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CHAPTER 1: GENERAL SURVEY

1.1 Introduction

Rotational panoramic radiography is a recording technique which
depicts a curved layer in the object. During the exposure a narrow x-
ray beam rotates around the object whilst the image is detected on a
moving film. The resulting image is of a curved layer within the
object. In most dental applications the shape of the imaged layer is
based on the average shape of the dental arch.

In the centre of the image layer a plane can be found which is
depicted with a minimum of unsharpness (Figure l.l.A). The image of
that central plane has also equal horizontal and vertical
magnification. Images of planes outside the central plane show more
unsharpness and a relatively large change in the horizontal
magnification whereas the change in the vertical magnification is only
small. A large number of variables influence magnification and
unsharpness. The effects of these variables on the image quality of
the image layer have been analyzed with the help of mathematical
models of the performance of the radiographic diagnostic system.

The application of sophisticated methods to evaluate the theoretical
characteristics of panoramic systems has raised the question as to
whether the results of these calculations will in fact be able to
predict the diagnostic efficacy of the systems. In this study a
comparison is made between the theoretically calculated properties of
the images and the results obtained with the human observer as a
diagnostic quality measuring instrument. The observer study consists
of an assessment of the systems physical parameters as well as of the
constrains imposed by the perceptive ability of the observer.
Although the primary goal of this study was to obtain information
about the characteristics of rotational panoramic radiography, it
seemed a good start to identify the most influential factors affecting
final image quality by first exploring the properties of more simple
recording techniques such as conventional radiography and conventional
tomography.

film

Figure l.l.A Working principle of rotational panoramic radiography.
Wlten point A moves to B, the film is moved simultaneously from A' to B\
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1.2 History of panoramic radiography

The production of panoramic images of the dental arches is based on
the application of four different concepts.

The first type of panoramic radiograph was introduced in 1922 by
A.F. Zulauf. The film was positioned inside the oral cavity and either
the x-ray source or the object and the film were moved. The machine
named "Panoramic X-ray apparatus" was patented in 1922. However no
radiographs based on this concept were actually made. Panoramic
radiography was first demonstrated in practice by Numata (1933). A
similar machine was developed by Paatero (1946). None of these
machines were manufactured commercially.

A second type of panoramic radiography was also introduced by
Paatero (1949a). In this new method the film was positioned
extraorally in close contact with the face of the patient. The patient
together with the film was rotated through a stationary beam. Paatero
called this technique parablography. This concept like the first
method has been claimed not to be based on layer forming principles.
However the method is a special case of rotational panoramic
radiography. In this case the central plane coincides with the film
plane (Welander et al.1987b). The rotation of film and patient
together in the x-ray beam made it possible however to produce an
image of the outer surface of the facial skeleton. This principle has
also been described by Viehgeher (1958).

The third type is a technique where an x-ray tube is positioned
intraorally whilst at the same time a film is positioned extraorally
in close contact with the facial contours of the patient. According to
a review of the history of the panoramic radiograph by Matilla (1984),
Rollins had already mentioned this technique in 1897. In 1943 a patent
was issued in Germany describing the principle of an x-ray tube
inserted into cavities of the human body (Beger 1943). Because of the
war the publication of this patent was delayed until 1954. In 1946 Ott
constructed a tube that could be introduced in the mouth of the
patient.

The fourth concept is based on principles that result in the
formation of an image layer related to that of tomography. In 1922
Bocage applied for a patent of his invention of the tomographic
technique. He had already conceived the possibility of producing
images of curved sections of the subject. The curve of the object
layer imaged followed the curve of the cassette. Heckman (1939)
was the first, however, to suggest the technique that subsequently
developed into rotational panoramic radiography. Heckman stressed the
importance of the projection of the object rather than the layer
forming aspects of the technique. He defined his technique as a pseudo

14
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focal method. The x-ray tube and film moved both around the patient.
The film moved relative to the beam. Unaware of the publications of
Heckman, Paatero (1949b) developed a new imaging modality called
"pantomography". In his technique, the film and patient moved whilst
the x-ray tube was fixed. A narrow slit was used for the beam. The
rotation axis was half way between the temporomandibular joints of the
subject. The beam was aimed at a film, which was bent in the shape of
a mandible. The film and the projected mandible had equal velocities
during the exposure. To improve the quality of the radiograph, the
single rotational axis was abandoned in favor of three axes in order
to obtain a more orthogonal projection of the dental arch (Paatero
1961). Since then several additional modifications have been made.
These changes however do not alter the basic imaging concept.

One of the important practical improvements made, was the creation
of the ability of radiographing the patient in a supine position
(Tomorex brochure 1974, Altonen et al. 1978, Shinozoma et al.1982).
Improvements in the type of detection medium used, have also been
made. Katayama et al.(1973) used instead of a conventional film an
image intensifier and a camera. The results were however not of
sufficient quality to permit direct clinical application. Kashima et
al.(1984, 1985) have introduced a method of image recording based on
scanning laser-stimulated luminescence. The information obtained with
this laser scan is transferred to an image processing computer system.

15
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1.3 Aspects of objective radiographic image quality

The information obtained from a radiograph depends on the image
quality and the abilities of the observer. Subjective and objective
aspects are involved. The subjective aspects are related to the
observer or interpreter of the radiograph and the objective aspects
involve the image qualities. The objective image quality of
radiographs is often discussed in terms of physical image parameters
such as contrast, noise and unsharpness. Haus (1985) illustrated in a
review article the factors which affect these parameters. It included
a basic non-mathematical review of the Modulation Transfer Function
(MTF)and how it is used to obtain quantitative information about
factors affecting image unsharpness. All the factors are shown
schematically here below.

Figure 1.3.A
Diagnostic Yield

I
r

Diagnostic task Subjective Quality

I
Objective radiographic

image quality
Visual

detection

Contrast

layer imaging
methods

/ \
Reproduction Unsharpness
of Dimensions

Noise

Subject Film/screen

Radiation
Quality

Artifacts Anatomic
Structures

Mottle

Motion Geometric Recording
Medium

I
Film

Mottle

I
Quantum
Mottle
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The factors contributing to objective image quality are the
radiographic contrast, noise, reproduction of dimensions and
unsharpness.

The contrast in the image is the result of the combined effects of
the radiation quality, the recording medium used and the shape and
composition of the object. These components were not the primary
subjects of this study.

The noise refers to unwanted image quality reducing signals in the
image. Film and quantum mottle, artifacts and under certain
circumstances also anatomical structures are responsible for the
noise.

The reproduction of dimensions refers to the ratio between
dimensions in the object and on the film (magnification). The ratio
between the magnification of the horizontal and vertical dimensions
may be used as an index of image distortion.

Unsharpness or blur refers to the lateral spreading of the image of
a structural boundary. This is the distance over which optical density
changes take place between the structure of interest and its
surroundings. The total unsharpness is a combination of motion
unsharpness, geometrical unsharpness and receptor unsharpness.
Factors contributing to unsharpness in commonly used techniques are:

Motion Geometric Receptor

1. Objectmovement 1. Focal spot size 1. Screens
2. Film movement 2. Distance from focal 2. Film
3. Tomographic spot to object 3. Contact

movement 3. Distance from 4. Projection
4. X-ray source object to film angle

movement

Methods to register unsharpness and their applicability.

Several methods are used for measuring and evaluating image unsharpness.
The most common methods are:
A. Modulation Transfer Function
B. Edge Response Function
C. Line Spread Function
D. Point Spread Function
E. Line Pair Pattern Test
F. Square Wave Response Function

17
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A. The Modulation Transfer Function.

A sine wave response function or modulation transfer function(MTF)
describes the transfer of a sine-wave pattern in the spatial frequency
domain (Rossmann 1969). Sine-wave modulations can be generated to
determine the MTFs of some photographic, optical and audio systems
(Rossman 1969). The MTF is defined as the ratio of the output
modulation to the input modulation as a function of spatial frequency
(cycles/mm). The MTF shows what percentage of the input modulation was
transferred through the system. A sharp image is the result of a high
MTF. Resolution has sometimes been specified in terms of the spatial
frequency at which the MTF has dropped to a certain value (Rossmann
1964).

It is practically nearly impossible to construct test objects which
generate sinusoidal modulation of the x-ray beam to directly determine
the MTF of radiographic systems using. However the MTF can be
calculated from other measurable data. One method can be used to
determine the MTF from the square wave response function (See section
F.) using the appropriate mathematical corrections (Barnes 1979). The
MTF can also be determined from the line spread function (LSF), the
point spread function (PSF) or the edge response function(ERF) using
the mathematical method known as the Fourier Transform (Lubberts
1969b, Rossmann 1964, Sanderson 1979). See sections C, D and B.

Important factors such as contrast and noise contributing to the
signal detection by observers are not included in MTF measurements and
calculations.

The MTF plays an important role in the evaluation of unsharpness of
imaging systems. The effect of each of the components which affect the
total unsharpness, such as the geometrical unsharpness, receptor
unsharpness and the motion unsharpness each be plotted separately to
determine how each component affects the resolution. The MTF of the
total system is found by plotting for each frequency the product of
the modulation transfer of all the components (Metz et al. 1977, Doi
et al. 1977, Haus et al. 1981).

This method, common in medicine, has also been applied in dentistry
by McDavid et al. in 1983. They determined theoretically the shape of
the imaged layer in rotational panoramic radiography by calculating
the modulation transfer functions. Shiojima et al.(1985) measured MTF
values in rotational panoramic radiography in an experiment to study
the influence of screen-film combination on the layer thickness.

The spatial frequency of objects can be related to the imaging
system MTF data. Rossmann (1968a) showed the spatial frequency
spectrum of different shaped phantoms and an object representing a
blood vessel. The perceptive ability of the observer can also be

18



expressed in a transfer function of the human visual system (Cornsweet
1970). No publications are available in which the MTF assessment of
the object, radiographic system and human observer are combined.

B. The Edge Response Function.

The edge response function (ERF) is the distribution of radiation
intensity across the image of a sharp edge of a thin object (Weiss
1977).

The MTF can be calculated from the ERF if it is first converted to a
line spread function. The LSF is the first derivative of the ERF. An
explanation of the practical use of this approach is described in
chapter 3.4.

C. The Line Spread Function.

The line spread function (LSF) is the radiation intensity
distribution across an infinitesimally narrow line. Experimentally,
the LSF may be determined by exposing an image of a slit of negligible
width. A microdensitometric scan of the image of a slit is converted
to an LSF by use of its characteristic curve. The relation between
distance and exposure is determined by the LSF. The MTF the MTF can
be determined from this LSF using the Fourier Transform.

D. The Point Spread Function.

The point spread function (PSF) is the two-dimensional radiation
intensity distribution of an infinitesimally small point.
Experimentally, the PSF can be found analogously to the LSF with help
of an x-ray exposure of a hole of negligible size. The light emitted
by the screens spreads over a circular region on the film. The PSF is
then the illuminance versus distance from the point at which the x-
rays are absorbed by the screen. The two-dimensional MTF can be
calculated using the Fourier Transform.

E. The Line pair pattern test.

This is a simple subjective method of measuring and evaluating
unsharpness. The highest numbers of line pairs per millimeter which
can, be distinguished visually is considered to be the limit of
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the resolution for the observer and the system. In dentistry this test
pattern has been used by several authors (Thunthy et al.1976,
Sivasriyanond et al.1978, Jensen 1980, 1981, Mileman 1985). Some of
these studies used non-screen systems. When non-screen systems like
dental films are viewed by observers the viewer is the limiting
factor. Non-screen dental film has a resolution of more than 50 LP/mm
which can not be perceived by the human observer. Experimental factors
can effect the subjective evaluations of resolution on screen film
images measured by the test pattern. Some examples of such factors are
bar pattern thickness, kVp setting and film contrast.

The alignment of the tes' pattern in a tomographic system is
difficult. In rotational panoramic radiography where curved layers are
imaged, the use of a conventional flat bar test pattern (Hassen et
al.1983, Paiboon et al.1985) is questionable. Under certain conditions
a flexible curved test pattern could however be used successfully.

F. The Square Wave Response Function.

The image of the bar test pattern can be traced with a micro-
densitometer. Sivasriyanond et al.(1978) evaluated several dental
films and screen-film combinations by using method and described the
relationship between frequency and contrast.

When the density trace variation is converted into an exposure
variation, the exposure variation can be plotted against the number of
line pairs resulting in a square wave response function(SWRF)
(Lubberts 1969b, Barnes 1979b). The resulting graph is similar but not
identical to the modulation transfer function. An additional
disadvantage of the SWRF is that the functions of the individual
components of a system can not easily be studied separately. The
practical application of this method is limited as it is difficult to
obtain experimental data on moving and/or curved systems (see also E).
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1.4 The development of the mathematical image layer models

The quality of the rotational panoramic radiographic image is
influenced by several aspects of the basic principles of the
radiographic technique. The following technical variables can be
identified:
1. the distance from the focal spot to the film,

the distance from the focal spot to the effective centre of
rotation of the beam,
the distance from the effective rotation centre of the beam to the
central plane of the image layer (projection radius),
the distance from the object to the central plane of the image
layer,
the focal spot size,
the width of the beam at the film,
the velocity of the film relative to the beam,
the angular velocity of the beam relative to the object,
the type of screen-film combination,

2.

