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ABSTRACT

The information transfer efficiency of any quantum detection
imaging system can be described by a unique meaéure: the detective
quantum efficiency [DQE(f)1, which is a function of the statistically
independent frequency channels. The DQE(f) is a combined descriptor
which takes into account the signal transfer as well as noise transfer
properties of a complete system. For a complicated multistage imaging
system, each system component contributes noise. In this dissertation,
physical and mathematical models for noise analysis are developed
and verified experimentally with an x-ray image intensifier (XRII)-
based imaging system.

In such a system, the DQE at low frequency range is primarily
determined by the x-ray detection and scintillation processes at
the CsI layer of the XRII. The effects of x-ray photon energy and
sensor layer thickness on DQE are measured in detail. Numerical
calculations based on a physical model of x~ray interactions show
a general agreement with the experimental data. At higher frequencies,
the DQE behavior becomes more complicated. A mathematical model
which combines the micro-image properties and noise statisties is
formulated to analyze the noise power spectrum (NPS) of a linear
n-stage imaging system. Measurement of NPS components of an XRII
system verifies the validity of this analytical prediction. The
associated image transfer properties are also measured with emphasis

on the effect of signal-induced background on the image information

ix
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transfer. The low frequency data derived from these image property.
measurements show further agreement with the numerical calculations
based on the physical model. "As a result of this predictability
of information transfer efficiency, system gain and recording capacity
are emphasized in the design consideration of a projected high per-

formance XRII radiographic system.



CHAPTER 1
INTRODUCTION

Recent advances in the development of photoelectronic imaging
devices (PEID) and of digital data storage devices have led to a
potential alternative to the commonly used screen~film system in
diagnostic radiology. Extensive research and development programs
based oﬁ this concept of photoelectronic~digital radiology (PE-DI-
R) have been undertaken at the University of Arizona since 1973
(Nudelman, 1983). The very first approach to this idea was brought
into elinic;l application as digital subtraction angiography (DSA)
(Christenson et al., 1980). Such a system has been proven to be
of tremendous diagnostic value as applied to both intravenous and
convenﬁional angiography Resulting from the success of various
digital imaging modalities such as computed tomography, nuclear mag-
netic resonance, and DSA, the concept of the photoelectronic radiology
department has emerged (Capp et al., 1981). However, new PEID systems
must be developed to meet the more stringent requirements of general
diagnostic procedures. It is the underlying motivation of this study
to develop and apply quantitative evaluation criteria for the design

of such new systems.

The X-Ray Image Intensifier-Based System

A typical x-ray image intensifier (XRII)-based digital system

is shown in Figure 1.1. The aquisition system can be divided into
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Fig. 1.1.

X-ray image intensifier-based digital imaging system.




3
two main paths, analog and digital. While the analog path determines
the image information transfer, once digitized, the image can be
stored, processed, or distributed without introducing further degrada-
tion. The analog acquisitfon components include a cesium iodide
(CsI) XRIT optically coupled by a tandem lens to a video camera tube,
as shown in Figure 1.2. The XRII is the primary component, as it
converts the x-ray photon image to an intensified visible image at
its output phosphor. Image conversion begins at the Csl sensor where
each detected x-ray photon is converted into a burst of light compris-
ing approximately two thousand individual secintillations. This light
burst propagates to the adjacent photoemissive layer and generates
photoelectrons. Those electrons are then accelerated and imaged
by the electron optics onto the output phésphor. Bombarded by such
high energy electrons, the output phosophor releases Bursts of light
pulses to form a minified visible image with a typical luminous gain
of on the order of two thousand. This smaller output image format
is essential for ease in optical coupling to the'final image recording
device, a 45XQ Plumbicon in this case. This video tube features
linear response, low dark current, and low lag with its spectral
response matched to the phosphor emission spectrum. A tandem lens
configuration is used to achieve maximum optical collection efficiency.
Both lenses are specifically designed for the XRII system by taking
into consideration the substrate and spectral emission of the outpﬁt

phosphor.
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The video signal generated feeds into a 10 megaword A/D con-
verter with 13 bit accuracy, where the image enters its digital path.
Only eight bits of the digitized signal are stored in real time into
a 512X512 CCD digital memory. Mapping memories are incorporated
at both input and output ends of the CCD memory to perform flexible
data transformations in real time, such as contrast stretching and
windowing functions. This buffered image is then transfered to the
VAX11/780 image processing facility at a rate of one frame/second.

The x-ray exposure and the camera operation are controlled by a micro-
processor unit. Image subtraction, filtering, and other processing

options are initiated once all image frames are stored in the host

computer.

Outline of Remaining Chapters

Information transfer efficiency as a system evaluation crite-
rion is defined in Chapter 2 following a general survey of the litér-
ature regarding the relationship between image quality and observer
performance. A link between the physical measure of information
transfer efficiency and the visual performance of a specific task
is established. In Chapter 3, mathematical analyses of factors affect-
ing information transfer efficiency are formulated, which also serve
as a guideline for experimental investigations discussed in Chapters
4 and 5. Experimental methods for measuring imaging and non-imaging
properties of the system are specified in Chapter 4. Results and
implications for system design considerations based on theoretical

models as well as experimental evidence will be discussed in Chapter



5. Chapter 6 concludes this study with suggestions for further work

and a brief summary.



CHAPTER 2
EVALUATION CRITERIA

Due to the digital format of the stored image, a radiologist
may increase his diagnostic accuracy through use of a proper processing
algorithm. However, there exists a limited amount of inherent informa-
tion which sets an upper limit on the diagnostic value of the image.

It is the purpose of this chapter to define such inherent information

to serve as basic criteria for system evaluation.

Problem Definition

The human observer is the most unpredictable component in
a complete image system. It is a common experience that a faint
object is ﬁore difficult to detect if it is located in a structured
background than in an isol#ted position. 'Taerefore, one can distinguish
two disturbing sources in human perception process: clutter noise
(structure noise) and random noise. For example, the bone and tissue
structures form the clutter noise in angiography which involves the
detection of occlusions in blood vessels. Their removal by subtraction
has led to the success of digital subtraction angiography (DSA).
However, while the clutter noise is completely removed from the area
of interest to increase object detectability, the subtraction process
effectively increases the random noise as the noise contents of the
constituent images are added independently. To evaluate an imaging

system, only random noise is considered. The simplicity



of the DSA imagery is emphasized here because it helps us to reach
the definition of the inherent information along a more logical path

starting from the visual perception problem.

Observer Performance

Since the invention of low-light-level electro-optical sensors,
much attention has been focused onto the visual perception problems
concerning the imagery produced by such sensitive devices. Rose
(1948) considered such a problem and realized the fundamental limita-
tion on visual perception, namely the statistical nature of the informa-
tion-carrying photons. His fluctuation theory forms the basis for
predicting the ultimate visual performance for all low-light-level
applications today. Sincé that time, numerous research efforts have
been conducted to correlate the visual performance to physical merit
functions of a'practical electro~optical system. Johnson (1958)
defined four levels of discrimination tasks and experimentally deter-
mined the equivalent resolutions required per object dimension against
their corresponding visual tasks. These so-called "Johnson criteria®
have been of practical value even though noise characteristics were
not considered. Another practically used merit function in photographic
sciences is the Modulation Transfer Function Area (MIFA) originally
proposed by Charman and Olin (1965). Although this figure of merit
takes into consideration both signal and noise characteristics of
the imaging system, quantitative interpretation is hardly obtained
for our purpose. Extending Rose's fluctuation theory, Rosell (1969)

developed a more quantitative display signal-to-noise ratio [(S/N)d]
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concept to quantify an imaging system. Based on this concept, Rosell

and Willson (1973) conducted a series of psychophysical experiments
using noisy televised images to correlate this merit function to

the visual tasks defined by Johnson. The (S/N)d required for 50%
detection probability was determined to be about three, which was
in a good agreement with that predicted by binary decision theory.
Due to its high reliability and ease in calculation, the (S/N)d will
be adopted in our discussion as a link between system information

and detectability for a specific object.

Inherent Information

All the merit functions discussed so far relate to the dis-
played image presented directly to an observer. As noted earlier,
a displayed image can be optimized‘by suitable processing of the
vinherent information. The physical measure of such information should
be defined and related to the display signal-to-noise ratio.

Modern image analysis methods are largely adopted from the
statistical communication theories developed in parallel by Wiener
(1949) and Shannon (1948). It was Fourier analysis which formed
the mathematical basis for their pioneering theories. This Fourier
domain analysis has an important implication in problem regarding
inherent information. As the result of a fundamental theorem in
communication theory (Fano, 1968), an imaging system can be viewed
as though it were composed of a series of statistically independent
frequency channels. Each channel is completely characterized by

its image signal and noise transfer properties. Any linear
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transformation in space, such as filtering and contrast stretching,
preserves this statistical independence. Tho effect of such a trans-
formation on each image channel is to scale both signal and noise
by the same factor. Therefore, an invariant quantity under suéh
transformation can be realized if it is defined as a function which
depends only on the ratio of those two pfoperties. One can infer
that "inherent" information and information efficiency must be defined
in such a way.

So far, the term "information" has been used without precise
definition. However, a scientific measure of information exists.
It was defined by Shannon (1948) as the statistical entropy of an
ensemble of finite discrete messages. This concept forms the framework
of éo-called "information theory." This theory is primarily concerned
with the optimum distribution of a_given number of messages to statisti-
cally independent frequency channels of known characteristics for
transmission. Along this line, an integral performance index, called
"channel capacity," was quantitativély defined.to characterize a
physical transmission channel. This quantity gives the limit on
the absolute information attainable through such a channel and it
can be reached theoretically only when the message is optimally dis-
tributed. When adopted to the evaluation of imaging'devices, this
integral performance index is of little value since the scene to
be imaged cannot be artificially coded into the available frequency

channels. As MIF is a better descriptor than "resolution," the
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frequency-dependent information capacity is superior to channel capac-
ity when information theory is applied to the imaging system evalua-
tion.

Following the arguments in this section, one reaches the
evaluation criteria for a quantum imaging system: the noise equivalent
quanta [NEQ(f)] and the detective quantum efficiency [DQE(f)], both
as a function of spatial frequency. The DQE concept was originated
from Rose (1946) for a non-imaging quantum detector and subsequently
was extended to imaging detectors by Dainty and Shaw (1974) with
the introduction_ of NEQ. In its original form, the DQE was defined

as

DQE = ——2ut (2.1)

Here, the signal-to-noise ratio square is used to represent the informa-
tion provided at'input and output of the detector. Assuming that

the input quantum stream has a Poisson distribution about a mean
quantum number, n,, during the observation time, the input signalJ
to-noise ratio square is

.

(s/N)? =0, .  (2.2)
in

Similarly the output information can be represented by an equivalent

quantum stream with mean number NEQ for the same observation time
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NEQ = (S/N)iut ) (2.3)

This leads to the following equation for the DQE

DQE = JEQ

o}

. (2.4)

This can be interpreted as the effective quantum utilization efficiency
as though the detector acts as an ideal photon counter with somewhat
degraded detection ability.

