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ABSTRACT 

A Charge-Coupled Device (CCD) based electronic imaging system is 

proposed to overcome limitations of conventional film/screen mammography 

systems at no additional risk or discomfort to the patient. This thesis presents 

the design, implementation and evaluation of a number of prototype systems 

incorporating the latest advances in x-ray intensifying phosphor screen, fiber 

optic reducer, and CCD technologies. System design is based on an x-ray 

intensifying screen optically coupled to a high resolution, cooled, scientific CCD 

through a fiber optic reducer. The performance of the prototype system is 

compared to theoretical predictions, to the ideal x-ray detector, and to 

conventional film/screen detectors. Images of breast phantoms captured by the 

prototype CCD-based system and by conventional mammography systems are 

presented. Experimental results indicate that the CCD-based system can 

provide "film quality" images within seconds of x-ray exposure in needle 

localization, fine-needle aspiration biopsy, and magnification procedures in 

mammography. 
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INTRODUCTION 

The purpose of this thesis is to propose a novel electronic image 

acquisition system for pre-operative needle localization, stereotactic fine needle 

aspiration biopsy, and magnification procedures in mammography. The design 

and implementation of the prototype system were based on the following 

principles: 

1. The system should overcome most of the performance limitations of 

conventional mammographic imaging systems (as perceived by radiologists 

and medical physicists) at no additional risk or discomfort to the patient. Risk 

here is defined as no increase in radiation dosage to the patient, and no 

degradation in the detectability limits of indicators of cancer within the breast 

tissue. 

2. The proposed system should be designed to be an optional addition 

to conventional film/screen based mammography systems. The fundamental 

operation, and, in particular, film output capability of conventional systems must 

be preserved. 

3. The proposed system should be a commercially viable product in 

terms of its price/performance characteristics. Thus, the design of the prototype 

unit should involve the integration of only commercially available components. 

However, the thesis also proposes more sophisticated designs for the future in 

anticipation of advances in related component technologies. The thesis is 

divided into four sections, as illustrated in Figure 1.1. In addition to providing 
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relevant background information, Chapter 1, the introductory chapter, 

summarizes the problem (performance limitations of conventional 

mammographic imaging systems,) the proposed solution (A Charge-Coupled 

Device based electronic image acquisition system) and the approach taken in 

providing a solution to the problem. 

Chapter 2 discusses the design process: Limitations of conventional 

systems lead to proposed system requirements. System requirements, in turn, 

generate functional specifications. Design specifications are then decided 

upon, based on the functional specifications. A prototype system, 

implemented to verify whether the design specifications are met, is 

manufactured, and tested. Based on the test results modifications are made to 

the prototype system and to the design specifications, when necessary, until all 

specifications are met. 

The performance of the prototype system is analyzed and evaluated in 

Chapter 3. The proposed system is compared with the ideal x-ray detector, and 

with conventional film-screen based imaging systems. 

Chapter 4 summarizes the contents of the thesis and considers potential 

future developments. First, improvements to the system as a result of 

anticipated advances in various related technologies, are predicted. Advances 

in hardware components including the CCD, fiber optics and phosphor screens, 

as well as advances in image processing software technology are discussed. 

The second future development discussed is the transition of the prototype 

system from research to clinical use. Efforts in this area include an ongoing 

clinical study at the University of Arizona Medical Center. 
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CHAPTER 2 

CHAPTER 3 

CHAPTER 4 

CLINICAL UNIT 

FUTURE WORK 

DESIGN SPECIFICATIONS 

PROTOTYPE IMPLEMENTATION 

ANALYSIS OF 
TEST RESULTS 

SYSTEM FUNCTIONAL SPECIFICATIONS 

REQUIREMENTS AND 
LIMITATIONS OF 

CONVENTIONAL SYSTEMS 

f  

CHAPTER 1 

1  

Figure 1.1 Organization of the Thesis and Work Performed 
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1.1 Problem Statement 

Sections 1.1.1 through 1.1.6 provide introductory information on 

conventional x-ray film/screen mammography and discuss the limitations of 

conventional systems in magnification, pre-operative needle localization and 

stereotactic fine needle aspiration biopsy procedures in mammography. The 

proposed digital mammography system and its potential ability to solve some of 

the limitations of conventional systems are also outlined. 

1.1.1 Breast Cancer and Mammography 

Breast Cancer 

The importance of breast cancer as the second leading cause of cancer 

death among women in the U. S., and of mammography as the key to early 

detection is best illustrated by the following statistics (1): 

a. Approximately 130,000 new cases of breast cancer are diagnosed 

each year. This means that one out of every 10 women will develop breast 

cancer in her lifetime. 

b. Of those diagnosed with breast cancer, 40,000 die each year (31% 

death rate.) In other words, the cause of death for one out of every 30 women in 

the U.S. is cancer of the breast. 

c. Breast self-examination (BSE) is the simplest early detection tool, 

however, Only 20% of women instructed in BSE perform it regularly, and, only 

6% of minimal cancers (less than 1 cm in diameter) are detected by BSE. 

d. A study conducted by the Health Insurance Plan of New York of a 

population of 62,000 women over a course of 18 years clearly demonstrated the 

importance of mammographic screening: The study revealed a 23% reduction 
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in mortality for the group that went through mammographic screening on an 

annual basis as compared to the control group that had medical care only when 

necessary. 

The causes of breast cancer are clearly outside the scope of this thesis. 

The thesis will use conventional x-ray, film-screen mammography, clearly the 

most widely accepted form of mammographic screening, as a point of reference. 

It is worth mentioning, however, that many other mammographic imaging 

systems, including xeromammography, ductography, thermography, ultrasound, 

lightscanning, and magnetic resonance imaging are also currently used in 

research and in clinical settings. 

A detailed description of the mammographic features of malignant and 

benign disease is also outside of the scope of this thesis. However, main 

radiological signs of breast cancer to be detected can be divided into two 

primary groups: 

a. A density or mass within the breast, ranging from over 1 cm in 

diameter to less than 1.0 mm. In general contrast variations between the mass 

and the surrounding tissue is extremely low, making detection a difficult task. 

b. A group of high contrast calcifications ranging from 120 nm to 350 urn 

in diameter and generally spread over a less than 1 cm area. 

Mammography 

Mammography is a means of acquiring detailed information about breast 

tissue through the use of x-rays. A block diagram of a typical screen-film 

mammography system is given in Figure 1.2. Main components of the system 

are listed below: 
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a. X-Ray generator: Generates a spectral distribution of a collimated flux of x-

ray photons. 

b. Compression device : Provides uniform thickness and restricts motion 

of the breast during exposure. 

c. Grid : Improves contrast resolution by rejecting scattered x-ray 

photons. 

d. Screen-film detector: Provides the detection mechanism for x-rays 

exiting the breast. 

Patient's Breast 

X-Ray Generator 

Compression Device 

Grid 
Film-Screen Detector 

Figure 1.2 Conventional Film/Screen Mammography System 

1.1.2 Conventional Film/Screen Mammographic Imaging Systems 

In the conventional film/screen mammography system the x-ray beam 

undergoes differential attenuation through various types of breast tissue. The 
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emerging beam is thus a modulated signal of varying intensity. A portion of the 

x-ray energy contained in the emerging beam is absorbed by the phosphor 

screen. The phosphor screen re-emits a portion of the absorbed x-ray energy in 

the form of light photons. The light emitted by the phosphor screen is absorbed 

in the film emulsion, which through chemical processing yields depositions of 

metallic silver on the film, generating variations in optical density, which is 

perceived as the resultant image. A block diagram of the film-screen detector is 

given in figure 1.3 (2): 

X-RAYS 

Screen 

Emulsion 

Base 

Emission of light photons 

Figure 1.3 Film/Screen Detector 

1.1.3 Magnification Mammography and Pre-Operative Needle 

Localization Procedures 

There are also small field of view applications in mammography, such as 

magnification mammography, pre-operative needle localization, and 
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stereotactic fine needle aspiration procedures. These procedures are 

described below within the context of a typical mammographic examination: 

During initial screening, the patient's breast is placed on the film/screen 

detector of the mammography unit and compressed to a uniform thickness to 

reduce motion and to maintain uniform attenuation of x-rays. The technologist 

operating the unit selects a desired kV setting of the x-ray source, based on the 

thickness and density of the patient's breast. The x-ray photon flux (mAs setting 

on the x-ray source) is generally automatically determined by a photo-timer 

which turns off the x-ray beam when an approximate optical density of one is 

achieved. Two sets of films for each breast are captured and presented to the 

radiologist for examination. The radiologist studies the films (and all other 

pertinent information, such as family history of cancer, etc.,) and if a potential 

group of calcifications or a potential mass is detected, a magnification view of 

the suspected area may be requested for verification. In the magnification view, 

the film/screen detector is positioned a certain distance away from the breast 

(depending on the desired magnification) so that the x-ray beam which diverges 

upon exiting the x-ray source generates a magnified image of the breast on the 

film/screen detector. Magnification mammography generally requires an 

increase in patient dosage due the geometry. If the magnified view verifies the 

possibility of calcifications or masses, the radiologist proceeds with the needle 

localization procedure designed to aid the surgeon in extracting a piece of 

tissue containing the suspected area for further microscopic studies. 

In the needle localization procedure an initial full field scout film is taken 

with a grid installed on the compression device to determine the location of the 

lesion. The radiologist then inserts a special needle into the breast and 
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proceeds to position the tip of the needle at the site of the lesion. The location 

of the needle is monitored and verified by taking successive images on film 

during the procedure. Once the needle is properly located, the patient is sent to 

surgery where the surgeon makes an incision reaching the tip of the needle and 

extract a piece of tissue containing the lesion. The lesion can then be studied 

further to determine whether the tissue is benign or cancerous. 

Clearly, the time delay associated with the development of film during 

the needle localization procedure, and the increase in dosage in magnification 

mammography are areas in need of improvement. The proposed system solves 

both of these problems simultaneously. The radiation exposure for the 

magnification view would be no higher than the normal screening dosage, due 

to the high light collection efficiency of the system at small fields of view. The 

time to display a "film quality" image of the area of interest during needle 

localization would also be reduced to 8 seconds or less with the proposed 

system. 

1.1.4 Stereotactic Fine-Needle Aspiration (FNA) Biopsy 

Stereotactic devices were introduced in mammography a few years ago 

to aid in the precise determination of the lesion's location in three dimensions 

(3). This is achieved by capturing two images of the lesion 30° to 40° apart, 

measuring the displacement of the lesion on the film and performing a simple 

mathematical triangulation operation to locate the lesion in three dimensions 

within the breast tissue. The accuracy associated with stereotactic devices 

allows for the use of a fine needle to aspire a piece of tissue without having to 
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resort to surgery. FNA biopsy is reported to be cheaper, faster and causing less 

anxiety and discomfort for patients (4). 

The procedure in FNA biopsy is follows: A conventional full view image 

of the patient's breast is captured on film and reviewed to determine the 

approximate location of the lesion. Next, two stereotactic images are obtained 

by angling the tube +15° and -15° from perpendicular. The x-ray tube and the 

film/screen combination are moved simultaneously for these exposures. The 

images are formed on the same film. The film is then digitized and the 

displacement of the lesion on the film is calculated. The required course and 

depth of the needle is then reported back to the radiologist. This procedure 

continues until there is a high degree of confidence that the needle is accurately 

placed within the lesion. A piece of tissue is then aspired through the needle. 

Once again, the main problem associated with this procedure is the time 

delay required for the development of each film, approximately one minute per 

film. The total operation may take 20 to 60 minutes. The proposed system can 

reduce this time significantly by displaying "film quality" images on a high 

resolution monitor within 8 seconds of x-ray exposure. Since the image is 

acquired digitally, there is no need for digitization of film and the computing may 

be performed directly on the data acquired directly off of the phosphor screen. 