3.

4.

5.
6.
7.
8.
9.
10. the exposure settings.

B CSome variables are shown in Figure 1.4.A and I.4.B.
An explanation of the symbols and definitions used in this chapter are

given at the end of this paragraph.

X-ray
source

rotation
centre

A.

image
layer central plane

of the layer

\ \

I)

-Dr +Dr

film
plane

Bf
beam
width

Figure 1.4.A Basic parameters used in calculating image charac-
teristics for rotational panoramic radiography. The distances A, C, D,
R and Dr are explained in the appendix at the end of this paragraph.
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X-ray
source

central
plane

film
plane

Ug

Figure 1.4.B Geometry of the projection of the object. F is the
focal spot and Ug the geometrical unsharpness.

Essential characteristics of panoramic radiographic images may be
defined by calculating and measuring image magnification and
unsharpness. They will be described separately in the following
sections.

Magnification.

In cylindrical systems for rotational panoramic radiography the
horizontal and vertical magnification for objects in the central plane
of the image layer are equal (Tammisalo et at 1964a, 1964d, van Aken
1973a, 1973b). Expressions for calculating the magnification on object
planes other than the central plane have been published for the
horizontal and vertical dimensions by van Aken(1973b) and
Welander(1974).

The vertical magnification is expressed by the equation:

Mvert (1)

This magnification is the same as that found in general radiological
practice. The vertical magnification is simply governed by the
relation between the focal spot to film and the focal spot to object
distances.

The horizontal magnification is expressed by the equation:
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Figure 1.4.C The horizontal (broken line) and vertical magnification
(solid line) for the small projection ra dius(R—29.6mm) as used in the
anterior region of the dental arch.

Figure 1.4.D The horizontal (broken line) and vertical magnification
(solid line) for the large projection radius (R=87.3mm) as used in the
molar region of the dental arch.

A.R
Mhor =

D(R+Dr)
(2)

In the horizontal dimension the magnification is influenced by the
relative velocities of the projected image and the film (Hudson et al.
1957, Tammisalo et al. 1966a,d, van Aken 1973b and Welander 1974).
The variation in the magnification outside the central plane is more
marked in the horizontal than in the vertical direction. This effect
is more pronounced for planes between the rotation centre and the
central plane than for planes on the opposite side of the central
plane.

The expressions (1) and (2) were used to calculate the vertical and
horizontal magnifications.

In Figure 1.4.C the vertical and horizontal magnification are shown
for the small projection radius normally used in the anterior region
of the dental arch (R=29.6mm). For a large projection radius
(R=87.3mm) equivalent to that commonly used in the molar and ramus
region, the magnifications calculated are shown in Figure I.4.D.
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Figure 1.4.E The distortion index for a small projection radius
(R=29.6mm). The broken line represents the distortion free level.

Figure 1.4.F The distortion index for a large projection radius
(R=87.3mm). The broken line shows the distortion free level.

In the anterior region of the jaws there is a rapid increase in
horizontal magnification towards the rotational centre. In the molar
region, however, with the large projection radius and a 20mm
displacement from the central plane only a limited effect on the
horizontal magnification is present. In both cases the horizontal
magnification reaches extreme values at, or close to, the rotation
centre.

The horizontal and vertical magnification are the same when the
object is positioned at the central plane (see equations 1 and 2 for
Dr=0). This means that objects in the central plane are depicted free
of distortion. Welander et al. (1987b) state that this distortion
free plane in cylindrical systems is caused by a constant distance
between the stationary effective rotation centre and this plane
(cylindrical systems). This is not the case in non-cylindrical
systems. In these, the projection radius and or the position of the
rotation centre vary during the exposure, resulting in a distortion of
the image of the central plane (McDavid et al. 1986a).

A comparison between the magnification of the two dimensions (verti-
cal and horizontal) can simply be made by the ratio Mhor/Mvert. This
ratio may be used as an index of image distortion (Welander et
al.!985a, McDavid et al.1986). When the index is 1 there is no
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distortion.
Examples of the relation between the distortion indices and the

object depth are shown for a small projection radius in Figure 1.4.E
and for a large projection radius in Figure I.4.F. From these figures
it can be seen that the shorter the projection radius the more
pronounced the distortion.

Unsharpness

Three different types of unsharpness may be distinguished:
a. Motion unsharpness
b. Geometrical unsharpness
c. Unsharpness due to the recording medium

Motion unsharpness

Two different definitions of motion unsharpness have been used in
studying the thickness of the layer. Motion unsharpness is usually
determined at the film plane (Hudson et al. 1957,Tammisalo et al.
1966d, van Aken 1973a, 1973b, Welander 1974, 1975). In 1977 Welander
et al. defined this as the absolute motion unsharpness. The absolute
motion unsharpness can be derived from the formula:

Uma
Bf.Dr.C

D(R+Dr)
(3)

According to this definition, the motion unsharpness increases
disproportionally with increasing distance from the central plane and
increases more towards the rotational centre (Tammisalo et al 1966d,
Welander 1974, 1975, van Aken 1973a, 1973b). Figure 1.4.G shows
graphs of absolute motion unsharpness calculated for a small
projection radius and two different beam widths. The unsharpness is
shown in Figure 1.4.H for a large projection radius. It can be
observed that the central plane is not equidistant from the planes
with equal unsharpness on both sides.

Objections have been raised to this definition of unsharpness since
it expresses the motion unsharpness in the film plane and is not
related to the size of the object details. Therefore Welander et al.
(1977) introduced the concept of the relative motion unsharpness. This
is the unsharpness of the image when it is reduced in size to the size
of .the object. This can be derived by dividing the absolute motion
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Figure 1.4.G The absolute motion unsharpness calculated for a small
projection radius typical of the anterior region of the dental arch
(radius R=29.6mm). The solid line represents the results for the wide
beam (Bf=8.5mm) and the broken line for the narrow beam (Bf=3.5mm).
The dotted line represents the geometrical unsharpness.

Figure 1.4.H The absolute motion unsharpness for a large projection
radius typical of the posterior region of the dental arch (radius
R=87.3). The solid line represents the width of the wide beam
(Bf=8.5mm) and the dashed line the narrow beam width (Bf=3.5mm). The
dotted line represents the geometrical unsharpness.

unsharpness (equation 3) by the horizontal magnification factor as
follows:

Umr =
Bf.Dr.C

A.R
(4)

Graphs of the relative motion unsharpness are shown for a small
projection radius in Figure 1.4.J and for a large projection radius in
Figure 1.4.K There is a marked difference in relative unsharpness
produced by a wide and a narrow beam. Both eqs. (3) and (4) show a
linear relationship between motion unsharpness and beam width.
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Figure 1.4.J The relative motion unsharpness for a small projection
radius. The results calculated for the wide beam (solid line) and
narrow beam width (broken line). The projection radius used was
29.6mm.

Figure 1.4.K The relative motion unsharpness for a projection radius
of 87.3mm. The results for the wide beam (Bf=8.5mm) are shown by a
continuous line and for a narrow beam width (Bf=3.5mm) by a broken
line.

Geometrical unsharpness

The size of the focal spot produces an unsharpness influenced by the
distance from the focal spot to the object and the distance from the
object to the film. The geometrical unsharpness is expressed by the

This method has been applied in the description of radiographic
imaging systems since about 1960 (Oosterkamp et al. 1959, Morgan 1962,
Rossmann 1962).

following expression:

A-(D+Dr)
Ug= F. = F(Mvert-l) (5)

D+Dr

Graphs of the geometrical unsharpness in the anterior region of the
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dental arch are also shown in Figure I.4.G. For the molar region this
can be found in Figure I.4.H.

Unsharpness due to the recording medium

The unsharpness of the recording medium, i.e. the screen-film
combination, is a type of unsharpness which is general to
radiography. The unsharpness of a screen-film combination is usually
expressed by its modulation transfer function.

Several authors have studied the influence of the recording medium
on the properties of the image layer (Hassen et al. 1983, Keur 1983,
Hurlburt et al. 1984, Gratt et al. 1984, Sewerin et al. 1984a, Ponce
et al. 1986a,b).

Forsgren et al. (1982) used the increased sensitivity of the rare
earth screen-film combination to reduce the width of the primary slit
in rotational panoramic radiography. They compared interpretability of
the apical area and marginal bone. Their modifications led to a better
detectability except for the anterior region and the mandibular canal.
No explanation was given for these findings.

Several other studies have dealt with a reduction of the primary
slit in combination with rare earth screen-film combinations
(Stenstrom et al. 1982, Aagaard et al. 1986, Svaenaes et al. 1985).

McDavid et al. (1986b) calculated image resolution at various object
depths for several screen film combinations. They performed an experi-
mental test in which clinicians ranked the images obtained with
various screen-film combinations for diagnostic quality. The ranking
by the observers was in general agreement with the calculated
resolution of the screen-film combinations.

Total unsharpness

The total unsharpness is the combined effect of the above three
sources of image unsharpness.
The following expression can be used to provide a good estimation of
the total u.nsharpness (Klasens 1946):

Utot=^Um3+Ug3+Uf3

No applications of its use have been found in the literature on
rotational panoramic radiography.
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Another approach to calculations of the total unsharpness in
rotational panoramic radiography is to use the modulation transfer
function(MTF), which provides a method to analyze the separate and
combined effects of these factors. McDavid et al.(1983, 1984)
introduced this method in rotational panoramic radiography. An
explanation of the principles can be found in Chapter 1.3.

The total MTF for rotational panoramic radiography is given by the
product of the MTF's for the different components:

MTF tQ t = M T F U m r . MTF l J g . u f

A disadvantage of the use of the MTF is that it is a function with a
continuous series of values, one for each frequency. It would be
preferable to define the resolution of a system using only one single
value. Such a value would also mean more to the radiologist than the
MTF because of its direct relationship to the appearance of the
radiograph.

The first attempt to introduce a single value to define the
resolution in rotational panoramic radiography was made by McDavid et
al. (1983, 1984). They introduced an information transfer
factor in calculating the relative blur of the imaged layer. This
parameter determines the amount of information that can be transferred
from a particular object depth. The layer thickness may then be
defined in terms of the distance from the central plane where the
information transfer factor has decreased to some arbitrary value. A
disadvantage of this method of using an information transfer factor as
a measure of unsharpness is that the resultant magnitude is measured
relative to the the central plane and is therefore dependent upon
system variations such as variation in focal spot size and screen-film
system.

Sprawls (1977) introduced the term equivalent blur in a study of the
unsharpness of intensifying screens. In image receptors such as
screen-film combinations the diffusion of light within the absorbing
layer is a major source of unsharpness. The resulting unsharpness
pattern has an intensity distribution which can generally be described
by an exponential function. The equivalent blur value of an
intensifying screeTrSs^jhe same as the width of a rectangular blur
pattern which will producT~~ri**-«^ame subjective image quality as the
screen-film combination in question.

In order to arrive at a value of the equivalent blur based on the
above definition it is necessary to establish some criteria for
equivalent image quality. Schade (197S) has shown that the noise
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Figure 1.4.L The noise equivalent passbands for the small projection
radius (R=29.6mm) at different object depths. The results are
presented for the narrow and wide beam (Bf=3.5 and 8.5mm).

Figure 1.4M The noise equivalent passband values for the large
projection radius (R=87.3mm) at different object depths. Results are
calculated for a narrow and wide beam (Bf=3.5 and 8.5mm).

equivalent passband (N ) is a useful parameter which corresponds well
with the subjective impression of image quality and can therefore be
used as an equivalent blur value. Wagner (1974) has suggested that the
sampling aperture, which is the reciprocal of the noise equivalent
passband (1/N ), should be used for describing the blur
characteristics of radiographic imaging systems. In fact, the sampling
aperture as defined by Wagner is used as a measure for the equivalent
blur as defined by Sprawls.

The noise equivalent passband and thus the equivalent blur may be
obtained from the line spread function the modulation transfer
function by integrating their squared values over frequency and
distance:

fe= f [MTFtot(f)]
2df = I [LSFtQt(x)]2dx

Through this method the total MTF is transformed into a single
number. With some simplification it may be said that N is an index,
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Figure 1.4.N The total unsharpness represented by the length of the
sampling aperture(S ) plotted as a function of object depth using a
small projection radius (R=29.6mm) and a narrow and wide beam (Bf=3.5
and 8.5mm).