When these interpretations are extended to the frequency
channels of an imaging detector, a conceptual problem may arise.
In talking about signal-to-noise ratio, one usually refers to the
"siénal" as a deterministic quantity, that is the mean value; and
the "noise" as the random fluctuation around that mean value. The
noise power spectrum is generally used £o characterize the noise
in the frequency channels. It is not defined if the input quantum
stream is not stationary. Howevér, a stationéry quantum stream carries
no pictorial information. Therefore, it seems that the signal and
noise cannot be defined at the same time. One practical solution
to this problem is to assume a very small image modulation so that
the stationary condition can be appégximated. In addition to this,
one realizes that the DQE and NEQ both measure the equivalent quantum
utilization ability of a detector. One can therefore characterize

the signal of a frequency channel by its signal transfer ability,

MIF, which is independent of the deterministic input signal strength.
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On the other hand, the noise is similarly characterized by a relative

quantity, (f), the noise power spectrum of the relative fluctua-

wAz/z
tion Az/z, where z stands for the observable output of the system.
A further advantage of using such a relative quantity is that the
power spectrum is independent of the physical unit of the system

output. In particular, for a linear system, the output noise spectrum

can be directly transformed into its input equivalence,

Az _ Aq
z q °’
(2.5)
wheére q stands for the equivalent input quantum fluence.
By forming the ratio of the relative signal power and the
noise power, the NEQ(f) is defined !
. MTF (£)
NEQ(f) = ‘W————(f—)' (2.6)
Aq/q

It should be pointed out that NEQ(f) has units of quanta/area as
opposed to its non-imaging counterpart NEQ (Equation 2.3) which uses
units of quanta. This can be explained by the fact that pictorial
information is represented as density differences instead of a single
number. By forming the'ratio between NEQ(f) and the incident quantum

fluence q,, as in Equation 2.4, one obtains the DQE(f),



14

DQE(f) =

5 (2.7)

From the discussion early in this section, both NEQ(f) and
DQE(f) are invariant under a linear transformation since they are
defined by the ratio of the two channel characteristics. In other
words, they are inherent»to the system. At this point, it should

be pointed out that the DQE is a unitless quantity, and therefore
DQE = DQE(f=0) |, . (2.8)

where DQE is the quantity obtained when the imaging system is operated
as a non-imaging detector. For clarity, the frequency-dependent
quantity is termed "image DQE" as distinguished from the simple "DQE"

which characterizes the non-imaging properties.

Maximum Displayed Information

As pointed out earlier in this chapter, the displayed image
can be optimized by properly processing the inherent information.
As well, Rosell's display signal-to-noise ratio [(S/N)d] correctly
predicts the visual performance. The remaining problem is then how
to maximize the (S/N)d from the inherently recorded information.

As implied in Rose's fluctuation theory, the eye-brain system performs
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a matched filtering process on a noisy object as the detection thres-
hold is approached. Based on this assumption on the eye-brain system,
Sandrik and Wagner (1982) showed that the (S/N)d can be maximized
by pre-whitening the noise. Unde; this processing algorithm, the

(S/N)d is given by

(S/N)i = czqo JIS(f)|2DQE(f)df ) (2.9)

where C is the object contrast,

a, is the incident photon fluence, and

,S(f‘)l2 is the power spectrum of an object with normalized peak

amplitude.
Here the squared (S/N)d is used in order to link it to the information
concept as implied in the NEQ definition (Equation 2.3). We may
therefore call it "displayed information" for brevity from now on.

For a disk, square, or any shape of object with uniform ampli-

tude, this equation can be written as

' 2
(S/N)j = Czq a J[S(f)|2DQE(f)df (2.10)
f]s(f)l af

where a is the object area.

This particular form is of great interest to illustrate the interplay
between the DQE(f) and the object spectrum S(f) on the displayed
information. For an ideal image detector where DQE(f) is unity,

Equation 2.10is in the same form as given by fluctuation theory.
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This is the amount of information carried by the primary quanta in

the object. For a real detector, the efficiency for detecting a
particular object is then the DQE averaged over the object power
spectrum. It is the image DQE, instead of the MIF, that determines

the ability to detect object detail. A term "information bandwidth"
can then be defined as the cutoff frequency where the image DQE falls
to a certain percentage of its zero-frequency value. Of equal importance
is the magnitude of the image DQE at zero frequency. From Equation
2.8, this value can be obtained experimentally by operating the imaging
system as a non-imaging detector. In the following three chapters,
these imaging and non-imaging properties on information transfer

efficiency will be studied both analytically and experimentally.



CHAPTER 3
INFORMATION TRANSFER

As discussed in the last chapter, piétorial information is
transmitted through statistically independent image channels char-
acterized by their signal (MIF) and noise (NPS) transfer properties.
In this chapter, various physical processes which contribute to the
system noise will be examined first by ignoring the imaging capability
of the system. This analysis provides greater physical insight as
to how the magnitude of image DQE is affected. In a subsequent math-
ematical treatment, imaging properties, such as system MIF and NPS,
are explored to derive the tranafer efficiencies of the image channels.
The effect of signal~induced background on information transfer will
also be discussed. Poisson statistiés on the primary quantum stream

is assumed in all theoretical treatments for this dissertation.

Non-imaging Properties

In an XRII, various high gain quantum conversion p;ocesses
occur which generate a burst of light pulses following the detection
of a primary x-ray photon. The number of such light pulses is sub-
Jjected to a random distribution because of the statistical nature
of the underlying physical processes. A spatial density distribution
of those recorded statistical units represents the pictorial informa-.

tion originally carried by the incident x-ray photon stream. Ignoring

17
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the image feature, the only information provided by the system is

the total number of counts on those secondary events.

Quantum Efficiency and Information Factor
Let us first imaginé that the recording device has a counting
ability to distinguish each and every statistical unit transmitted
by the system. Each detected x-ray photon would be registered as
a single event. The resulting signal-to-noise ratio is given by

the well-known Poissonian relation

(S/N)out =/nn_ , (3.1)

o

where n, is the mean number of the incident x-ray photons, and n
is the quantum efficiency of the x-ray sensor. Using Equations 2.1

and 2.2, the DQE is given simply by
DQE = n. (3.2)

However, XRII systems are commonly operated by integrating the second-
ary events rather than counting the primaries. Therefore, the statis-
tical fluctuations due to the gain mechanisms contribute to additional
uncertainty. Let us denote the mean gain provided by the system
by Us and the associated variance by 02 , then the mean W, variance
02, and the S/N of the output are given by

W=mnnu o,

2 2 2
g = (nno)us + (nno)os
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2 (3.3)
2 - US . .
(S/N)out - nn0 u2 +0_2
S S

The DQE for this integrating mode is thus given by

DQE (3.4)

n
=

The quantity I, called "information factor," was first introduced
by Swank (1973) in dealing with the noise properties of various types
[}

of x-ray phosphors. It was originally defined in an equivalent form
I - r—— (305)

due to the simplicity of its calculation from the measured pulse

height distribution. Here M, stands for the i moment of the distribu-
tion. For a cascaded system, the statisties of the resultant burst

of secondaries is derived from several independent statistical laws.
Since the information factor specifies any statistical distribution

in the information sense, it can be used either for each individual
physical process or a combination of such processes. However, it

should be noted that individual information factors cannot simply
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be cascaded in a system. As a special case at zero fequency in Appendix

B, the information factor of a complete system can be expressed as

L.l ,1 L g .1 L
I I &5 aom I3
1 1 M
1 1
oA —— (- 1) (3.6)
ml.. mn-l ol

where Ii and ﬁi are the information factor and the mean gain at

the i}

stage, respectively. From this expression, the information
factor of the whole system may be approximated by a single term if
a dominant quantum sink exists in the system. In an XRII system,
this is normally the case and the quantum sink is at the very first
CsI layer. Under such a condition

1

1
E (3-7)
I Il -

and the information factor is determined at the CsI layer.

Physical Parameters Affecting DQE

According to Equation 3.4, the DQE is determined by two factors:
the x=-ray quantum efficiency and the information factor resulting
from the scintillation distribution. For an XRII, the quantum effi-
ciency is determined by the CsI absorption o as well as by the x-
ray transmission Tw through the vacuum window which is an integral

part of the XRII,
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n= Twa (3-8)
(u/p)
PE, € u
S P PE.e {1 - expl - <pt>1} :
W (u/o)TOT,E o TOT‘,e
for x-ray photons with energy ¢. Here (pt) is the density-thickness

product and (u/pP) and (u/P) are the photoelectric and total

PE, TOT,e
mass attenuation coefficients of CsI, respectively.

The scintillation pulse height distribution is determined
by three major factors. Among these are 1) the incident x-ray energy
distribution (XED); 2) the absorbed energy distribution (AED); and
3) the optical pulse distribution (OPD). The influence of the first
factor on the information factor will be discussed later since it
is inherent to the incoming photon stream. The remaining two factors
are. due to various scintillation mechanisms and are dependent on
the primary x~ray photon energy. When an x-ray photon with energy
above the absorption edge qf cesium or ioQiné is absorbed by photo-
électric interaction, a characteristic x-ray may emit. The probability
for such emission depends on the vacancy probability and the fluores-
cent yield of the corresponding electron shell. For CsI, the only
significant fluorescences are due to the K-shells of Cs and I. Depend-
ing on the layer thickness, this characteristiec x-ray will either
be reabsorbed or will escape from the scintillating layer. As a
result of the k-escape effect, only partial energy of the primary
photon is deposited within the screen. Correspondingly, a "k-escape
peak" appears in the absorbed energy distribution in addipion to

the '"photo peak" which results from full photon energy deposition.
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A physical model from Swank (1973) is shown in Figure 3.1 to indicate
the details of x-ray interactions occuring in a CsI layer. This

model forms the basis of the numerical analyses in this dissertation
regarding the absorbed energy distribution and quantum efficiency.

In the figure, one also notices fine structure in the distribution

due to the escape of Ka and KB x-rays from Cs and I. However, to

the first order approximation, this structure can effectively be
considered aé a single line which is separated from the photo peak

K Let kf denote the k-escape

fraction, defined as the ratio of the number of escaped events o,

by an averaged K-fluorescent energy of ¢

to that of total detected events n,,

(3.9)

o™ |~

The information factor [IAED(S)] due to the absorbed energy distribu-

tion for primary photon energy € can be expressed as

[(-kpe + k E e )1°

(e) =

Torp e (3.10)

(l—kf)e2 + kf(e-ek)2
The k-escape fraction, kf, which characterizes the AED, is a function
sensitive to the CsI layer thickness. This thickness dependence
will be explored experimentally in Chapters 4 and 5 to verify the
validity of this physical model.

As a result of the deposited x-ray photon energy, a burst .

of optical photons is emitted with a statistical distribution (OPD).
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This distribution modifies the line structures of AED to the final
smoothed scintillation pulse height distribution (SPHD). Due to

the complexity of its underlying physical processes, the OPD is left
to be determined experimentally. For now, it is simply assumed that
this OPD contribution to information factor (IOPD) is a constant.
With this simplification, the information factor resulting from the

combined AED and OPD contribution is given by

IscIn (e) = IiED (e) Iopp ° (3.11)
where ISCIN is used to denote the information factor resulting from
the scintillation pulse height distribution. As this factor character-
izes the information degradation resulting from the scintillation
process, a synonym, called "scintillation DQE" (DQESCIN) is commonly
used. Henceforth, both terms will be used interchangeably.

Having discussed the scintillation process, one should deter-
mine the total information factor for a bremspectrum exposure, as
it is always used in clinical procedures. Due to its inherent energy
distribution, the incident x-ray photon stream affects the resultant
pulse height distribution in a complicated way. However, as derived
in Appendix A, the total information factor can be cascaded as

I=Iyep Iscy (3.12)
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if proper interpretations are given to its components. Here ISCIN

is the scintillation facfor‘averaged over a modified x-ray spectrum
as prescribed by Equation A.9, while IXED is the information factor
inherent to the absorbed x-ray spectrum as defined in Equation A.10.

As a result, the system information transfer efficiency DQE is given

by

nl

DQE

(3.13)
nTyeplscn »

'where n is the mean quantum efficiency over the incident x-ray spec-

trum.

Imaging Properties

For an imaging system, the most critical performance character-
istic is the image DQE as a function of spatial frequency. The image
signal transfer is determined by the system MIF and the noise transfer
by the system NPS. In this section, an analytical expreséion of
NPS will be derived to investigate the interplay between the signal

and noise propagations through a complicated system.