1.1.5 Digital Mammographic Imaging System 

Figure 1.4 shows a block diagram of the proposed digital image 

acquisition system for mammography. 
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X-Ray Generator 

/I 
' I 
I I 

Compression Device 

Grid 
• Phosphor Screen 

Film/screen 
detector option 

Optical Interface 

CCD Detector 
• CCD Camera 

Camera Electronics 

l/Fto 
PACS 

Camera Controller 

Image Display 

Figure 1.4 Proposed Digital Mammography System 

A brief description of system components is given below. In the following 

sections each of these components will be characterized in further detail.: 

a. X-ray source : The function of the x-ray source is the emission of x-ray 

photons. Primary parameters associated with the x-ray source is the x-ray 
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photon flux (measured in number of x-ray photons per unit area per unit time) 

and the spectral distribution of x-ray energy. The proposed digital 

mammography system is fully compatible with standard x-ray sources used in 

conventional film/screen mammography systems. 

b. Intensifying phosphor screen : The function of the intensifying 

phosphor screen is twofold. The first is the absorption of x-ray photons. The 

parameter associated with this function is the absorption efficiency of the 

phosphor. From a sensitivity viewpoint alone, a screen with the highest 

possible absorption efficiency would be ideal. However, as will be shown in the 

following chapters, the trade off between spatial resolution and absorption 

efficiency needs to be considered. The second function of the intensifying 

phosphor screen is the emission of absorbed x-ray energy in the form of light 

photons. Critical parameters associated with this function are the gain of the 

screen (defined in terms of the number of light photons per absorbed x-ray 

photon, gain fluctuations, and the spectral distribution of emitted light photons.) 

c. Optical interface : The primary function of the optical interface is the 

collection and transmission of light from the phosphor screen to the detector. 

Parameters associated with the optical interface are light collection efficiency, 

light transmission efficiency, spatial resolution, and distortions and aberrations. 

The optical interface may be based on a coupling lens or a fiber optic reducer. 

Performance trade offs associated with each approach will be discussed further 

in the following chapters. 

d. CCD detector : The function of the electro-optic detector is the 

detection of light photons transmitted from the phosphor screen through the 

optical interface. Major parameters associated with the detector are quantum 
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efficiency (defined as the number of photoelectrons generated in the detector 

per incident light photon,) noise contribution, spatial resolution, and dynamic 

range. 

e. CCD camera : The CCD camera maintains the operating temperature 

of the CCD detector at -45° C to eliminate thermal noise generation. This is 

achieved by a three stage thermoelectric cooler. Heat dissipation from the TE 

cooler is provided by a liquid circulation unit not shown in the block diagram. 

f. Camera electronics : The information collected in the CCD is digitized 

using slow-scan electronic processing schemes such as double correlated 

sampling and dual slope integration to minimize the electronic noise of the 

system. The electronics unit provides the necessary clocking signals to shift 

charge on the CCD to the output amplifier. The operation of the CCD will be 

discussed in detail in the following sections. 

g. Camera controller: The controller provides a means of interfacing the 

image data acquired by the prototype system to a PACS network. The 

controller also provides a video output to view images on a high resolution 

monitor, as shown in Figure 1.4. 

1.1.6 Performance Limitations of Conventional Mammographic 

Imaging Systems 

Limitations of conventional film/screen based x-ray mammography 

systems can be summarized as follows: 

1. No "real-time" imaging capability : Conventional mammography 

systems have no real-time display capability. All images are captured on film, 

and development of each film takes between 1.5 to 5 minutes, depending on 
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the performance, location and the workload of the film processor. This is a 

severe limitation especially in the case of needle localization procedures in 

which a needle is inserted into the breast and an attempt is made to position 

the needle as close as possible to a site of potential carcinoma. The proposed 

system displays a "film quality" image of the area of interest on a high resolution 

monitor within 8 seconds of exposure. 

2. Patient dosage not minimized : Even though the x-ray dosage in 

conventional mammography is generally believed to be within acceptable 

levels (200 - 300 mR,) any new system that can reduce patient dosage is 

desirable. The following chapters will show that the proposed system can 

reduce patient dosage iri needle localization and magnification mammography 

procedures. 

3. Limited contrast and latitude : In conventional mammography the 

occurrence of under exposed and over exposed films is quite common, 

requiring the repetition of the mammogram, and, further exposing the patient to 

radiation. Digital contrast enhancement schemes reduce the probability of 

"over exposed" or "under exposed" images with the proposed electronic system 

to virtually zero. Contrast enhancement and shading correction capabilities 

provided by the proposed system also improve the detectability of low contrast 

lesions within the breast. 

4. Digital storage and processing : The proposed system acquires the 

image in digital format, which allows archival of images in PACS (Picture 

Archiving and Communications Systems) networks, and provide the possibility 

of subsequent computer analysis of images to aid the radiologist in his 

diagnosis (5). 
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1.2 Background 

This section provides background information on theory and operation of 

conventional x-ray film/screen mammography units, Charge-Coupled Device 

(CCD) sensors, and the application of CCDs in the detection of x-ray induced 

florescence in mammography. 

1.2.1 Conventional Film/Screen Detectors 

The performance of film/screen detectors can be summarized through the 

"log exposure" vs. "density" (also known as the H and D curve) curve, and the 

spatial frequency vs. modulation, or contrast, transfer functions. A typical H and 

D curve for film/screen detectors is given in figure 1.5, along with the definitions 

of important parameters (6): 

3.0 
Slope = Gamma 

)/ 

1 
D = 1.7 

Density 

Latitude Latitude 

J . D = 0.3 

Log Relative Exposure (mR) 
Fog and Base Density 

Figure 1.5 Film/Screen Detectors 
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Density= log1Q where Tp s Fractional transmission through film 
F 

Exposure s E = Radiation dosage as measured in roentgens 

Speed s S s Reciprocal of exposure at a density of 1.0. i.e., 

Gamma = Slope of the H and D curve at D = 1.0 

[3D)  

Latitude = Number of log units to give a range of densities from 0.3 to 1.7. 

This range is considered the useful range of densities in medical radiography. 

Base density = Parasitic density exhibited by undeveloped film. Base density 

is usually in the range of 0.06 to 0.08. 

Fog density = Parasitic density in developed film arising from response to the 

environment such as heat and background ionizing radiation. Fog density is 

generally no greater than 0.1. 

Contrast and Modulation Transfer Functions 

The Contrast Transfer Function is a measure of the spatial and contrast 

resolution of an imaging system. A bar pattern (square wave) of increasing 

spatial resolution can be imaged to determine the detected intensity modulation 
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as a function of spatial frequency. The contrast resolution in the original bar 

pattern is greater than 3000 :1. The CTF of the system is defined as: 

Ctf = _max—,mn_ where | s Detected Intensity 
MAX MN 

The Modulation Transfer Function (MTF) is another (sinusoidal) measure 

of the spatial and contrast resolution of an imaging system. The MTF of a 

system can be determined by measuring the line spread function (LSF) using a 

narrow slit and by computing the Fourier transform of the LSF. 

A typical spatial frequency modulation transfer factor graph for a 

film/screen system is given in figure 1.6. Experimental results to be discussed 

in further detail in the following chapters indicate that the limiting spatial 

resolution of the proposed system is determined primarily by the Nyquist 

frequency of the CCD magnified to the object plane. The importance of the CTF 

and MTF curves in comparing various technologies will be discussed further in 

the following chapters. 
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Figure 1.6 Modulation Transfer Function 

Other characteristics of film/screen detectors such as absorption 

efficiency, and quantum gain will be discussed in detail in section 2.2.1, entitled 

"System Components." 

1.2.2 Theory of Charge Coupled Device Detectors 

The CCD (Charge Coupled Device) detector is an analog integrated 

circuit which converts an optical image into an electronic output (7). A 

conceptual block diagram of the CCD detector is given in Figure 1.7. This 

discussion of CCD detectors will mainly be limited to NMOS, buried-channel, 

area CCDs, due to the excellent performance characteristics of these devices 

for mammography. 
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The operation of the CCD detector can be divided into four sections: (1) 

Conversion of light to photoelectrons (2) Storage of photoelectrons in an array 

of MOS capacitors (potential wells) (3) Transfer of photoelectrons from parallel 

registers to the serial register and towards the output amplifier (4) Conversion 

of photoelectrons into a proportional electronic signal. Each of these operations 

are discussed in detail below: 

Light Conversion : As mentioned above, the CCD sensor consists of a 

two dimensional array of photosensitive picture elements, or pixels. The 

physical; structure of an individual photoelement is given in Figure 1.7. When 

light is incident on the pixel, an electron-hole pair is generated. As long as the 

gate material is held at a positive voltage, the electron is collected into a 

depleted zone (the potential well) while the hole recombines in the silicon 

substrate. 

Storage of photoelectrons: The conversion of light to photoelectrons 

and the subsequent storage of these photoelectrons in the potential well 

continues until the potential well is saturated with photoelectrons. Even though 
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the issue of thermal noise will be discussed in further detail in the following 

chapters, it is important to note here that at room temperature thermally 

generated electrons (which are indistinguishable from electrons generated by 

incident light) bring the CCD to its full-well potential with in a matter of seconds. 

Thus, it is necessary to cool the CCD detector to improve signal-to-noise ratio. 

Incident Light 

Polysilicon r ' 

Silicon Potential Well 

Gate 

N-type Silicon 

-H 1— Voltage 
TOVbv 

16V 

Figure 1.7. The CCD Detector 

Transfer of charge: By modulating the voltage applied to the gate 

structure, it is possible to shift the collected charge from pixel to pixel in an 

extremely efficient manner. This procedure is illustrated in Figure 1.8. Figure 
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1.8 also demonstrates the transfer of charge from one pixel to an adjacent one. 

At time t^ the potential well profile is as given in the graph labelled tr Transfer 

of charge is initiated by raising <E>t to +V/2 and simultaneously dropping <z>2 to 

+V/2. The resultant potential well profile at time t2 is given in graph t2. Next 

01 set to +V and o2 is simultaneously set to 0 volts. With the collapse of the 

potential well beneath <e>2 the electrons stored in the potential well under the o2 

clock are transferred to the potential well under the 4>1 clock. This cycle is 

reiterated, with the charge being shifted to adjacent pixels with each clock 

pulse. 

I I 
I One pixel | 

I I 
O 

CATC 

+V 

OV 
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X 
y 

time 
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Figure 1.8. Charge Transfer Operation 

Readout Stage: As the charge content of each pixel arrives at the 

readout stage, the number of photoelectrons in each pixel is converted into a 
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proportional voltage. This conversion is carried out by an output amplifier. After 

readout, the charge is drained away in a reset diode vis a MOS transistor. 

Special signal processing techniques such as double correlated sampling and 

dual slope integration are carried out in the readout stage to minimize the noise 

contribution form this stage. This issue will be addressed in detail in the 

following chapters. 
^ , Output 
^ Serial Register Amp|jf|er 

I I I M HTfr I I lol I HT5 I I I lol H"H> 

Parallel 
Registers 

Shift parallel registers Shift serial register 
towards serial register towards output amplifier 

Figure 1.9. CCD Readout Operation 

1.2.3 CCD Detectors for Mammography 

The high spatial and contrast resolution, high light sensitivity, high signal-

to-noise ratio, and high degree of linearity make the CCD detector the ideal 

solid-state detector for mammography. Each of these parameters and its 

importance in mammographic imaging are discussed briefly below. A more 

detailed, quantitative discussion is given in the following chapters. 