Figure 1.4.O The total unsharpness represented by the length of the
sampling aperture(SQ) for the large projection radius (R=87.3) and a
narrow and wide beam (Bf=3.5 and 8.5mm).

in lp/mm, of the resolution of a system. For more detailed
information, see Schade (1954, 1955, 1975), Wagner (1977) and Sprawls
(1977).

Klasens (1946) had previously determined in an observer study a
relationship between images with an unsharpness corresponding to a
rectangular LSF and images obtained with a screen-film system. This
method, described in Chapter 3.4, was also used in our study to
measure the total unsharpness.

The sharpest plane was considered to be the plane at which the
motion unsharpness is smallest. This plane is usually referred to as
the central plane. However McDavid et al. (1983a, 1984, 1985b) showed
that the relationship between the object depth and the noise
equivalent passband takes the form of a bell shaped curve with a
maximum value which is slightly displaced toward the rotational
centre. Using this model the image layer is wider towards the
rotational centre of the beam than it is towards the film plane. This
is clinically verifiable according to McDavid at al.(1984).

Shiojima et al. (1985a,b) measured the MTFs for four screen film
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Figure 1.4.P Three-dimensional computer generated diagram of the
image layer in a machine for rotational panoramic radiography. Kodak
Lanex Fine screens with Ortho H films were used. The noise equivalent
passband, N£, is represented as a function of position within the
horizontal plane. The marks on the x- and y-axes are at 10mm
intervals. The value of N£ is 1.0 line pairs I mm in the x-y plane and
marks appear on the Ng axis at intervals of 1.0 line pairs I mm. Lines
drawn at intervals of 0.25 Lp I mm form levels of equal resolution. The
beam width was 8.5mm at the film and the focal spot size 0.6mm.

combinations. MTFs were used to calculate an information transfer
factor. These experiments confirmed the work of McDavid et al.

Examples of the use of the N are given in the Figures 1.4.L and
1.4.M for a small and a large projection radius combined with two
different beam widths. The inverse values of the N , the sampling
aperture (Sa) or 'equivalent blur', are found in Figures 1.4.N and
I.4.O. The change in the beam width does not influence the maximum N
value in the central plane. It influences considerably however the Ng
values for planes at a distance from the central plane.

A change of the N value in the central plane can be achieved by a
change in the focal spot size or of the recording medium. The Ng
values at a distance from the central plane are not substantially
affected however because motion unsharpness predominates there.

In Figure 1.4.N, it can be seen that the total unsharpness is
approximately a linear function on the inside and on the outside of
the central plane except for a few millimeter sections around the
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Figure 1.4.Q The three-dimensional display of the image layer using
the same machine and screen-film combination (as in Figure 1.4.P). The
beam width at the film was 3.5mm.

Figure 1.4.R A three-dimensional diagram of the sampling aperture
(S ) or 'equivalent blur' of the same image layer of the machine as
used in Figure I.4.P. The beam width at the film was 8.5mm and the
focal spot size 0.6mm.
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Figure 1.4.S The noise equivalent passbands at different object depths
typical for the anterior region of the dental arch. The solid line
represents the results for the total system. The broken lines show the
results for the individual components, i.e. the motion unsharpness,
the geometrical unsharpness and the unsharpness caused by the
recording medium.

Figure 1.4.T An example of the sampling apertures(SQ) or equivalent
blur at different object depths for the Ng values as given in Figure
I.4.S. The total equivalent blur and the values of the individual
components are given. The dotted line represents the theoretical
values for the relative motion unsharpness (Umr).

central plane. In the "linear" part the motion unsharpness is the most
important contributing factor. The main factors in the central part of
the image layer contributing to total unsharpness are geometrical
unsharpness and unsharpness caused by the recording medium. A graph
showing the complete image layer generated by a rotational panoramic
radiography machine using a wide beam is shown in Figure I.4.P. Noise
equivalent passbands are theoretically derived for the different
positions of the beam during its excursion in 5 degree steps. The N
value distributions are calculated in the same direction as that of
travelled by the x-rays and not perpendicular to the central plane. In
most positions the rays are not perpendicular to the central plane
(Welander et al.l987b). When the beam width is decreased to 3.5 mm.
the thickness of the image layer is extended considerably (Figure
1.4.Q). Assuming a minimum Ng value of 1 the dorsal parts are covered
completely.
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Lund et al. (1975a,b,c) introduced the description "focal trough" to
characterize the shape and form of the image layer. Using the three
dimensional display of the 'equivalent blur' shown in Figure 1.4.R
this focal trough is visualized.

The N£ value used in the calculations is derived from the MTF of the
total system. The N values of the separate components are given in
Figure I.4.S. In this graph a display of the individual values for
motion unsharpness, geometrical unsharpness and the contribution of
the screen film combination are shown. The relative contribution of
the geometrical unsharpness is most pronounced in the central part of
the image layer. The influence of the horizontal magnification on the
N -value of the screen-film combination is especially note worthy.

in Figure 1.4.T the equivalent blur is illustrated. Here decreasing
influence of the screen-film combination toward the focal spot can be
observed. The introduction of the N value as a single number
representing the MTF is in agreement with the values found by equation
(4) for the motion unsharpness.

The theoretical effects of the focal spot size on the N value are
shown in Figure I.4.U. The change in the size of the focal spot
influences the unsharpness of the image layer. However the central
part of the image layer is mainly affected, and its effect on the
peripheral areas can be neglected. When Figure 1.4.L and Figure 1.4.M
are compared, similar results for the small radius and with narrow
beam slit and a large radius with a wide beam can be seen. This

R=29.6
Bf=3.S
— 0.6

0.3

IIIHIIHHIIHIHIHHHIHHIHHIIHHHIIIIHIHIHIIIIIIIIHI
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Figure 1.4.U The noise equivalent passband distribution for a small
projection radius (R=29.6nwt) and two different focal spot sizes. The
results of 0.3 and 0.6mm focal spot sizes are presented.
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resemblance is also apparent when the Figures 1.4.J and Figure 1.4.K
are compared. Two images with different magnification and absolute
unsharpness can therefore have identical degrees of relative
unsharpness.

Symbols and definitions

Symbols and definitions used in this chapter are given below.
A Distance from the focal spot to the film.
B Distance from the focal spot to the primary slit.
C Distance from the focal spot to the effective rotation centre.
D Distance from the focal spot to the central plane of the

imaged layer.
R Effective projection radius, i.e. the distance between the

effective rotation centre of the beam and the central plane of
the imaged layer.

Dr Object depth: positive or negative increment to the
projection radius, R. Dr=0 at the central plane. Dr is
positive towards the film and negative towards the focal spot.

Bf Beam width at film.
F Focal spot size.
Mhor Magnification of the image in a direction parallel to the

plane of rotation1" (horizontal dimension).
Mvert Magnification of the image in a direction perpendicular to the

rotational plane** (vertical dimension).
Uma Absolute motion unsharpness in the horizontal dimension.
Umr Relative motion unsharpness in the horizontal dimension,

(Uma/Mhor).
Ug Geometrical unsharpness.
Uf Unsharpness due to the recording medium.

* In what follows this plane will be called the 'horizontal plane' in
order to conform with the commonly used terminology in rotational
panoramic radiography. This plane is represented by a horizontal
line in the image of the patient.

** This plane is a vertical line in the image of the patient.

The plane of rotation is a plane at right angles to the rotational
axis.

The central plane of the image layer denotes the plane in the object
that is depicted on the film with minimum motion unsharpness; in
cylindrical systems this plane is free of distortion (Welander et
al.l987a).
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1.5 A review of the clinical test models dealing with image
unsharpness

It took several years after the introduction of commercially
available machines for rotational panoramic radiography in the early <
fifties, before papers were published about the imaging properties of :

the system.
Hudson et al.(1975) and Tammisalo et al.(1964a,b,c,d) published a ;

series of papers containing mathematically derived formulae defining
the imaging process. Tammisalo et al. (1964d) developed a method for '
determining the thickness of the image layer. Confirmatory experiments
were carried out using a lead strip placed on an aluminum wedge. The i

strip was radiographed at several different object depths. When
correction for the unsharpness of the screen-film combination was made
the results were in agreement with the previously described
calculations. ,

Schopf (1966) conducted experiments to determine the thickness and
location of the image layer in orthopantomography. In his study a
series of 17 acrylic plates with small holes filled with amalgam were
used as markers. They were positioned in rows parallel to the mid
sagital plane and at various distances from it. The resulting
radiographs made it possible to locate the image layer and the extent
of blurring. i

The position of the image layer was demonstrated experimentally by j
Brown et al.(1972). Using a pin-holding device, a large series of j
radiographs were made with the pins in different positions. Two
dentists judged the sharpness of the pins. The position of image layer
of the Panorex machine was determined at three different vertical
levels and appeared to have the same horse shoe shape at all levels.

Jung (1972) also determined the position of the image layer for the
Panorex and the Orthopantomograph using small metal balls. A plastic -
cube with rows of 2mm beads was radiographed in several positions. The
effect of distortion and the position of the image layer on the image
quality were demonstrated using a dry maxilla. ;'

In a paper on panoramic x-ray techniques (Van Aken 1973b) the use of
a horse shoe shaped phantom was described. This phantom could be used
to locate the image layer in the machine. On the phantom rows small
metal balls were attached. Alternating with these rows using the
balls as a reference fine metal wires were present. The sections of
the wire which were in focus could be used to locate the position of
the image layer of the panoramic machine.

An acrylic plate with screws in different positions to enable the
position and shape of the image layer to be located empirically has

37



been used by Lund et al.(1975a). In their study the measurements were
carried out for three x-ray machines: the GE 3000, the Panorex and the
Orthopantomograph.

Freedman et al. (1977) studied the sharpness of the image layer
using a phantom consisting of a long metal rod. This rod was mounted
obliquely through the image layer at different angles. The image was
registered on a film without screens and the blur was measured.

In 1977 Welander et al. carried out an experiment to confirm the
validity of a mathematical model of image unsharpness. They concluded
that the relative motion unsharpness should be a more reliable
reliable measure of unsharpness than the absolute unsharpness. The
test object they used consisted of two vertically placed, parallel
gold threads. With the aid of a micrometer screw the object could be
moved back and forward. Radiographs were made at various object
depths. To measure the magnification, Full Width at Half Maximum
values (FWHM) of the images of the threads and also the distances
between the threads were measured. The values found experimentally
were close to the calculated values. The fit was not perfect because
the geometrical unsharpness had been omitted from the mathematical
model.

Welander et al.(1980) and McDavid et al.(1981a) developed a refined
test procedure to provide data concerning the movement pattern of the
beam and the recording film. In this method radiation pulses are
passed through a specially constructed shutter mounted on the tube
head. Two test films, one placed horizontally in the path of the
moving beam and one placed in the usual cassette could be exposed
simultaneously. The data were used to calculate both the shape and
relative thickness of the image layer.

A study on the imaged plane of the Tomorex was carried out in 1982
by Shinozima et al. In the first part of this study the test objects
supplied with the machine were used. This first phantom consisted of
patterns of steel balls. The distances between the images of the balls
and the ball size were evaluated, however both parameters were to
large for an exact determination of the image layer. A second phantom
of pavilion form was constructed with lmm balls at 3mm distance from
each other. A more accurate shape of the image layer was able to be
ascertained usin^ this second phantom.

Hassen et al.(1982) made use of a bar pattern test object in a
study on the imaged layer of three machines and the effect of screen
speed on thickness of the layer. The 1.7 Lp/mm grid was used to define
the outline of the image layer. The results were compared with the
average tooth positions identified by Lund et al.(1975a)

Welander et al.(1983) described a method to increase the anterior
image layer thickness. The increase in the thickness of the layer was
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demonstrated by an increase in the visibility of spheres used as a v
test object.
Aluminium grids were used by Van Aken(1984) for a comparison between
the unsharpness and image distortion in rotational panoramic
radiography and intraoral X-ray tube radiography. The effect of
magnification and unsharpness when using human skulls as a test object '
were shown.

Lambrecht (1984) studied the three dimensional form of the image
layer. The bead phantoms provided with the Cranex-DC machine and a
horse shoe shaped test object originally described by Van Aken(1971b)
were used. A third phantom was especially constructed consisting of an
acrylic plate and a number of screws. Measurements were carried out at
three levels in the panoramic machine. As a result three different ,
shapes of the image layer were found. A shape with a narrow arch at
the level of the mandible and a wide arch at the level of the maxilla.
There is no theoretical explanation for this phenomenon. The
explanation given is the difference in the angle of the beam relative
to the object. However according to theory, the layer thickness is
independent of the angulation of the beam in the vertical dimension
(Welander et al.l987b). Their results are also in disagreement with
the results reported by Brown et al.(1972).

Modulation transfer functions have been used by McDavid et al.(1984)
to study the image layer thickness. A skull phantom radiographed at
different object depths was used to show that unsharpness decreases
more slowly towards the rotation centre than towards the film. This •
results from the introduction of geometrical unsharpness and the \
unsharpness from the screen-film combination in the calculations.