Image Signal Transfer

As a universal property of any direct-view intensifying imaging
device, a signal-induced background is presented at the output image
due to a variety of scattering processes. These processes force

image carrying quanta to deviate from their paths described by the



26
respective imaging optiecs. As a result, the point spread function,
PSF, of the system can be separated into two components: one resulting
from the micro-imaging effects and the other from those long range
scattering processes, as illustrated in Figure 3.2. Let us denote
the shapes of the micro-imaging and the background components by
Pi(r) and Pb(p), respectively, both with normalized area. The system

PSF can then be expressed as

P(r) = fiPi(r) + beb(r) , (3.14)

with

(3.15)

i
-
.

Here fi and fb are the energy fractions resulting in image formation
and the long range background, respectively. The corresponding system

MIF is given by

MIF(f) = £,MIF, (f) + £ MIF, (). (3.16)
The effect of signal-induced background is reflected as an abrupt
falloff at the low frequency range of the resultant system MIF.

Beyond a certain low frequency, the system transfers fewer image
details than if the signal-induced background is absent. Therefore,

this background, on first glance, seems to have an equal amount of
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effect on the detective quantum efficiency (see Equation 2.7). How-
ever, as will be determined by the analysis of NPS below, its effect

on the information transfer is much smaller than expected.

Image Noise Transfer

A cascaded intensifying imaging system transfers the image
noise in a complicated way, as each system component has its own
micro-imaging and statistical effect. However,'for a linear system,
the image noise property can be studied in an analytical form. With
reference to Figure 1.2, the XRII system is identified with seven
distinguishable stages with either a gain or a sink source to the
quantum propagation. Under normal operating conditions, the overall
system can be considered linear. Considering the information carriers
as a series of impulses, such as x-ray photons, photoelectrons, or
light photons, a.general NPS expression for an n-stage linear imaging

system is derived in Appendix B:

S P 2 , 1 1 _ 1 2
oe® =3 [ D @1t s 2 - D pr,m]
) 1 1 2 (3.17)
1 1 1 2 1
oo —— (I—' - —_—) Ian(f)I S — ] ’
ml"'mn—l n mn ml"'mn

where

qQ is the mean primary photon fluence absorbed,

m, is the mean gain of i-th stage,
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I is the Swank's information factor due to ith stage, and

i
Fin is the MIF cascaded from the ith stage throughout the remaining
imaging chain.
Here the only provision is that the input primary photon stream is
a Poisson random process.
At each stage, the noise power is inversely proportional
to the mean number of quanta incident with additional fluctuation
determined by the Swank's information factor. This componental noise

2 as cascaded

spectrum has a frequency dependence following the MIF
through the remaining system. The last term is simply the final
recording noise where no further transfer is encountered and no further
filtering is applied. In the case of a video pickup device, this

white noise is the electron shot noise associated with the readout
beam current. However, there are always electronic noise sources
associated with the video circuit. This electronic circuit noise

as a whole can independently be added to the final term and form

the baseline recording noise in the image. If a photographic film

is placed in the system as a recording medium, the final term can

be thought of as film grain noise although the analysis above is

not applicable to such a non-linear device. It is also interesting

to note that the quantum threshold requirement which causes the non-
linear response for a film may have a coupling effect on the indepen-
dent statistical packages when they are recorded as bursts of film

grains. This coupling efflect may sharpen the appearance of the recorded

quantum mottle originating from independent x-ray events. As a result,
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the NPS may show a broader spectrum compared with that recorded by
a linear system such as in the case of video camera tubes. Neverthe-
less, the system under study in this dissertation is linear and the
mathematical analysis developed thus far can readily be adapted to
the evaluatién of the information efficiency.

Among the various possible statistical processes in the system,

two special cases are worth noting. For Poisson and binomial statisties,
the informapion factors are given as

1+4m

(3.18)

m , Poisson
I-= {

m , binomial .

Consequently, their corresponding statistical factors in the NPS expres-

sion are

(3.19)

=R

1 1, Poisson
-

0, binomial .

The fact that the noise component resulting from a binomial process
vanishes greatly simplifies the analysis on NPS. However, this does
not imply that a binomial process does not introduce noise to a system.
Its effect is to reduce the number of quanta impinging on the following
stages and enhances the random fluctuations thereafter.

After identifying binomial processes in the system (see Figure
1.2), there remains only three noise components, namely, of the input
CsI layer, the output phosphor, and the recording medium. The NPS

of the system can then be expressed as
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@ =g UG- D [r @1+ == G- D 7,0

/
Aq q m mymyMy 4 m, (3.20)

with n=7.

The first tﬁo noise terms in this equation originate from
stages with gains both on the order of 2000. Since the information
factor cannot exceed unity, the statistical factors can be approximated
as

’
Lo oa 4o (3.21)
Therefore, the NPS expression is further simplified to

1.1
S LY (D —— 5, (5] ?

Aq/q 1

g1

+t———1 . (3.22)
mymomsT, 1" ™ -
These are the three NPS components in an XRII system, as will be
observed in Chapter 5.

It should be pointed out that this mathematical analysis
applies only to a linear system with each system component having
a "thin" quantum conversion layer. This notion is related to an
analysis made by Lubberts (1968). If a quantum conversion layer
provides different MIF from each sublayer, its NPS component will
not follow the combined layer MTFZ. However, in most modern x-ray

image intensifiers, the CsI scintillators are prepared with special
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techniques that result in a needle-like structure. Therefore, it
is a good approximation to assume that each sublayer contributes
identical blurring to the final image. Undér this assumption, the
CsI NPS component iﬁ Equation 3.22, which is of primary importance,

is a valid expression.

Effect of Signal-Induced Background on DQE

It was pointed out that the signal~-induced background degrades
the image signal transfer. In this subsection, its effect on noise
transfer is analyzed. As was discussed, any noise source originating
from a particular stage undergoes an equal amount of filtering just
as does the signal throughout the remaining imaging chain. A practical
exercise frequently used in.the measurement of the NPS of a screen-
,filﬁ combination is to introduce an air gap between these two compon-
ents to isolate the film grain noise from the primary x-ray quantum
mottle. In this practice, the quantum noise originating from the
input screen is filtered out by the air gap which is located behind
the noise source. Therefore, one can conclude that any induced Eack-
ground introduced behind the noise source will have an equal effect
on noise and signal reduction. In other words, this particular induced
background has no effect on information reduction caused by all the
noise sources which originated before it. Figure 3.3 shows all the
possible sources of XRII contrast reduction. As analyzed by Vosburgh
et al. (1977), the dominant component is the output phosphor where
light photons diffuse laterally along the interface between the phosphor

and its substrate. For a systes which is x-rar photon noise limited,



33

AAAUELIUURANUULERTNUIVERRARNN KRR AR ANARANN

o] T | ENTRANCE
a3l u,\\/ WINDOW

AN [

¥ pHOTO-
CATHODE

ELECTRODES AND
TUBE WALLS

ALUMINUM BACKING

[~ OUTPUT PHOSPHOR

SIS QUTPUT WINDOW

+ I |

| |

,* N\LiGHT OUTPUT
5

voYVY Y4 7 ™mw \AAj

Fig. 3.3. Sources of signal-induced background in an XRII.



34

only the x-ray scattering occuring prior to x-ray absorption contributes
to the information degradation. As will be determined in Chapter

5, its effect is practically negligible.



CHAPTER 4
EXPERIMENTAL METHODS

In this chapter experimental methods will be developed for
measuring the information-related characteristics of the system.
As discussed in Chapter 3, non-imaging properties such as quantum
‘ efficiency, sointillation DQE, and k-escape fraction are functions
of two independent parameters: x-ray photon energy and sensor thick-
ness. Experimental studies on those propgrties are described in
the first section. Measurements on the imaging properties, such
as signal-induced background, MIF, and NPS follow. Experimental
results and their implications on the inherent information efficiency

will be discussed in Chapter 5.

Non-imaging Properties

CsI Sensor Thickness

Five CsI x-ray image intensifiers with different layer thick-
nesses were used to study the thickness dependence of non-imaging
properties. Layer thickness was measured non-destructively by the
transmitted bremspectrum through an XRII as shown in Figure 4.1.
With sufficiently narrow beam geometry, one can observe the absorption
edges of Cs and I and calculate the "thickness" from the discontin-
uities of the spectrum. Let the spectral intensities just above

and below an absorption edge be denoted by I+ and I_. The
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density-thickness product due to one particular material in the scintil-

lating layer can be found by

I—
1n(3)
t = ———iEt- 4
YV N (4.1)

where &4 (M /P) is the discontinuity in mass attenuation coefficient
at the edge. Having identified the absorption edges of Cs and I

this way, the Csl layer density-thickness product can be calculated

by
(pt)CsI = (pt)Cs + (pt)I . (4.2)

Accuracy was tested by performing this measurement on an
experimental x-ray image intensifier made specifically for this purpose
by Siemens. This intensifier has a CsI thickness of 0.035 g/cm2
and a mean value of 0.0361 g/cm2 was found as averaged over three
trials with a standard deviation of 0.0015 g/cm?. The corresponding
error was about 4%. 1In additon to this test, measurements on materials
like dysprosium, ytterbium, and tungsten with known thicknesses showed
a similar accuracy. Of crucial importance for the accuracy of this
"method is that the x-ray beam geometry be sufficiently narrow so
that scatter can be avoided. An x-ray beam diameter of 2 mm or less

has proven to be sufficient.
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Pulse Height Distributions

Roehrig et al. (1979) used a fast counting technique to measure
the scintillation DQEs of an XRII and an x~ray screen. In the present
study, a more conventional analog integration method was adopted
to measure the pulse height distributions. The advantage of such
an approach is that the information~related properties of quantum
efficiency and scintillation DQE can be measured by the same technique.
At this point, one should distinguish two types of pulse height distribu-
tions. A scintillation pulse height distribution (SPHD) is obtained
by integrating all the scintillation pulses resulting from each and
every detected x-ray photon. On the other hand, a multiple pulse
height distribution (MPHD) is obtained by integrating all the scintil-
lation pulses emitted within a certain observation time without prior
knowledge of the number of x-ray photons to be detected. From the
SPHD, the scintillation DQE and k-escape fraction can be calculated
by Equations 3.5 and 3.9, respectively. The quantum efficiency can
be derived from the combination of the two distributions provided
the incident photon flux rate is known. Let us consider an MPHD
with mean um and variance Gﬁ resulting from repetitive integration
of the light pulses emitted within an integration time tT. The mean

number of absorbed x-ray photons in T is given simply by

u
m
ny =3 , (4.3)
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where us is the mean value in the corresponding SPHD. By a parallel
approach, this mean absorbed number can be obtained by considering

Equations 2.1 and 3.4,

.
DQE = £E£§Z§EE = Gﬁ? (4.4)
s T
= nDQEgary |

By identifying nn_ as n, we have

Q
=] Nlatm

(4.5)

DQESCIN |

Thé interesting implication from Equations 4.3 and 4.5 is that the
accuracy of the pulse height measurements can be self-tested. At
this point, we claim that this self-consistency is within an error
of 2% for all the measuements done by this method. By knowing the
incident flux rate ¢o’ the quantum efficiency is calculated according

to
=2 (4.6)

The experimental setup for pulse height distributions is
shown in Figure 4.2. Major components in this setup are the x-ray
source, PMI adaptor, and analog integrator. They are described separ-

ately in the following subsections.
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X-Ray Source and Calibration

The x-ray source used was a variable energy source marketed
by Amersham Searles as Model AMC.2084 with some modifications. It
utilizes Am 241 with a half-life of Y470 years to excite the K-fluores-
cence of six switch-selectable materials: thulium, terbium, cerium,
barium, silver, and molybdenum. The quasi-monoenergetic spectra
resulting from the first five materials were used to study the energy
dependence of the non-~imaging properties. Their spectral flux con-
tents, as shown in Table 4.1, were calibrated with a hyperpure german-
ium x-ray spectrometer which has an efficiency of practically 100%
for all energies concerned. The source was attached to a collimator/
holder with an exit aperture of 2 mm diameter as shown in Figure

4.3, This assembly was used during all measurements and calibrations.