Spatial Resolution: ROC studies in mammography suggest (1) that a 

limiting resolution of 10 Ip/mm over the standard 18 cm x 24 cm film format (50 

^m/pixel) is adequate to detect most carcinomas. The correlation between 
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limiting resolution and the physical parameters of the CCD detector is given 

below: 

Limiting resolution (Ip/mm on object plane) = 2 ^ m 

where d = pixel size in |im 

Object size 
m = demagnification ratio = qcd size 

Thus, the Ford 2048 x 2048 CCD, for example, with 15 nm x 15 |xm 

pixels, and an imaging area of 3.07 cm x 3.07 cm, would provide a limiting 

resolution of 10 Ip/mm over an imaging area of 10.2 cm x 10.2 cm. A field of 

view of 10 cm x 10 cm is sufficient for practically all needle localization, 

magnification mammography, and specimen radiography applications. 

Typical imaging area, pixel size and pixel format parameters for most 

commercially available CCDs are given in Table 1 (8). 

Dynamic range: The detector's linear dynamic range of signal detection 

is a critical parameter in mammography, since most carcinomas are extremely 

low contrast objects. The contrast resolution capability of a CCD detector is 

determined by its dynamic range. For CCD detectors, dynamic range is defined 

as the linear full well capacity of the detector (given in number of 

photoelectrons) divided by the r.m.s. noise of the system (again, given in 

number of electrons) including thermal and electronic noise sources. The linear 

full-well capacity of the Ford CCD was measured to be 250,000 electrons, and 

the system noise at 500 Kpixel/second read rate was 60 electrons, rms. Thus 

the dynamic range of this detector is greater than 4000 to 1. This allows the 



34 

information collected in the Ford CCD to be digitized to 12 bits per pixel, 

through the use of sophisticated electronics. Typical read noise, linear full well 

capacity, and the resultant dynamic range of various CCDs can also be derived 

from Table 1.1. 

Light Sensitivity: Clearly, light sensitivity of the detector is a critical 

parameter in reducing the radiation dosage to the patient. The light sensitivity 

of CCD detectors is defined by quantum efficiency, the probability of an incident 

light photon of generating an electron hole pair in the silicon. Typical quantum 

efficiency curves as a function of wavelength are given in Figure 1.10 for 

various CCDs. As shown in these graphs, at 550 nm., the emission wavelength 

of most x-ray intensifying phosphor screens, the typical quantum efficiency of 

most CCDs is approximately 30% (8). 



Thomson CSF 
THX31156 

Thomson CSF 
TH7883 CDA 

Thomson CSF 
TH7863 

Photometries 
PM512 

Kodak 
KAF-1400 

Ford 2K 

Format 
(Pixels) 

1000x1024 384x576 384x288 512x512 1320x1035 2048 X 2048 

Pixel 
Size 
(urn) 

19x19 23x23 23x23 20x20 6.8 x 6.8 15x15 

Read noise 
(electrons) 
at () KHz 

7(50) 

38 (500) 

15(50) 

35 (500) 

15(50) 

35 (500) 

7(50) 15(50) 

24 (500) 

10(50) 

60 (500) 

Dark 
current 
at -45°C 
(electrons) 

8 8 8 0.2 0.08 0.2 

Dark 
Current 
at-120° C 

0.02 0.04 0.02 0.0008 N/A 0.0008 

Table 1.1. CCD Selection Chart 
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Figure 1.10. Typical Quantum Efficiency Curves 
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Signal-to-noise ratio: As shown in Figure 1.11, the cooled, slow-scan 

CCD has the highest SNR of any of listed detectors, and its performance closely 

resembles the performance of the ideal detector (9). (The SNR was obtained 

for a single detector element with a photon flux of 10 photons/detector 

element/second for observation times ranging from 0 to 100 seconds at a 

wavelength of 600 nm.) 

35 

SNR 

17 

Ideal Detector 

Cooled CCD 

f Photomultiplier tube 
Charge InjectionJ3evice 

r Photodiode array 

50 100 

Exposure time (seconds) 

Figure 1.11. SNR Performance of the CCD Detector 
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The signal-to-noise ratio for a cooled, slow-scan CCD system exposed to 

monochromatic radiation is given by the following expression (10): 

PLQE 
SNR = 0 — 

JptfiE + Dt0 + Np 

where P = Photon flux incident on the CCD (photons/pixel/second) 

tQ = Exposure time in seconds 

QE = Quantum efficiency of detector at emission wavelength 

D = Dark current generation (electrons/pixel/second) 

N_, = RMS Read noise (electrons/pixel) at specified read rate 
R 

If the incident light level is known, one can predict the SNR for any CCD 

listed in Table 1.1 as a function of exposure time. A typical example is given in 

Figure 1.12. In this example, the PM512 CCD was used in a liquid nitrogen 

cooled camera head. The readout rate was 50 Kpixels/second. Critical 

parameters for this example are listed below: 

P = 75 photons/pixel/second 

QE = 0.35 at 550 nm 

D = 0.0008 electrons/pixel/second 

NR = 7 electrons RMS/pixel 
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Figure 1.12. SNR Performance of Cooled, Slow-Scan CCD Camera 

It is important to note here that when the contribution of dark current and 

read noise are low, the performance of the cooled, slow-scan CCD detector 

becomes shot noise limited even under extremely low light level conditions. 

Experimental results, which will be discussed in Chapter 3, indicate that in 

virtually all mammography applications the light levels emitted by the phosphor 

screen is sufficient to bring the detector to the shot-noise limited portion of the 

SNR characteristic curve. 

Linearity: The output signal of a CCD detector is linearly proportional to 

the incident light levels to better than 99%. Careful calibration of the system 

allows one to make use of this feature and estimate patient dosage by 

measuring the output of the CCD detector. 
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1.3 Objectives and Approach 

The objectives and approach of the thesis can be summarized as 

follows: 

1. Design and implement a prototype system whose performance can be 

accurately predicted. 

2. Compare performance of prototype system to theory and to 

conventional mammography systems. Design, implement and evaluate more 

sophisticated versions of the initial system to meet all functional and design 

specifications 

3. Propose a clinical unit based on steps 2 and 3. 

1.3.1 Design and Implementation of Prototype System 

The design and implementation of the prototype system was based upon 

the two principles stated in the introduction: The system must consist solely of 

commercially available components and it must provide beneficial features not 

offered by conventional mammographic imaging systems at no additional risk or 

discomfort to the patient. The integration of these scientific and commercial 

objectives was achieved by a remarkable university/industry cooperation. 

Departments of Radiology, Optical Sciences, and Electrical and Computer 

Engineering of the University of Arizona, the Arizona Health Sciences Center, 

Photometries, Ltd., a manufacturer of CCD-based scientific imaging systems, 

and LoRad, Inc., a manufacturer of conventional mammography systems, and 
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HeaithMate, a manufacturer of a fluoroscopy system participated in the design, 

implementation and evaluation of the prototype system. This cooperation 

provided a virtually unlimited variety of CCD-based imaging systems and 

mammography units, along with the expertise of scientists in various related 

fields, and, of course, the expertise of radiologists, for whom the system was to 

be developed in the first place. 

The approach taken in the design, implementation and evaluation of the 

prototype system was given in Figure 1.1 on page 13 as follows: 

1. Determine performance limitations of conventional mammography 

units, based upon a literature search and interviews with radiologists and 

physicians. 

2. Generate a set of functional specifications based upon the limitations 

which the prototype system will be designed to resolve. 

3. Use the functional specifications to generate a quantitative set of 

design specifications. 

4. Implement prototype system per the design specifications. Design, 

and perform set of experiments to see whether the design specifications are 

met. 

5. Reiterate steps 3 and 4 until the prototype system meets all design 

specifications. 

6. Modify prototype system for clinical study. 

7. Conduct clinical study to generate a data base of cases and 

subjective evaluation of radiologists. 

8. Use results of clinical study to further modify the prototype system into 

a clinical unit. 
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1.3.2 Comparative Performance Characteristics of Prototype 

System 

The ultimate performance of a mammographic imaging system is its 

ability to detect (or to allow the radiologist to detect) small, extremely low 

contrast carcinomas in the breast. ROC studies, in which identical images 

acquired on various competing technologies are presented to the radiologist 

take a long time to conduct and would not allow this graduate student to finish 

his work in a timely fashion. Thus, the approach taken was to measure and 

compare the performance of the prototype system on physical parameters such 

as signal-to-noise ratio, modulation transfer function, and image acquisition 

time. It is hoped these results will lead to ROC studies in which the actual end-

user, the radiologist, gets to evaluate the system. 

Through a set of experiments, to be described in detail in the following 

chapters, the following approach was taken: 

a. Compare performance of prototype system to theoretical predictions. 

Through a fairly straight forward analysis, it is possible predict quite accurately 

the expected performance of the system with respect to all important parameters 

including spatial and contrast resolution, and signal-to-noise ratio. This was 

chosen as a first step in analyzing test results, since if theoretical and 

experimental results do not agree, there is no sense in comparing performance 

to other systems. 

b. Compare performance of prototype system to the ideal x-ray detector. 

Here the ideal x-ray detector is defined as a detector with a quantum efficiency 

of 100%, and with no noise contribution. Since each "real" technology can be 
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compared to the ideal detector, this approach gives a way of verifying results of 

comparative analysis. 

c. Compare performance of prototype system to conventional film/screen 

based x-ray mammography system. Since the film/screen system is the most 

commonly used mammographic imaging system today, all new technologies 

will be compared to it, providing a baseline to compare performance of 

competing new systems with one another. 

d. The comparison of the performance of the prototype system with a 

computed radiology system is left outside of the scope of this thesis, as a 

potential research area for future studies. The computed radiology system is a 

new technology that seems to be gaining acceptance as a potential imaging 

system for digital radiology. Since the performance of computed radiology units 

have been widely compared with conventional film/screen systems in the 

literature, it is possible to perform an indirect performance comparison between 

the prototype system and the computed radiology system. 

1.3.3 Future Developments 

A clinical study is currently in its planning stages. The clinical study will 

involve be based on a prototype system using a Thomson THX31156 CCD 

camera system (1024 x 1024 pixels, 19 |im x 19 p.m pixels) fiber optically 

coupled to a Kodak Min-R screen through a 2.5 to 1 reducer. This system will 

provide a field of view of approximately 5 cm x 5 cm. The Nyquist frequency of 

the CCD magnified by the taper is 47.5 p.m, providing a limiting spatial 

resolution of 10 Ip/mm. The DQE of this system is expected to be greater than 

60%, based on the experiments performed on other systems utilizing a 2.5 to 1 
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fiber optic reducer. An electro-mechanical platform will be used in the clinical 

prototype to move the camera to the location of interest. The results of the 

clinical study will be used to further enhance the performance of the prototype 

system. With the development of larger CCDs and larger fiber optic reducers it 

is hoped that the system will provide an 18 cm x 24 cm field of view required for 

general mammographic screening procedures. 
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CHAPTER 2 

DESIGN AND IMPLEMENTATION 

OF PROTOTYPE SYSTEM 

As discussed in Chapter 1, the design and implementation of the 

prototype system was based upon a series of specifications. The first set of 

specifications are the functional specifications, which were generated in 

response to perceived limitations of conventional systems. Design 

specifications were generated next, based on the functional specifications. A 

number of simple prototype systems were implemented and evaluated to aid in 

the design and manufacture of the proposed prototype system. 

2.1 Design Considerations 

This section summarizes the functional and design specifications for the 

proposed electronic imaging system. Critical system parameters such as 

patient dosage, spatial and contrast resolution, limits of detectability are 

defined, as well as performance characteristics associated with an electronic 

imaging systems. 
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2.1.1 Functional and Design Specifications 

Functional Specifications 

1. The prototype system will provide convenient mechanical and 

electrical interface to most conventional mammography units independent of 

the manufacturer. 

2. The operation of the prototype system will be strictly optional, standard 

film output of the conventional unit will be available. 

3. The prototype system will be designed to display quasi real-time 

images of a small area of the breast of interest to the radiologist. 