In 1985 Paiboon et al. used a resolution test pattern to determine
the size, position, and central plane of the imaged layers of four
panoramic machines. The test pattern was radiographed at nine
different beam positions. In each position, and at different object
depths the test pattern was radiographed using five different grid
frequencies. The most interesting results found were: 1. the middle of
the image layer is positioned further away from the rotation centre of
the beam when more unsharpness was accepted for the border of the
layer. 2. the width of the image layer increased more than 400% when
the criterion for border sharpness was decreased from 2.9 Lp/mm to 1.2
Lp/mm.

Glass et al.(1985) determined the central plane of the image layer
experimentally in various machines. She mounted a test object
consisting of a spherical ball on a device that allowed it to rotate
incrementally. From any position the test pattern could be moved
linearly in millimeter increments. The central planes of several
machines were located in this way and comparisons with reported image
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layer shapes were made.
Using the concept of the noise equivalent passband McDavid et al.

(1986) calculated the unsharpness resulting from different screen-film
combinations. Practical tests using human skulls were in accordance
with the mathematical results.

The studies mentioned here all make an attempt to describe and '•
demonstrate imaging characteristics related to unsharpness of the
image layer in rotational panoramic radiography. A number of authors
have investigated in different ways the unsharpness of rotational
panoramic radiography. In general these investigations involved the
imaging, or the exposure of a test object consisting of rods, screws,
balls or grids followed by an analysis of the degree of unsharpness
and distortion apparent in the radiographs of the test object. In most
papers the authors are successful in describing the shape and position
of the image layer.
A limited number of purely mathematical analyses are also available.

Inevitably such approaches are somewhat limited and inconclusive with
respect to their practical relevance.

In the literature no comparisons could be found between the total :
unsharpness of the imaging system and a mathematical model for
calculating the total unsharpness. Most studies have restricted ;

themselves to descriptions of the effects of the combined components
of the x-ray system which result in blurring. .

The method of using line pair pattern tests is better qualifiable '
than the evaluation of the images of screws etc. This method has j
despite its advantages two major limitations: 1. a human observer is
necessary 2. the flat test pattern has to be placed in a curved image
layer.
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CHAPTER 2: THE AIMS OF THE INVESTIGATION

Introduction

The radiographic process can be seen as a series of operations
involving exposure, recording, display, detection and recognition
(Rossmann 1968). The various objective and subjective aspects involved
in the diagnostic process have been illustrated in Chapter 1, Figure
I.3.A.

The basic goal of radiographic imaging systems is to obtain
diagnoses with maximum accuracy whilst keeping patient exposure levels
as low as possible. While significant progress has been made in
characterizing the exposure and the recording system, studies of
detection and recognition have been limited by the lack of information
concerning the perceptual process of the eye and brain and the
decision-making process of the radiologist (Goodenough 1972, 1974).

The importance of detection and recognition for the radiological
process can be concluded from the finding that results obtained from
objective physical parameters of the performance of the radiographic
system do not always correlate in a simple manner with subjective
evaluation of information from the image (Rossmann 1962, 1963, 1965).

The relationship between the reality of the clinical situation and
hypothetical mathematical models is often ignored as a subject for
investigation. For example, studies are often restricted to physical
parameters thereby excluding information loss due to observer error in
the interpretation of radiographs. Sometimes high contrast test
objects have been used despite the fact that clinical objects are
often anatomical and pathological structures of low radiographic
contrast.

When evaluating radiographic imaging systems which include both
detection and recognition it is clear that a distinction should be
made between the aesthetic appearance of the radiograph and its
diagnostic usefulness (Goodenough et al. 1974).

In arriving at a final diagnosis on the basis of the image, the
radiologist acts as a decision-maker whose performance may be
described in terms of signal detection theory (Green et al. 1966,
Lusted 1968, Swets 1964). Metz et al.(1973) showed that elementary
principles of information theory can be applied to the problem of
evaluating observer performance. Use of this information-theory
approach does not require assumptions concerning physical and
psychophysical mechanisms underlying the process of detection. However
it is difficult to use signal detection theory to relate the inter-
pretations of clinically complex radiographs to the known physical
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parameters of the diagnostic object. This is difficult because such
interpretations involve not only the discrimination between the
presence or absence of a physical signal by the radiologist but they
also involve the recognition and classification of that signal by
using his previous experience (pattern recognition ability). It was
therefore considered more reasonable to first investigate those
radiological procedures which involve primarily detection and
recognition operations of relatively simply objects, such as the
diagnosis of small round opacities.

A method for calculating the detectability of images of such simple
structures have been developed using receiver operating characteristic
curves (Lusted 1971). It may be possible with the results obtained
from this method to relate object detectability to the physical
parameters of the imaging system.

In order to explore the feasibility of the use of Receiver Operating
Characteristic (ROC) curves for this investigation it was considered
appropriate to apply this method first in evaluating the effect of
some separate variables on image formation and interpretation in
conventional and tomographic radiography. The methods of investigation
could in this way be tested and developed before proceeding to the
main study.

The purpose of the main study was to describe the parameters
influencing rotational panoramic radiography and to evaluate the
degree to which they play a part in image formation. The final goal
was to study the relationship between the physical parameters and the
detectability of simple objects.

Objectives of the investigation

The objectives of this investigation were as follows:
1. To evaluate the use of observer performance tests in analyzing

imaging quality in conventional and tomographic radiography.
2. To test the mathematical models of the rotational panoramic

radiographic techniques for the subjective detectability of defects
using a clinical relevant phantom jaw and receiver operating
characteristic (ROC) curves. In particular with respect to:
a. the thickness and the shape of the image layer,
b. the effects of noise, in the form of adjacent anatomical

structures, on the detectability,
c. the effects of noise, in form of anatomical structures far from

the image layer, on the detectability.
3. To compare practical measurements of the total unsharpness with the

figures derived using mathematical models.
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CHAPTER 3: GENERAL DESCRIPTION OF THE MATERIALS AND f.
METHOD ;

\

3.1 Test objects and phantoms ,

In experimental set ups, phantoms with cylindrically shaped holes j
or canals with different depths and diameters are frequently used
(Burger 1949, Bender et al. 1961a,b, van der Stelt 1979, Merritt et
al. 1984). Other types of artificial lesions such as radiopaque beads, :

bars and wires have also been reported (Goodenough 1972, Starr et al. •
1975, Moores et al. 1979, Sanderink et al. 1985, Chakraborty et al.
1986). i

Holes in bone are to be preferred above high contrast metal objects
since bone lesions are more often radiolucent than radiopaque. The
shape of these artificial defects in the cortical bone depends on the
technical possibilities to create them. As a result they generally ;
lack conformity with real pathology. The location and the size of the
lesions can not be changed after they have been created. The shape and
density of the image of these lesions depends on the distance
travelled by the rays through the bone. Differently shaped lesions
will therefore produce different images. When the lesion is
radiographed from a different angle or using tomography or rotational
panoramic techniques the lesion image shape may also change. The
influence of the shape of the defect on the image can be excluded by ]
using spherical artificial lesions. In addition pathological processes '
do not produce cylindrical defects. They usually produce a more or
less spherical lesion. Therefore spheres as artificial lesions will
more closely approximate to the clinical situation.

To create a radiolucent lesion a sphere shaped cavity should be
excavated from the bone. Spherical defects are however difficult to
produce in regular cortical bone. Another problem is the relatively -
large number of lesions which are required for ROC analysis. These
disadvantages can be avoided if artificial cortical bone is used.

The substitute to be used ought to have radiographically the same
properties as cortical bone. It has been shown that aluminium has
properties which in essential aspects are equivalent to bone in the
kVp range used in dental radiology (Hodge et al.1935, Manson-Hing
1961, White 1977).

To create a radiolucent image, the spherical or bead-shaped lesion
should create a cavity in the synthetic 'bone'. If possible the cavity
should be filled with a soft tissue equivalent material. Making such
artificial lesions in aluminium is difficult. This problem was
overcome by drilling a hole in a sheet of pure aluminium, which is
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filled with a plastic bead simulating the lesion and an aluminium
equivalent polyester compound. The polyester compound was previously
developed by van Aken( personal communication).

3.1.1 The aluminium test object

Phantom construction:

The Beads

The beads used in aluminium test objects must have the following
properties:

l.Radiographically equivalent in density to the soft tissues.
This means that high density metals cannot be used. Diller (1978)
made a search of the radiographic properties of various plastics.
Eliasson et al.(1979) measured the radiographic densities of twenty-
six impression materials. Their densities were reported in terms of
equivalent thicknesses of aluminium. The results showed a wide
range of aluminium equivalent values. Several of the materials had a
density equal to that of water and are therefore approximately
equivalent to the soft tissues.

2.Compatibility with the bone equivalent polyester compound.
Most plastic materials are not commercially available in bead form.
Polystyrene beads are however available in a compact or extruded
form. The surface of the beads is however incompatible with bone
equivalent polyester compound. Polymethylmethacrylate seemed to be
inert to the polyester compound and has a radiographic absorption
approximately equal to that of the soft tissues. This material was
chosen to be used to produce the beads.

3.Bead size.
As no polymethylmethacrylate spheres in the range from 0.2-2.5 mm
were available; these beads had to be produced in our laboratory. '*'
The beads were made by mixing methylmethacrylate polymer and >
monomer. This mixture was injected into a cellulose glue with a high /
viscosity. For the larger bead sizes, the medium had to be t
especially viscous to prevent the globules from sinking before [
hardening. A fifty centimeter high measuring cylinder was used. '
Spheres are formed as the polymer condenses and sets. The spheres /
were graded for roundness and size with the help of an optical
microscope (Olympus) and finally their diameter was measured using a
microscope with a vernier scale carriage (Leitz, West-Germany).
The beads ranged in size from 0.2mm to 1.0mm (+0.02mm) and from
l.Ommto 2.5mm (+0.05mm).
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Figure 3.1.A A schematic drawing of'a cross-section of an aluminium
test object with a bead and aluminium equivalent polyester filling
compound.

A series of 13 aluminium test objects was made. The aluminium test
objects were constructed from 57x76x3mm thick 'pure' aluminium sheets
(ICRU, 1962) into which a bead had been placed. The series consisted
of beads with diameters increasing from 0.2mm in steps of 25% to 2.5mm
(RIO series, ISO 1966). Therefore the diameters used were 0.2, 0.25,
0.315, 0.4, 0.5, 0.63, 0.8, 1.0, 1.25, 1.6, 2.0 and 2.5mm. One
aluminium sheet had no bead.

The centre of each bead had to be at the correct depth in the
aluminium sheet. This was accomplished by drilling a hole with a depth
equivalent of 1.5mm plus the radius of the sphere. The diameter of
each hole was 5 mm. A turning lathe was used to drill these holes. To
prevent any visible differences in density between the aluminium and
the polyester compound the edge of the holes were beveled. See
Figure 3.I.A. At the bottom of the hole the bead was fixed using a
polyester compound. The fixation of the bead to the floor of the
cavity was necessary in order to ensure the bead kept its position at
the bottom of the hole when the hole was filled up with polyester
compound. Air bubbles were also excluded from the holes in this way.
When each bead was firmly fixed, the remaining cavity could be filled
with the polyester compound.

Some surplus of material was needed to compensate for shrinkage of
the polyester. After hardening at 37 degrees centigrade for 48 hours
the surplus was removed by polishing with fine grinding paper.

The position of each bead was marked at the edge of the aluminium
sheet.

An example of an aluminium test object can be seen in Figure 3.I.B.
The radiograph of this sheet of aluminium with a 1.6mm bead embedded
can be seen in Figure 3.1.C
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Figure 3.1.B A photograph of an aluminium test object. The area filled
with the aluminium equivalent polyester compound can be clearly seen.

Figure 3.1.C A radiograph of the same aluminium test object shown in
Figure 3.I.B. A 2.0mm bead is embedded in the aluminium sheet. No
differences in density between aluminium and polyester compound can be
detected.

3.1.2 The phantom jaw

As trabecular bone patterns may influence the detectability of the
beads six different sections of natural bone were used from the molar
region and six sections from the anterior region.

The soft tissues contribute considerably to the amount of secondary
radiation. In conventional intra-oral radiography secondary radiation
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contributes to up to 40% of the total exposure of the film (de Wit et
al. 1986). The primary beam is also influenced by the soft tissues.
It is therefore essential to use a soft tissue equivalent material in
combination with the phantom jaws.

The soft tissues

Water is often used as a substitute for soft tissues (Richards et
al.1963, Arnold 1983). In this project the position of the phantom is
sometimes changed during the experiments. Water could not therefore be
used. Instead a solid material equivalent to that of the soft tissues
had to be selected with the following equivalent properties to those
of the soft tissues: mass attenuation coefficient, mass energy
absorption coefficient and mass density equivalent.