PMI' Adaptor

The PMT adaptor was designed Specifically for in g;&g‘evalua-
tion of XRIIs in their clinical environment. Most XRIIs in e¢liniecal
use have their controls as an integral part of the x-ray generator's
control panel. In addition, the intensifiers are built into a housing
that carries the adjusted and focused collimating lens. This 1lens
is usually difficult to remove. Therefore, the PMI adaptor was de-
signed to be installed in place of the system's TV camera or cine
camera. It has an imaging lens with a focal length of f = 350 mm,
a variarle field aperture located at the focal plane of the imaging
lens, a baffle, and a photomultiplier. When coupled to an XRII through

its collimating lens, the adaptor permits measurement of the light



Table 4.1. X-Ray Source Lines and Associated Flux Levels (Collimator diameter: 2mm).

k-X-Ray Lines (keV)/flux (x—photons/s)

Fluorescent Source flux ¢ ka ka k8
Element (x-ray photons/s) 2 1 1
Tm 74.7 49.88/ 50.74/ 57.5/
21.34 36.02 12.95
Tb 69.2 43,74/ 44,48/ 50.4/
18.38 34,67 112,46
Ce 34.8 34.28/ 34.72/ 39.2/
9.1 17.5 5.68
Ba 46.3 31.82/ 32.19/ 36.4/
11.56 22,23 7.52
Ag 30.7 21.99/ 22.19/ 24,9/
7.55 14.81

sz

49/
4,37

51.7/
3.36

40.2/
1.67

37.3/
1.88

25.5/

~==5. 9hk e

Background

A B’
_— 59.49/
0.34
49.19/ 59.49/
0.48 0.45
49.19/ 59.49/
2.62 0.50
49.19/ 59.49/
1.51 0.88

*ksl and sz could not be resolved separately

A
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outputs from a small area to eliminate the dark background. The

variable field aperture was adjusted to be slightly larger than the
collimating pinhole of the x-ray source as projected onto the x-ray
sensing layer. This adjustment was verified by a much slower change

in PMT current during aperture adjustment.

Analog Integrator

The schematies of thé analog integrator are shown in Figures
4.4 and 4.5. Basically, it is a voltage sensitive integrator that
performs integration on the voltage drop provided by the load resistor
in the PMI's anode circuit. The integrator features internal and
external trigger functions and pileup rejection. Its integration
time ranges from 30 us to 100 ms, or it can be controlled by an ex-
ternal gate signal. The internal trigger mode is used for the scintil-
lation pulse height measurement. In this mode of operation, the
integration is synchronized with a detected x-ray event by a variable
threshold. A successful integration is concluded by sending out
a short command pulse to the multichannel analyzer (MCA) which then
samples the integrated value. However, if pileup occurs during the
integration period, the integration process terminates immediately
without sending out such a command pulse. At this time it is ready
for the next event. The integration time is typically set to 10
ms to account for the decay time of the intensifier's output phosphor.
For multiple pulse height measurement, the integrator is operated
on external trigger mode with a predetermined integration time.

In this case, the integrator performs simple integration under the
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control of an external gating signal which is independent of the
x-ray events. An MCA command pulse is always generated at the end
of integration and the pileup circuit is automatically disabled.
Typical integration times used for.the MPHD range from 100 ms to

400 ms, depending upon the x-ray sources used.

Imaging Properties

Signal-Induced Background

As discussed in Chapter 3, the PSF of the imaging system
can be separated into two components with their energy fractions
denoted by fi and fb. It is the energy fraction fb that is taken
out of the signal by the signal-induce& background. Refering to

Figure 3.2, there exists a range R., beyond which the system PSF

0’
is dominated by the background. Following the method introduced
by Stahnke and Heinrich (1966), this background energy fraction fb
can be measured with the help of a set of lead disecs.

Consider an XRII which is exposed uniformly within its useful
diameter. The brightness Bo at the center of the intensifier output

is given by

o

B = f¢oc P(r)dr = ¢0c 4.7)
0

where ¢o is the uniform x-ray exposure rate, and ¢ is the exposure-

to-brightness conversion factor.



48
By placing at the XRII input a lead disc with radius R
which is greater than Ro’ the corresponding center brightness B(R)

is given by

B(R)

q;ocP (x)dr

(4.8)

¢oc fb Pb(r)dr ,

=8 W8

since the PSF is dominated by the background.
By using a series of lead dises with different diameters, all larger
thanZRO,an extrapolated value at vanishingly small diameter can

be obtained,

-]

B(0) ¢oc fb Pb(r)dr

° (4.9)
= ¢°c fb

The energy fraction due to signal-induced background can be obtained

by

(4.10)

A commonly used index for signal-induced background is the "contrast

factor." This parameter is usually defined as

€=z =2 ' (4.11)
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with the lead disc radius, R, selected to be 10% of the useful XRII
area. Therefore, this method is simply an extension of normal practice
for the measurement of the contrast factor.

The experimental setup for contrast measurement is shown
in Figure 4.6. A lead diaphragm of the specified useful XRII input
diameter was placed in front of the intensifier to eliminate the
stray scattering outside the useful field. A Gamma Scientific photo-
metric lens with variable aperture was used to provide an optical
magnificétion of 2.5. With an image aperture diameter of 50um, the
total brightuess within a 20um diameter was measured by the PMT.
The lens mounting tube was carefully baffled to eliminate optical
veiling glare introduced by the measuring’ device. With this setup,
a contrast factor greater than 2000 was achieved when the measuring
device viewed a 1 mm diameter black spot surrounded by a 25 mm diameter
luminating area. This amount of veiling glare was negligible as
compared to the contrast factor provided by the XRII. The diameter
of the lead discs used ranged from 4 to 117 mm with a 2 mm step below
20 mm. From prior experience on the resolution test of this particular
intensifier, the 4 mm diameter was sufficient to cover the short

range PSF in any of the three XRII magnification modes.

General Experimental Conditions

In Equation 2.7 the DQE(f) is derived from two imaging prop-
erties, the MIF and the NPS. Meaningful results can be obtained
only if both quantities are measured under the same or nearly the

same conditions. In addition, precautions must be exercised for
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the absolute measurement of NPS. It is therefore necessary to discuss
some general considerations before the experimental methods are des-
cribed.
The experimental system in Figure 1.2 was used for both the
MIF and the NPS measurements. By the same reasoning discussed earlier,
a lead diaphragm was used to limit the x-ray flux to a useful input
diameter, For each pair of measurement, the NPS was done immediately
after the MIF data were taken without changing any experimental condition.
Since the NPS is an absolute quantity, it should be measured
with great caution, especially when a video camera tube is used as
the image pick-up device. A phenomenon commonly known as "lag" exists
in all video tubes due to the electrostatic properties of the electron
beam. Simply speaking, the lag is the inability to read out all
the charges stored on the target during one raster scan. As a result,
the charges read out in one scan consist of information recorded
during previous exposure frames. This éorrelation among exposures
is certainly not desirable for a meaningful NPS measurement. There-
fore, a microprocessor-based camera control system was developed
which modified the normal camera operation in a totally programmable
fashion. This flexibility enabled us to make a series of uncorrelated
images from independent exposures. Figure 4.7a shows the timing
relationship among the x-ray exposure, the electron beam, and the
image recording for a typical NPS run. The exposure was synchronized
to the camera operation with a fixed exposure time of 20 ms. Immediately

prior to exposure, the electron beam was shut off (blanked) for one
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33.3 ms frame to perform charge integration. The extra 13.3 ms takes
care of the XRII phosphor decay so that the delayed light photon
emissions are collected. Within the next frame, the charge pattern

was read out with a sequential (non-interlaced) scan, and recorded

by the digital memory. During the remainder of the cycle, the electron
beam is constantly reading to erase the residual charges. With a
cycle time of 1.5 seconds, 43 erasure scans were used. This scheme
ensured that recorded noise images were independent of each other,
although readout efficiency was sacrificed.

Compared with screen-film, the PEID system is a rather flexible
imaging chain. There are several variables, such as XRII magnifica-
tion, lens aperture, video gain, and even the black level, that can
be.selected for a particular application. While each system parameter
affects the system performance to some extent, it is practically
impossible to evaiuate them all in a single study. Since the XRII
is of primary importance, the remaining components will be treated
as a single unit with fixed parameters during this study.

The tandem configuration was composed of a 100 mm f/1.5 col-
limating lens and a 400 mm f/6 imaging lens, both operating at their
maximum speeds in order to isolate the three NPS components. The
400 mm/100 mm focal ratio was chosen simply because of the limited
512x512 digital store format. The raster was adjusted to a 16 mm
square and the video gain was set to deliver 800 mV for a signal
current of 150 nA. For all the measurements, the exposure was adjusted

so that a level of 800 mV was recorded. X-ray exposure was monitored
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during the experiment by a dosimeter. The pedestal level was fixed
to 40 mV and corrected in the data analysis.

The imaging properties were investigated with three different
x=-ray spectra, 50 kVp, 80 kVp, and 90 kVp with 0.25 mm Cu filtration
in two XRII magnification modes,vU" and 9", under the above general
conditions. In addition to these, three special measurements were
performed to provide supplementary information to the general analysis.
We will describe them briefly together with the special conditions

involved.

Special Experimental Conditions

The system behavior under high flux was studied using 20
times the normal exposure rate. In this study, the optical collection
efficiency was reduced correspondingly by stopping down the lens
together with a neutral density filter inserted in the optical path.
Exposure time and the other parameters were left unchanged.

According to Equation 3.21, the system NPS is composed of
three components. In order to eliminate the NPS component resulting
from the scintillation layer, the XRII was excited by a fluorescent
lamp. This was possible after removal of the normally non-transparent
cover of the XRII housing. Due to the inefficient transmission of
light photons through the XRII window, the output screen provided
a relatively low brightness. Consequently, a long integration time
was needed for the camera tube to reach the required signal current.
This integration was done by programming the camera controller into

an internal frame integration mode without involving a mechanical
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shutter. Figure 4.7b shows the timing diagram. During a preparation
period, a negligible amount of signal current is constantly read .
out due to the constant low illumination. The camera is then blanked
for charge integration for a 30-frame interval (1 second) which results
in the required 800 mV signal level. The beam is then turned on

to read out the integrated signal and the preparation period starts.
This cycle is repeated every 2 seconds. By this scheﬁe, there is

no correlation among the recorded noise images. However, thére is

a small amount of residual =ignal in each recorded frame due to the
constant low {llumination Jjust before the integration. Compared
with the 30-frame integration interval, these residual charges can
actually be neglected.

The last NPS component due to the camera tube itself was
obtained by exposing the caméra tube directly with a defocused uniform
light source. 'An interference filter at 550 nm was inserted in the_
light path to reduce the illumination so that a compafable integration
time can be used. The light intensity was reduced to a level such

that a 12-frame integration was used with the same repetition rate.

Modulation Transfer Function

The MIF was measured with a set of x-ray patterns composed
of a series of 50-um thick lead strips of 50% duty cycle.. The sine
wave modulation of the fundamental Fourier component was extracted
from the recorded modulation profile. In order to improve the signal-
to-noise ratio, profile data were obtained by summing the five center

scan lines for ten repeated exposures. A cardboard pattern holder
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was mounted directly on the XRII input plane to permit easy change
of the patterns. This holder was carefully aligned such that the
edge deviated by only one pixel across the whole length of the recorded
image. ‘

The input modulation of the test patterns was calibrated
against the XRII by x-ray transmission measurement. A coarse pattern
was placed in front of the XRII to intercept a collimated x-ray beam
of 2-mm diameter. The XRII output brightness was then measured by
the same arrangement as in Figure 4.6. An imaging aperture of 4§

mm was used. By passing the x-ray beam through the clear and black
areas of the pattern, the corresponding brightnesses Bo and Bb were
measured. The input sine'wave modulation is then given by

(By = B)

= —— (4.12)
7r(B0 + Bb)

*o
where w converts the squarewﬁave modulation to sine wave modulation.
By the assumption that all the x-ray patterns had equal thicknesses,
the modulation transfers were obtained simply by the ratio of output
modulations to this input modulation.

