_M1_to_object_distance*scaling_factor; 
            object_x = M1_x - new_M1_to_object_distance*sin(phi); 
            object_y = M1_y - new_M1_to_object_distance*cos(phi); 
        elseif position(row,object) == 9 
            object_x = J1_x; 
            object_y = J1_y; 
        elseif position(row,object) == 12 
            object_x = M1_x; 
            object_y = M1_y; 
        end 
         
        % Define the object ROI 
        known_object_size = to10data(row,3); 
        new_object_size = fix(scaling_factor*known_object_size); 
        ROI_start_y = fix(object_y - new_object_size/2); 
        ROI_end_y = fix(object_y + new_object_size/2); 
        ROI_start_x = fix(object_x - new_object_size/2); 
        ROI_end_x = fix(object_x + new_object_size/2); 
        ROI_data = phantom_image(ROI_start_y:ROI_end_y,ROI_start_x:ROI_end_x); 
         
        % Make ROI data form a circle, not a square, and write data to a vector 
        ROI_element = 1; 
        ROI_data_vector = []; 
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        for ROI_row = 1:new_object_size, 
            for ROI_column = 1:new_object_size, 
                ROI_r = sqrt((ROI_row - new_object_size/2)^2+... 
                    (ROI_column - new_object_size/2)^2); 
                if ROI_r < new_object_size/2 - ceil(new_object_size*0.1) 
                    ROI_data_vector(ROI_element) = ROI_data(ROI_row,ROI_column); 
                    ROI_element = ROI_element + 1; 
                end 
            end 
        end 
         
        % 
        % Define the background ROIs and write data to a vector 
        % 
        dim_c = new_object_size/2 + 10; 
        dim_in = 4; 
        dim_out = 8; 
        dim_l = new_object_size/2; 
        for ROI_counter = 1:4, 
            background_ROI1 = phantom_image(fix(object_y - dim_c -…    
  dim_out):fix(object_y - dim_c + dim_in),... 
                 fix(object_x - dim_l):fix(object_x + dim_l)); 
            background_ROI2 = phantom_image(fix(object_y + dim_c -…    
  dim_in):fix(object_y + dim_c + dim_out),... 
                 fix(object_x - dim_l):fix(object_x + dim_l)); 
            background_ROI3 = phantom_image(fix(object_y - dim_l):fix(object_y +…  
  dim_l),fix(object_x - dim_c - dim_out):fix(object_x - dim_c + dim_in)); 
            background_ROI4 = phantom_image(fix(object_y - dim_l):fix(object_y +…  
  dim_l),fix(object_x + dim_c - dim_in):fix(object_x + dim_c + dim_out)); 
        end 
         
        % Write background data to a vector 
        background_data_vector1 = mat2vec(background_ROI1)'; 
        background_data_vector2 = mat2vec(background_ROI2)'; 
        background_data_vector3 = mat2vec(background_ROI3)'; 
        background_data_vector4 = mat2vec(background_ROI4)'; 
        background_data_vector = [background_data_vector1 background_data_vector2 ... 
                background_data_vector3 background_data_vector4]; 
                 
        % 
        % Calculate the CNR of the ROI 
        % 
        ROI_data_vector = double(ROI_data_vector); 
        background_data_vector = double(background_data_vector); 
        mean_ROI = mean(ROI_data_vector); 
        mean_background = mean(background_data_vector); 
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        stdev_background = std(background_data_vector); 
        CNR = (mean_ROI - mean_background)/stdev_background; 
        CNR_summary(row,object) = abs(CNR); 
         
        % Determine the number of elements present 
        threshold_CNR = threshold_CNR_data(row); 
        if abs(CNR) > threshold_CNR 
            presence(object_counter) = 1; 
        else 
            presence(object_counter) = 0; 
        end 
        object_counter = object_counter + 1; 
         
        % Increment counter for main for loop 
        object_data = object_data + 4; 
    end 
end 
 
% Determine how many objects were found and then score each row 
rounded_score = sum(presence); 
object_counter = 1; 
for row = 1:9, 
    object_score = 0; 
    counter_stop = 0; 
    for object = 1:9, 
        if presence(object_counter) == 1 & object < 9 
            object_score = object_score + 1; 
        elseif presence(object_counter) == 1 & object == 9 & counter_stop == 0 
            row_score(row) = 9; 
        elseif presence(object_counter) == 0 
            if object_score == 0 
                row_score(row) = 0; 
            elseif object_score > 0 & counter_stop == 0 
                interpolated_object_score = (object_score+1)-... 
                    ((CNR_summary(row,object)-threshold_CNR_data(row))/... 
                    (CNR_summary(row,object)-CNR_summary(row,object-1))*... 
                    ((object_score+1)-object_score)); 
                row_score(row) = interpolated_object_score; 
                counter_stop = 1; 
            end 
        end 
        object_counter = object_counter + 1; 
    end 
end 
row_score(10) = sum(row_score); 
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% Write CNR summary to a file 
dlmwrite('CNR_summary.txt', CNR_summary, '\t')  
dlmwrite('row_score.txt', row_score, '\t') 

Description of MATLAB m-file and Built in MATLAB Functions 

As with the other m-files already described, the system is initialized and the user is 

prompted for a filename. There are three files that contain data essential to the running of 

this code. The first two files, TO.10_data.txt and object_position.txt, contain data 

characterizing the locations and sizes of the objects in the phantom. The data in 

TO.10_data.txt, which was ascertained from a high exposure radiograph of the phantom, 

can be seen in Table C-1 and Table C-2. The object locations refer to matrix indices and 

the sizes are in pixels. In any subsequent image, the objects are located through a manual 

registration process in which two known points in the phantom are selected. The file 

object_position.txt relates the relative position of the objects in relation to a line 

connecting the two selected registration points. A one is assigned to objects on the left of 

the line and a zero to the objects on the right of the line. The last file, 

threshold_CNR_data.txt, contains the threshold CNRT data determined in the viewer 

studies. 

The next few sections determine the orientation and size of the phantom in the 

image. This procedure allows for 360-degree rotation and magnification of the phantom. 

First, a section of the image containing the two registration points is selected and imaged 

using the “ginput” command. The user is prompted to click on the first object in row C, 

object C1, with the mouse (the first object is the one with the highest contrast). The user 

is then instructed through a series of images to click on the center of the first objects in 

rows M and J. These are the two points used to register the image to the known object 

locations. With two known points in the new phantom image, the amount of 
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magnification and the angle of rotation can be calculated. The magnification, or scaling 

factor, is calculated by comparing the known distance between objects M1 and J1 and the 

new distance between those objects. The angle of rotation is calculated by comparing the 

difference in the x and y values of objects M1 and J1. All possible iterations are taken 

into account, which allows for 360-degree rotation. This angle, θ in Figure C-1, is the 

amount of rotation in the counter-clockwise direction of the vector connecting objects M1 

to J1 with respect to the pixel matrix. 