The soft tissue equivalent material chosen for our experiments
needed to simulate muscle as a biological material. A survey of
available materials can be found in literature (White 1977). From
these materials Mix D was selected. The composition of this material
which was originally described by Jones(1948, 1949) is as follows:

Paraffin wax 304 grams
Polyethylene 152 grams
Magnesiumoxide 32 grams
Titaniumdioxide 12 grams

The radiographic characteristics of 'Mix D' (White 1977) compared to
water are given in Table 3.1.1

TABLE 3.1.1 The characteristics of 'Mix D' and water as a soft tissue
equivalent material compared with I.C.R.U. Muscle*.

Mass attenuation
coefficient ratios

10 keV 50 keV

Mass energy absorption
coefficient ratios

10 keV 50 keV

Specific gravity
ratios(SG. Ratio)

Muscle*
Water
MixD

1.0
0.98
0.84

1.0
1.0
1.01

1.0
0.99
0.81

1.0
0.97
1.0

1.0
1.02
0.99

* ICRU muscle (ICRU 1962,1970)

The Mix D was not commercially available and therefore had to be
produced in our laboratory. The following steps were carried out so
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Jaw section

aluminium
test object

Figure 3.1.D A schematic drawing of the complete phantom jaw with the
molar specimen in position. In the drawing the relationship between
the bone and the aluminium test object is shown. Also the three parts
of the soft tissue equivalent material representing the cheek, tongue
and neck are present.

Figure 3.1.E A schematic drawing of the phantom jaw with the incisor
specimen in position. The aluminium test object and the jaw section
are in close approximation. The lip, chin, tongue and neck section
consisting of soft tissue equivalent material are shown.

that the soft tissues were as realistically simulated as possible.
1. The soft tissue section was modelled in wax.
2. The wax model was embedded in plaster and after setting of the

plaster the model was removed.
3. The Mix D was melted at 140 degrees centigrade.
4. The Mix D was poured into the plaster model taking into account a

shrinkage of 10%.
5. The surface was finished and provisions were made for the

attachment of the sections to the optical bench.
The complete soft tissue phantom consisted of three parts. The

individual components are shown schematically in Figure 3.1.D and
3.I.E. A photograph of the molar region set-up of the phantoms is
shown in Figure 3.I.F. In Figure 3.1.G the incisor region is shown.
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Figure 3.1.F The set up of the molar region of the phantom jaw. The
aluminium bead test object, the jaw section and the soft tissue
eauivalent materials are nre.sent.
utuiniiiiuui ucuu test uujeci, trie

equivalent materials are present.

Figure 3.1.G The set up of the incisor region phantom jaw. The soft
tissue section of the neck can be replaced by a specimen without
cervical vertebrae.
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Figure 3.1.H Radiographs of a bone specimen of the molar region. Jaws
1, 5 and 7 have a regular trabecular bone pattern. Jaws 3, 4 and 9
have an irregular trabecular bone pattern. Non-screen film was used.
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Figure 3.1.J Radiographs of the bone specimen in the anterior region.
All six jaw sections have a regular trabecular bone pattern.

To provide close contact between the individual bone jaw sections and
the soft tissues of the tongue several individual soft tissue phantoms
were made.

Two different neck sections were made in order to be able to study
the influence of the cervical vertebrae on the detectability of
lesions in the anterior region during rotational panoramic
radiography. One neck section had a complete set of cervical vertebrae
embedded and one consisted of soft tissues only.

The jaw sections

In some of the observer studies normal bone specimens were added to
the aluminium test object. Series of radiographs were made of the
aluminium bead test object combined with bone specimens of the molar
region or the incisor region of the mandible. The nine bone sections
selected showed clinically and radiographically no pathology of
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cortical or cancellous bone. An oral pathologist separated the
specimens of the molar region into specimens with a regular trabecular
bone pattern and specimens with an irregular trabecular bone pattern.
Three specimens of each category were used. The 6 jaw sections of the
incisor region selected for use were all judged to have a regular bone
pattern. Radiographs of the bone sections for the molar region are
shown in Figure 1.3.H and for the anterior region in Figure I.3.J.

In the experiments the buccal cortical bone was ground away
completely and replaced by the aluminium test sheet. The surfaces of
the ground jaws were flat which permitted a close approximation of the
aluminium test objects and the jaw sections.

The spaces in the dry jaws were filled with polyester and the
resultant jaw sections were attached to the optical bench.

The complete test set up

A stand was used to hold a micrometer controlled co-ordinate table
with a small optical bench attached (Spindel & Hoyer, Gdttingen, W-
Germany). The ranges of the micrometer screws were sufficient to cover
the object depths involved in the tests when using tomography and
rotational panoramic radiography.

The jaw sections and soft tissue equivalent phantoms were provided
with small supports which allowed attachment to the optical bench.
Bone and soft tissue sections could easily be interchanged during the I
experiments. The stand, the x-y axis table, the optical bench and the s
components of the phantom are shown in Figures 3.1.F and 3.I.G. The
stand had facilities to raise the complete set-up into a vertical
position. This movement was necessary in order to be able to perform
tests using rotational panoramic radiography.
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Appendix

The production procedure for spherical 'lesions' in artificial bone

1. Holes were drilled in a sheet of aluminium to a depth 1.5mm plus
half the diameter of the bead.

2. The cavities were beveled.
3. The cavities were cleaned with xylene and dried.
4. The cavities were washed with styrene and dried to improve the

attachment of the polyester compound to the walls of the cavity.
5. The correct sized methylmetacrylic bead size was selected.
6. A polyester compound with the following composition was prepared:

70 milligrams Zincoxide
430 milligrams Ca3(PO4)2
500 milligrams polyester

7. The Zincoxide powder was mixed with the polyester until all the
large particles had disappeared.

8. Half the amount of the Ca3(PO4)2 was added initially and
spatulated until the mixture was homogeneous.

9. The remaining part of the Ca3(PO4)2 was then added and
spatulated. One drop of styrene could be added if the mixture was
too dry.

10. One drop of accelerator was added and mixed into the compound.
11. To expel air bubbles the mixture was placed in a vacuum chamber.
12. A small amount of the compound was applied to the cavity floor.
13. The methylmethacrylic beads were placed on this compound. With a

dental probe some styrene was applied.
14. After 30 minutes the cavity was washed with a drop of styrene and

the the cavity was further filled with freshly prepared compound.
15. Then the aluminium sheet was placed into a vacuum chamber (1 cm

Hg pressure) for one hour, after which the compound was covered
with a piece of glass.

16. The material was left to set for approximately 48 hours at 37
degrees centigrade.

17. The surface was polished flat.

The result was checked radiographically. Kodak Maximum Resolution
Plates were used. A Picker Mini Shot was used to radiograph the
aluminium plates. The radiographs were made using 65 kVp and an
exposure time of 18 minutes.
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3.2 Application of ROC principles

Introduction

Sophisticated mathematical methods are available to evaluate the
characteristics of rotational panoramic systems. It is questionable
however whether calculations restricted to physical parameters can
adequately predict the applied diagnostic efficiency of such a system.
For instance a reduction in the beam width in rotational panoramic
radiography results in an increased image layer thickness. This
increased image layer thickness is associated with increased physical
image content. However increased layer thickness has two contradictory
effects: 1. an increase in thickness of tissue imaged on the one hand
and 2. on the other, decreased interpretability of the image caused
by interfering structures outside the object layer (Hudson et
al.1957). There are intrinsic dangers involved in evaluating a system
on the basis of isolated physical measurements and their mathematical
extrapolations.

Evaluation of diagnostic quality especially when it involves human
observer performance is difficult. It involves not only the effect
of several physical parameters but also the perception of the
observer.

Goodenough (1976) summarized the variables irvolved in the
evaluation of radiographic image detection, as follows:

1. Image parameters
a. Signal to be detected: size, shape, inherent contrast
b. Number of possible signals
c. Image system: spatial resolution (MTF), noise, dose
d. Non-signal structure: anatomy, grid lines

2. Observational parameters
a. Display system
b. Viewing condition: distance, ambient room brightness
c. Detection task
d. Number of observations

3. Psychological parameters
a. a priori information given observer
b. Feedback given observer
c. familiarity with the type of signal and sort of artifacts to be

expected
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It is clear that clinical diagnostic quality includes more than
information on spatial resolution and noise. Several other degrading
characteristics may enter and influence the final image. One very
important factor is that of "structured noise" (Revesz et al. 1974,
Goodenough et al. 1974), such as the presence of overlapping anatomic
structures.

When the decision has to be made whether or not so.me abnormality is
present several factors influence human perception of a diagnostic
signal (Cornsweet 1970, Goodenough et al.1973). These factors include
the contrast between the suspected abnormality and the background of
the image, the sharpness or edge gradient of the abnormality (the
human observer has a perceptual preference for sharp edges) and the
image noise that may interfere with the perception of the abnormality.

Goodenough (1976) states: "Until a way is found whereby the physical
variables describing image quality can be combined with other factors
such as financial costs, time utilization, patient dose, and of course
diagnostic yield, to give a general equation of diagnostic efficacy,
one must basically approach the problem of system evaluation by
adopting independent measures of each of these factors, while
realizing that it is their mutual effect which must be ultimately
considered".

3.2.1 Evaluation of signal detectability

McNeil et al.(1977) have discussed four analytic measures which
could be used to evaluate detectability between systems.
1. The true-positive ratio(TP) represents the portion of positive
findings in cases where a lesion is actually present. The FP-ratio is
the portion of the false positive findings in cases were no lesion is
actually present. In this approach the measured detectability varies
implicitly with the decision criterion of the observer. Thus the
approach depends on whether the observer is using liberal or stringent
decision criteria.
2. The accuracy ratio is the sum of the true-positive and true-
negative responses divided by the total number of responses. It varies
with the prevalence of the lesions present and like the true-positive
ratio approach, this ratio varies implicitly with the decision
criteria employed by the observer.
3. The observer agreement ratio is the response proportion being
diagnosed as normal or abnormal by all observers. This measure
reflects only the extent to which observers agree on the presence or
absence of a signal, and does not necessarily coincide with the actual
presence or absence of the signal.
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Figure 3.2.A An example of two typical Receiver Operating
Characteristic (ROC) curves. Curve A which approaches the upper left
corner of the graph indicates good discrimination of the lesion from
the noise. A flatter curve near the diagonal (curve B) indicates
poorer discrimination. On the diagonal no discrimination is possible
between radiographs with and without a lesion.

Figure 3.2.B The graph shows the same curves as in Figure 3.2.A
however on double probability scales

4. The receiver operating characteristic (ROC) curve is the least
biased measure presently available, and is the one used in this study.
ROC curves are plots of true-positive ratios against false-positive
ratios for a given stringency of decision criterion. Figure 3.2.A
shows a typical ROC graph. Curves rising steeply to the upper left
hand corner indicate excellent discrimination of the lesion from noise
(curve A). A flatter curve approaching the diagonal indicates poor
discriminative ability of the system (curve B).

The construction of ROC curves requires several pairs of TP-FP
co-ordinates which can be obtained in three ways (McNeil et al.1977):
1. The experimenter changes the ratio of abnormal to normal cases in
the perception experiments and informs the observer about the changes.
As the probability of positive cases increases the observer is likely
to make proportionally more positive responses. On the other hand when
the prior probability of actual positive cases is low he will tend to
make proportionally fewer positive responses.
2. In the second procedure a constant proportion of positive cases is
maintained but the observer is penalized for mistakes in detection. If
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the penalty of a false-positive diagnose is high then observers tend
to reduce the number of positive responses. By systematically varying
the penalties for diagnostic errors a ROC curve can be constructed.
Green et al.(1966) and Swets (1964) showed that for a given
experimental situation alteration of the penalty causes observers to
shift along a given ROC curve and not to shift to a position on a new
curve. The location of several observers on the same ROC curve implies
that they are all using the same diagnostic criteria to separate
signal from noise, although perhaps at different levels of decision
making confidence.
3. A third approach to the generation ROC curves is the easiest to
adapt for use in diagnostic radiology and requires the observer to
indicate on a numerical rating scale the certainty of his response for
the presence or absence of a lesion. Responses made with a high degree
of certainty regarding the presence or absence of a signal are
associated with a low true positive and low false positive ratio,
whereas responses made with a lower degree of certainty are
associated with higher true and false positive ratios.

3.2.2 Signal detection theory

ROC analysis was first developed for the evaluation of radar signal
detectability and was later used to evaluate human detection
performance in psychophysics (Green et al.1966). More recently, ROC
techniques have been applied to the problems of evaluating diagnostic
medical decision making (Lusted 1968, 1969, 1971, 1978, McNeil et
al.1975) and of evaluating the detectability provided by diagnostic
medical imaging systems (Revesz et al.1971, Goodenough et al.1972,
1973, 1974). Introductory discussions of ROC analysis have been
published amongst others by McNeil et al.(1975), Metz et al.(1976),
Metz (1978), and Swets(1964, 1976, 1979a,b, 1982).