In order to isolate the MIF of the XRII, the MIF of the lens/camera
combination must be determined. This was done by replacing the XRII
with an Ealing high resolution pattern mounted on a uniform light

source. The input square wave modulation for this pattern was assumed

to be 100%.
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Algorithm of NPS Calculation

For each NPS measurement, 14 independent noise image frames
made from uniform exposures were recorded. As the first step, each
frame was shading-corrected by a low-pass~filtered reference image
derived from the average of all 14 frames. Each corrected frame
was then divided into six segments as shown in Figure 4.8. Within
each segment, the lines were summed vertieal;y for the slit synthesis
in order to obtain a radial slice of the two-dimensional NPS. This
gave an equivalent slit dimension of 1 x 128 pixels, or 87 pm x 11
mm at the object plane for 9" operation. At this point, six independent
noise profiles were obtained for each frame, each 256 samples long.
A first-order least-square fit was then applied to obtain a smoothed
meaﬁ curve. The noise profile was then normalized, point by point,
to its local mean for use in the calculation of the relative.noise
power spectrum, WAQ/q.

For the sake of clarity, let us denote by the symbol Wi
the relative noise profile of the kth segment of the ith frame.
The next step was to subtract two noise profiles with the same segment
index from two different frames,

W, =W i#3J. (4.13)

ki kj?

This substracted noise profile is then Fourier transformed, squared,
and accumulated. This subtraction process was done for all segments

on all permuted pairs of frames,
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6 12 14
LI I
i 4=

k 1 j=i+2

- 2 (4.14)
9{‘%1 ij} l .
Let N denote the number of such subtractions. The relative noise

power spectrum is then given by

Iy ? y

W =
Aq/q 2N °

where Ly is the physical slit length, and X is the physical width
of the noise profile. (Note that a factor of two is involved, as
the subtraction process effectively doubles the noise power.)

With 6x14 independent samples, the statistical error is esti-
mated to be 11%. This fluctuation can be reduced if frequency resolu-
tion is sacrificed. For the data presented in the next chapter,
the highest frequency resolution is preserved, since the shape of.

NPS is as important as the absolute value. A high degree of permuta-
tion was necessary to average out the cross power due to subtraction.
An analysis of NPS by a simple permutation showed significantly more

fluctuation in the resultant spectrum.l

Subtraction was of crucial importance. Figure 4.9 shows
sample noise images before and after subtraction. Those images resulted
from the excitation of the XRII with visible fluorescent light.

The phosphor granularity is quite noticeable in the raw image, and
is removed by the subtraction procedure. By looking at the line

profiles, one observes an appreciable amount of medium-frequency



Hig. 4.9,

Noise images before and after subtraction of
fixed-pattern noise of output phosphor.

Left: before subtraction
Right: after subtraction
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noise components. The mean squared noise in the raw image is obviously
greater than that of the subtracted image, even though the subtraction

effectively doubles the random noise power.



CHAPTER 5

RESULTS AND DISCUSSION

This chapter compares the experimental findings with the
numerical calculations developed in Chapter 3. Special considerations

for the design of a new system are also discussed.

Numerical Calculations

Numerical calculations on the quantum efficiency, seintillation
DQE, and DQE of a bremspectrum exposure are presented in this chapter
along with their experimental data. X-ray data involved in the calcula-
tions were taken from Plechaty et al. (1975). A computer program
was developed to calculate the quantum absorption and the k-escape
probability for a given x-ray energy and CsI thickness. In the pro-
gram, the total thickness was divided into sublayers with a thickness
of 1/10Qth that of the mean free path of the primary x-ray photon.
The k-escape probability was calculated for each sublayer by assuming
that the fluorescent x-rays are emitted isotropically. Due to a
lack of knowledge on the composition and thickness of the intensifiers'
-vacuum windows, Pyrex glass was assumed for all five XRIIs unless
a special window material is specifically noted. Thickness was esti-
mated by fitting the experimentally measured quantum efficiency data.
By this procedure, as will be seen later, a reasonably good agreement

was achieved.
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For measurement which involved a bremspectrum, the relative
spectrum was calculated under the assumption of a thick tungsten
target (Johns and Cunningham, 1981). A 2 mm inherent aluminum filtra-
tion was also assumed. This relative spectrum was converted to ab-
solute photon fluence by the measured exposure. For x-ray tube volt-
ages above 80kV, the tungsten characteristic lines were included
in the calculation. This calculation was based on the K-fluorescent
yields of tungsten reported by Hoffman and Phelps (1974). A quadratic
equation relating the K-fluorescence to the x-ray tube peak voltage
was obtained by the least-square fit. From the calculated bremspec-

trum, the DQE was then evaluated according to Equation 3.13.

Non-imaging Properties

Scintillation Distribution

The scintillation pulse height distributions (SPHDs) for
five XRIIs and five energies are shown in Figue 5.1. The distributions
are ordered by increasing source effective energy from left to right
and by increasing CsI layer thickness from top to bottom. Under
each of the distributions, the corresponding scintillation DQE is
listed.

As the incident energy is increased beyond the absorption
edge of Cs or I, one notices more and more k-escapes. They also
occur with the Ba and Ce sources because some of their lines are
above the I or Cs edge (see Table 4.1). The small peak at the right
side of the Ag distribution, however, is caused by the Am 241 back-

ground. This background is always excluded for the analysis.
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As was discussed in Chapter 3, the scintillation DQE is deter-
mined by two mechanisms: the AED and the OPD. From Equation 3.10,
the AED starts contributing its effect once the k-escape occﬁrs.
This contribution is noted on Figure 5.1 as a general trend of decreas-
ing DQE as the escape effect becomes more pronounced. However, at
higher photon energies the fractional energy loss due to k-escaﬁe
decreases. This explains the higher DQE value for the Tm source
as ccmpared with that for 7Tb.

The x~ray energy dependence of the optical pulse distribution
(OPD) was analyzed using the photo peak distributions. For SPHD
showing a k-escape effect, the overlapped region was resolved by
curve fitting. The pertinent first order statistical parameters
of the resultant distributions are listed in Table 5.1. The relation-
ship between the variance and the mean is of primary interest, as
it indicates the nature of the statistical process. If the OPD was
determined mainly by the Bcintillation conversion process, a Poisson-
like distribution resulted, indicating a lihear relationship between
the variance and mean. On the other hand, if the OPD was dominated
by unequal light propagation from different parts of the CsI scintil-
lator, the standard deviation instead followedlthe mean (Swank, 1973).
In this case, the information factor resulting from the OPD would
be a constant (see Equation 3.4). However, the table shows that
neither of these cases is followed. With the exception of Ag, a
general trend is observed as a relatively narrower distribution as

the energy increases. Nevertheless, its information factor, IOPD’
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Table 5.1, First-order Statistical Parameters of Photo-peak
Distributions (XRII: Thomson-CSF compact)
Effective 2
Source o/m 0" /m I
Energy (keV) (keV) OPD
Tm 52 0.169 1.51 0.972
Tb 46 0.184 1.61 0.967
Ce 37 0.238 2.06 0.946
Ba 34 0.257 2.41 0.938
Ag 25 0.234 1.25 0.948
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1s a rather insensitive function of the energy as shown in tﬁe last
column, indicating a range from 0.94 to 0.97 with a maximum difference
of 3%. This confirms our previous assumption about the constant
IOPD in Chapter 3. In the following analysis, a mean value of 0.95
would be used, resulting in an error of no more than 2%.
The thickness dependence on AED is more interesting. In
Figure 5.1, as one follows the vertical direction on the Tm source,
one observes a trend of decreasing k-escape fraction as the layer
thickness increaseg. Figure 5.2 shows the measured k-escape fractions
of the five XRIIs at the 52 keV x-ray energy. For comparison, a
calculated curve is also shown in the figure. With but one exception,
the measured values agree within 4% with the theoretical ones. The
exgéption occurs for the 14" Philips intensifier with a measured
CsI layer thickness of 76 mg/cmz. Its high k-escape fraction is
also observed for Sther x-ray energies as shown in Figure 5.1. One
possible explanation for this peculiar behavior is given below.
During the measurements of sensor thickness, materials in
addition to cesium -4 iodine were noticed in the traqsmitted spectra
of some XRIIs, as demonstrated in Figure 5.3. Of the five XRIIs
used in this study, the two Varian intensifiers show appreciable
amounts of barium, while the Philips intensifier shows both barium
and lanthanum in their spectra. The locations of these additional
high-Z materials remained a mystery for a long time. It was finally
determined for the Varian intensifiers that barium was located in

the output window to absorb the transmitted x-rays. However, the



i

ey

MU

1) _" !

I:,t.j

K-escape Fraction (%)
wn

Ced

-~
| 2o |

l:s:c

68

X-ray photon energy: 52 keV

—— calculated
O measured

& ' A A 'l L A i k1 A '} a2

PO B | Y PO .
& 28 16 12a 148

CsI Layer Thickness (mg/cm?)

Fig. 5.2. K-escape fraction as a function of CsI layer

thickness,



69

(a) Siemens special XRII
(pt)I = 0,0173 g/cm2

(pt)CS = 0.0188 g/cm2
_ 2
(pt)CSI = 0,0361 g/cm

(b) Varian 9-in. 6-in. very high
resolution

(pt)I = 0.0142 g/cm2
(pt)CS = 0.0168 g/cm2
(pt)CSI = (0.0309 g/;m2
(pt)Ba = 0.046 g/cm

(c) Philips l4-in. 9-in. 6-in.
(o), = 0.0376 g/cm’
(pt)Cs = 0.0385 g/cm2
(pt) = 0.076 g/cm2
CsI 9
(pt)Ba = 0.016 g/cm
_ 2

Fig. 5.3.

X-ray spectra transmitted by various
x-ray image intensifiers.
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mystery still exists for the Philips intensifier. Its high k-escape
fraction could be understood if either barium or lanthanum was located

in its scintillation layer resulting in additional k-escapes.

Quantum Efficiency and DQE

Figure 5.4 shows a typical MPHD with a short integration
time, together with the theoretical Poisson distributions. The dis-
crete character is clearly noticeable and is washed out gradually
due to the secintillation distributions With the aid of the correspond-
ing SPHD, the quantum efficiency is calculated by Equation 4.3 or
4.5. As pointed out earlier, the results obtained by these two equations
were in self-agreement of 2% for all measurements. With the quantum
efficiency data at hand, the window thickness is fitﬁed with the
theoretical calculations. In the calculation, spectral lines of
individual sources were considered.

Table 5.2 provides an easy comparison of all measured and
calculated values of quantum efficiency, scintillation DQE, and total
DQE. The experimental values constitute averages over several measure-
ments, often as many as five. The calculated and meésured quantum
efficiences are listed in row (a) and row (b), respectively. 1In
most cases, their correlation is within a few percent. This correla-
tion again confirms the validity of the calculations.

The last column lists the total DQE, the product of measured
quantum efficiency and scintillation DQE. From the results, an inform-
ation transfer efficiency of from 30 to 50% over the diagn&stic ener-

gies can be expected for most commercially available XRIIs.
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Table 5.2.