4. The detection limits of the prototype system will be no worse than 

film/screen or computed radiology units at identical x-ray dosages. 

5. The prototype unit will have a direct digital output compatible with the 

ACR-NEMA (American College of Radiology - National Equipment 

Manufacturers Association) specifications for PACS (11). 

Design Specifications 

1. The limiting spatial resolution will be 10 Ip/mm, or better, over a 7.5 cm 

x 7.5 cm field of view. 

2. A 12-bit analog-to-digital converter will be utilized to digitize the signal 

collected in each pixel to 12 bits. 

3. The Detective Quantum Efficiency of the system will be 50% or better. 

4. The system response will be x-ray quantum limited; i.e., at least one 

photoelectron will be generated in the CCD for each x-ray photon absorbed in 

the phosphor. 
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5. Patient dosage will be equivalent to or less than the patient exposure if a 

conventional film/screen system were used. 

6. Once exposure is completed, CCD readout and image display will 

take no longer than 10 seconds. 

These design specifications impose the following requirements on 

system components: 

X-ray intensifying phosphor screen : A phosphor screen with the correct 

absorption efficiency, quantum gain and spatial resolution must be chosen to 

meet the DQE and spatial resolution requirements. 

Optical interface : A fiber optic reducer must be used as the optical 

interface between the phosphor screen and the CCD detector to maximize light 

collection efficiency. The optical interface must be light tight so that the only 

source of light on the CCD is the x-ray induced fluorescence of the phosphor 

screen. 

CCD Detector : The CCD must provide a large imaging area and 

sufficiently many pixels to meet the DQE and spatial resolution requirements. 

CCD camera : A cooled CCD camera must be used to limit thermal noise 

to negligible levels. The desired operating temperature of the CCD is -25° C. 

The CCD must be enclosed within a vacuum chamber to avoid condensation. 

CCD must be readout in slow-scan mode to reduce system read noise to allow 

12 bits of linear dynamic range. 

CCD Camera Controller: The controller unit must be able to send the 

necessary commands to the CCD camera, as well as providing a PACS 

interface and video display capability. 
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2.1.2 X-Ray Dosage 

In the early days of mammography, x-ray detectors were based solely on 

high-detail, fine-grain film, rather than a film/screen combination. Since these 

systems did not utilize the quantum gain of phosphor screens, radiation dosage 

to patients was quite high, typically 2 rad exposure per image. This led some 

researchers to conclude that the probability of causing cancers during the 

mammography process was as high as the probability of detecting cancers 

through mammography (12). Today, with the use of film/screen based 

detectors, the radiation to patient has been lowered to about 0.2 rad per image. 

Figure 2.1 below illustrates typical mammographic x-ray dosage measurements 

as a function of the x-ray beam quality. 
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Figure 2.1. Typical X-Ray Dosage in Mammography 

The inverse square dependence of dosage on distance in the region of 

interest is illustrated in Figure 2.2. 
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Figure 2.2. X-Ray Dosage as a Function of Distance 

Most studies of radiation induced breast cancers have been based upon 

populations exposed to very high doses of radiation (13). Long term follow-up 

of women from Hiroshima and Nagasaki, and women who underwent repeated 

chest fluoroscopy have demonstrated increased frequency of developing breast 

cancers. Studies indicate that if all women were screened through modern 

film/screen mammography, approximately 150 breast cancers might be induced 

over the lifetime of the population. However, similar studies also indicate that if 

all women underwent screening, more than 10,000 lives could be saved 

through early detection. Thus, the advantages of mammography clearly 

outweigh the risks. However, for those patients who face the probability of 

developing cancer as a result of mammography, an effective system at reduced 

dosages is clearly desirable. The prototype system is designed to provide 

images of quality (rigorously defined in terms of SNR and contrast and spatial 
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resolution) equivalent to that of conventional mammography at much lower 

radiation exposure levels. 

Minimization of patient dosage requires maximizing the following 

parameters in the prototype system: 

a. X-ray absorption efficiency of phosphor screen 

b. Gain of phosphor screen 

c. Light collection efficiency of optical interface 

d. Quantum efficiency of CCD 

e. Signal to noise ratio of CCD electronics 

Increasing these parameters, however, limits other performance 

characteristics of the system. Phosphor screens with high gain and high 

absorption efficiency, for example, tend to have lower spatial resolution 

characteristics. These trade offs will be quantified in further detail in Chapter 3. 

2.1.3 Spatial Resolution 

It is generally accepted that an imaging system for mammography must 

provide a minimum limiting spatial resolution of 10 Ip/mm (14). The Nyquist 

frequency of the CCD detector is determined by the size of the CCD pixels 

magnified to cover the desired field of view, as given in the following 

expression: 
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1000 x m 

Nyquist frequency = —-—3—2-
d X O  

where d s CCD pixel size in |im 
. Length of CCD 

m„ = magnification ratio =-.— 
0 3 Length of object 

A plot of limiting resolution as a function of field of view is given in figure 

2.3 for the Ford 2048 and the TH7882 CCDs. The curve indicates that the Ford 

2048 CCD can provide 10 Ip/mm limiting spatial resolution over a 10 cm x 10 

cm field of view. 
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Figure 2.3. Limiting Spatial Resolution 

2.1.4 Contrast resolution 

The contrast factor for film was defined as the range of useful densities 

from D = 0.3 to D = 1.7. Expressed in dB, this figure is: 



Contrast resolution (film) = 20 x log 
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1-7 = 15 dB 0.3 

The contrast resolution of the prototype CCD-based detector, on the other hand, 

is given by: 

full well signal 
Contrast resolution (CCD) = 20 x log noise component of full-well signal 

The linear full well capacity of the Thomson TH7882 CCD was measured to be 

250,000 electrons, whereas the noise component of this signal is the shot 

noise, or V250.000 = 500 electrons. Therefore, the contrast resolution of the 

CCD-based prototype system is given by: 
250,000 

Contrast Resolution (CCD) = 20 x log = 54 dB 500 

Thus the contrast resolution of the prototype system is 3.6 times (54/15) wider 

than that of the conventional film/screen based system. 

As will be shown in the following chapters, this has profound 

performance implications in favor of the prototype system in the detection of low 

contrast masses in the breast. 

The contrast and spatial resolution performance of a system is 

demonstrated by the Contrast Transfer Function curve. The contrast transfer 

function is the percentage modulation observed in the detected signal as a 

function of spatial frequency, defined as : 

Contrast transfer function = CTF = ^ MN 
I +1 max 'mn 

where lMAX s Maximum detected intensity 

and lMjN s Minimum detected intensity 
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2.1.5 Detectability limits 

The detection of microcaicifications requires an imaging system with high 

signal to noise ratio and high spatial and contrast resolution characteristics, 

since the microcaicifications are generally very small (50 - 100 nm in diameter,) 

and are embedded in very low contrast tissue. The "certainty coefficient," 

defined below, provides a means of measuring the detection limits of an 

imaging system. 

Assume that a microcalcification is imaged onto a single pixel of the 

CCD, labelled pixel "a," with the surrounding pixels at a different background 

level. Define : 

Na s Number of electrons generated in pixel "a" 

Nfa = Number of electrons generated in background pixels 

Contrast, C, may then be defined as: 

r. an 
Na Na 

Assuming gaussian statistics, AN = Na C can be compared with ./N^. 

Defining k, the "certainty coefficient," as follows: 

N_C 
k = —-— 
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A k value of at least 5 is required for the reliable detection of an object 

whose size and shape are unknown. If the object covers n picture elements the 

k value may be reduced by a factor of /n. 

2.1.6 Other Advantages of Electronic Imaging 

The proposed system is designed to improve upon various inefficiencies 

associated with conventional film/screen mammographic imaging systems. 

These are : 

1. The time required to develop radiographic film 

2. The frequent occurrence of over- or under-exposed films 

3. The problems associated with the storage of radiographic film 

The time required to develop radiographic film varies between 1.5 to 5 

minutes, depending on the performance of the film processor, as well as the 

work load on the processor. This may be an acceptable duration in general 

screening applications, however, it clearly requires much improvement in 

needle localization procedures, in which the patient's breast is compressed with 

a needle inserted. The proposed imaging system displays the image on a high 

resolution (2048 x 2048 pixel format) monitor within 8 seconds of exposure. 

Research and development is currently underway to reduce this duration to 4, 

and even to 2 seconds. 

The wide linear dynamic range of the CCD detector and the associated 

electronics reduces the probability of "over-exposed" or under-exposed" images 

to virtually zero. Through contrast windowing and stretching detail in areas that 

would be seen as too dark or too light on radiographic film can easily be 

observed on the CCD-based system. 
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Digital archival of images is clearly the preferred method of storage over mass 

storage of radiographic film in film libraries and warehouses. Digital storage 

eliminates loss and damage, as well as automating the entire process of image 

acquisition, distribution and archival. Digital storage also provides the 

possibility of computer analysis of images and aiding the radiologist in his/her 

diagnosis. 

2.1.7 Compatibility with PACS Networks 

Currently, conventional x-ray film is used as the medium of image 

acquisition, display and storage. Even the digital output of sophisticated image 

acquisition devices such as CT, MRI and ultrasound is converted into film format 

for storage. Radiographic film is stored in large storage areas, where they may 

get lost or mutilated. The system that will replace the current film-based method 

of image acquisition, display and storage is the PACS system. 

PACS (Picture Archiving and Communications Systems) networks 

perform the acquisition, transfer, display, and archival of radiological images 

through digital means. A block diagram of a typical PACS network is given in 

Figure 2.4. Major components of a PACS system can be divided into four 

groups (5): 

1. Data acquisition devices 

These devices include imaging equipment with direct digital image data 

outputs, such as ultrasound, MRI (Magnetic Resonance Imaging,) CT 

(Computed Tomography,) and x-ray film digitizers. The proposed electronic 

mammography imaging system is another image data acquisition device 

designed to be compatible with PACS networks. 
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2. Communications network 

The communications network provide for the high speed transfer of 

image data between the various nodes of the PACS system. The fast response 

time requirement dictates the use fo fiber optic networks, and most efficient 

network topology, and medium access schemes. 

3. Data base archives 

Data base archives are used to store enormous amounts of data 

(typically 8 Megabytes per image) and making these images available on 

physicians workstations within seconds of request. This requires the use of 

artificial intelligence and expert systems and employing efficient data migration 

algorithms in the data base archives. 

4. Viewing workstations 

The viewing workstations provide the interface between the users of the 

PACS system and the system itself. The workstations are characterized by their 

user-friendliness and fast response times. 
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2.2 System Implementation 

This section describes the implementation of the system, including the 

specification and selection of the x-ray intensifying phosphor screen, the optical 

interface, the CCD detector, the CCD camera, and electronics units, and the 

camera controller unit. The communications interface between the proposed 

system and a PACS network is also specified. 

2.2.1 System Components 

Two main types of prototype systems were used to obtain experimental 

data. The lens-based system is shown in Figure 2.5, and the fiber-based 

system in Figure 2.6, below. Note that the only difference between the two 

systems is in the optical interface. 

INTENSIFYING SCREEN CCD 

OBJECT nni ipi iwr5 i fms 
CCD ELECTRONICS 

Figure 2.5. Lens-based prototype system 
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X-RAY 
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\ 

Figure 2.6. Fiber Optic Reducer based Prototype System 

Major components of the system are defined below: 

1. The x-ray source : The x-ray source is characterized by the 

emission of x-ray photons. Parameters associated with the x-ray source are : 

a. Spectral distribution of emitted x-ray photons : Px (X) 

b. X-Ray photon flux : (number of x-ray photons / cm2 / second) 

As mentioned previously, the x-ray unit used in our experiments was a 

LoRad Mammography unit. Measurements made on the x-ray unit will be 

presented in Chapter 3. 