Now that the orientation and magnification of the phantom in the new image has 

been determined, the objects must be located and it must be determined if a viewer would 

be able to detect each object. The first step, for each object in turn, is calculating the 

distance of that object from object M1. Then, the polar angle a vector connecting object 

M1 and the current object would make with respect to the pixel matrix using the image 

data in Table C-1 is calculated. This is done using the law of cosines and is depicted 

graphically in Figure C-1. This example is for an object located to the left of the line 

connecting objects J1 and M1. The procedure is essentially the same for an object on the 

right of the line except Φ = θ + (360 – α). In general, the known phantom configuration is 

superimposed on the new image (rotated by θ with object M1 overlapping) and expanded 

by the scaling factor to identify the new coordinates of the object. 

Now that the coordinates of the object’s center are known, the data is extracted 

based on the known size of the object listed in Table C-2. In order to ensure that only 

data points within the object are used, all pixel values that are further away from the 

center of the object than its radius minus 10 percent are excluded. During this exclusion 

procedure, the data is then written to a vector. The final piece of information needed to 
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calculate the CNR is the noise level. This is done using the background data around the 

object. Four slices (one on each side of the object) of background data are extracted. Each 

slice is four pixels wide and the diameter of the object long. This data is written to a 

vector using the function “mat2vec,” which can be seen in the next section. This function 

was obtained from the Internet. The author and URL are in the comment section of the 

function. Using the object and background data, the CNR is then calculated. The last 

section of the main loop then writes a one to a vector if the object is present, based on the 

CNRTs from the observer studies, and a zero if the object is not present. Finally, the 

necessary counters are incremented and the process is repeated for all objects. 

The last main section of the code tabulates the final score of the number of visible 

objects in the phantom. The number of objects that are deemed visible is calculated in 

two separate ways. The first is done by simply summing the vector containing ones for 

visible objects and zeros for non-visible objects. The second is to linearly interpolate 

between the CNR of the last visible object and the one immediately after based on the 

CNRT for that object size. This provides a more refined estimate of the score even though 

it is not a whole number. The last few lines of the code write the CNR of each object as 

well as the score for each row to a respective file. 

MATLAB Function “mat2vec” 

function V=mat2vec(M); 
%-------------------------------------------------------------------- 
% mat2vec function     convert matrix to vector. 
% Input  : - Matrix. 
% Output : - Vector. 
%   Tested : Matlab 5.3 
%     By : Eran O. Ofek             May 2000    
%    URL : http://wise-obs.tau.ac.il/~eran/matlab.html  
%-------------------------------------------------------------------- 
 
[SizeI,SizeJ] = size(M); 
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V = zeros(SizeI.*SizeJ,1); 
 
for K=1:1:SizeJ, 
   V((K-1).*SizeI+1:K.*SizeI) = M(:,K); 
end 

Code Verification 

Since it was not practical to generate a perfect input image of the contrast detail 

phantoms, the code was verified through a series of manual checks. It was important to 

verify two main aspects of the code; object localization and object scoring. In order to 

check the accuracy of the object localization procedure, a section was added to the code 

to write the coordinates of each object’s center to a file. Using the program ImageJ to 

display an image that was evaluated by the code, the coordinates produced by the code 

were visually verified. One important point needs to be made regarding the pixel indices 

displayed in ImageJ and the matrix indices used by Matlab. The center of the first row, 

first column pixel is assigned a value of (1,1) in Matlab and a value of (0,0) in ImageJ. 

Therefore, a correction of one for each dimension needs to be made to the values 

displayed in ImageJ so that they match up with the expected values produced in Matlab. 

This procedure was also repeated for the background regions. 

The second aspect of the code that was verified is the interpolation scoring routine. 

This was done by comparing the CNR summary for all of the objects, the vector 

identifying the presence or absence of each object and the CNRT values from the viewer 

studies. Using this data, the score for one image was manually calculated and compared 

to the score produced by the code. The two results were the same. Both of these 

verification procedures were repeated for the UF phantom. 
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Figure C-1. Geometrical relationship used in the localization of an object. 
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Table C-1. The column and row (x,y) indicies for the objects in the TO.10 phantom. 
Object 1 2 3 
Row x y x y x y 

A 1289.5 753 1498.5 926.5 1593.5 1183.5 
B 1211 922 1349 1034 1411 1201 
C 1153.5 1048.5 1234.5 1115.5 1271.5 1216.5 
D 1143.5 677.5 1043.5 675.5 947 688.5 
E 1128.5 769 1047.5 765.5 966.5 775.5 
F 1119.5 846 1050.5 843.5 984.5 852.5 
G 1056 915 1021.5 938.5 990.5 962 
H 1082.5 949.5 1048 973 1015.5 997 
J 1107.5 984 1074 1008 1040 1030.5 
K 1139 1128 1116.5 1144.5 1093 1161 
L 1165.5 1165.5 1143 1182 1120 1199 
M 1192 1202 1169 1218 1146.5 1234.5 

Object 4 5 6 
Row x y x y x y 

A 1546 1456.5 1371 1666 1117.5 1762.5 
B 1379.5 1378.5 1264 1516.5 1097 1577.5 
C 1253.5 1322 1184.5 1404.5 1086.5 1439.5 
D 827 730.5 742.5 778.5 666.5 841.5 
E 866 812 794 853 731.5 906.5 
F 900 882 840.5 916 786.5 960.5 
G 942.5 995 909 1018 875 1042 
H 969 1030 936 1055 903.5 1078 
J 995 1064 961 1086.5 929 1110 
K 1062.5 1181.5 1040 1198 1015 1217 
L 1090 1220 1068 1236 1042 1254 
M 1115.5 1256.5 1092.5 1271.5 1068 1290 

Object 7 8 9 
Row x y x y x y 

A 847 1715 636 1544 538 1288.5 
B 924 1548.5 785 1435 721 1270 
C 982.5 1424.5 898 1355.5 861 1257.5 
D 589.5 940.5 544 1028.5 513.5 1125.5 
E 666.5 989.5 629.5 1063.5 606.5 1144.5 
F 732 1029.5 701 1091.5 682.5 1158 
G 827 1076.5 794.5 1100.5 759.5 1125 
H 854.5 1111.5 822.5 1135.5 787.5 1160.5 
J 881 1145 849 1167 813 1193 
K 982.5 1238 961 1254.5 939 1270 
L 1010.5 1275.5 989.5 1291.5 966 1308 
M 1037 1312 1016.5 1326.5 992 1344 
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Table C-2. Diameter of objects in each row. 
Row Object Size 

A 100 
B 73 
C 50 
D 38 
E 26 
F 18 
G 15 
H 12 
J 8 
K 5 
L 4 
M 3 
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APPENDIX D 
MCNP INPUT FILES 

This appendix lists the MCNP input files used to determine the x-ray spectrum at 

the table top and at the image receptor. Following each MCNP input file is a description 

of the various aspects of the input file (e.g. input geometry and simulated materials used). 