Summary of Non-imaging Properties of Five XRIIs for Five X-ray Energies.

optic output

Window CsI
X-ray Image Material/ Layer
Intensifiers thickness thickness
Under Test (mg/cm?) (mg/cm2)
Thomson CSF Glass 71
4-6-9-1in. 750
compact :
Thomson CSF Glass 100
4~6-9-in. IV 600
Philips Titanium 76
6-9-14-in. 100
Varian 6-9- Glass 82
in. Glass 750
output
Varian 6-9- Glass 92
in. Fiber- 750

a)
b)

a)
b)

a)
b)

a)
b)

a)
b)

Quantum Efficiency

Scintillation DQE DQE
(%) (%) (%)
Source, Effective Energy ‘(keV)
Ag Ba Ce Tb Tm Ag Ba Ce Tb Tm Ag Ba Ce Tb Tm
25 34 37 46 52 25 34 37 46 52 25 34 37 46 52
23 29 42 53 47
24 28 43 53 51 95 93 91 84 85 23 26 39 44 43
34 40 53 65 59
29 41 52 63 57 93 91 88 86 86 27 37 46 54 49
27 34 48 61 54
30 34 47 62 56 92 90 86 83 84 28 31 41 52 46
25 32 45 57 51
28 34 40 52 49 92 91 91 85 85 26 31 36 44 42
26 35 48 60 55
30 36 46 63 58 93 91 91 83 85 28 42 52 50

33

a) calculated by Eq. (3.8)

b) measured by pulse height distributions

(44
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Imaging Properties

A Thomson-CSF compact XRII (Model TH 9428D GK-V) was used
in the study of imaging properties (see Table 5.2). It has three
internal electronic magnifications to provide a 9", 6", or 4" nominal

input field. The 9" and 4" modes were used in this study.

Signal-Induced Background and X-Ray Scatter

The amount of signal-induced background was studied first
to serve two purposes. Experimental consistency can be verified
by comparing it with the corresponding MIF measurement. Most important-
ly, the amount of x-ray scatter within the XRII can be estimated
by analyzing the contrast data for different x-ray spectra. The
results of the contrast measurements are shown in Figure 5.5 for
both 9" and 4" modes. During the measurements, x-ray exposure rates
were adjusted so that the same brightness level, Bo’ was recorded.
This reference brightness was obtained with 60 mR/mn for thé 50 kVp
spectrum in the 9" mode.

The effect of scattering can be observed as the lower contrast
for the higher effective x-ray energy in either mode. As was derived
in Equation 4.10, the extrapolated contrast factor at vanishingly
small disc diameter is the inverse of the energy fraction fb of the
background. Table 5.3 lists these background energy fractions for
easy comparison and reference. Row 3 shows the amount of scatter
resulting from the difference between the 50 kVp and 90 kVp spectra.
It ciearly indicates that the scattering effect is significantly

less for the 4" mode due to its smaller input field. At 50 kVp,
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Table 5.3.

and Three X-ray Spectra

Background Energy Fractions for two Magnification Modes

75

Spectrum 9" Mode 4" Mode
1. 50 kVp 19.8% 20.4%
2. 80 kVp 21.3% -
3. 90 kVp 22.8% 21.2%
4. row 3-row 1 3.0% 0.82%
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the 4" mode has a slightly higher background than expected, as a
higher electron density near the weak field cathode region results

in more electron scattering. However, due to the proximity of these
two values, one may assume that the x-ray scatter is negligible for
this spectrum. Correspondingly, the numbers listed in Row 4 represent
the total scatter fractions for the 90 kVp spectrum as 3% and 0.9%

for the 9" and 4" modes, respectively.

As was previously discussed, x-ray scattering reduces the
image contrast without affecting the noise power spectrum. According
to Equation 2.7, the DQE is reduced correspondingly by the square
of the x-ray scatter fraction. Therefore, in the worst case as for
90 kVp at the 9" mode, the information loss resulting from x-ray

scattering is 6%.

Modulation Transfer Function

Figure 5.6 shows two MIF curves for the 80 kVp spectrum at
the 9" mode. The lower curve is the MIF of the overall system and
the upper one is that of the XRII alone, as corrected by the lens/camera
contribution. System MIFs will be used in connection with the NPS
discussion, since the emphasis there is their ratio which determines
the information bandwidth. Correction on both quantities is therefore
unnecessary. In this subsection, all discussions are related to
the MIF of the XRII alone.

Two aspects of MIF can be discussed, namely its contrast
reduction and spatial behavior. From Equation 3.15, the extrapolated

MIF at zero frequency is simply given by fi=1-fb. Therefore, the
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80 kVp, 9" mode
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Fig. 5.6. Modulation transfer function of the overall system

and XRII alone.
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amount of contrast reduction fb can be compared with that obtained
by the contrast measurements. A 20.7% contrast reduction is noted
in this figure as compared to 21.3% in Table 5.3 for 80 kVp at the
9" mode. This agreement holds for all other measurements within
an error of T%.

The spatial behavior of the MIF is independent of the x-ray
spectrum, as anticipated. Figure 5.7 shows the MIF for three spectra
at the 9" mode. The deviation of 90 kVp MIF at higher frequencies
is simply due to the incapability of curve fitting Qith a limited
number of data points. Except for a constant scaling factor, the
three follow the same frequency dependence.

Figure 5.8 shows the MIF of the 4" and 9" modes at 80 KVp.

At the 5% cutoff, the MIF bandwidths are 2.8 and 4 cycles/mm for

the 9" and 4" modes, respectively.

Noise Power Spectrum

The three noise components of the system were obtained from
NPS measurements found after exposure of the XRII to x-rays and to
visible light and after exposure of the video camera tube to visible
light. The results are shown in Figure 5.9. For the case of the
X-ray exposure, the resultant NPS contains all the three system com-
ponents. However, in the case of light exposure on the x-ray image
intensifier, the Csl scintillator acts as a binomial stage for trans-
mitting the light photons. Therefore, the CsI noise component is
eliminated from the resultant spectrum (notice: 1light exposures

to the x-ray image intensifiers were possible after removal of the
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light absorbing protective cover of the XII housing). The bottom
curve shows the recording white noise which was obtained by light
exposure of the video cémeré tube.

From these three measurements, the three NPS components can
be isolated by subtracting one curve from the other. Figure 5.10
shows these three NPS components. In this figure, the phosphor
shows a smaller but significantly wider NPS than does the Csl layer.
At all frequencies, its NPS is small as compa;ed to either the CsI
component or the white noise. Therefore, the phosphor NPS component
is omitted from the following discussion regarding the system noise.

At zero frequency, the quantum gain accumulated up to the
output phosphor can be determined by the ratio of the NPS values
of the CSI layer and the output phosphor. This gain is determined
to be about 80. Similarly, the gain of the whole system is estimated
to be 600. For comparison, these two measured gains are listed in-
Table 5.4 along with the calculated gain of each system component.
A mean deposited energy of 41 keV calculated for the 90 kVp spectrum
was used for the calculation. The readout efficiency of 35% was
estimated from the lag characteristics. General agreement exists
between them.

Experimental consistency can further be verified by Figure
5.11, which shows the NPS resulting from two exposure levels. The
high exposure was accurately controlled to be 20 times that of the
other, resulting in the same recording level. Correspondingly, both

the system gain and NPS are expected to be reduced by the same factor.
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Table 5.4. Cumulative Quantum Gain at Each System Component
(Mean Deposited X~ray Photon Energy: 41 keV¥)

Stage Quantum Cumulative Measured
8 Conversion Gain
1. Csl Scintillator 50 scintillations/ 2050 photons -
keV
2. Photocathode 5% 103 photo- -
electrons
3. Electron Opticé 80% 82 electrons 80
4, Output Phosphor#*#* 63 photons/keV l.3x105 photons -~
5. Lens#*#% 3.2% 4060 photons -
6. Video Sensor 60% 2440 electrons -
7. Readout 35% 850 electrons 600

*Calculated for 90 kVp bremspectrum with 0.25mm Cu filtration
**Anode voltage = 32 kV
*%*%F/1.5 Collimating lens; phosphor substrate.index of 1.5; and tandem
lens transmission of 70%
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This is confirmed in the figure where the two noise power spectra
are presented on a logarithmic scale. The high exposure curve is
- separated from the other by a factor of about 20 and they are in
parallel up to 1 cycles/mm. This indicates that the shape of the
noise power spectrum is practically independent of the exposure level.

Figure 5.12 shows on a linear scale the NPS curves of three
x-ray spectra. The lowest curve corresponds to the 50 kVp spectrum
while the highest one corresponds to 90 KVp. As the system gain
is linearly proportional to the mean deposited x-ray energy within
the CsI layer so is the zero~-frequency NPS value. The mean deposited
energies for the 90 kvP, 80 kvP, and 50 kVp spectra were calculated
to be 40.8 keV, 33.1 keV, and 28.3 keV, respectively. To compare
them with the measured NPS data, we chose the 90 kVp spectrum as
an absolute reference by converting its NPS value of 24.6 um to 40.8
keV deposited energy. The corresponding measured energies are deter-
mined to be 32.8 keV and 26.9 keV for the 80 kVp and 50 kVp spectra,
respectively, in very close agreement with calculated ones. The
maximum deviation is 5%.

The relationship between NPS and MTF2 is of primary importance,
as it determines the image information transfer efficiency of the
éystem. As discussed in Chapter 3, the CsI NPS component follows
the system MTF2 dependence under the assumption that its needle-like
layer structure eliminateé the thickness effect. The validity of
this assumption is illustrated in Figure 5.13 for 9" mode data, where

the MTF2 curve is scaled to coincide with the NPS curve. The ratio
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of MTF2 and NPS, which is proportional to DQE, is also shown in ar-
bitrary units. We will call this ratio "normalized DQE" for ease

of reference. The normalized DQE shows a nearly constant information
bandwidth up to 3 cycles/mm. 'Beyond this point the baseline noise
dominates the system and no experimental data on the CsI NPS component
can be derived. At this frequency, the normalized DQE decreases

by a factor of 3 from the zero frequency value. The fpequenoy range

is extended in Figure 5.14 for the 4" mode data. In this figure,

the normalized DQE is reduced by factors of 3 and 6 at 3 cycles/mm

and 5 cycles/mm, respectively. It can be argued that a DQE reduction
by a factor of 6 corresponds to an equivalent MIF of 40% for a system
with a white noise spectrum. This is a rather satisfactory perfor-
mance. Furthermore, as will be discussed below, the system information
bandwidth is always limited by other noise sources. The inherent

wide information band provided by the CsI layer can be realized only
within a certain range. Therefore, the effect of the CsI thickness

on the MTF2 dependence of NPS can be neglected for all practical
purposes. In other words, we will consider the CsI layer to be provid-
ing'a flat information band when system information efficiency is
evaluated.

The normalized DQE for the experimental system is illustrated
in Figure 5.15, together with its constituent MTF2 and NPS., It shows
a constant image information efficiency up to 2 cycles/mm. Beyond
this frequency, the normalized DQE decreases gradually to a point

where the baseline noise dominates the system. From this point,
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the DQE drops at the same rate as does the MTFZ. This is the general

pattern of the image information transfer efficiency of an XRII system.
It is the constant region which provides efficient image information
transfer. The system parameters which determine this bandwidth will
be emphasized later in this chapter.

As illustrated in Figure 4.9, an appreciable amount of fixed-
pattern phosphor granularity was presented in the noise image. Figure
5.16 shows its effect on the resultant NPS. This was based on an
analysis with the same data set as in the previous figure with the
exception that the subtraction algorithm was removed from the NPS
calculation. A significantly wider NPS spectrum was obtained, demon-
strating the importance of the subtraction process used in NPS anal-
ysis. |

As well, these experimental results are the direct consequence
of the system linearity as discussed in Chapter 3. . When a photographic
film is used in an XRII system to record the image, as in cinefluro-
graphy, a grain coupling effect on the recorded NPS may arise. An
early attempt to study this effect was made before the significant
phosphor granularity was realized. Due to an inability to precisely
register two film samples, the phosphor granularity contribution
to NPS could not be removed Consequently, no conclusive result

was obtained on this grain coupling effect.