2. The intensifying screen : The phosphor screen absorbs a portion 

of the incident x-ray energy and re-emits a portion of this absorbed energy in 

the form of light photons. Measurements of absorption efficiency and quantum 

gain of various radiographic screens are given below in Figures 2.7 and 2.8: 
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Figure 2.7. Quantum Absorption of Intensifying Screens 

As shown in Figure 2.7, at mammographic energies (26 kVp) the 

quantum efficiencies of the AGFA, Min-R, and the Trimax-4 screens are 90%, 

80%, and 70% respectively. Since the maximum potential DQE achievable is 

limited by the absorption efficiency of the screen, the AGFA and Min-R screens 

are potential candidates as the phosphor screen to be used on the prototype 

system. However, other parameters must also be measured, such as the 

quantum gain given in terms of the number of light photons generated per 

absorbed x-ray photon, as shown in Figure 2.8: 
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Figure 2.8. Quantum Gain of Intensifying Screens 

As shown in Figure 2.8, the quantum gain of the Trimax-4, AGFA, and 

Min-R screens at mammographic energies at 30 kVp are 600, 300, and 215, 

respectively. The Kodak Min-R screen was chosen as the screen for the 

prototype system due its performance, popularity, and availability. The Trimax-4 

screen was also used in our experiments for comparison purposes. The 

characteristics of the Kodak Min-R screen are listed below (15): 

a. Phosphor coating weight = 33.4 mg/cm2 

b. Phosphor particle size = 5.5 urn 
•4 

c. Phosphor particle mass (|ig) = 6.39 x 10 

d. Ratio of phosphor to total coating volume = 55% 

3. Lens-based optical interface : The coupling lens is characterized by its 

light collection efficiency, as derived below : 
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Figure 2.9 Lens-Based Optical Interface 
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This function is plotted in figure 2.9 : 
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Figure 2.10. Optical Efficiency of Lens-Based system 

Using the measured quantum gains of radiographic screens along with 

the optical efficiency calculations given above, one can plot the minimum gain 

required to generate one photoelectron in the CCD detector per x-ray photon 

absorbed in the phosphor. This expression is given below : 

Minimum required quantum gain of screen = Gx 

(m0 + 1)24F^ 

where Tq = Transmission efficiency of coupling lens 

t\ccd = Quantum efficiency of CCD at emission wavelength 

mQ = Magnification ratio 

F# = F-number of coupling lens 



This function is also plotted in figure 2.11: 
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Figure 2.11. Minimum Required Quantum Gain 

The following example illustrates the principles listed above : 

Assume that the required field of view is 5 cm x 5 cm. The CCD selected 

is the Kodak KAF4200 CCD with 9 |im x 9 p.m pixels and 2048 x 2048 pixel 

format. The imaging area of the CCD is 1.84 cm x 1.84 cm (9 urn x 2048) and, 

therefore the magnification ratio is 1.84 / 5.0 = 0.368. The Kodak Min-R screen 

is used, which emits approximately 600 light photons at 550 nm per absorbed x-

ray photon. The quantum efficiency of the CCD at 550 nm is 30%. The 

coupling lens used is an f1.2 lens with a transmission efficiency of 80% at 550 
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nm. Using these parameters in equation x, given above, the minimum required 

quantum gain of the phosphor screen is determined to be 332. Since the actual 

gain of the Min-R screen is 600, 1.8 photoelectrons will be generated in the 

CCD detector per absorbed x-ray photon. One photoelectron per absorbed x-

ray photon is sufficient only in the theoretical case of the noiseless intensifying 

screen. The noise contribution of the phosphor screen required the generation 

of multiple (3 or 4) electrons in the detector per absorbed x-ray photon. 

The noise factor, f, defined as the ratio of the SNR of the proposed 

system to the SNR of an ideal x-ray detector can be derived (16) as follows: 

where ax = RMS fluctuations of screen light output 

Since the input signal-to-noise ratio is given by the square root of the 

number of x-ray photons incident on the phosphor screen, V^x, 

Assuming that the Kodak Min-R screen-film based imaging systems have 

snrout ~ f SNRw 
pnri 

a DQE of 50%, at an absorption efficiency of 79%, it is possible to estimate the 
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noise contribution of the intensifying screen to the system. Using the 

expression given above for system DQE, we get: 

(3y + °y 
x * =1.6 => aY = 760 

4. Fiber optic reducer based optical interface: 

The light collection efficiency of the fiber optic reducer is significantly 

higher than that of a lens-based system, as shown below: 

2 m2 
Optical efficiency of lens = (N.A.) = — -

4 f# (1 + m) 

2 2 o 2 Optical efficiency of fiber reducer = (N.A.)T = (N.A.)0 m = m 

(Assuming 100% transmission efficiency for the coupling lens, and 100% 

transmission efficiency for the fiber reducer at the phosphor-to-fiber and fiber-to-

silicon interfaces. The numerical aperture of the individual fibers making up the 

fiber reducer were also assumed to be 1.0, a reasonable assumption, since 

only fibers with N. A. = 1 at the large end of the taper were used in our 

experiments. Experimental results will be presented in Chapter 3 which show 

the actual transmission efficiencies of the coupling lens and the fiber optic 

reducer.) 

For example, at a magnification of 0.4 (2.5 to 1 reduction) an f1.2 lens 

has approximately an order of magnitude less light collection efficiency than a 

2.5 : 1 fiber reducer. Due to the higher light collection efficiency of the fiber 
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reducer the prototype system was based on a 2.5 to 1 fiber optic reducer, even 

though many preliminary experiments were performed using lens coupled 

systems. 

5. CCD Camera 

Three main systems were used in our experiments, all systems were 

provided by Photometries, Ltd. System specifications are listed below: 

Prototype system #1; 

CCD : TH7882 CCD, 384 x 576 pixel format, 23 nm x 23 |im pixels 

CCD operating temperature : -45° C 

Dark current generation : <10 electrons/pixel/second 

CCD Electronics : Slow-scan readout @ 50 Kpixels/second 

System read noise : < 10 electrons rms/pixel 

Quantum efficiency at 550 nm > 30% 

Optical coupling : 50 mm, f0.7 lens 

Intensifying screens : Kodak Min-R and 3-M Trimax-4 

Prototype system #2; 

CCD : Kodak KAF4200 CCD, 2048 x 2048 pixel format, 9 nm x 9 |im pixels 

CCD operating temperature : -45° C 

Dark current generation : <1 electrons/pixel/second 

CCD Electronics : Slow-scan readout @ 500 Kpixels/second 

System read noise : < 20 electrons rms/pixel 

Quantum efficiency at 550 nm > 30% 
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Optical coupling : 50 mm, f0.7 lens 

Intensifying screens : Kodak Min-R and 3-M Trimax-4 

Prototype system #3 : 

CCD : TH7882 CCD, 384 x 576 pixel format, 23 nm x 23 nm pixels 

CCD operating temperature : -25° C 

Dark current generation : <25 electrons/pixel/second 

CCD Electronics : Slow-scan readout @ 50 Kpixels/second 

System read noise : < 10 electrons rms/pixel 

Quantum efficiency at 550 nm > 30% 

Optical coupling : 2.5 :1 fiber optic reducer bonded to fiber optic face plate 

Intensifying screens : Kodak Min-R and 3-M Trimax-4 

Experimental results acquired on each of the three systems are presented in 

Chapter 3. 

2.2.2 Interface to PACS Networks 

A block diagram and a brief description of the components of a PACS 

network were given in Section 2.1.7. To summarize, a PACS network is 

designed to network digital image acquisition, display and archival nodes of the 

radiology department. The proposed system is an addition to other modalities 

with direct digital outputs, such as MRI, CT, and x-ray film digitization units. 

Other components of a PACS system are the communications network, the data 

base archives and the viewing workstations. In order to support system 

components supplied by various vendors, the PACS system must provide for 
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standardized communications protocols between the image acquisition, 

display, and archival nodes. To this end the American College of Radiology 

and the National Equipment Manufacturers Association (ACR-NEMA) and the 

International Standards Organization (ISO) have designed standards of 

communication generally referred to as the ACR-NEMA and the ISO-OSI (Open 

Systems Interconnection) models (17). A block diagram of the interface 

between the proposed imaging system and the PACS network is given in figure 

2.12: 

USER USER USER USER 

Network l/F Unit Network l/F Unit 

DATABASE 
ARCHIVE 

OTHER 
IMAGING SYSTEMS 

VIEWING 
WORKSTATION 

CCD-BASED 
IMAGING SYSTEM 

PACS NETWORK 

Figure 2.12. Interface to PACS Networks 

OSI-ISO and ACR-NEMA Reference Models 

The Open Systems Interconnection Reference Model (OSI) was 

developed by the International Standards Organization (ISO) to provide a 
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reliable, data transparent communication service, independent of any specific 

manufacturer's equipment or conventions. The reference model is based 

upon a seven layer architecture as given in Figure 2.13, below: 

USER 

Application Layer 

Presentation Layer 

Session Layer 

Transport Layer 

Network Layer 

Data Link Layer 

Physical Layer 

Network 

Figure 2.13. The OSI Reference Model 

The proposed system software conforms to the ISO specifications at the 

Application, Presentation, and Session Layers. The applicable ISO documents 

are DIS 8822/8823 for the Presentation Layer and DIS 8326/8327 for the 

Session Layer. The proposed system uses only a subset of the OSI protocols 

defined for these three layers. These are the Connection Service, Data 
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Transfer Service, and Release Service. System software also makes use of a 

subset of the primitives defined by the OSI. These primitives are used to 

indicate or invoke the services of particular layer. The four primitives used in 

the proposed system are defined below: 

a. REQUEST : Issued by the (N+1) layer to invoke a specific (N) layer 

procedure such as establish connection, transfer data, or terminate connection. 

b. INDICATION : Issued by the (N) layer to advise the (N+1) layer that a 

service has been invoked by the peer (N+1) layer in a connected system. 

c. RESPONSE : Issued by the (N+1) layer to indicate the completion of a 

procedure for which a MNDICATION was previously received.. 

d. CONFIRM : Issued by the (N) layer to indicate the completion of a 

procedure that was previously requested by a *.REQUEST primitive. 

The use of these primitives during the establishment of a connection, 

during data transfer, and during the termination of a connection will be given in 

detail in the following pages. 

Location of the ACR-NEMA Standard Interface with respect to the 

proposed imaging system and the PACS network is given in Figure 2.14. The 

ACR-NEMA specification covers the Transport/Network, Data Link and the 

Physical Layers of the OSI model. Even though the ACR-NEMA specification is 

mostly compatible with the OSI model, and ACR-NEMA/OSI translator is 

required at the interface of the OSI session layer and the ACR-NEMA 

Transport/Network Layer to assure compatibility of the overall system with both 

the OSI and the ACR-NEMA specifications. The relationship between the 

proposed system and the OSI and ACR-NEMA standards is illustrated 

graphically in Figure 2.14: 
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Figure 2.14. Network Connection 

The functions of each of these layers are given below: 

The Application Layer (AL) is the highest layer of the ISO Model and 

provides the sole means for information transfer between application 

processes. The functions of the AL are to establish and terminate data 

communications paths between various nodes of the network, to provide a 
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interface to the user at the node that is transparent of all lower layers, and to 

process local commands. These functions are summarized in Figure 2.15: 

USER 

LOCAL 
COMMAND 
PROCESSING 

CONNECTION 
ESTABLISHMENT 

NETWORK 
COMMAND 
PROCESSING 

CONNECTION 
TERMINATION 

COMMAND 
PROCESSING 

USER INTERFACE 

Figure 2.15. Application Layer Functions 

Local command processing module of the Application Layer provides a 

set of high level commands to the user (the radiologist.) These local 

commands are listed below: 



74 

1. SENDJMAGE 

This message is sent by a node (in general, an image acquisition device) 

which wishes to transmit a single image to a remote node (in general a viewing 

workstation, or the database archives.) This message is issued by the 

proposed system to the database archives to request transfer of an acquired 

image to storage. 