The MCNP input files in this appendix are adapted from the work of Pazik.52 

MCNP Input File to Determine the X-Ray Spectrum at the Table Top 

X-ray spectrum verification 
C 345****1*********2*********3*********4*********5*********6*********7 
C 
C Cell Cards 
C        Material  Density      Cell Definition 
1        1         -0.001205    1 -2 3 -4 5 -6    $ no aluminum  
C 1        2         -2.69        1 -2 3 -4 5 -6    $ aluminum shielding 
C Meter 
2        1         -0.001205    -7 
C Collimators 
3        0                      -14 -12 13 (-8:9:-10:11:15:-13) 
C Cylinder of world 
4        1         -0.001205    -18 19 -20 7 #1 #3 
5        0                      18:20:-19 
 
C Surface Cards 
C Aluminum shielding 
1        px -7 
2        px 7 
3        py -7 
4        py 7 
5        pz 0 
6        pz 0.1956 $ HVL 
C Meter 
7        sz -31.4325 1.27 
C Collimators 
8        px -0.3 
9        px 0.3 
10       py -0.3 
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11       py 0.3 
12       pz 27.19 
13       pz 0.5 
14       cz 9.99 
15       pz 27.18 
C Cylinder encircling world 
18       cz 10 
19       pz -32.8 
20       pz 27.2 
 
MODE P 
SDEF DIR=d1 POS=0 0 27.17 ERG=d2 PAR=2 VEC=0 0 -1 
IMP:P 1 1 0 1 0 
C Cone biasing with an angle of 0.6208 degrees 
C This is tight collimation around the detector 
C   -1, Cos of Angle, 1 
si1 -1 0.99993674 1 
C   0, (1+costheta)/2,(1-costheta)/2 
sp1 0 0.99996837 0.0000316297 
sb1 0 0 1 
#    si2    sp2 
C    KeV    Probability 
     0.000  0.000000e+000 
     0.001  0.000000e+000 
     0.002  0.000000e+000 
     0.003  0.000000e+000 
     0.004  0.000000e+000 
     0.005  0.000000e+000 
     0.006  0.000000e+000 
     0.007  0.000000e+000 
     0.008  0.000000e+000 
     0.009  0.000000e+000 
     0.010  6.755106e-005 
     0.011  6.187203e-003 
     0.012  1.089790e-001 
     0.013  1.351073e+000 
     0.014  9.360937e+000 
     0.015  4.791080e+001 
     0.016  1.600411e+002 
     0.017  4.536293e+002 
     0.018  1.000711e+003 
     0.019  1.673322e+003 
     0.020  2.742782e+003 
     0.021  3.870986e+003 
     0.022  5.412766e+003 
     0.023  6.835494e+003 
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     0.024  8.580416e+003 
     0.025  1.019463e+004 
     0.026  1.165599e+004 
     0.027  1.306568e+004 
     0.028  1.448104e+004 
     0.029  1.526285e+004 
     0.030  1.608235e+004 
     0.031  1.656373e+004 
     0.032  1.708593e+004 
     0.033  1.719031e+004 
     0.034  1.727609e+004 
     0.035  1.727553e+004 
     0.036  1.708338e+004 
     0.037  1.679504e+004 
     0.038  1.642074e+004 
     0.039  1.598678e+004 
     0.040  1.550015e+004 
     0.041  1.501779e+004 
     0.042  1.444833e+004 
     0.043  1.355170e+004 
     0.044  1.267312e+004 
     0.045  1.212584e+004 
     0.046  1.149174e+004 
     0.047  1.054976e+004 
     0.048  9.594644e+003 
     0.049  8.971107e+003 
     0.050  8.309536e+003 
     0.051  7.672315e+003 
     0.052  6.827759e+003 
     0.053  6.044898e+003 
     0.054  5.237788e+003 
     0.055  4.409499e+003 
     0.056  3.609754e+003 
     0.057  2.565573e+003 
     0.058  1.703195e+003 
     0.059  9.725921e+002 
     0.060  2.674413e+002 
     0.061  2.042372e+001 
     0.062  0.000000e+000 
     0.063  0.000000e+000 
C Talley for Dose in MeV/g 
F6:P 2 
C Material Cards 
m1   6000  -0.000124 7000 -0.755267 8000 -0.231781 18000 -0.012827  $ dry air  
m2   13000 1 $ aluminum 
nps 250000 
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Description of MCNP Table Top Input File 

The first line of the input file provides MCNP with a title to use in the output file. 

The next line shows how a comment line is inserted in an input file. If a capitol C is in 

the first column, then all the other characters on that line are considered as a comment 

and not used by MCNP. The comment on the second line shows the column number since 

MCNP interprets input differently depending on which column the input starts on each 

line. Having the column numbers shown makes it easier to ensure the input is started in 

the proper column. Since the font used in this text is a scalable font (i.e., a space does not 

take up the same horizontal distance as a C) the columns do not line up. It is 

recommended that the reader wishing to create an MCNP input file of their own do so 

using a non-scalable font such as Courier New. 

The next section of the input file contains the cell cards. A card is simply a line of 

input that is interpreted separately by MCNP. The cell cards are used to define three-

dimensional regions of space to be used in the simulation. The first entry in each card is 

the card number and that numeric value is placed in the first column. Following each call 

card number is the material that cell is comprised of (defined by an integer), the density 

of that material and how the cell is defined. The materials used for each cell are defined 

at the end of the input file in such a way that the integer material numbers correspond to 

the integer that defines that material at the end of the input file. Each cell is defined by 

surfaces that are specified in the next section of the input file by corresponding integer 

values. If the density value is negative the units of g/cm3 are assigned and if the density 

value is positive the units of 1024 atoms/cm3 are assigned. In order to define a three-

dimensional cell from a group of surfaces, the relative orientation of each surface must be 

established. This is accomplished by combining the surfaces with logical operators. For 
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example, if a negative sign is put in front of a surface number, all of the space to the 

negative side of that surface in a Cartesian coordinate system is considered part of that 

cell. This process is continued until the cell is defined. Other logical operators used in 

this input file are the implied positive sign which has the opposite meaning of the 

negative sign, the “:” which is the union operator and the “#” sign which is the 

complement operator. 

The next section lists the surface cards where each surface used in the cell 

definitions is defined. The first column indicates the surface number, the next alpha-

numeric entry lists the type of surface and the last entry indicates the location of that 

surface in the Cartesian coordinate system. The surfaces used in this input file are plane 

(defined with a p where px is a plane perpendicular to the x-axis), a cylinder defined by a 

c and a sphere defined by an s. The geometry defined by the surface and cell cards in this 

input file are depicted graphically below in Figure D-1. 

The next card defines the source and is started with the text ‘SDEF’ in the first four 

columns. This is followed by what can be considered subcards. The d1 in the DIR 

subcard specifies the direction bias of the source. In this case it is a cone bias and the size 

of the cone is specified in the si1 and the sp1 cards. The POS subcard defines the position 

of the source in Cartesian coordinates. The d2 in the ERG subcard specifies the energy 

distribution of the source as detailed in the si2 and sp2 cards. The si2 and the sp2 cards 

are input in a column format. This is accomplished by placing the # sign in the first 

column of the card. The last two subcards for the source definition are the PAR and the 

VEC subcards. The PAR subcard defines the particle type (2 for photons) and the VEC 

subcard gives a reference vector for the direction of the particles emitted from the source. 
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The next card (IMP) specifies the importance of the particles in each cell. In this 

case all cells are given an importance of 1 (the highest level) except the collimators and 

the space outside of the problem geometry. These cells are given an importance of 0 

which immediately kills the particle when it enters those cells. The si and sp cards that 

were explained above follow on the next several lines and includes the energy spectrum. 

Immediately following the energy spectrum is a card that specifies an F6 tally. Tallies are 

the way in which MCNP keeps track of the particles’ fates. This F6 tally defines a track 

length estimate of energy deposition for photons in cell two (the detector). 