Detective Quantum Efficiency

From the knowledge of the input x-ray photon fluence, the

complete image information transfer efficiency [DQE(f)] can be
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Fig. 5.16. Noilse power spectrum obtained without subtraction
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determined by Equation 3.6. The input photon fluence was obtained

from the measured exposure using the calculated exposure-to-photon-
fluence conversion factor. The image DQE of the CSI layer resulting
from the three spectra at the 9" mode are shown in Figure 5.17.

They have a similar frequency dependence with a reasonably flat bandwidth
of 3 cycles/mm. Their zero-frequency DQE values are listed in Table

5.5 along with the calculated values. Also shown in this table are

the calculated information factors (see Equation 3.13) and the exposure-
related data. The zero frequency DQE values vary slighty being higher
for the 90 kVp and 80 kVp spectra than for the 50 kVp spectrum.

At first glance, one would expect a higher DQE at lower energy because
of the increased energy absorption at lower energy. ‘However, this
higher energy absorption is off'set by a lower energy transmission

of the vacuum window. In Figure 5.18, the system DQE for the 90

kVp spectrum in the 9" mode is displayed in absolute units for future

reference.

Design Considerations

Up to this point, the information properties of an experimental
XRII system have been systematically analyzed. Physical and mathe-
matical models have correctly been predicting the experimental results.
Consequently, a high performance system can properly be designed
with special consideration implied by these analytical models. These
design considerations will be discussed based on the experimental

data of the 90 kVp spectrum at the 9" mode.
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Table 5.5. Measured and Calculated DQE for Three X-Ray Spectra
(XRII: Thomson-CSF compact, CsI = 71.7 mg/cm4,
Pyrex window = 750 mg/cm2)

Spectrum 90 kVp 80 kVp 50 kVp
(228 mg/cm” Cu) .

Exposure

(mR) ) 0.27 0.66 1.74
Photon fluence 4 4 5
(photons /mm?) 7.14 x 10 9.31 x 10 1.84 x 10
Quantum
Efficiency 0.382 0.364 0.315
IXED | 0.939 0.944 0.985
T *
ISCIN 0.849 0.837 0.846
DQE. (calculated) 0.305 0.288 _ 0.263
DQE (measured) 0.30 0.30 0.25
*T = 0,95 used in the calculation

OPD
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So far, all experimental results presented in this chapter
were obtained in an unconventional arrangement in order to study
the details of the system. As noted in Chapter 4, an imaging lens
was selected to provide an extraordinarily large optical magnification
to overcome the limited digital storage format. The system was also
operated at its maximum gain in order to study the detailed noise
properties. Correspondingly, the x-ray exposure was relatively low
as compared to the normal exposure level required for diagnostic
radiogréphs. To study a system which resembles the ones currently
in clinical use, the 400 mm imaging lens was replaced by a 135 mm
lens, providing a magnification of 1.35 to match the intensifier's
useful output diameter to that of the video camera tube. An x-ray
exposure of 1 mR was used to simulate the practical situationf The
lens was stopped down such that the same recording level used in
previous'experiments was obtained. Figgre 5.19 shows the resultsf
In this arrangement, the maximum frequency of 1.9 cycles/mm corresponds
to thg Nyquist sampling frequency of the 512x512 digital store format.
One immediately notices that the information bandwidth is reduced
to about 0.8 cycles/mm as compared to 2 cycles/mm in Figure 5.15.
This reduction is caused by two basic parameters of the video camera
tube, namely its resolution and its charge storage capacity. These
two factors are reflected in this figure as poor system MIF and low
system gain.

As previously discussed, information bandwidth is limited

by baseline white noise. In other words, the system transfers the
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image information up to a frequency where the primary NPS component,
resulting from the CsI layer, decreases to a level comparable to

the baseline white noise. Since the ratio of these two noise compon-
ents equals the system gain, this cutoff frequency, fc’ is reached

when the product of the system gain and the system MTF2 is near unity

g MIF(£) = 1. (5.1)
Therefore, one can conclude that high system gain and high MTF2 are
essential for a high performance system. However, high system gain
can be achieved only if the image recording device has a high storage
capacity, as x-ray exposure cannot be sacrificed for a good quality
radiograph.

We therefore return to Figure 5.19 to analyze the problems
agscciated with the system cufrently in clinical use. A system gain
of 15 is noted in this figure. With this low gain, the corresponding
MIF at the cutoff frequency is 26% according to Equation 5.1. This
rather high value indicates the inefficient ultilization of the system
MIF. This inefficiency is more pronounced if a 14" XRII is used.

In this cae, the system gain is reduced to about 6 if the same exposure
is used and the system quantum sink is approaching the video camera
tube.

The MIFs of the system and XRII are shown in Figure 5.20.

This figure indicates that the system MIF is significantly affected

by the camera tube. For convenience, we shall introduce another
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frequency unit for the digitized image. As commonly used in the
video industry, a TVL is defined as one-half cycle of a periodic
object. The maxihum frequency that can be recorded by the 512x512
digital format is then 512 TVLs per picture width. For the system
under discussion, it corresponds to 1.9 cycles/mm as refered back
'to the system input. With this notion, the result shown is not sur-
prising. For broadcasting applications, most camera tubes are inten-
tionally designed to provide a 30 to 50% MIF at 400 TVLs to ensure
camera stability when operated at a standard format. This frequency
¢ orresponds to an input frequency of 1.5 cycles/mm Most modern
XRIIs provide an appreciable amount of modulation transfer at this
frequency.

One therefore realizes that the present system is limited
by two critical parameters of the video tube, namely its MIF and
charge storage capacity. These two limitations should be removed
from a high performance system. Fortunately, these two requirements
are running in parallel. Camera tubes with these capabilities exist
in space applications. It should be pointed out that the readout
time for a high capacity target must be proportionally extended due
to the limited beam current. Therefore, no design effort should
be spent to develop a system that serves for fluoroscopy and high
quality radiography at the same time.

Based on these considerations, a Westinghouse 2" selenium
vidicon is currently under study. Its square wave response is shown

in Figure 5.21, indicating a modulation depth of 90% at 1000 TVLs.
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The charge capacity is at leaét ten times higher than that of commer-
cial devices When this tube is used in the new system, one can
expect system performance to be limited solely by the XRII. This
situation is rather similar to the experimental arrangement used

in the study of image properties. Consequently, the informatiion
transfer efficiency shown in Figure 5.18 can be anticipated for such

a system.



CHAPTER 6

CONCLUSION

Suggested Future Work

The analysis above indicates that a proper selection of the
image pickup device will result in a system ultimately limited by
the resolution capability of the x-ray image intensifier used. It
is known that modern CsI sensors are capable of providing a limiting
resolution of 10 cycles/mm which is well in excess of most high reso-
lution screens with comparable x-ray detection efficiency. However,
this high resolution capability is completely overshadowed by other
XRII imaging mechanisms. As a result of the small output image format,
béth electron optics and the output phosphor contribute appreciably
to resolution degradation. Using such a conventional construction,
further improvement on resolution performance will be difficult.
To meet the more stringent imaging tasks of general diagnostic proce-
dures, an experimental ?EID system is currently under investigation.
In this system, the conventional XRII is replaced by a micro-channel
plate (MCP) low-light-level image intensifier, fiber-optically coupled
to an external Csl scintillator. The large output image format is
fiber-optically minified to adapt to a number of CCD image arrays.
Due to the discrete nature of image transfer, this sytem is limited

essentially by the sampling density. However, the effect of the
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noise properties of the MCP and the charge storage density of the
CCD arrays on the system information transfer remains to be studied.

In the theoretical development of Chapter 3, an interesting
question was raised regarding the film grain coupling effect on the
noise power spectrum. Experimental study of this effect was not
conclusive due to the dominant phosphor granularity in the XRII.

For screen-film systems, wider noise power spectra were also observed
and usually interpreted according to Lubberts; model (Sandrik and
Wagner, 1982). However, no experimental data have been reported

to confirm that the wider NPS is merely due to this screen thickness
effect. As digital film radiography is evolving, one feels that

the photographic film deserves more serious study regarding its effect
on the noise power spectrum transfered by x-ray scintillation phos-
phors.

| This film grain coupling effect can be analyzed if an extremely
thin x-ray screen with fine phosphor grains is available. A thicker
protective coating should be used to provide a biur size comparable

to that in common use. With this screen sample, the NPS and the

MTF2 recorded on film can be compared to determine whether the grain
coupling effect is significant.

A more quantitative study can be performed if the film sample
is first prepared by a uniform pre-exposure in a controlled fashion,
then exposed to the scintillation light outputs from the thin x-ray
screen. Each scintillation light burst is recorded by the film grains

which have effectively a lower average quantum threshold level.
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As a function of the pre-exposure level, the strength of the coupling

effect can be infered from its corresponding NPS measurement.

Summary

Detective quantum efficiency as a system evaluation criterion
was defined which weights the object power. spectrum to determine
the ultimate object detectability. Its scaling value was determined
to be governed by x-ray transmission and absorption, and the scintil-
lation processes within the XRII. The image information transfer
was treated by considering the system to be composed of a series
of independent frequency channels. Channel characteristics of image
signal and noise transfers determine the ﬁseful information bandwidth
of the system. |

Five commercial CsI XRIIs were evaluated for their non-imaging
performances as a function of five x-ray energies within the spectrum
commonly used in diagnostic radiology. Results indicate that the
perfo;ﬁances of all practical intensifiers are alike, with DQE values
ranging from 30 to 50% over the diagnostic x-ray spectrum. These
rather satisfactory DQE values are primarily limited by the absorbing
power of the CSI layer which is compromised for the image resolution.
In addition, the experimental results show a general agreement with
those calculated by a simple physical model. This evidence makes
it possible that the intensifier be evaluated by numerical calculations

provided that system parameters such as thickness and window composi-

tion are provided by the manufacturer.
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Imaging properties such as signal-induced background, MIF,
and NPS were investigated both theoretically and experimentally.
The amount of x-ray scattering which degrades the information transfer
was determined to be not greater than 3% in the worst case. The
NPS components of the system were analyzed by a mathematical model
and identified sexperimentally. The phosphor NPS component was proven
negligible in all frequencies and there remain two dominant con, 2nents
resulting from the CsI scintillator and the final image recording
medium. The CsI layer shows a potentially wide information bandwidth
as a result of its needle-like structure. This inherent imaging
efficiency can be achieved if the overall system is properly designed
to minimize the effect of the final recording noise. Important design
parameters for selecting a proper recording medium are its MIF and
fecording capacity. The low frequency data derived from the measure-
ments of imaging propertigs further verify the analyses of the non-
imaging properties.

Finally, an unconventional XRII system was described which
is anticipated to attain the requirements of general diagnostic proce-
dures. In addition, methods for studying the film grain coupling
effect on the recorded noise spectrum are suggested as the NPS is
an important characteristic in determining the image information

transfer of a digital imaging system.



APPENDIX A

DERIVATION OF THE INFORMATION FACTOR
RESULTING FROM AN X-RAY ENERGY DISTRIBUTION

Let us denote the resultant pulse height distribution by P(z)
with z standing for the number of output scintillation pulses. By

its definition, Eq. (3.5), the information factor is given by

= (A.1)
JP(z)dszzP(z)dz

Mi [IzP(z)dz]2
)

In order to determine P(z) from"én»x-ray energy distribution

(XED), let us first define the following notations:

€: the x-ray photon energy,
¢(e€): the absorbed x~ray photon fluence, and

%‘z,e): the scintillation distribution resulting from mono
x-ray energy with

fPE(z,s)dz =1, (A.2)

For the monoenergetic scintillation distribution, the corresponding

statistical moments are given by

MeO(E) = fPE(z,e)dz =1,

r
Mal(e) JzPE(z,e)dz, and

r
Mez(a) Jzch(z,a)dz. (A.3)
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The corresponding scintillation information factor is then given

by
2 2
M El(a) M El(e)

I ( ) = = (A-4)
SCIN ‘¢ N (oM (&) H_,(e)

With these notations, the resultant pulse height distribution P(z)

1s expressed as

P(z) = J¢(e) Pe(z,e)de (A.5)

Substituting Eq. (A.5) into (A.l), we obtain

¢
[¢(s) Pe(z,E)zzdzde J¢(e) P_(z,e)dzde

1
I~ (A.6)

[ [o6e) P, (2 €)zdzde1?