2. GETJMAGE 

This message is sent by a node (in general a viewing workstation) to 

request a remote node (in general the database archives) to send a single 

specified image. The proposed system would also receive such a command 

when the database archives node is ready to receive an image. 

3. TRANSFERJMAGE 

This message is sent from a local node to a remote node to instruct the 

remote node to send the specified image to another, remote node. For 

example, a radiologist at a viewing workstation might instruct the prototype 

system to send an acquired image to the database archives or to another 

viewing workstation. 

4. FINDJMAGE 

This message requests a remote node to return information about the 

presence of one or more images in its local storage. 

5. ACKJMAGE 

This message acknowledges the completion of an image transfer 

initiated by a SENDJMAGE or GETJMAGE message. 
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6. PRINTJMAGE 

This message specifies images to be sent to a hardcopy output device 

known to the network. For example, this command would be used if the 

prototype system were asked to send image data to a film writer. Network 

Command Processing Module of the Application Layer is responsible for 

communications with the Presentation Layer in establishing a connection with a 

remote node, in transferring data to that node, and in terminating the 

connection. Three primitives defined by the OSI reference model are used: 

7. P_CONNECT is a confirmed service element used in establishing a 

connection between two remote nodes. 

8. P_RELEASE is a confirmed service element used in terminating a 

connection between two remote nodes. 

9. P_DATA is a non-confirmed service element used for the transfer of image 

data between two remote nodes. 

There are many other Application Layer primitives defined by the OSI 

model. The primitives listed above are sufficient for the communications 

channels between the prototype system, the viewing consoles, and the data 

base archives. The OSI model allows for the addition of future primitives for 

more sophisticated networks. 
i 

The primitives given above are used in the manner described below: 

a. Connection establishment 

In response to a user command interpreted by the Network Command 

Processing module of the Application Layer as a request for the establishment 

of a connection, the Application Layer invokes the Connection Establishment 
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Service of the Presentation Layer via the P_CONNECT.REQUEST primitive. 

The connection request is transferred down through the OSI layers to the 

network and finally to the remote node. In the remote note the connection 

request is received as a P_CONNECT. INDICATION primitive. If the remote 

node is free to establish a connection with this channel, a 

P_CONNECT.RESPONSE primitive is issued to the lower layers. Finally, the 

node requesting the connection receives a P_CONNECT.CONFIRM primitive, 

indicating that the connection has been established. 

b. Data transfer 

The image data is sent in P_DATA.REQUEST primitives. Individual data 

packages are not acknowledged by the remote node. However, lower layers do 

acknowledge the transfer of a data package onto the network via the 

P_DATA.INDICATION primitive. 

c. Connection release 

When all image data is successfully transferred to the network, the 

Application Layer invokes the Connection Release Service of the Presentation 

Layer via the P_RELEASE.REQUEST primitive. The release request is 

transferred down through the OSI layers to the network and finally to the remote 

node. In the remote note the release request is received as a 

P_RELEASE.INDICATION primitive. The Application layer of the remote node 

issues a P_RELEASE.RESPONSE primitive to the lower layers. Finally, the 

node requesting the release receives a P_RELEASE.CONFIRM primitive, 

indicating that the connection has been terminated. This process is illustrated 

graphically in 2.16: 
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Each message transferred to or from the prototype unit is described by an 

Applications Layer Message Descriptor. The format of this message is as 

follows: 

a. Command field : This field specifies the intended network operation. 

For example, connection request, send image, etc. 

b. Source Address Field : This field specifies the address from which the 

message originated. 

c. Destination Address Field : This field specifies the destination node 

address. 

d. Text Descriptor Pointer : This field specifies a descriptor containing 

information about textual data associated with the message. For example, 

patient name, ID, physician's comments, etc. 

e. Image Descriptor Pointer: This field specifies a descriptor containing 

information about the image data. For example, number of bits per pixel, 

number of columns and rows, etc. 

Transfer of image data from the proposed unit to viewing workstations 

and to database archives is also designed to abide by the ACR-NEMA interface 

specifications. Data unit format for the OSI-ISO reference model is given in 

Figure 2.17: 
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Figure 2.17. Data Unit Exchange Between OSI Layers 

The data unit exchange protocols associated with the ACR-NEMA 

interface are also illustrated in Figure 2.18: 



From OSI/ ACR-NEMA 
Translator Module 

0 - 2048 Word Block 

I " " - ! "  
TRANSPORT / NETWORK 
LAYER 

DATA LINK 
LAYER 

Frame 
Descriptor 

Packet 
Descriptor Word Block seq. no. 

¥ P A C K E T  

F. C. S. 

•  F R A M E  

PHYSICAL 
LAYER 

NETWORK 

Figure 2.18. Data Unit Exchange Between ACR-NEMA Layers 



81 

CHAPTER 3 

EVALUATION OF PROTOTYPE SYSTEM 

In Chapter 2 the specifications of three preliminary prototype systems 

were presented. The first system was based on a CCD with a relatively small 

field of view (1.3 cm x 0.88 cm) lens coupled to the x-ray intensifying phosphor 

screen. The second system utilized a larger CCD (2 cm x 2 cm) but was still 

limited by the low light collection efficiency of the coupling lens used. The third 

system used a 2.5 to 1 fiber optic reducer bonded to the CCD used in 

experiment #1. This system provided excellent light collection efficiency but still 

limited field of view. Based on the experimental results, system specifications 

for a large field of view (7.5 cm x 7.5 cm) and high light collection efficiency 

(DQE > 50%) were generated. This chapter presents the experimental data 

obtained with the various prototype systems and compares the performance of 

these systems to the conventional film/screen based imaging system. 

The following section defines various system parameters that will be 

used throughout this chapter. 

3.1 Linearity, Contrast Resolution, and MTF 

This section summarizes the performance of the system with respect to 

response linearity, contrast resolution, and modulation transfer function. 

System parameters and pertinent expressions are specified in section 3.1.1. 
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1. X-rav Intensifying Screen 

tix s Absorption efficiency (DS-1) 

(Ratio of number of x-ray photons absorbed in the phosphor screen to the 

number of x-ray photons incident on the phosphor screen. Measured as a 

function of kV.) 

Gx s Quantum gain (DS-2) 

(Number of emitted light photons per x-ray photon absorbed in phosphor 

screen. Measured as a function of kV.) 

crx = Standard deviation of x-ray intensifying screen gain (DS-3) 

(Measured as a function of kV.) 

I = Swank's Information Utilization Factor for x-ray intensifying screen 
ex 

2. Optical Interface (Fiber optic reducer) 

Lq s Length of object to be imaged (DO-1) 
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(Assuming square field-of-view, square CCD arrays, and square CCD pixels for 

convenience.) 

LCCD s Len9th of CCD imager (DO-2) 

(I_ccd = Number of pixels x pixel size) 

mQ s Magnification ratio (DO-3) 

/R_ LCCDX (m°=V 
(N. A.)_, = Numerical aperture of fiber optic reducer (DFO-1) 

(N. A.)PO s Numerical aperture of fiber at mQ = 1 (DFO-2) 

(N. A.)r = (N. A.)ro mQ 

t0F = Transmission efficiency of fiber optic reducer (DFO-3) 

(Includes transmission efficiencies of phosphor-to-fiber, fiber-to-fiber, and fiber-

to-silicon interfaces.) 

3. Optical Interface fLensl 

f = f-number of coupling lens (DOL-1) 

(N. A.)lens s Numerical aperture of coupling lens (DOL-2) 

(N. A.), 0 
'LENS 2f#(m0+1) 

TLENS ~ Transmission efficiency of coupling lens (DOL-3) 
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4. CCD Camera 

ticcd s Quantum efficiency of CCD at emission wavelength of phosphor (DCCD-1) 

Ga = Gain of CCD amplifier (DCCD-2) 

aA s Standard deviation of CCD amplifier gain (DCCD-3) 

We also define: 

Nx h= X-ray photon flux incident on intensifying screen (DX-1) 

such that 

Also define noise factor as follows: 

Noise factor = f 
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Now defining Detective Quantum Efficiency (DQE) as 
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DQESYS-

SNR OUT 

SNR 
(Def. 2) 

IN 

DQESYS = (Eq. 3) 

3.1.2 System Linearity 

One of the first experiments performed was designed to determine 

system linearity. In this experiment prototype system #1 was used, with the 

TH7882 CCD lens coupled to the x-ray intensifying screen. The CCD camera 

used had a linear dynamic range of 25,000 to 1 (linear full well capacity of 

250,000 electrons per pixel and system read noise of 10 electrons rms per 

pixel.) A 16 bit A-to-D converter was used providing 14 bits per pixel of linear 

response. A graph of tube current vs. CCD response is given in Figure 3.1, 

illustrating this feature. 
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Figure 3.1. System Linearity 

As shown in figure 3.1, system linearity is better than 99% over a wide range. 

System linearity is critical in employing shading correction algorithms. Shading 

correction algorithms, also known as flat-fielding, are used to correct for the 

non-uniformities associated with the x-ray source, the x-ray intensifying 

phosphor screen, the optics and the pixel-to-pixel response variations of the 

CCD. The algorithm is described by the following expression: 

I 'uc" *p 
C =  |  - |  

FF D 

where lQ s Corrected image 

luc = Uncorrected image 

lpF = Flat-field image 

lD s Dark (shutter closed) image 
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The flat-field image is an image of the luminescence of the phosphor 

screen in the absence of any object under test. This image contains the non-

uniformities associated with the x-ray source, the phosphor screen, the optics 

and the pixel-to-pixel response variations of the CCD. The dark image is an 

image of the DC offset of the background (including dark current generation.) 

The dark image is acquired with the shutter closed and for a duration equal to 

the x-ray exposure time. A pixel-by-pixel correction is performed by subtracting 

the DC offset from the uncorrected image and then dividing by the flat-field 

image (also offset corrected.) Flat-fielding was observed to improve image 

quality significantly by eliminating all fixed pattern noise contributions from the 

image. 

3.1.3 Contrast Resolution and Modulation Transfer Function 

The high linear full well capacity of the CCD coupled with the low 

electronic and thermal noise provides 16,000 grey level resolution (14 bits per 

pixel.) Using windowing and stretching algorithms, grey levels of interest were 

mapped onto 256 grey levels provided by a standard black and white monitor. 

In this way the detection of low contrast masses were significantly improved. 

At 30 kVp and 40 mAs, a 1.0 second exposure was taken of a group of 

calcifications 160 urn. The calcifications were embedded in a 3 cm thick, 17 cm 

diameter breast phantom. The magnification was 0.25 (4:1) and the sampling 

aperture was 92 nm. 14,535 electrons were generated over two pixels onto 

which the microcalcification was imaged. The mean number of electrons 
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generated in the background, on the other hand, was measured at 15,390 

electrons. Thus, 

Na = 14535 electrons 

N. = 15390 electrons D 

n =2 pixels => Jn = 1.414 

These measured values were used to determine the contrast (C) and the 

certainty coefficient of the detected microcalcification as defined below: 

C = —= 855 =0.0588 
Na 14535 

N C 
k = -%=• = 7.089 

JK 

The contrast and spatial resolution of the system was also reported using 

the line spread function (18.) A tungsten slit with a width of ten microns was 

used to measure the line spread function (LSF.) The fourier transformation of 

the LSF was reported to yield the following MTF curve. (This experiment was 

performed at the University of Massachusetts using a Texas Instrument CCD 

based cooled CCD camera, virtually identical to those used in our experiments. 