The next few cards are the material cards. They are defined by an m in the first 

column and an integer that corresponds to the number used to define the materials in the 

cell cards. The first entry in a cell card defines the element and takes the form ZZZAAA. 

For photons, the atomic number (A) is zero for all elements. The second entry defines the 

relative composition of the elements that make up each material. If a + sign is used the 

entries represent atomic fractions and if a – sign is used the entries represent weight 

fractions. The final card is an nps card and specifies the number of particles used in the 

simulation. 

MCNP Input File to Determine the X-Ray Spectrum at the Image Receptor 

X-ray spectrum verification 
C 345****1*********2*********3*********4*********5*********6*********7 
C 
C Cell Cards 
C        Material  Density      Cell Definition 
1        1         -0.001205        1 -2 3 -4 5 -6 
C Acrylic 
2        3         -1.19        -14 22 -23 
C Collimators 
3        0                      -14 -12 13 (-8:9:-10:11:15:-13) 
C Cylinder of world 
4        1         -0.001205    -18 19 -20 #1 #2 #3 #6 #7 
5        0                      18:20:-19 
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C Grid 
6        4         -11.33       -14 25 -26    $ with grid 
C 6        1         -0.001205    -14 25 -26    $ without grid 
C Imaging plate 
7        1         -0.000001           27 -28 29 -30 -31 32  
 
C Surface Cards 
C Aluminum shielding 
1        px -8 
2        px 8 
3        py -8 
4        py 8 
5        pz 0 
6        pz 0.2733 $ HVL is changed to air for this problem 
C Collimators 
8        px -3.9375 
9        px 3.9375 
10       py -3.15 
11       py 3.15 
12       pz 27.19 
13       pz 0.5 
14       cz 19.3 
15       pz 27.18 
C Cylinder encircling world 
18       cz 19.31 
19       pz -74.64 
20       pz 27.2 
C Acrylic blocks 
22       pz -40.64 
23       pz -35.56 
C Grid 
25       pz -69.6579942 
26       pz -69.65 
C Imaging Plate 
27       px -15 
28       px 15 
29       py -12 
30       py 12 
31       pz -74.43 
32       pz -74.63 
 
MODE P 
SDEF DIR=d1 POS=0 0 27.17 ERG=d2 PAR=2 VEC=0 0 -1 
IMP:P 1 1 0 1 0 1 1 
C Cone biasing with an angle of 8.39835 degrees 
C   -1, Cos of Angle, 1 
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si1 -1 0.98927653 1 
C   0, (1+costheta)/2,(1-costheta)/2 
sp1 0 0.99463826 0.00536174 
sb1 0 0 1 
#    si2    sp2 
C    KeV       Probability 
         0.000  0.000000e+000 
         0.001  0.000000e+000 
         0.002  0.000000e+000 
         0.003  0.000000e+000 
         0.004  0.000000e+000 
         0.005  0.000000e+000 
         0.006  0.000000e+000 
         0.007  0.000000e+000 
         0.008  0.000000e+000 
         0.009  0.000000e+000 
         0.010  1.667037e-007 
         0.011  6.702871e-005 
         0.012  3.215110e-003 
         0.013  8.050436e-002 
         0.014  9.994548e-001 
         0.015  7.633517e+000 
         0.016  3.520179e+001 
         0.017  1.272994e+002 
         0.018  3.409927e+002 
         0.019  6.563028e+002 
         0.020  1.237942e+003 
         0.021  1.916401e+003 
         0.022  2.939904e+003 
         0.023  3.951859e+003 
         0.024  5.278006e+003 
         0.025  6.599543e+003 
         0.026  7.828999e+003 
         0.027  9.105412e+003 
         0.028  1.042640e+004 
         0.029  1.126040e+004 
         0.030  1.215664e+004 
         0.031  1.276260e+004 
         0.032  1.341548e+004 
         0.033  1.367764e+004 
         0.034  1.392818e+004 
         0.035  1.411292e+004 
         0.036  1.408450e+004 
         0.037  1.397117e+004 
         0.038  1.375997e+004 
         0.039  1.348599e+004 
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         0.040  1.316100e+004 
         0.041  1.280902e+004 
         0.042  1.236704e+004 
         0.043  1.163411e+004 
         0.044  1.090961e+004 
         0.045  1.046537e+004 
         0.046  9.917670e+003 
         0.047  9.092364e+003 
         0.048  8.248741e+003 
         0.049  7.703012e+003 
         0.050  7.118414e+003 
         0.051  6.561164e+003 
         0.052  5.800405e+003 
         0.053  5.088577e+003 
         0.054  4.350744e+003 
         0.055  3.597729e+003 
         0.056  2.868704e+003 
         0.057  1.945594e+003 
         0.058  1.198114e+003 
         0.059  5.977838e+002 
         0.060  1.499110e+002 
         0.061  1.102908e+001 
         0.062  0.000000e+000 
         0.063  0.000000e+000 
C Tally energy spectrum in cell 8 
F4:P 7 
E4   0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.009 0.010 0.011 0.012 
     0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021 0.022 0.023 
     0.024 0.025 0.026 0.027 0.028 0.029 0.030 0.031 0.032 0.033 0.034 
     0.035 0.036 0.037 0.038 0.039 0.040 0.041 0.042 0.043 0.044 0.045 
     0.046 0.047 0.048 0.049 0.050 0.051 0.052 0.053 0.054 0.055 0.056 
     0.057 0.058 0.059 0.060 0.061 0.062 0.063 0.064 0.065 0.066 0.067 
     0.068 0.069 0.070 0.071 0.072 0.073 0.074 0.075 0.076 0.077 0.078 
     0.079 0.080 0.081 0.082 0.083 
C Material Cards 
m1   6000 -0.000124 7000 -0.755267 8000 -0.231781 18000 -0.012827  $ dry air  
m2   13000 1 $ aluminum 
m3   1000 -0.080548 6000 -0.599816 8000 -0.319636 $ acrylic 
m4   82000 1 $ Pb 
nps 100000000 

Description of Image Receptor Input File 

This input file contains essentially the same elements as the table top input file. 

Some materials have been added and they can be seen by the graphical representation in 
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Figure D-2. The only significant difference in the input files is the tally used. In this case 

an F4 tally is used. This tally provides a track length estimate of the flux in cell seven 

(the image receptor). 