The principle concept of signal detection theory is that any
decision regarding the existence of a signal in the presence of noise
can be associated with two kinds of error: false positive and false
negative(Green et al.1966). This is illustrated by the decision matrix
shown in Table 3.2.1.

In Figure 3.2.C an example of the normalized probability
distribution describing the relationship between noise and signal is
shown. The observer had to decide whether a given outcome arose from
noise or noise-and-signal. For each decision threshold on the x-axis
the left and right hand tail of the probability distribution gives
information on the TP and FP probability. These two probabilities
define one point of the Receiver Operating Characteristic (ROC) curve.
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Tigure 3.2.C Two hypothetical distributions of signal and noise with
one possible decision threshold. The conditional probability of each
kind of decision is equal to the area under a frequency distribution
(Metz 1978).

TABLE 3.2.1
Decision matrix with two kinds of stimulus and response

Actual Stimulus

Observers
Response

Positive

Negative

Signal

True Positive

False Negative

No-Signal

False Positive

True Negative

With another decision threshold (to the left or to the right on the x-
axis) a combination of two other TP and FP probabilities is found.
This combination defines another point of the ROC curve. If the
decision criterion is considered to be a continuous variable, a curve
can be derived by plotting the proportion of TP and FP responses: the
ROC curve.

This ROC curve depends on two parameters: the distance between the
means of the two normal distributions on the subjective signal
strength axis, expressed in units of the standard deviation of one of
the distributions and the ratio of the standard deviations of the two
distributions. Various combinations of these two parameters result in
different ROC curves. ROC curves can be plotted as straight lines if
they are plotted as a function of the standard deviations of the TP
and FP values instead of linear TP and FP scales (Green et al.1966,

58



Metz 1978). Figure 3.2.B. illustrates a double probability graph. The
use of these scales changes the ROC curves into straight lines,
provided the distributions are normal.

3.2.3 The receiver operating characteristic curve

The model and position of the curve can be defined in several ways.
When plotted on double probability scales the position of the "curve"
can be given by the intercept with the Y-axis and the slope.
Goodenough et al.(1973) showed the risk of false conclusions when
these curves are defined by only a single point.

Asymmetrical curves are found when different standard deviations of
the underlying distributions exist. If the standard deviations of both
underlying distributions are the same then the gradient of the ROC
"curve" is 45 degrees. Any deviation from this gradient implies that
the underlying distributions have different standard deviations. The
most commonly used index to characterize the ROC curve is the Area
(Az) under the curve. The value of Az varies between 0.5 and 1.0. An
area under the curve of 0.5 shows an absence of discrimination between
noise and noise-plus-signal. The curve is represented by the diagonal.
For an Az of 1.0 the "curve" goes through the upper left hand corner
and indicates perfect discrimination.

3.2.4 Statistical analysis

If a curve fitting procedure is desired, conventional least squares
fitting of a straight line on a double probability graph is not
appropriate since the assumptions implicit in conventional least-
squares methods (equal variance vertically, no variance horizontally)
are not valid for ROC data (Metz 1978). Instead, a special maximum
likelihood curve-fitting program should be used, which finds the pair
of model parameters that make the observed ROC data most likely.
Dorfman and Alf(1969) developed a program for ROC data generated in
rating experiments. This program provides the chi-square analysis of
goodness of fit of the ROC curve to the empirical data, maximum
likelihood estimations of the various ROC indices and sampling
variances of those estimations.

Although ROC analysis is now generally recognized as the most
appropriate method for evaluating the diagnostic performance of
medical imaging procedures, the statistical properties of the ROC
measures have received relatively little attention until recently.
Current progress in the statistical analysis of ROC data is shown by
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the work of Metz et aI.(1980, 1983), Hanley et al.(1982, 1983) and
Swets et al.(1982). In our study the approximate chi-square statistics
tests described by Metz et al.(1979, 1980) are used. The approach used
in this method involves calculating the maximum likelihood estimates
of the slope and intercept of the ROC curve, together with estimates
of the variances and covariances of these parameters.

ROC curves can be compared simultaneously on both their slopes and
intercepts.

3.2.5 Practical application of the ROC principles

The different series of radiographs were scored by the group of
observers as described in chapter 3.3. Written information and
instructions were given to the observers. In the instruction an
explanation was given of the type of lesion to be detected. Also the
location of the area where a lesion could be present was described. As
an example a series with different lesion sizes was available. The
observers were also informed that 50% of the radiographs in each
series contained a lesion. No more than one lesion was present per
radiograph. The observers were not informed about the imaging systems
used.

The observers were asked to indicate for each radiograph the
certainty with which a signal could be detected. A rating scale was
used with five categories of certainty of decision. These were:
1. Almost definitely not present
2. Probably not present
3. Unsure
4. Probably present
5. Almost definitely present.

The results were recorded by the observers themselves on scoring
sheets.

The radiographs were viewed using a ordinary X-ray viewer masked
with opaque material. The room lighting measured at the surface of the
viewer was 5 Lux.

There were no limits on the viewing time or distance, nor were any
special viewing devices used. The length of a viewing session was at
the discretion of the observers and took on the average about 60 to 90
minutes for 240 films. The observers had however to finish one
complete series in one and the same session. The radiographs offered
to the observers were presented in a random order.

A computer program was used to sort the scores into the five
categories of noise and noise-plus-signat groups.
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For each test the results of the individual observers were pooled. A
Hewlett-Packard 1000 computer and the computer program developed by
Dorfman et al.(1969) was used to calculate the ROC curves. The
computer program was modified in order to provide plots of the initial
data points and the calculated ROC curves. Linear or double
probability scales could be used for plotting the data. The programs
for the chi-square statistics as developed by Metz et al.(1979, 1980,
1983) were used to calculate statistical significance.

Pooled observer results

The number of experiments evaluated by using ROC curves was very
large. The total number of observations proposed for the ROC
evaluation was also very large. The work loads which would have
resulted for an individual observer were considered to be
unacceptable. Combining the results of several observers can be used
to overcome this difficulty. Swets et al.(1978) advocated two
different methods for combining the data obtained from several
observers. In the first method, termed "pooling", the individual
observations are simply added together. The second method combines, by
averaging, the ROC curves of the individual observers. The advantage
of the observer pooling method is that a sufficient number of
observations for each curve is obtained without overtaxing the
individual observer.

In paragraph 3.3 on the observer selection this method of pooling
and averaging was applied. The pooling of raw data or the averaging of
data yielded practically the same results for the area under the ROC
curve (Az).
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3.3 The selection of the observers

Introduction

Shaw and Murray (1975) made a survey of the literature with regard
to intra- and inter-examiner variability in clinical and radiographic
caries diagnosis in studies of caries prevention measures. They
concluded that "it is possible that the variations within and between
observers may exceed the caries inhibitory effects of the agents being
studied and make the choice of the examiner as important as the choice
of the test substance". In more recent work these problems persist
(Arnold 1983, Mileman 1985, Reit 1987). It can be concluded that: in
clinical research projects using observers the magnitude of the
differences shown in the experiments are often smaller than the
differences found between the observers.

The use of receiver operating characteristic analysis should reduce
the effect of intra-observer error. Change in criteria is taken into
account in ROC analysis. A change in the observer performance as
resulting in a different shape and position of the curve is rare. The
relationship between the proportion of true positive and false
positive scores is usually constant (Goodenough et al. 1974, McNeil et
al. 1977, Metz et al. 1973, Swensson et al. 1977, Herman P et al.
1975, Herman S et al. 1984, Moise et al 1985).

Inter-observer variation will always be present. This variation is
due to differences in skills, and abilities (Grondahl 1979a,b, Arnold
1983, Berwick et al.1983, Selzer et al. 1984). The inter-observer
consistency can be used as a measure for observer selection.

A group of observers with a consistent quality of performance is to
be prefered for the detection of small differences in the shape and
position of the ROC curve. Individual observer variation should be as
small as possible. It was therefore decided to select a number of
observers with comparable performance characteristics to participate
in the experiments. In the following next chapters the results have
been pooled.

A reliable ROC test should ideally have between 50 and 200 •
observations each for noise and noise+signal (Swets et al. 1982). The '
number depends on the value of the area under the ROC curve (Az) and <
the size of the differences between the other Az values which need to f
be demonstrated (Hanley et al. 1982).

The number of ROC curves in the experiments to be described is much
too large to allow the derivation of individual ROC curves for each
observer. The results are therefore based on pooled observations.

A minimum of 5 observers is required to carry out each test (as
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explained in chapter 3.2). In most experiments the results were based
on at least 300 pooled observations. This means 60 observations per
observer for each ROC curve.

3.3.1 Procedure to test the observers

To measure the inter-observer consistency use was made of a series
of radiographs of a caries phantom previously employed in an
experiment of variation in low contrast defect detectability using
four different film and screen-film combinations (Sanderink et al.
1985).

Description of the caries phantom used for the test series

Five sound, extracted upper and lower premolars were selected. The
presence of caries was excluded radiographically. The premolars were
then embedded in stone so that the thickness of the stone in a mesio-
distal direction corresponded with the thickness of the crown of the
premolar in this direction. As a result the premolars with the trimmed
base were interchangeable and could also be turned 180° around the
tooth axis.

To simulate a clinical situation two upper and two lower premolars
were mounted between a cuspid and two molars in a plaster slot in an
articulator. A sheet of plexiglass, 10mm thick, was mounted in front
of the articulator to simulate soft tissues. A bitewing radiograph of
the teeth in occlusion simulated a clinical bitewing radiograph
(Figure 3.3.A). Artificial lesions were prepared on the proximal
surfaces of the premolars. The depth of the lesions was 0.4mm, which
is known to be on the threshold of detectability for the average
observer (Arnold 1983). The premolars with the defects were positioned

Figure 3.3.A An example of a
radiograph of the caries phantom.
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in a random order so that the number of lesions on each bitewing
varied from zero to eight. In total a series of radiographs contained
36 different images. In this way a series included in a random order
144 sites with a lesion and 144 without one.

Radiographic conditions

The radiographs were made with a Philips Practix 90/20 x-ray unit
with a focal spot size of 1.8 mm and a total filtration equivalent to
2mm of aluminum. The phantom was radiographed at 70 kVp. The x-ray
tube, collimators, phantoms and films were mounted on an optical bench
(Spindel u. Hoyer).

Observers

The observers who participated in the initial test were eleven staff
members of the University of Utrecht, Dental School, in the
Netherlands. Ten of the observers were part-time general
practitioners. One observer was an oral surgeon.

As the research project would last approximately two years it was
anticipated that some observers would be lost for different reasons
during the course of the study. An initial experimental group size of
seven observers was considered desirable.

A check of the observers at the end of the experimental period was
made to assess observer variation during the study.

Observer score analysis

A written explanation of the complete scoring procedure was provided
for the observers before the study commenced. The observers were
familiarized with the lesions to be detected to prevent learning
effects during the sessions (Kelsey et al.1982). They were informed
that 50% of the sites in each series contained cavities. The observers
were asked to indicate for each surface the degree of certainty with
which a caries signal could be detected. In these experiments a rating
scale was used with five categories of decision making certainty. The
viewing conditions remained constant throughout.

The cumulative true positive probabilities were derived from those
sites which contained a lesion. A similar procedure was followed for
the false positive probabilities. In this way four points of the ROC
curve were derived. An extensive explanation of the ROC analysis is
given in chapter 3.2.
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3.3.2 Results of the initial and final observer test

The initial test

The areas under the ROC curves (Az) derived for each of the eleven
observers are given in Table 3.3.1. In this table also the standard
deviation (SD) and the 95% confidence intervals are given. An overview
of the underlying score distributions for the initial observers is
given in the Appendix, Table 1. The results are presented graphically
in Figure 3.3.B.