The CCD used in this experiment had 1000 x 1024 pixel format and 12 nm x 12 

|xm pixels. It was reported that the MTF curve verified the prediction that the 

limiting spatial resolution of the system is determined by the product of the 

Nyquist frequency of the CCD and the magnification factor.) 
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Figure 3.2. Modulation Transfer Function 
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3.2 Optical Interface and Detective Quantum Efficiency 

The types of prototype systems were built and tested. The first system 

was based upon a fast coupling lens and the second system was based upon a 

fiber optic reducer. It was determined that the fiber optic reducer provided 

approximately an order of magnitude higher light collection efficiency than the 

fastest commercially available (f1.2) coupling lens. 

3.2.1 Optical Interface Efficiency of Lens Coupled System 

A set of experiments (16) were designed to measure the noise factor as a 

function of the f-number of the coupling lens. The predicted response is given 

by equation #2: 

Prototype system #1 was used for this set of experiments. The experimental vs. 

theoretical values are given in Figure 3.3, below: 
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Figure 3.3 Noise Factor of Lens Coupled System 

3.2.2 Optical Interface Efficiency of Fiber Optically Coupled 

System 

The light collection efficiency of fiber optic reducers is given by the 

square of the numerical aperture, as given in equation (DFO-2) in Section 3.1.1. 

The transmission efficiency of the phosphor-to-fiber, and fiber-to-silicon 

interfaces are assumed to be 100% in this expression. 

An experiment was designed to measure the light collection efficiency of 

a 2.5 to 1 reducer. A piece of Kodak Min-R screen was places on the large end 

of the fiber optic reducer. The distance between the x-ray source and the 

phosphor screen was measured to be 54.9 cm. It was noted that the imperfect 

coupling between the phosphor and the fiber would reduce the light collection 

efficiency of the system. The small end of the fiber optic reducer was bonded to 

a single piece one-to-one fiber piece, which in turn was bonded to the CCD. 
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The fiber-to-fiber and the fiber-to-CCD interfaces introduced further losses in the 

optical path. 

At 26 kVp, 40 mAs, using a Kodak Min-R screen, the mean number of 

electrons (dark subtracted) generated per pixel was measured to be 157,920. 

Since the quantum efficiency of the CCD is 30% at 550 nm, the emission 

wavelength of the Kodak Min-R screen, it was determined that the number of 

light photons incident on the CCD was 526,400 per pixel. The number of light 

photons emitted from the phosphor screen over the sampling aperture, on the 
0 

other hand was measured to be 7.74 x 10 . This number was determined by 

measuring the x-ray flux incident on the phosphor screen and multiplying this 

number by the absorption and conversion efficiencies of the phosphor scree, 

which were determined previously as described in Chapter 2. The ratio of the 

number of light photons emitted to the number of light photons detected by the 

CCD gives the light collection efficiency of the fiber optic reducer, 6.8%. If all 

interfaces were perfect, a light collection efficiency of 16% would be predicted 

for a 2.5 to 1 fiber optic reducer (m2 = 0.16.) The measured value of 6.8% 

indicates that the losses associated with the phosphor-to-fiber, fiber-to-fiber, 

and fiber-to-silicon losses amount to 58%. 

The experiment was repeated under identical circumstances using a 

Trimax-4 screen as opposed to the Kodak Min-R. Previously the absorption 

efficiency of the Trimax-4 screen was measured to be 69%, as opposed to the 

79% absorption efficiency of the Kodak Min-R. Also, the quantum gain of the 

Trimax-4 screen was measured to be 600 light photons per absorbed x-ray 

photon, as opposed to a quantum gain of 215 of the Kodak Min-R. Since the 

number of x-ray photons incident on the phosphor was kept constant, it was 
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predicted that the number of light photons detected by the CCD should increase 

by approximately a factor of 2.5. When the CCD was exposed to the x-ray 

induced fluorescence of the Trimax-4 screen, the mean number of electrons 

generated in the CCD was measured to be 354,600 per pixel. Taking into 

account the 30% quantum efficiency of the CCD at the emission wavelength of 

the Trimax-4 screen, it was determined that 1.18 x 10 light photons were 

detected per pixel. The ratio of the measured number of light photons detected 

using the Trimax-4 screen to the number of light photons detected using the 

Min-R is 2.24, within 10% of the predicted value of 2.5. 

Results: 

1. The light collection efficiency of a 2.5 to 1 fiber optic reducer was 

measured to be 6.8%. This number included the light losses associated with 

the phosphor-to-fiber, fiber-to-fiber, and fiber-to-silicon interfaces. 

2. The light losses associated with the phosphor-to-fiber, fiber-to-fiber, 

and fiber-to-CCD interfaces was estimated to be 58%. The individual 

contributions of each of these interfaces was not determined. 

3. The experiment verified that at mammographic energies the Trimax-4 

screen emits 2.4 times more light than the Kodak Min-R when exposed to an 

identical x-ray flux. 

3.2.3 Signal-to-Noise Ratio and Detective Quantum Efficiency 

An experiment was designed to estimate the signal-to-noise ratio (SNR) 

and the detective quantum efficiency of the system. The system used was 
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prototype system #3, with a 2.5 to 1 fiber optic reducer bonded to the TH7882 

CCD. 

A flat-fielded, dark subtracted 4-section step wedge was used at 26 kVp, 

40 mAs, using the Kodak Min-R screen, and the following data was obtained: 

Section Mean Intensity (ADUs) RMS Intensity (ADUs) SNR 

A 7779.4 

B 7328.4 

C 6918.8 

D 6525.7 

42.14 184.6 

40.78 179.7 

39.12 176.9 

38.27 170.5 

The data is plotted below 

(O © 
£ 

8000 

7500 
CO 3 Q 
* 7000 

6500-

6000 

CO 
3 • 
< 

CO 
£ 
oc 

Mean Intensity 
RMS Intensity 

Figure 3.4. Detected Mean and RMS Values 
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Since the linearity of the system was established in Section 3.1.2, signal-to-

noise ratio is defined as the ratio of the mean detected intensity to the detected 

rms intensity. 

v detected mean intensity 
Signal-to-noise ratio (linear system) s —— a v 1 ' detected rms intensity 

The signal-to-noise ratio can also be defined in the following manner, 

especially when a comparison of signal-to-noise ratio is made with a non-linear 

system such as radiographic film: 

S A " S B  Signal-to-noise ratio (non-linear system) = • 

V^+ol 
where oA s Detected rms intensity in area A 

oD s Detected rms intensity in background B D 

SA s Detected mean intensity in area A 

SD = Detected mean intensity in background B D 

In Section 3.1.4 it was noted that the number of x-ray photons absorbed over 
4 

the sampling aperture on the phosphor screen was measured to be 4.5 x 10 . 

The input signal to noise ratio is thus given by equation one (Section 3.1.1) and 

is equal to 212. The measured signal-to-noise ratio over the thinnest section of 

the step wedge on the other hand is 184.6. Using the definition of Detective 

Quantum Efficiency given in Definition #2 in Section 3.1.1, the measured DQE 

of the fiber optically coupled system is 76%. 



96 

A set of experiments were performed using the KAF4200 CCD coupled to the 

Kodak Min-R screen through an f1.2 lens. A six section step wedge was 

imaged at exposure levels ranging from 0.2 seconds to 6 second. Signal was 

defined as the difference of intensity levels between two adjacent sections, and 

the rms was defined as the quadrature sum of the rms intensities of the two 

adjacent sections. The data is plotted below: 
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Figure 3.5. SNR vs. Exposure Time (Min-R Screen) 

Plotted on a log-log scale, Figure 3.5 indicates that the SNR is directly 

proportional to the square root of the exposure time (or to the square root of the 

number of absorbed x-ray photons, due to the linearity of the system.) 

The experiment was repeated using the Trimax-4 screen in place of the 

Kodak Min-R. The results are also plotted below: 
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Figure 3.6. SNR vs. Exposure Time (Trimax-4 Screen) 
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3.3 Comparative Analysis 

The performance of the lens-based and fiber optic reducer-based 

systems were compared to conventional film/screen based detections systems. 

Quantitative comparisons were based upon measurements of the signal-to-

noise ratio, detective quantum efficiency and the modulation transfer function. 

Qualitative experiments involved the imaging of standard breast phantoms 

under identical conditions using the prototype systems and using film/screen 

detectors. 

3.3.1 Performance Comparisons 

The signal-to-noise ratio, detective quantum efficiency, and the 

modulation transfer function of the prototype system was experimentally 

determined and presented in the previous sections. The SNR, DQE, and MTF 

characteristics of mammographic film/screen systems have been analyzed in 

detail and literature contains a wide field of information in this area (19, 20, 21.) 

A brief summary of the SNR, DQE, and MTF characteristics of film/screen 

systems is given below: 

Nishikawa and Yaffe (19) determined the SNR and the DQE of several 

mammographic systems as a function of spatial frequency. Their results 

indicated that the DQE of mammographic film/screen systems have similar DQE 

values observed in general radiography at low spatial frequencies, but are 

superior at higher frequencies. Typical DQE measurements on Kodak Min-R, 

DuPont MRF-31, and Fuji MI-NC film/screen systems yielded DQE values 

between 10% to 30%. Recall that the DQE of the fiber optic based prototype 
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system was measured to be greater than 65%. Nishikawa and Yaffe report that 

the film noise contributes 30% to 50% of the total noise at 1 Ip/mm and as much 

as 75% of total noise at 5 Ip/mm. The prototype filmless imaging system is of 

course not subject to the noise contribution of film. 

Barnes and Chakraborty (20) also reported similar DQE values for the 

Kodak Min-R film/screen combination as shown in figure 3.7. 

30 
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Quantum Q 

Efficiency 
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0 
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Figure 3.7 DQE of Mammographic Film/Screen Detectors 

3.3.2 Image Quality Comparisons 

In order to compare the general quality of images captured on the 

prototype system to images captured with a film/screen detector, a CIRS tissue 

equivalent breast phantom (Model XII) was used. A simulated low contrast 

tumor, 6 mm in diameter, and a group of microcalcifications 160 jim in diameter 

embedded within the breast tissue were detected. The film was digitized using 

a cooled CCD camera at a sampling aperture of 60 jim. A sampling aperture of 

250 jim diameter object 

Ortho-M 

Min-R 
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60 |xm was also used when capturing the image directly off of the phosphor 

screen with the CCD camera. 

Figure 3.8 is a film/screen image of a simulated breast tumor captured at 

26 kVp and 40 mAs. 

Figure 3.9 is a CCD image of the same simulated breast tumor captured 

at 26 kVp and 40 mAs. 

Figure 3.10 is a film/screen image of a simulated group of calcifications 

captured at 26 kVp and 40 mAs. The white spots at the center of the image are 

the calcifications in question. 

Figure 3.11 is a CCD image of the same simulated group of calcifications 

captured at 26 kVp and 40 mAs. 
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CHAPTER 4 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

1. The principle advantage of the proposed system is its ability to display 

"film quality" image on a high resolution monitor within seconds of exposure, as 

compared to minutes with a film-based system. 

2. The secondary advantage of the proposed system is its ability to 

improve detectability of low contrast lesions through shading correction and 

contrast enhancement schemes. 

3. The third advantage of the proposed system is its ability to provide 

direct digital image data to a PACS network. 

4. "Film quality" performance of the prototype system is rigorously 

defined in terms of the Detective Quantum Efficiency (DQE,) the Signal-to-Noise 

Ratio (SNR,) and the Modulation Transfer Function (MTF.) 

5. The DQE of the system is determined primarily by the efficiency of the 

optical coupling. A fiber optic reducer provides approximately an order of 

magnitude improvement in the light collection efficiency over a relatively fast 

lens. The higher the magnification ratio (the ratio of the detector size to the filed 

of view) the higher the DQE. Thus to maintain a high DQE over a large field of 

view requires CCDs with large imaging areas. 