 

Figure D-1. A geometrical depiction of the cells defined in the table top input file. A 
cross section along the z-axis is shown. 
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Figure D-2. A geometrical depiction of the cells defined in the image receptor input file. 
A cross section along the z-axis is shown. 
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APPENDIX E 
RESULTS OF THE POST-HOC STATISTICAL TESTS 

Table E-1. Post-hoc INPSC mean comparisons for variations with current-time product. 
Acquisition mAs p-value 

Base mAs Compared mAs Tamhane’s T2 Dunnett’s T3 Games-Howell 
0.4 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
0.8 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.0 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.2 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
2.0 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
3.2 0.80* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-2. Post-hoc INPSC mean comparisons for variations with peak-tube potential. 
Acquisition kVp p-value 

Base kVp Compared kVp Tamhane’s T2 Dunnett’s T3 Games-Howell 
50 60* 

70* 
80* 

.000 

.001 

.003 

.000 

.001 

.002 

.000 

.000 

.002 
60 50* 

70 
80 

.000 
1.000 
.998 

.000 

.999 

.994 

.000 

.980 

.958 
70 50* 

60 
80 

.001 
1.000 
1.000 

.001 

.999 
1.000 

.000 

.980 

.999 
80 50* 

60 
70 

.003 

.998 
1.000 

.002 

.994 
1.000 

.002 

.958 

.999 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-3. Post-hoc INPSC mean comparisons for variations with processing option. 
Processing Option p-value 

Base Compared Tamhane’s T2 Dunnett’s T3 Games-Howell 
System 
Diagnosis/Flat 
Field 

Chest PA* 
Hand AP* 

.000 

.000 
.000 
.000 

.000 

.000 

Chest/Chest PA Flat Field* 
Hand AP* 

.000 

.000 
.000 
.000 

.000 

.000 
Upper 
Extremity/Hand 
AP 

Flat Field* 
Chest PA* 

.000 

.000 
.000 
.000 

.000 

.000 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-4. Post-hoc scan IMTFC mean comparisons for variations with current-time 
product. 

Acquisition mAs p-value 
Base mAs Compared mAs Tamhane’s T2 Dunnett’s T3 Games-Howell 

0.4 0.80 
1.00 
1.20 
2.00 
3.20 

.785 

.419 

.557 

.239 

.432 

.606 

.252 

.342 

.155 

.253 

.460 

.189 

.259 

.114 

.190 
0.8 0.40 

1.00 
1.20 
2.00 
3.20 

.785 

.996 
1.000 
.876 
.995 

.606 

.960 
1.000 
.735 
.949 

.460 

.853 

.982 

.570 

.840 
1.0 0.40 

0.80 
1.20 
2.00 
3.20 

.419 

.996 

.999 

.999 
1.000 

.252 

.960 

.993 

.986 
1.000 

.189 

.853 

.933 

.910 
1.000 

1.2 0.40 
0.80 
1.00 
2.00 
3.20 

.557 
1.000 
.999 
.918 
.998 

.342 
1.000 
.993 
.757 
.984 

.259 

.982 

.933 

.604 

.900 
2.0 0.40 

0.80 
1.00 
1.20 
3.20 

.239 

.876 

.999 

.918 

.998 

.155 

.735 

.986 

.757 

.155 

.114 

.570 

.910 

.604 

.878 
3.2 0.40 

0.80 
1.00 
1.20 
2.00 

.432 

.995 
1.000 
.998 
.998 

.735 

.986 

.757 

.971 

.253 

.190 

.840 
1.000 
.900 
.878 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 



169 

 

Table E-5. Post-hoc subscan IMTFC mean comparisons for variations with current-time 
product. 

Acquisition mAs p-value 
Base mAs Compared mAs Tamhane’s T2 Dunnett’s T3 Games-Howell 

0.4 0.80 
1.00 
1.20* 
2.00* 
3.20* 

.345 

.141 

.077 

.048 

.049 

.194 

.094 

.047 

.030 

.029 

.146 

.069 

.035 

.022 

.022 
0.8 0.40 

1.00 
1.20 
2.00* 
3.20* 

.345 

.976 

.163 

.053 

.010 

.194 

.866 

.104 

.034 

.007 

.146 

.726 

.076 

.025 

.005 
1.0 0.40 

0.80 
1.20 
2.00 
3.20 

.141 

.976 

.996 

.796 

.619 

.094 

.866 

.970 

.630 

.440 

.069 

.726 

.867 

.478 

.328 
1.2 0.40* 

0.80 
1.00 
2.00 
3.20 

.077 

.163 

.996 

.999 

.967 

.047 

.104 

.970 

.989 

.888 

.035 

.076 

.867 

.917 

.734 
2.0 0.40* 

0.80* 
1.00 
1.20 
3.20 

.048 

.053 

.796 

.999 
1.000 

.030 

.034 

.630 

.989 
1.000 

.022 

.025 

.478 

.917 

.999 
3.2 0.40* 

0.80* 
1.00 
1.20 
2.00 

.049 

.010 

.619 

.967 
1.000 

.029 

.007 

.440 

.888 
1.000 

.022 

.005 

.328 

.734 

.999 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-6. Post-hoc scan IMTFC mean comparisons for variations with peak-tube 
potential. 

Acquisition kVp p-value 
Base kVp Compared kVp Tukey’s HSD Bonferroni Test LSD 

50 60* 
70* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
60 50* 

70* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
70 50* 

60* 
80* 

.000 

.000 

.001 

.000 

.000 

.001 

.000 

.000 

.000 
80 50* 

60* 
70* 

.000 

.000 

.001 

.000 

.000 

.001 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-7. Post-hoc subscan IMTFC mean comparisons for variations with peak-tube 
potential. 

Acquisition kVp p-value 
Base kVp Compared kVp Tukey’s HSD Bonferroni Test LSD 

50 60* 
70* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
60 50* 

70* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
70 50* 

60* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
80 50* 

60* 
70* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
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Table E-8. Post-hoc IMTFC mean comparisons for variations with processing option in 
the scan direction. 

Processing Option p-value 
Base Compared Tamhane’s T2 Dunnett’s T3 Games-Howell 

System 
Diagnosis/Full 
Range 

Chest PA* 
Hand AP* 

.014 

.000 
.010 
.000 

.009 

.000 

Chest/Chest PA Full Range* 
Hand AP* 

.014 

.007 
.010 
.005 

.009 

.005 
Upper 
Extremity/Hand 
AP 

Full Range* 
Chest PA* 

.000 

.007 
.000 
.005 

.000 

.005 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-9. Post-hoc IMTFC mean comparisons for variations with processing option in 
the subscan direction. 

Processing Option p-value 
Base Compared Tukey’s HSD Bonferroni LSD 

System 
Diagnosis/ Full 
Range 

Chest PA* 
Hand AP* 

.000 

.000 
.000 
.000 

.000 

.000 

Chest/Chest PA Full Range* 
Hand AP* 

.000 

.000 
.000 
.000 

.000 

.000 
Upper 
Extremity/Hand 
AP 

Full Range* 
Chest PA* 

.000 

.000 
.000 
.000 

.000 

.000 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-10. Post-hoc scan IDQEC mean comparisons for variations with current-time 
product. 

Acquisition mAs p-value 
Base mAs Compared mAs Tukey’s HSD Bonferroni Test LSD 

0.4 0.80* 
1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
0.8 0.40* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.049 

.000 

.000 

.000 

.000 

.073 

.000 

.000 

.000 

.000 

.005 

.000 

.000 

.000 
1.0 0.40* 

0.80* 
1.20* 
2.00* 
3.20* 

.000 

.049 

.047 

.000 

.000 

.000 

.073 

.069 

.000 

.000 

.000 

.005 

.005 

.000 

.000 
1.2 0.40* 

0.80* 
1.00* 
2.00* 
3.20* 

.000 

.000 

.047 

.014 

.000 

.000 

.000 

.069 

.019 

.000 

.000 

.000 

.005 

.001 

.000 
2.0 0.40* 

0.80* 
1.00* 
1.20* 
3.20 

.000 

.000 

.000 

.014 

.003 

.000 

.000 

.000 

.019 

.004 

.000 

.000 

.000 

.001 

.000 
3.2 0.40* 

0.80* 
1.00* 
1.20* 
2.00 

.000 

.000 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.004 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 



173 

 

Table E-11. Post-hoc subscan IDQEC mean comparisons for variations with current-time 
product. 