Integrating z first, we have

j¢ (e)M_, (e)de Lp (e)de
[]6 (e yde]

|

(A.7)

Using Eq. (A.4), the information factor can be expressed as

f 2 I
AJ¢(E)M€l(€) Toopy(8) de (¢(e)de.

1
Tor e @ 12

1

2
j¢(e>mﬁl<e> T de J¢<e)M€l<e>def¢<e)ds

Joent; @ae [ Jo ey (dae 12

(A.8)

At this point, let us introduce two quantities:
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1

2
J¢(€)M (e) — de
el I (e)
1 - — SCIN (4.9)
Tscn J“’ ()M, (e)de
and
L _ﬁ(emgl(e)defwe)de
T = 5 (A.10)
XED [ [6()M (e)de]
The information factor can then be cascaded as
I = ISCIN IXED . (A.11)

To interpret these two quantities in words, one realizes that

Mel(e) is the mean number of scintillations resulting from a single

x-ray energy €. The averaged scintillation information factor ISCiN

is derived from the scintillation "power'" spectrum instead of the

g
absorbed x-ray spectrum. On the other hand, the information factor

(I,.,) inherent in the x-ray energy distribution is derived from the

XED

absorbed x-ray spectrum with corresponding moments defined by mean

scintillations instead of x-ray energies.



APPENDIX B

THE NOISE POWER SPECTRUM OF A
CASCADED LINEAR SYSTEM

In this appendix, the noise power spectrum of a cascaded linear
imaging system will be derived by considering the information carriers
as a series of impulses transferred through the system. At each
stage, secondary events are generated with statistical distributions
in number and in position. In the following derivation, the statistical
functions are denoted by P and f for the number and position, respect-
ively, with corresponding subscripts. With the exception of the
primary photon stream, all the position functions can be treated as the
point spread functions (PSF) of individual system components. For
simplicity, position and frequency vectors are implied by their scalar
notations. A Poisson random process is assumed for the primary photon
stream. That is, the primary events are uniformly distributed in the
image area A with the total number of events obeying Poisson's law.

Let us consider a single-stage system which is composed of a
gain stage and a recording medivm. The output can be expressed as

the sum of a series of random impulses,

¥omy
2(r) = ] ] 8(r-g;-4;)] | (8.1)
i ]
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The symbol, =, denotes a random variable,

N 1is the number of detected primary events,

Ry
[

is the position of the primary event, i.

is the number of secondaries resulting from the
primary event i, and

R

i

is the relative position of secondary event, j,
from its primary i.

The atuocorrelation function Rk(ro) is then given by

Rz(ro) = <§(r)§(r+r0)> (B.2)
NN Dmy
= Z P (N) <) lzl § 5 8(r == )8 (rHrymg ry >

where:

Pn(N) is the probability function for the number of detected
primaries, assumed to be a Poisson distribution, and

< > stands for an ensemble average over all the random variables.
Considering the second and third summations in Eq. (B.2), we may
separate the discussion into two cases:
vCase (L): 41 =u
In this case, mi = mu = m, Evaluating the ensemble average by

corresponding probability functions, the self-term contributes to the

autocorrelation function,

-]

z 1 0) = z P (V)z Z P (m) J ...drNdri...dré [fn(rl)...fn(rN)

£ (x])ee £ () Z Za(r-rl-r ) 8(rtry-r;-r!)] (B.3)
jv
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where £ (ri) and £ (r') are the position distributions of the primary
n m .

and secondary events, respectively, with

1
and

' ' 4 , (B.4)
jfm(rj)drj 1.

Performing the integration on ri, we have

@ N = m m
Rz,l(ro) = g‘ ) § El Pm(m) § gjdrl...drm £.(x])e..
f (r ) 6(r j - r;)] . (B.5)

Considering the summations of j and v, we can further divide

into two subcases:

a) For j=v, we have a simple § function in Eq, (B.5) and

z la 0 % e ; Z Pm(m) Z { X'ﬁ(ro)]
m j
E‘Z.E §(xy) - (B.6)

b) For j#v, by performing an integration on ré, we have

© N = m r
l [] ] r
R, 1p(Tg) = g P § E, P @ % _%v Jars £,G0) £ (gD

j#v
- "2 -
= J—Q%:E‘l (£ (rgd ¥ £ (xg)] > (B.7)

where * denotes the autocorrelation integral.
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Case (2): i # u
We now consider the cross interaction resulting from different
primaries. Since the primary events are independent, we can

evaluate the summations of i and u separately,

Ho~18

© N
R, ,(xy) =1§ B_(N) [ ; P_(m,) ?Jdr KPR NCRENCRLICERIRY

i
(B.8)
N o, mlJ(
[] e ()} Jdr dry £ (x) £ (x) )8 (rHrymr —rt )]
U?‘i m n v u
u
Performing integrations on r, and r, within each bracket, we have
®© N =« m, N o m
"R, () = gl P [ ; P @)—10] I @)1
m, uFl m
- Z P ) Nm (N-1) m
A A
N
2
_ - &
A2
22
=X =, (B.9)
A

since the primary obeys Poisson distribution.

Combining Eqs. (B.6), (B.7), and (B.9), we obtain the

autocorrelation function
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_ - _ 2
Rz(ro) = q mG(rO) + q (mz-m) [fm(ro)*fm(ro] + q2 m , (B.10)

where q = — 1s.the detected primary quantum fluence.

>{=

On the other hand, the output mean z can be derived in a

similar way as
z = <§(r0)> =qmnm. (B.11)

By using Eqs. (B.10) and (B.1l), we obtain the autocorrelation

function of the fluctuations about the mean

=2
Rpz (Fg) = R, (7g) = 2

= Q@ 8(rg) +al@’ - B [£,(rg)*E, (x))]. (.12)

However, the quantity we are interested in is the relative

fluctuation Az/z. Its autocorrelation function is thus given by

Rz(ro)
RAz/z(rO) = —_52__5

G(ro) 1 1
= ——+ [ - <] [f (%5 ()] . (B.13)
qm ql qm
where
M 2 2
I=-2-=0
MOMZ m2

is the Swank's information factor as defined in Eq. (3.5).
The noise power spectrum of a single-stage system can be directly

obtained by Fourier transformation of the autocorrelation function,
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1 1 1
Wpprz(®) ==+ (75 - =2 [rn)|?, (B.14)
qm qm

where F(f) is the Fourier transform of fm(ro), or the MIF of the

gain stage.

We now extend this derivation to a two-stage system with the

output represented by

oo,
z(r) = £ I L §(r-r,-r!.-x!') . (B.15)
~ ijk =1 =ji =kji
Parallel to Eq. (B.2), the autocorrelation function is given by
_li_ N m1u~2v
R (r ) = 2 P (N)< I I Z T I 6(r- r —r' -r!!
N ij k u v w i le
- -yl ! _
6(r+r0 L Tou ngu)>' (B.16)
By a similar approach, we divide our discussion into .two cases:
Case (1): i =u
Performing the integration on r,, we have
® I 18122552y,
= =X Tdr ' 'dr 4!
Rz’l(ro) g Pn(N) R Pml(ml) z I<t I J drjdrk drvdrw
o, jv k w
(B.17)

£ (") f (r")f (e!)E (2'") 8(x ' o1 11
myj v/i'm2YVw 0 j+rk rv rw )>

where the ensemble average applies to 923 and o,
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The discussion will further be nested into higher indices.

Let-us consider the summation over j and v:

a) For j = v, we have

T2 B2
= am . - te [ te e L
R,,1a(Fg) = amy < i fr f dr tdr b £, (r N Epp (v 1) 8 (e o) >
(B.18)

i) TFor k = w, the ensemble average is given by

(-]

%2 sz(mz) m, G(ro) = m26(r0) . (B.19)
ii) For k # w, the corresponding term is given by

(B.20)

(“‘g - my) (£, *E LT .

b) For j # v. Integrating r; in Eq. (B.1l7), we obtain

m,.m
© 2 =ZJ=2V , . .
=q I Pml(ml)(m1 - ml)< I I f drjdrk drw

R (r.)
z,1b"°0 m, X w

1 1 rey __.t¢ te L]
fml(rj) fml(r0+rj+rk . ) fmz(rk ) fmz(rw )>

. 3
=a(my -m) I P, (mydmyy TP, (my dmyy
m,. m
23 2v

(£ (g (FQ) 1 L8, (mg) X5 () ]
"2 =y =2 .
=q(m} - @) @y (£ % £ 1(ry) * [£ % ,1(5p), (B.21)

where * denotes the convolution integral.
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We now go to Case 2 where the contribution results from
different primary events.
Case (2): 1 #u

This case has a similar form as that of the single-stage system
because of the statistical independence bf the primary events. Due
to the length of the expression, we will simply give the result

here,

= ¢® 2t @2 (B.22)
R,,2(g) =4 m m, .

As well, the mean value of z is given by

Z=qm m (B.23)
Z=am o -

Following the same approach as in a single-stage system, the
autocorrelation function of the relative fluctuation Az/z is given
by

G(ro) m, - m,

= *
RAz/z(rO) =T ot -2 [fmZ(rO) fm2<r0)]
qm; m, qm m,
-~
my - my . .r 1¢
+ -2 [fml*fml] [fmZ mZ] rg)
qm
1
§(xr.)
0 1 !
= — e (— - = ;_n) [fmz*fmzl(ro)
amm, am 4y amm
b - Ly [E A TH[E L *E T(r) (B.24)
qu - ml "ml m2 “m2 0

q my
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where I1 and I2 are the information factors of the fi;st and second

stage statistics, respectively.

The noise power spectrum is then given by

1 1 1 2
WAz/z(f) ==+ I -—) |F2(f)|
' amm 9m H am M
1 1 2 2
MCe A NN I b €Y R (B.25)

qml

where Fl(f) and Fz(f) are the Fourier transforms of fml(ro) and
fmZ(rO)’ respectively, and can be Iinterpreted as the MIFs of the
two stages.

Rearranging the order in Eq. (B.25), we have for a two-stage

system,

Mazsz® =X E oLy e 02+ E -y @ 3.26
d Il m 12 m IZ m )
1 1 2
+ — l_ ,

where Flz(f) is the combined MIF of first and second stages.
With its systematic appearance, Eq. (B.26) can be generalized

to an n-stage systen,
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=1 (i _ 1 2 1 1 _ 1 2
azsz (8 = g [(11 = ) [F ]+ = (12 =) [Fyp (D]
1 1 ]
+...+__"1'—_———('1":]""":l—) Ian(f)lz+'_'—l—:—] ,
m1. L] .mn-l n mn ml. - Cmn

(B.27)

where Fin(f) is the MTF cascaded from the ith stage through the system.
For an ideal system where each system component introduces no
statistical fluctuation and no image blur, we have

Ii = 1, and

Fin(f) = l, i=1,2, ..., n. (B. 28)

In this ideal case, the noise power spectrum results solely from

the detected photon stream, as given by

0 1 ]
W (f) = . (B.29)
Az/z 4
With this in mind, the contents of the brackets in Eq. (B.27) can
be interpreted as the inverse of the system information factor as

a function of spatial frequency. -For a non-imaging detector, the system

information factor I is given as the special case at zero frequency,
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1. WAz/z(f=0)
I 0
wAz/z
1l 1 1 1
E -+t E - -2
1 m1 ml 2 m, m, m, 3 m,
Fo . G-ty s e (8.30)
m..m 4 nom my..em
Rearranging the terms, we have
1 1 1
2=t st dons—2—E-0
'L &5 m @, i3
1 172 -
Foib—— -, (8.31)
m...m ;0

as used in Eq. (3.6).
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