The observers 2,7,9 and 11 had the lowest diagnostic accuracy values
(Az 0.804-0.890) and showed the largest variation in scores. They were
excluded from the results. Pooling was based on the sum of the
remaining underlying individual distributions (Swets et al. 1978). The
table also contains the results of the average area under the ROC for
these same observers. Observers 1,3,4,5,6,8 and 10 were selected for
subsequent use in all the other tests.
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Figure 3.3.B The results of the eleven observers and the pooled
results (sum) of the observers 1,3,4,5,6,8 and 10 in the preliminary
viewing test. The areas under the curves (Az) are shown for the caries
phantom when using Ektaspeed film. The 95% confidence limits of the
areas under the ROC curves are also provided (solid lines).
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TABLE 3.3.1 Results of the initial observer studies

CARIES LESIONS

Observer
#

1
2
3
4
5
6
7
8
9

10
11

Pooled*
Average*

""Observers 1,2

Area under
ROC(Az)

0.968
0.804
0.956
0.953
0.911
0.928
0.853
0.950
0.890
0.937
0.828
0.930
0.943

5,4,5,6,8,10

Standard
deviation

0.0091
0.0347
0.0130
0.0120
0.0195
0.0154
0.0392
0.0122
0.0395
0.0147
0.0249
0.0111
0.0140

Ektaspeed film

95% confidence
interval

0.950 - 0.986
0.736 - 0.872
0.931 - 0.982
0.929 - 0.976
0.873 - 0.949
0.898 - 0.959
0.776 - 0.930
0.927 - 0.974
0.813 - 0.968
0.909 - 0.966
0.779 - 0.877
0.908 - 0.951
0.916 - 0.971

N=288

Results of the test at the end of the experimental period

At the end of the two year experimental period the observers were
asked to repeat the diagnostic reproducibility test. All the original
seven observers participated. The viewing conditions had remained
unchanged.

The results found for the caries phantom are given in Table 3.3.II.
Here the areas under the ROC curves, the standard deviations and the
95% confidence intervals are given. Individual observers scores can be
found elsewhere (Appendix, Table 2).

The results of both reproducibility examinations are shown
graphically in Figure 3.3.C. The chi-square statistics described in
Chapter 3.2 were used to test for significant differences. The
performance of the seven observers remained stable throughout the
duration of the study. No significant individual differences were
found (P < 0.05). Also the difference between the initial and final
test results was insignificant, whether these were pooled or averaged.
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TABLE 3.3.II The results of the observer test at the end of the
experimental period.

CARIES LESIONS

Observer
#

1
'I

z
34
5
6
i
i
8
o
V

10
11

Pooled*
Average*

* Observers

Area under
ROC(Az)

0.947

0.963
0.936
0.927
0.900

0.922

0.972
-
0.931
0.938

1,3,4,5,6,8,10

Standard
deviation

0.0130

0.0114
0.0699
0.0155
0.0191

0.0175

0.0103

0.0056
0.0298

Ektaspeed film

95% confidence
interval

0.921 - 0.972

0.941 - 0.986
0.799 - 1.0
0.897 - 0.958
0.862 - 0.937

0.887 - 0.956

0.952 - 0.992

0.920 - 0.942
0.880 - 0.996

N=288

/

;

i
I
i

Conclusions and discussion

Initially the inter-observer variance was small. This magnitude of
variance did not increase during the course of the study. Seven of the
original eleven observers were chosen because of their homogeneous
scores in the observer variation studies, to take part in the main
study.

The averaged scores of the observers resulted in slightly better
results (as measured by the area under the ROC curve, Az) than when
the results for seven observers were pooled. An explanation for these
slightly lower results with the pooled data is caused by the use of
decision criteria. Each reader will maintain his own decision cut off
point for the five categories. This source of inter-observer variation
will lead to these slightly lower results. In practice pooling is the
only feasible way to analyze large numbers of observations using ROC
analysis.

The results of testing observer performance before and after the
main studies for stability of judgment showed only minor fluctuation
in the consistency of performance by the observers. Therefore was
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Figure 3.3.C The results of the final observer test at the conclusion
of the experimental period. The left bar with the regular hatching
pattern represents the initial test results whereas the right bar with
the triple lined hatching pattern shows results of the final test. The
95% confidence limits of the areas under the ROC curves are shown by
solid lines.

concluded that the intra- and inter-observer consistency was good. The
homogeneity of the judgments was such that it seems judifyable to use
pooled data.
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3.4 Description of specific methods for measuring image
unsharpness.

3.4.1. The measurement of image unsharpness using the modulation
transfer function.

Introduction.

The Modulation Transfer Function (MTF) describes the transfer of a
sine wave pattern in the spatial frequency domain usually expressed in
cycles/millimeter. MTF was first used in photography, audio systems
and electronics. Since the work of Rossmann in 1962 it has been
frequently used in radiology. An MTF specifies at each spatial
frequency the fraction of a sinusoidal input that will be imaged or
transferred by a radiographic system (Rossmann 1969b).The MTF
specifies the relative ratio of the amplitude of the output (Figure
3.4.A). A high position of the MTF curve means that an image is less
unsharp than an image with a low MTF curve. For most film-screen
combinations the MTF value approaches zero at more than 10 cycles/mm,
whereas the MTF value of non-screen films (e.g. Kodak Ektaspeed) at
that spatial frequency is still approximately 1.0.

1.0

0.75

£
inc
2

o

0.1

spatial frequency

Figure 3.4.A An MTF specifies at each spatial frequency for the same
input modulation the relative modulation imaged or transferred by the
screen-film system. At frequency A the illuminance modulation is 75%
of the maximum modulation, and at B the illuminance modulation is only
10% of the maximum.
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Figure 3.4.B The principles of the construction of a modulation
transfer function. The film is scanned by a microdensitometer. The
density values (A) are converted into exposure values (C) by means of
the characteristic curve of the film (B). The lower half (D) is
normalized in order to change the ERF into an LSF (E). Fast Fourier
analysis of the LSF produces the MTF (F).
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In Figure 3AB the principles of constructing a modulation transfer
function are demonstrated. A radiograph of a sharp edge is made. The
film is scanned by a microdensitometer after a standard developing
procedure. The density values are converted into exposure values using
the characteristic curve of the film. The LSF can be found by
determining the first derivative of the Edge Response Function (ERF)
(Rossmann 1963). Fourier transform of the LSF gives the MTF since the
MTF is the absolute value of the Fourier Transform of an LSF that is
symmetrical.

The derivation of the modulation transfer function.

The modulation transfer functions were derived from the edge
response functions (ERF). The main reason for using the ERF was that
a sharp edge can easily be positioned in the curved image layer as
found in rotational panoramic radiography. The alignment at different
object depths is less complicated than for other procedures.

The film used was Kodak Ortho H in combination with Kodak Lanex Fine
intensifying screens. First a characteristic curve of the screen-film
combination was made. A Philips Practix 90/20 X-ray unit (Philips,
Eindhoven, the Netherlands) was used at 70 kVp. The output was
monitored by a PTW-SN4 dosimeter (PTW, Freiburg, West Germany) with an
ionization chamber. With this ionization chamber corrections could be
made for differences in the output caused by minor variations in the
power supply. An intensity scale was used in stead of a time scale to
expose the screen-film combination by using different distances (R-10
series (ISO R497, 1966)). An optical bench was used to allowed
precise positioning of the screen film-combination relative to the x-
ray unit. The film was then processed manually using standard
procedures. The density steps on the film were measured using a
Macbeth TDSOl densitometer (Kullmorgen Co, Newburgh, N.Y., USA.). A
characteristic curve for the film was drawn. The characteristic curve
is given in Figure 3.4.C.

Before determining the MTFs in rotational panoramic radiography and
tomography, the MTF of the screen-film combination was derived by two
different methods. In the first method the MTF was calculated from the
ERF of an edge of a lead test object (thickness 0.05mm) by the method
described earlier. In the second method, MTF values were obtained with
the help of radiographs of a lead bar pattern test object (Funk,
Erlangen, West Germany) placed directly on the cassette in order to
prevent geometrical unsharpness. The Square Wave Response Function
(SWRF) was transformed into the MTF using the correction method
originally published by Coltman (1954). A comparison of the two MTFs
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exposure (inSv)

Figure 3.4.C Characteristic curve of the Kodak Lanex Fine-Ortlw H
screen film combination.

showed only minor differences. To obtain the spatial density-
profiles of the sharp edge images a Double Beam Recording
Microdensitometer Joyce, Loebl & Co. (Gateshead-on-Tyne, England) with
an effective scanning slit of 10 urn width and 400 urn length was used
(Sanderson 1979).

Three density-profiles perpendicular to the edge were obtained from
three traces of the image (about 10 mm apart). After superimposing
these three, a mean profile was determined. The minimum and maximum
density of the image were measured with the Macbeth densitometer. By
eye-balling the three spatial density profiles the ERF was measured
to approximately 1% of its maximum value and tail truncation was
minimized. An exposure time was selected for the film which resulted
in minimum and maximum density values which were within the range of
the nearly linear portion of the characteristic curve. The spatial
density-profile was drawn on a scale 50:1. The spatial density
profile was digitized with a M.O.P. Video-Plan digitizer (Kontron,
Munich, West Germany). The digitizer had a step width of lmm which
resulted in a trace-step-width of the spatial density-profile of
20 urn. The profile was now divided into two halves. The upper limit of
the lower half was determined by the mean of the minimum and maximum
density of the whole profile. Although it would be better to do this
with the spatial exposure profile the errors produced were less than
0.5%. The lower half of the density-profile was transformed into a
spatial exposure-profile by means of the characteristic curve. A
program on a personal computer was. used to turn the density-profile
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Figure 3.4.D Modulation transfer function of the Kodak Lanex Fine-
Ortho H screen film combination. The N value for this MTF 2.484
Ip I mm.

values into spatial exposure profile values.
By means of a Hewlett-Packard 1000 computer and an appropriate

program the ERF was numerically differentiated and afterwards
normalized, changing the ERF into an LSF (or rather the right half of
the LSF).

By means of a Fast Fourier program on the HP-1000 computer the
LSF was transformed into the MTF. In Figure 3.4.D the MTF of the
screen film combination is shown.

Modulation Transfer Function expressed in one single value

In order to compare qualities of imaging systems it is easier to
comprehend one single value rather than a whole diagram. For this
reason MTF is sometimes expressed by one single value: 'resolution'
(Rossmann 1964a).

Sanderson(1979) objected to the use of a single value as an
assessment of resolution. Resolution has sometimes been specified in
terms of the spatial frequency at which the MTF equals a certain
threshold value. For example, Rossmann (1964a) suggested the value of
4 percent. Figure 3.4.E illustrates the effect of the MTF on
resolution and unsharpness. In this figure, system A would then have a
resolution value of approximately 5 cycles/mm, and system B would have
a resolution of approximately 10 cycles/mm. The two MTF curves shown
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Figure 3.4.E Illustration of the danger of using resolution limit as
the sole indicator of image quality. Curves for the MTFs of two
systems are shown. System B has the better MTF at frequencies greater
than approximately 3 cycles per mm. At frequencies less than 3 cycles
per mm, System A has the better MTF. (Haus 1985)

indicate that system A would yield a higher response below 3
cycles/mm, but that system B would yield a higher response above 3
cycles/mm. This illustrates the danger of using resolution as the sole
indicator of the imaging properties of a system.

Felgett (1953) and Schade (1954, 1955, 1975) introduced the Noise
Equivalent Passband (Ng), that is defined as the integral, over
spatial frequencies,of the squared MTF of the system:

3D

Ne= /[MTF to t(f)]2*df
- oo

or, since the the MTF for negative frequencies mirror the MTF of the
positive frequencies

00

Ng = 2|[MTFtot(f)]
2*df

o

The MTF{ t is the product of the MTFs representing the individual
effects of the focal spot size, the image receptor and the motion
unsharpness. Ng is a useful parameter for establishing an equivalent
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measure of image sharpness in radiographic systems. With some
simplification Ng can be used as an index (in line pairs/mm) for the
resolution of the system. The reciprocal value of the calculated Ne is
the sampling aperture (S,) (Wagner 1974, 1977) or equivalent blur
(Sprawls 1977). It is expressed in millimeters. The term 'equivalent
blur' will be used from now on. The calculated N value of the MTF of
the screen-film combination shown in Figure 3.4.D is 2.484 Lp/mm and
the equivalent blur 0.403mm.

One is tempted to evaluate the image quality of a screen-film
combination by measuring the light diffusion. However care must be
taken. Image quality depends not only on the MTF but also on contrast
and mottle. Consequently a system could have better resolution owing
to less mottle, rather than a higher MTF. In our work the information
transfer capability of different radiographic processes were compared
using the same screen-film combination, having certain noise
properties and contrast. It therefore seems reasonable to use the N
values as an indicator of unsharpness (Linfoot 1961, Dainty et af
1974).

Definitions used in the following chapters:
Noise equivalent passband (N ) is the integral, over spatial
frequencies, of the squared MTF and is expressed in Lp/mm.
Equivalent blur is the reciprocal value of the Noise equivalent
passband. It represents the unsharpness expressed in millimeters.
Sampling aperture is the equivalent used by Wagner(1977) and McDavid
et al. (1987a). There is a measured equivalent blur and a calculated
equivalent blur.
Equivalent unsbarpness is the value obtained measuring the unsharpness
according to the method of Klasens. The equivalent unsharpness is
expressed in millimeters.