Acquisition mAs p-value 
Base mAs Compared mAs Tukey’s HSD Bonferroni Test LSD 

0.4 0.80* 
1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
0.8 0.40* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.0 0.40* 

0.80* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.022 

.000 

.000 

.000 

.000 

.031 

.000 

.000 

.000 

.000 

.002 

.000 

.000 
1.2 0.40* 

0.80* 
1.00* 
2.00* 
3.20* 

.000 

.000 

.022 

.000 

.000 

.000 

.000 

.031 

.000 

.000 

.000 

.000 

.002 

.000 

.000 
2.0 0.40* 

0.80* 
1.00* 
1.20* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
3.2 0.40* 

0.80* 
1.00* 
1.20* 
2.00* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-12. Post-hoc scan IDQEC mean comparisons for variations with peak-tube 
potential. 

Acquisition kVp p-value 
Base kVp Compared kVp Tukey’s HSD Bonferroni Test LSD 

50 60* 
70* 
80* 

.050 

.000 

.000 

.068 

.000 

.000 

.011 

.000 

.000 
60 50* 

70* 
80* 

.050 

.000 

.000 

.068 

.000 

.000 

.011 

.000 

.000 
70 50* 

60* 
80* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
80 50* 

60* 
70* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-13. Post-hoc subscan IDQEC mean comparisons for variations with peak-tube 
potential. 

Acquisition kVp p-value 
Base kVp Compared kVp Tukey’s HSD Bonferroni Test LSD 

50 60 
70 
80* 

.994 

.121 

.000 

1.000 
.179 
.000 

.801 

.030 

.000 
60 50 

70 
80* 

.994 

.186 

.000 

1.000 
.296 
.000 

.801 

.049 

.000 
70 50 

60 
80* 

.121 

.186 

.000 

.179 

.296 

.000 

.030 

.049 

.000 
80 50* 

60* 
70* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
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Table E-14. Post-hoc IDQEC mean comparisons for variations with processing option in 
the scan direction. 

Processing Option p-value 
Base Compared Tamhane’s T2 Dunnett’s T3 Games-Howell 

System 
Diagnosis/ Full 
Range 

Chest PA* 
Hand AP 

.030 

.992 
.021 
.986 

.019 

.956 

Chest/Chest PA Full Range* 
Hand AP* 

.030 

.008 
.021 
.006 

.019 

.005 
Upper 
Extremity/Hand 
AP 

Full Range 
Chest PA* 

.992 

.008 
.986 
.006 

.956 

.005 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-15. Post-hoc IDQEC mean comparisons for variations with processing option in 
the subscan direction. 

Processing Option p-value 
Base Compared Tamhane’s T2 Dunnett’s T3 Games-Howell 

System 
Diagnosis/ Full 
Range 

Chest PA* 
Hand AP 

.026 

.380 
.019 
.298 

.016 

.259 

Chest/Chest PA Full Range* 
Hand AP* 

.026 

.011 
.019 
.009 

.016 

.008 
Upper 
Extremity/Hand 
AP 

Full Range 
Chest PA* 

.380 

.011 
.298 
.009 

.259 

.008 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-16. Post-hoc CDSC mean comparisons for variations with current-time product 
for the TO.10 phantom. 

Acquisition mAs p-value 
Base mAs Compared mAs Tukey’s HSD Bonferroni Test LSD 

0.4 0.80* 
1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
0.8 0.40* 

1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.0 0.40* 

0.80* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.2 0.40* 

0.80* 
1.00* 
2.00* 
3.20* 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
2.0 0.40* 

0.80* 
1.00* 
1.20* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
3.2 0.40* 

0.80* 
1.00* 
1.20* 
2.00* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-17. Post-hoc CDSC mean comparisons for variations with current-time product 
for the UF Radiology phantom. 

Acquisition mAs p-value 
Base mAs Compared mAs Tukey’s HSD Bonferroni Test LSD 

0.8 0.40* 
1.00* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
1.0 0.40* 

0.80* 
1.20* 
2.00* 
3.20* 

.000 

.000 

.001 

.000 

.000 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.001 

.000 

.000 
1.2 0.40* 

0.80* 
1.00* 
2.00* 
3.20* 

.000 

.000 

.001 

.000 

.000 

.000 

.000 

.003 

.000 

.000 

.000 

.000 

.001 

.000 

.000 
2.0 0.40* 

0.80* 
1.00* 
1.20* 
3.20* 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 
*Indicates a significant mean difference for all three tests at the α = 0.05 level. 
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Table E-18. Post-hoc CDSC mean comparisons for variations with processing option for 
the TO.10 phantom. 

Processing Option p-value 
Base Compared Tukey’s HSD Bonferroni Test LSD 

System 
Diagnosis/ Full 
Range 

Chest PA* 
Hand AP* 

.004 

.000 
.004 
.000 

.000 

.000 

Chest/Chest PA Full Range* 
Hand AP* 

.004 

.000 
.004 
.000 

.000 

.000 
Upper 
Extremity/Hand 
AP 

Full Range* 
Chest PA* 

.000 

.000 
.000 
.000 

.000 

.000 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 

Table E-19. Post-hoc CDSC mean comparisons for variations with processing option for 
the UF Radiology phantom. 

Processing Option p-value 
Base Compared Tukey’s HSD Bonferroni Test LSD 

System 
Diagnosis/ Full 
Range 

Chest PA* 
Hand AP 

.021 

.000 
.025 
.000 

.008 

.000 

Chest/Chest PA Full Range* 
Hand AP* 

.021 

.000 
.025 
.000 

.008 

.000 
Upper 
Extremity/Hand 
AP 

Full Range 
Chest PA* 

.000 

.000 
.000 
.000 

.000 

.000 

*Indicates a significant mean difference for all three tests at the α = 0.05 level. 



 

179 

 
LIST OF REFERENCES 

1K. M. Hintenlang, J. L. Williams, and D. E. Hintenlang, "A survey of radiation dose 
associated with pediatric plain-film chest X-ray examinations," Pediatr Radiol 32, 771-7 
(2002). 

2M. J. Flynn and E. Samei, "Experimental comparison of noise and resolution for 2k and 
4k storage phosphor radiography systems," Med Phys 26, 1612-23 (1999). 

3K. A. Johnson, Quantifying computed radiography (CR) and digital radiography (DR) 
image quality and patient dose for pediatric radiology. Doctoral Dissertation, 
Department of Nuclear and Radiological Engineering, University of Florida, (2003). 

4J. T. Dobbins, 3rd, D. L. Ergun, L. Rutz, D. A. Hinshaw, H. Blume, and D. C. Clark, 
"DQE(f) of four generations of computed radiography acquisition devices," Med Phys 
22, 1581-93 (1995). 

5K. A. Fetterly and N. J. Hangiandreou, "Image quality evaluation of a desktop computed 
radiography system," Med Phys 27, 2669-79 (2000). 

6R. Padgett and C. J. Kotre, "Assessment of the effects of pixel loss on image quality in 
direct digital radiography," Phys Med Biol 49, 977-86 (2004). 