6. The limiting spatial resolution of the proposed system is determined 

primarily by the Nyquist frequency of the CCD and the magnification ratio. If the 

pixel size is decreased, the limiting spatial resolution is increased. However, all 
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else kept constant, lowering the pixel size implies a smaller imaging area and 

thus a lower DQE. CCD pixel size must also be large enough to accommodate 

several fibers (typically 6 |im diameter) when fiber optic reducers are used. 

7. Using current commercially available components, the proposed 

system trades off all of the above mentioned parameters to provide a DQE of 

greater than 60% at a limiting resolution of 10 Ip/mm over a 7.5 cm x 7.5 cm field 

of view. This field of view is sufficient for pre-operative needle localization, fine 

needle aspiration biopsy, and magnification mammography procedures. 

4.1 Advances in CCD Technology 

Over the last few years significant advances have been made by CCD 

manufacturers. These advances include the fabrication of scientific grade, large 

imaging area CCDs, the implementation of multi-pinned phase mode and back-

illuminated CCDs, and the development of parallel readout architectures. Each 

of these advances has a significant impact on the performance of the proposed 

system, as described in sections 4.1.1 through 4.1.4. 

4.1.1 Advances in Large Imaging Area CCDs 

As discussed in the previous chapters, the performance of the CCD-

based imaging system is directly related to both the actual imaging area of the 

CCD, and the number of pixels on the CCD. For example, a Thomson 

THX31156 CCD-based system (1024 x 1024 pixel format, 19 |im x 19 jxm 

pixels) with a 2.5 : 1 fiber optic reducer would provide a limiting spatial 

resolution of 10.5 Ip/mm over a 48 mm x 48 mm imaging area. If the Ford 2k x 

2k CCD were used to cover the same field of view, only a 1.56 :1 fiber reducer 
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would be required, and the limiting spatial resolution would increase to 21 

Ip/mm. 

Currently available CCDs provide film quality images over relatively 

small fields of view. Thus they are expected to be initially used in applications 

where a small area needs to be imaged, such as needle localization, needle 

aspiration biopsy, magnification mammography, imaging of body extremities, 

bone density measurements, etc. Given the pace at which CCD detectors have 

been growing steadily both in imaging area and in the number of pixels offered, 

it is reasonable to assume that within a few years CCD detectors will be 

available which will provide performance equivalent to film over larger and 

larger areas. 

Ever since the concept of the Charge Coupled Device was first 

introduced at Bell Laboratories in 1970, significant advances have been made 

in the actual size and resolution of these devices. The first 512 x 512 format 

CCD detectors were manufactured in 1984. In 1986 1024 x 1024 devices were 

commercially available. By 1989 three CCD manufacturers, Kodak, Tektronix, 

and Ford Aerospace offered 2048 x 2048 CCDs. Ford Aerospace recently took 

one step further and designed, manufactured and successfully tested a 4096 x 

4096 pixel format CCD. The trend towards CCDs with larger and larger 

imaging areas and spatial resolution continues. 

4.1.2 Advances in Multi-Pinned Phase (MPP) CCD Technology 

At room temperature a typical CCD detector generates approximately 

30,000 electrons electrons per pixel per second. The shot noise component of 

this thermal signal is approximately 175 electrons for a one second exposure. 
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This noise component is significantly higher than the electronic read noise 

introduced into the system (which can be as low as 5 electrons with 

sophisticated electronic schemes such as double correlated sampling and dual 

slope integration. CCDs are thus cooled to either thermoelectric temperatures 

(about -45° C) or to cryogenic temperatures (about -130° C) for applications 

requiring lone exposure times. At -45° C, the dark current generation of a 

typical CCD is lowered to approximately 15 electrons per pixel per second, the 

shot noise component of which is negligible compared to the shot noise of the 

photons emitted from the phosphor screen. 

In recent years CCDs implementing Multi-Phase Pinned technology were 

introduced, which significantly reduced the dark current generation, and 

reduces cooling requirements of CCD cameras. In MPP technology, dark 

current is reduced by populating the silicon-silicon dioxide interface with holes 

and thus inverting the signal carrying channel. Channel inversion is achieved 

by biasing the the CCD clocks negative to invert the n-buried channel, and pin 

the surface potential beneath each phase to substrate potential. Biasing the 

clocks in this manner causes holes from the p+ channei to populate the silicon-

silicon dioxide interface and thus reduce surface dark current generation. 

The following table summarizes the effects of MPP operation on dark 

current generation: 

Temp. Dark current (inverted^ Dark current (non-inverted^ 

25° C 700 e/pixel/second 30,000 e/pixel/second 

-45° C 0.3 e/pixel/second 15 e/pixel/second 

-15° C 15 e/pixel/second 400 e/pixel/second 
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This table indicates that an MPP CCD could be cooled only to -15° C to 

generate the same number of thermal electrons that a non-MPP CCD would 

generate at -45° C. 

4.1.3 Advances in Back-Illuminated CCD Technology 

The quantum efficiency of a typical front illuminated, multi-phase CCD is 

approximately 30% at the emission wavelength of x-ray intensifying screens 

(550 nm.) The reduction in quantum efficiency is mainly due to light attenuation 

of the thin polysilicon gating structure of the parallel registers. Using acid 

etching, CCDs have successfully been thinned to approximately 10 p.m, and 

thus allow the light to fall on the back side of the CCD, where there are no 

gates, and thus no light loss associated with the gates. The quantum efficiency 

of the Tektronix thinned CCD at 550 nm was measured to be approximately 

90%, a three fold improvement on sensitivity. Schematic diagrams of thick and 

thinned CCDs are given in Figure 4.1. 
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4.1.4 Advances in Parallel CCD Architectures 

Slow-scan readout is necessary in order to reduce the system read noise 

and develop the necessary signal-to-noise ratio and the contrast resolution. 

Commercially available slow-scan CCD systems generally employ one of three 

read rates. The system read noise is dependent upon this rate, as given in the 

following table of measurements made on a Thomson TH7882 CCD : 

Read rate (Kpixels/secondl System read noise (RMS electrons/pixeh 

50 

200 

500 

10 

32 

38 

The increase in read noise with respect to read rate is the reason why 

cameras operating at video rates (30 frames/second) are limited to 8 bits/pixel 

of dynamic range. A slow-scan read rate of 500 Kpixels/seconds implies a 

frame rate of 8 seconds per frame for a 2048 x 2048 CCD. Even though 8 

seconds is much faster than the time required for the development of film, slow-

scan cameras cannot be used in applications requiring real-time imaging such 

as angiography. Research is being performed, however, to increase read rates 

to 1 Mpixels/second while maintaining 12 bit per pixel accuracy. New, high 

resolution CCDs are also generally equipped with multiple output amplifiers 

that can be read out in parallel, With 4 output amplifiers being read out in 

parallel at 1 MHz, the readout time for a 2048 x 2048 CCD could potentially be 

reduced to 1.0 seconds per frame. 
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4.2 Advances in Related Technologies 

Technological advances in the design and fabrication of CCD sensors 

have been complemented by advances in other components of the proposed 

systems. These include advances in fiber optic reducers, in computer analysis 

of image data, and in x-ray intensifying phosphor screens. Each of these 

advances improve the performance of the prototype system as described in 

sections 4.2.1 through 4.2.3. 

4.2.1 Advances in Fiber Optic Taper Technology 

As discussed in Chapters 2 and 3 the use of fiber optic tapers as 

opposed to lenses in the proposed digital imaging system significantly improves 

system performance. Today technical limitations on fiber reduction ratios and 

maintaining optical quality over large areas are being overcome continously. 

Schott Fiber Optics has already developed and delivered to the University of 

Arizona Radiology Department seven high quality fiber optic tapers with the 

following basic specifications: 

- Dimensions of small end = 13.25 mm x 8.83 mm 

- Dimensions of large end = 76.2 mm x 50.8 mm 

- Reduction ratio = 5.75 :1 

- Numerical Aperture = 0.174 

- Fiber diameter at small end = 6 jxm 

Other manufacturers of both glass and plastic fibers are currently working 

on fiber optic reducers with 4 :1 reduction ratio, covering an imaging area of 12 

cm x 12 cm. A 3.25 to 1 reducer bonded to the Tektronix 2048 CCD would 

provide an imaging area of 18 cm x 18 cm, with a limiting resolution of 5.7 
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Ip/mm on the object plane. Larger fiber optic reducers may eventually provide 

the desired 10 Ip/mm limiting resolution on CCDs with smaller pixels. 

Another significant problem associated with the bonding of fiber optic 

reducers to CCDs is the surface curvature of large area CCDs. To avoid this 

problem manufacturers of CCD cameras have successfully mapped the surface 

non-flatness of the CCD and reshaped the small end of the fiber to match the 

surface of the CCD. 

4.2.2 Advances in Computer Aided Diagnosis 

Digital acquisition of mammographic images generates the possibility of 

real-time analysis of image data to aid the radiologist in his/her diagnosis. 

Clinical studies performed at the University of Chicago (21) have shown up to 

80% true-positive cluster detection rate at a false detection rate of one cluster 

per image. The studies at the University of Chicago were based upon digitized 

film images. With direct digital acquisition of mammographic images, real-time 

computerized screening of images can be performed. The computer could thus 

alert the radiologist to regions of interest. 

4.2.3 Advances in X-Ray Intensifying Phosphor Screens 

Virtually all commercially available x-ray intensifying screens are 

optimized for film. Practically no radiographic screen exists for mammography 

which has been optimized for the CCD detector. Quantum efficiency of the CCD 

detector is at a maximum in the red region of the spectrum (about 45%.) The 

emission wavelength of most mammographic screens is 550 nm, where the 

quantum efficiency of the CCD is approximately 30%. In addition to the higher 
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sensitivity of the CCD in the red region of the spectrum, all else being the same, 

since the energy of a red photon is less than the energy of a green photon, for 

the same x-ray energy absorbed by the phosphor screen, we would expect a 

larger number of light photons to be emitted from the phosphor screen. These 

two characteristics could potentially increase the sensitivity of the CCD-based 

detector by approximately a factor of 2. 

4.3 Future Work 

The work presented in this thesis has been aimed at demonstrating the 

feasibility of using a CCD-based "real-time" imaging system for certain 

procedures in mammography. Future work would involve the implementation of 

these concepts into a clinical setting for patient studies. With continuning 

advances in CCD and related technologies it is expected that the performance 

and the application of the proposed unit will grow steadily in clinical use. 

4.3.1 The Digital Radiology Department 

Over the last few years the "Digital Radiology Department," in which the 

acquisition, distribution, storage, and processing of all radiological images are 

performed digitally, has moved steadily from concept to reality. Many digital 

acquisition systems are currently commercially available including Computed 

Radiography, Magnetic Resonance Imaging, Computed Tomography, and 

Digital Fluoroscopy units. The image data acquired by these units is interfaced 

to PACS (Picture Archiving and Communications Systems) networks for digital 

distribution, display and storage. 
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To date there is no direct digital acquisition system for mammography. 

The prototype system described in this thesis proposes such a system without 

requiring any increase in the x-ray dosage to the patient. Possible 

improvements of the prototype system for general mammographic screening 

would be in the areas of spatial resolution and light collection efficiency. CCDs 

with pixel formats of 4096 x 4096, back-thinned devices, with twice the light 

sensitivity of standard CCDs , and multi-pinned phase CCDs, in which the 

thermal noise is reduced by a factor of 40, have already been designed and 

successfully tested. 

As mentioned in the previous chapters, the prototype system consists of 

only commercially available (and thus relatively low cost) components. In spite 

of this, the performance of the prototype system is superb as compared to 

conventional technologies. It is expected that the advances that have taken 

place in related component technologies will become readily available within 

the next few years, providing orders of magnitude improvement in the 

performance of the prototype system at about the same cost. 

4.3.2 Proposed Clinical Unit 

A schematic block diagram of a possible clinical unit is given in Figure 

4.2. 
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