7T. Ideguchi, Y. Higashida, K. Himuro, M. Ohki, S. Nakamura, A. Yoshida, R. Takagi, 
H. Hatano, R. Kuwahara, M. Toyonaga, I. Tanaka, and F. Toyofuku, "[Full-field digital 
mammography with amorphous silicon-based flat- panel detector: physical imaging 
characteristics and signal detection]," Nippon Hoshasen Gijutsu Gakkai Zasshi 60, 399-
405 (2004). 

8H. G. Chotas and C. E. Ravin, "Digital chest radiography with a solid-state flat-panel x-
ray detector: contrast-detail evaluation with processed images printed on film hard 
copy," Radiology 218, 679-82 (2001). 

9T. Katou, K. Ogawa, Y. Umezu, E. Kinoshita, E. Shinkai, M. Ohki, F. Toyofuku, and Y. 
Higashida, "[Low contrast detectability of a new CR system with two-sided reading]," 
Nippon Hoshasen Gijutsu Gakkai Zasshi 59, 410-5 (2003). 

10J. T. Bushberg, The essential physics of medical imaging (Lippincott Williams & 
Wilkins, Philadelphia, 2002). 

11E. L. Siegel and R. M. Kolodner, Filmless radiology (Springer, New York, 1999). 



180 

 

12S. Lehar, in An intuitive explanation of Fourier theory (Boston University, http://cns-
alumni.bu.edu/~slehar/fourier/fourier.html#basic, July, 2004) 

13R. B. Blackman, J. W. Tukey, and Karreman Mathematics Research Collection., The 
measurement of power spectra, from the point of view of communications engineering 
(Dover Publications, New York, 1959). 

14H. H. Barrett, and W. Swindell, Radiological imaging: the theory of image formation, 
detection, and processing (Academic Press, New York, 1981). 

15E. O. Brigham, The fast Fourier transform and its applications (Prentice Hall, 
Englewood Cliffs, N.J., 1988). 

16E. O. Brigham, The fast Fourier transform (Prentice-Hall, Englewood Cliffs, N.J.,, 
1974). 

17C. D. Bradford, W. W. Peppler, and J. T. Dobbins, 3rd, "Performance characteristics of 
a Kodak computed radiography system," Med Phys 26, 27-37 (1999). 

18K. A. Fetterly, N. J. Hangiandreou, B. A. Schueler, and E. R. Ritenour, "Measurement 
of the presampled two-dimensional modulation transfer function of digital imaging 
systems," Med Phys 29, 913-21 (2002). 

19I. A. Cunningham and A. Fenster, "A method for modulation transfer function 
determination from edge profiles with correction for finite-element differentiation," 
Med Phys 14, 533-7 (1987). 

20E. Samei, M. J. Flynn, and D. A. Reimann, "A method for measuring the presampled 
MTF of digital radiographic systems using an edge test device," Med Phys 25, 102-13 
(1998). 

21H. Fujita, D. Tsai, T. Itoh, K. Doi, J. Morishita, K. Ueda, and A. Ohtsuka, "A simple 
method for determining the modulation transfer function in digital radiography," IEEE 
Transactions on Medical Imaging Vol. 11, (1992). 

22C. R. Crawford, "Reprojection using a parallel backprojector," Med Phys 13, 480-3 
(1986). 

23J. H. Launders, S. M. Kengyelics, and A. R. Cowen, "A comprehensive physical image 
quality evaluation of a selenium based digital x-ray imaging system for thorax 
radiography," Med Phys 25, 986-97 (1998). 

24F. H. Attix, Introduction to radiological physics and radiation dosimetry (Wiley, New 
York, 1986). 

25W. R. Hendee, G. S. Ritenour, and E. R. Ritenour, Medical imaging physics (Wiley, 
New York Chichester, 2002). 

http://cns-alumni.bu.edu/~slehar/fourier/fourier.html#basic,2004
http://cns-alumni.bu.edu/~slehar/fourier/fourier.html#basic,2004


181 

 

26R. F. Wagner, and D. G. Brown, "Unified SNR analysis of medical imaging systems," 
Phys Med Biol 30, 489-515 (1985). 

27M. Arreola, Objective assessment of image quality in conventional fluoroscopy and the 
low-contrast detectability of objects in carbon dioxide angiography. Doctoral 
Dissertation, Department of Nuclear and Radiological Engineering, University of 
Florida, (1993). 

28R. Aufrichtig, and P. Xue, "Dose efficiency and low-contrast detectability of an 
amorphous silicon x-ray detector for digital radiography," Phys Med Biol 45, 2653-69 
(2000). 

29Z. F. Lu, E. L. Nickoloff, J. C. So, and A. K. Dutta, "Comparison of computed 
radiography and film/screen combination using a contrast-detail phantom," J Appl Clin 
Med Phys 4, 91-8 (2003). 

30K. W. Brooks, J. H. Trueblood, K. J. Kearfott, and D. T. Lawton, "Automated analysis 
of the American College of Radiology mammographic accreditation phantom images," 
Med Phys 24, 709-23 (1997). 

31A. D. Castellano Smith, I. A. Castellano Smith, and D. R. Dance, "Objective 
assessment of phantom image quality in mammography: a feasibility study," Br J 
Radiol 71, 48-58 (1998). 

32A. L. Kwan, L. J. Filipow, and L. H. Le, "Automatic quantitative low contrast analysis 
of digital chest phantom radiographs," Med Phys 30, 312-20 (2003). 

33M. Cristy, "Mathematical phantoms representing children of various ages for use in 
estimates of internal dose," Oak Ridge National Laboratory Report 
ORNL/NUREG/TM-367), Oak Ridge, TN, (1980) 

34M. W. Bower, A physical anthropomorphic phantom of a one-year-old child with real-
time dosimetry. Doctoral Dissertation, Department of Nuclear and Radiological 
Engineering, University of Florida, (1997). 

35L. G. Bouchet, W. E. Bolch, D. A. Weber, H. L. Atkins, and J. W. Poston, Sr., "A 
revised dosimetric model of the adult head and brain," J Nucl Med 37, 1226-36 (1996). 

36D. J. Gladstone, X. Q. Lu, J. L. Humm, H. F. Bowman, and L. M. Chin, "A miniature 
MOSFET radiation dosimeter probe," Med Phys 21, 1721-8 (1994). 

37M. J. Butson, A. Rozenfeld, J. N. Mathur, M. Carolan, T. P. Wong, and P. E. Metcalfe, 
"A new radiotherapy surface dose detector:the MOSFET," Med Phys 23, 655-8 (1996). 

38P. Francescon, S. Cora, C. Cavedon, P. Scalchi, S. Reccanello, and F. Colombo, "Use 
of a new type of radiochromic film, a new parallel-plate micro-chamber, MOSFETs, 
and TLD 800 microcubes in the dosimetry of small beams," Med Phys 25, 503-11 
(1998). 



182 

 

39R. Ramani, S. Russell, and P. O'Brien, "Clinical dosimetry using MOSFETs," Int J 
Radiat Oncol Biol Phys 37, 959-64 (1997). 

40M. Soubra, J. Cygler, and G. Mackay, "Evaluation of a dual bias dual metal oxide-
silicon semiconductor field effect transistor detector as radiation dosimeter," Med Phys 
21, 567-72 (1994). 

41B. V. Zeghbroeck, in Principles of Semiconductor Devices (University of Colorado at 
Boulder, http://ece-www.colorado.edu/~bart/book/book/title.htm, May, 2002) 

42M. W. Bower and D. E. Hintenlang, "The characterization of a commercial MOSFET 
dosimeter system for use in diagnostic x ray," Health Phys 75, 197-204 (1998). 

43B. D. Pomije, C. H. Huh, M. A. Tressler, D. E. Hintenlang, and W. E. Bolch, 
"Comparison of angular free-in-air and tissue-equivalent phantom response 
measurements in p-MOSFET dosimeters," Health Phys 80, 497-505 (2001). 

44International Commission on Radiological Protection., 1990 recommendations of the 
International Commission Radiological Protection: adopted by the Commission in 
November 1990, (Published for the Commission by Pergamon, Oxford; New York, 
1991). 

45E. Storm, "Calculated bremsstrahlung spectra from thick tungsten targets," Phys Rev A 
5, 2328-2338 (1971). 

46J. M. Boone and J. A. Seibert, "An accurate method for computer-generating tungsten 
anode x-ray spectra from 30 to 140 kV," Med Phys 24, 1661-70 (1997). 

47R. Aufrichtig, "Comparison of low contrast detectability between a digital amorphous 
silicon and a screen-film based imaging system for thoracic radiography," Med Phys 
26, 1349-58 (1999). 

48X. J. Rong, C. C. Shaw, X. Liu, M. R. Lemacks, and S. K. Thompson, "Comparison of 
an amorphous silicon/cesium iodide flat-panel digital chest radiography system with 
screen/film and computed radiography systems--a contrast-detail phantom study," Med 
Phys 28, 2328-35 (2001). 

49A. R. Owen, O. F. Clarke, N. J. Coleman, D. M. Craven, S. McArdle, and G. A. Hay, 
Leeds x-ray test objects instruction manual (University of Leeds, Academic Unit of 
Medical Physics, Leeds, 1992). 

50K. A. Fetterly and N. J. Hangiandreou, "Effects of x-ray spectra on the DQE of a 
computed radiography system," Med Phys 28, 241-9 (2001). 

51L. N. Rill, Improvement of the clinical use of computed radiography for mobile chest 
imaging : image quality and patient dose. Doctoral Dissertation, Department of Nuclear 
and Radiological Engineering, University of Florida, (2001). 

http://ece-www.colorado.edu/~bart/book/book/title.htm,2002


183 

 

52F. D. Pazik, Organ doses received during common newborn radiographic and 
fluoroscopic procedures. Master's Thesis, Department of Nuclear and Radiological 
Engineering, University of Florida, (2003). 



 

184 

 
BIOGRAPHICAL SKETCH 

Christopher David Pitcher was born in Cincinnati, Ohio, on April 4, 1971, to Albert 

Wayne and Susan Davis Pitcher. He attended high school in Saint Petersburg, Florida, at 

Northeast High School. He received a bachelor’s degree, with high honors, in nuclear 

engineering from the College of Engineering of the University of Florida in 1994. As a 

Department of Energy’s Oak Ridge Institute of Science and Education fellow he received 

a master’s degree in health physics from the College of Engineering of the University of 

Florida in 1995. Following completion of his master’s degree, he was commissioned as a 

First Lieutenant in the United States Army Medical Department. After achieving the rank 

of Captain, he was selected to pursue a doctoral degree through the Army’s Long Term 

Health Education and Training Program. He received his Doctor of Philosophy degree in 

December of 2004 in medical physics from the College of Engineering of the University 

of Florida. 

 

 
 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	BACKGROUND INFORMATION
	Computed Radiography
	Picture Archiving and Communications System
	Mathematical Transforms
	Fourier Transform
	Radon Transform

	Noise Power Spectrum
	Modulation Transfer Function
	Detective Quantum Efficiency
	Exposure
	Contrast-Detail Analysis
	Visual Perception
	Contrast-to-Noise Ratio
	Contrast-Detail Phantoms
	Observer Perception Study
	CNR Calculations

	Measurement of Dose
	Anthropomorphic Phantom
	Dosimeter
	Determination of Effective Dose


	LITERATURE REVIEW
	Noise Power Spectrum
	Modulation Transfer Function
	Detective Quantum Efficiency
	Contrast-Detail Analysis
	MOSFET Dosimetry

	EXPERIMENTAL EQUIPMENT
	Imaging System
	Software
	NPSC, MTFC and DQEC
	Clinical Contrast Detail Score
	Dosimetry

	EXPERIMENTAL METHODOLOGY
	Image Acquisition
	Experimental Setup
	Acquisition Parameters
	Image Retrieval

	Clinical Noise Power Spectrum
	Variation with Peak-Tube Potential and Current-Time Product
	Variation with Processing Option

	Clinical Modulation Transfer Function
	Edge Angle Verification
	Variation with Peak-Tube Potential, Current-Time Product and

	Clinical Detective Quantum Efficiency
	Clinical Contrast Detail Score
	Observer Study
	CNR Calculations
	Variation with Processing Option

	Anthropomorphic Phantom Viewer Study
	Dosimetry

	RESULTS AND DISCUSSION
	NPSC
	Variation with Current-Time Product
	Variation with Peak-Tube Potential
	Variation with Processing Option

	MTFC
	Scan Versus Subscan Direction
	IMTFC Reproducibility
	Edge Angle Reproducibility
	Number of ESF Data Points
	Variation with Current-Time Product
	Variation with Peak-Tube Potential
	Variation with Processing Option

	Dynamic Image Manipulation
	DQEC
	Variation with Current-Time Product
	Variation with Peak-Tube Potential
	Variation with Processing Option

	CDSC
	Observer Study
	CNRT Determination
	Automated Phantom Scoring – The Average Observer
	Automated scoring reproducibility
	Variation with current-time product
	Variation with peak-tube potential
	Variation with processing option

	Automated Phantom Scoring – The Ideal Observer

	Anthropomorhic Phantom Evaluation
	Effective Dose Calculation

	CONCLUSIONS AND FUTURE WORK
	INPSC MATLAB M-FILE AND DESCRIPTION
	INPSC MATLAB m-file
	Description of MATLAB m-file and Built in MATLAB Functions
	Background Subtraction Function
	Description of MATLAB function to Subtract Background Trends
	Two-Dimensional Fast Fourier Transform Function
	Description of MATLAB Function to Perform the Fast Fourier T

	INPSC Code Verification

	IMTFC MATLAB M-FILE AND DESCRIPTION
	IMTFC MATLAB m-File
	Description of MATLAB m-file and Built in MATLAB Functions
	IMTFC Code Verification

	MATLAB M-FILE FOR CONTRAST-DETAIL PHANTOM SCORING AND DESCRI
	MATLAB m-file for TO.10 Phantom
	Description of MATLAB m-file and Built in MATLAB Functions
	MATLAB Function “mat2vec”

	Code Verification

	MCNP INPUT FILES
	MCNP Input File to Determine the X-Ray Spectrum at the Table
	Description of MCNP Table Top Input File
	MCNP Input File to Determine the X-Ray Spectrum at the Image
	Description of Image Receptor Input File

	RESULTS OF THE POST-HOC STATISTICAL TESTS
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