3.4.2 The measurement of the image unsharpness using the method of
Klasens.

In 1946 Klasens determined, in a study using observers, the
relationship between images with an unsharpness corresponding to a
rectangular LSF and images obtained with a screen-film system. Images
with an unsharpness corresponding to rectangular LSFs were obtained by
a uniform motion of the test object during exposure. In Klasens study
the observers had to compare films with these two types of unsharpness
and select pairs with the same image quality. The unsharpness of the
images of a sharp edge produced by the screen-film combination and the
motion unsharpness were determined by recording the density-profile.
These density-profiles were transferred to an energy-profile. The
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Figure 3.4.F The S-shaped curve shows the energy distribution of the
registration unsharpness of an edge of an radiographed object. Motion
unsharpness results in an unsharpness corresponding with the distance
AC. The straight line (AB) and the s-shaped curve cross at 0.16(Emax-
Emin) and at 0.84(Emax-Emin). The distance AC is considered to be the
unsharpness caused by the recording medium. (Klasens 1946)

graphs of each pair were superimposed and the distance between the
points of intersection between the two graphs was found to lie on
Emin+0.16(Emax-Emin) and Emax-0.16(Emax-Emin). This finding makes it
possible to find the equivalent unsharpness of an imaging system if
the energy profile of the image of a sharp edge is known. The spatial
distance between the intersections of a straight line through the two
'16% points' of the curve with Emax and Emin determines the equivalent
unsharpness ( Figure 3.4.F). The value obtained with this method is
called equivalent unsbarpness.

Comparison of both methods
Sprawls (1977) and Wagner (1974, 1977) showed that rectangular

unsharpness patterns or LSFs result in equivalent blur values
equivalent to the width of the LSF. It was also shown (Schade 1975)
that the equivalent blur corresponds rather well with the subjective
impression of unsharpness. The equivalent blur is therefore an
equivalent measure for the subjective appearance of unsharpness and
corresponds with the width of a rectangular LSF. Since Klasens
compared in his study the subjective unsharpness with the unsharpness
obtained with a rectangular LSF one could say that both methods use
the same reference unsharpness, the width of a rectangular LSF. The
values found by both methods should therefore be comparable.
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CHAPTER 4: CONVENTIONAL RADIOGRAPHY

4.1 Introduction

The analysis of conventional radiographic imaging was considered an
essential precursor to the study of the more complicated systems such
as tomography and rotational panoramic radiography. The detectability
of an object in conventional radiography is influenced by the
following factors: the geometry of the projection, the size of the
focal spot, the image recording medium, the exposure settings and
finally the shape and composition of the object to be radiographed.

Several studies have shown a gain in detectability when
magnification is used particularly in combination with small (0.3mm)
focal spot sizes (van der Plaats et al.1951, Zimmer 1951, Wende et
al. 1971, Jensen et al.1981). Due to the enlarged image the relative
contribution of the unsharpness caused by the screen-film combination
is reduced. Goedhard (1959) studied the influence of different
magnification techniques on the detectability of the object. In his
study a comparison between radiographic and photographic magnification
was made. He showed that the outcome depended on several factors such
as the focal spot size, the unsharpness of the recording medium and
the type of object. Images made with screen-film combinations showed
an increase in detectability when the magnification was increased.
This despite the increase in geometrical unsharpness.

The optimum position of the object, i.e. the optimum magnification,
can be calculated. For non-screen systems the detectability should
decrease with increasing magnification because the relative
geometrical unsharpness increases with magnification and overrides the
influence of the unsharpness of the recording medium. A few studies
show the effect of the film mottle on the detectability of fine
details (Rossmann 1966). The properties of the recording medium cause
these effects. According to Rose(1973) the resolution of an image
system is under certain conditions limited by noise rather than by the
finite geometric response as expressed by the modulation transfer
function. Selin et al.(1979a,b) demonstrated a microscopic mottle
caused by quantum fluctuations. On no-screen films it was found to
affect small details in such a way as to suggest that it could be of
importance in determining resolution capacity. Thus the modulation
transfer is not the only factor which determines radiographic
resolution.

That the detectability of an aluminium test object varies as a
result of the superimposition of bone and soft tissues is obvious. The
effect of the superimposition of tissues on the detection of objects
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has been studied by a number of authors The detectability of holes
drilled in bone and aluminium (Burger 1949, Bender et al.l961a,b, van
der Stelt 1979) and of defects resulting from excavation of periapical
bone or the removal of cancellous bone (Ramadan et al.1962, Lequire et
al.1974, Phillips et al.1973, Schwartz et al.1971, Shoha et al.1974,
Duinkerke 1976) is well reported. No information could be found on the
detectability of the type of spherical lesions used in this study.

It would be interesting to know more about the influence of
magnification and the type of recording medium used on the results
obtained in observer studies. In this chapter the effect of two
different magnifications and two recording media is described.

The influence of the trabecular pattern of the cancellous bone on
the detectability of spherical lesions of different sizes has been
given special attention. Two types of trabecular bone patterns,
regular and irregular were used in these tests. The effects were
studied using ROC analysis.

4.2 Materials and method

The radiographic experiments were carried out using two different
types of phantoms:
a. aluminium test objects only,
b. aluminium test objects with superimposition of phantom jaws

and soft tissues.
The series of aluminium test objects described in Chapter 3 were

used. A preliminary series of radiographs of all the bead sizes from
0.2 mm to 2.5 mm was made. Based on the detectability of these beads a
selection was made of the sizes to be used in the final experiments.
ROC analysis is only applicable in conditions of diagnostic
uncertainty. Beads of such a large or small size that there would be
no doubt about the diagnostic result were therefore excluded as test
objects from the study.

First the influence of the variation in the magnification was
studied in combination with two different recording media. The
geometrical study design is shown in Table 4.1.

The focus-film distance remained constant (1100mm). The experimental
set up could therefore be defined solely by measuring the focus-
object distance. The magnification was assumed to be 1.0 in situation
A and 1.3 in situation B. A magnification of 1.3 is considered
representative for tomography and rotational panoramic radiography.

Two recording media were used: Kodak Ektaspeed dental film and the
screen-film combination Kodak Lanex Fine-Kodak Ortho H film. The
characteristics of the screen-film combination are described
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TABLE 4.1 The geometrical set up for the two magnifications used.

Situation

A

B

Focus-Object
distance(mm)

1090

840

Object-Film
distance(mm)

10

260

Magnification

1.0092

1.3095

TABLE 4.II An overview of combinations of the bead sizes,
magnifications and films (ES = Kodak Ektaspeed, LF-OH = Kodak Lanex
Fine Ortho H) involved in the observer performance tests.

Bead

(mm)

0.315
0.4
0.5
0.63
0.8
1.0

1.0

ES
ES
ES
ES

Magnification

LF-OH
LF-OH
LF-OH
LF-OH

ES
ES
ES
ES

1.3

LF-OH
LF-OH
LF-OH
LF-OH

in chapter 3.4. An improvement in resolution with increasing
magnification was hypothesized for the screen-film combination.

The bead sizes used for the final series of radiographs for the ROC
analysis are specified in Table 4.11.

In the second experiment the phantom jaws and soft tissues were used
as a new variable. In this experiment only the magnification factor
1.3 was used. No experiments were carried out with the object in close
contact with the film. Non-screen films were excluded from the
subsequent studies as they are used infrequently in tomography or
rotational panoramic radiography. The jaw sections of the molar
region previously described (Chapter 3) included two categories of
bone patterns: bone with a fine regular trabecular bone pattern (Jaws
1,5,7) and a category with an irregular trabecular bone pattern (Jaws
3,4,9).

Observer studies were carried out using a series of bead diameters
covering the complete range of detectability (Az from 0.5 to 1.0) for
one specimen of each jaw category (Jaw 1 and 9). ROC curves were
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Figure 4.A The experimental set up and the General Electric
Omnitome- V Diagnostic X-ray system.

TABLE 4.III
An overview of the bead diameters combined with the different phantom
jaws in the observer performance tests.

Bead
diameter

(mm)

0.8
1.0
1.25
1.6

Regular
Jaw

1 5

• +

bone
#

7

+

Irregular
Jaw

3 4

+ •

bone
#

9

I
derived for all six jaw sections for the 1.25 mm bead size. A survey
of the different combinations is given in Table 4.III.

Exposure conditions

The radiographic system used was a General Electric Omnitome-N
Diagnostic X-ray stand and a General Electric MSI-1250IV X-ray
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TABLE 4.IV The exposure settings for the aluminium test object only
and in combination with the phantom jaws.

Aluminium test object

Recording medium

Ektaspeed

Ektaspeed

Lanex Fine Ortho H

Lanex Fine Ortho H

Magnification

1.3

1.0

1.3

1.0

kV

70

70

73

70

mA

25

25

50

50

exposure time

0.8

0.63

0.008

0.008

Phantom jaws molar region

Recording medium

Lanex FineOrthoH

Magnification

1.3

ii
< 

II ii

70

mA

10

exposure time

0.63-0.8

generator. The x-ray source was a Maxiray tube, focus 0.3G-0.6G
(6.5°) with a total filtration of 3.0mm Al. equivalent. In all
situations a focal spot size of 0.3mm was used.

The Omnitome-N was used in non-tomographic mode for the experiments
described in this chapter. Settings used are shown in Table 4.IV.

The aluminium test object and pha torn jaws were mounted on the
optical bench as described in chapter 3.1. The experimental set up in
the radiographic stand phantom is shown in Figure 4.A.

To obtain results with equal densities different exposure times were
necessary for the two magnifications of the object. The reason for
this is amount of secondary radiation reaching the film. When the
distance declines between film and the object much more secondary
radiation is registered.

Density variations in the image of the aluminium test object
between 1.0 and 1.25 were accepted since the output of the x-ray
generator would inevitably show some fluctuations in output. The
average film density was 1.08. For the jaw phantoms, the density was
measured at three points in the periapical region. Densities between
1.3 and 1.5 were accepted.

The contra-lateral side of the mandible was not present it would
influence the detectability of lesion presence. This would made it

81



bead (mm)
* O.S
O 0.4
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Lanex Fine-OH
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Lanex Fine-OH
magnification 1.3

Figure 4.B-E The ROC curves for the aluminium test objects of the
four combinations tested. In Figures B and C the results for the
Ektaspeed film with a magnification of 1.3 and without magnification
are presented. In D and E the results of the Lanex Fine-Ortho H
combination with a 1.3 magnification and without magnification are
shown.

difficult to compare the results with other experiments in this study.
The projection of the beam with respect to the jaws is different in
all three methods: conventional radiography, tomography and rotational
panoramic radiography.

Since the position of the bead relative to the trabecular bone
pattern will influence the detectability of the bead, the location of
the bead in relation to the jaw was randomized by changing its
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position after each exposure. The aluminium test object with the bead
was moved in the horizontal direction in eight steps of two millimeter
each and in the vertical direction in three steps of three millimeter
for a series of 30 radiographs . The region imaged on the film was
located between the apices of the teeth and the cortical bone of the
lower border of the mandible.

For the construction of the ROC curves several series of
radiographs were made. One series consisted of 60 radiographs, 30
radiographs with a bead present and 30 without a bead. A total of
840 radiographs were made to create 28 series. The area of interest
was cut out of the radiograph and mounted in random order in Rinn
Mounts for ten 31x41mm films. The observer procedure and handling of
the data is described in Chapter 3.2.

4.3 The results of the observer assessments when using the
aluminium test objects

ROC curves were derived for two different magnifications (Table 4.1)
and two recording systems. The curves were derived for the bead
diameters as given in Table 4.II and the areas under the ROC curves
(Az) calculated. In Table 4.V the results are presented. The ROC
curves are shown in Figure 4.B-E.

The underlying distributions of the pooled observer scores can be
found in the Appendix, Table 3.

The results of the areas under the curves are displayed graphically
in Figure 4.F-J. In Figure 4.F the results for the magnified images
in combination with Kodak Ektaspeed are shown whereas in Figure 4.G
the results for the the same bead sizes without magnification are
present. For the bead diameters 0.315 , 0.4 and 0.5mm, the results
with the enlarged image are significantly better. There was perfect
detectability for the largest bead size(0.63mm) whilst detectability
for the smallest size(0.25mm) was no better than that expected from
chance alone.

The results for the Kodak Lanex Fine-Ortho H screen-film
combination with a magnification factor of 1.3 are shown in Figure 4.H
whereas in Figure 4.J the results without magnification are shown. A
significant difference exists between the detectability of the 0.5mm
and 0.63mm beads. The 0.8mm beads were visible in both situations.

The short range from not detectable (0.5mm) to perfectly detectable
bead sizes(0.8mm) is remarkable.

The results with the Ektaspeed film were superior to those with the
screen-film combination in every case.
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Figure 4.F-J The areas under the ROC curves for the aluminium test
objects only. The 95% confidence levels are also given (solid vertical
lines). In F the Az values are presented for Ektaspeed film with a
magnification of 1.3. In G the same film type has been used but
without magnification. In H and J the Kodak Lanex Fine-OH screen-film
combination was used. In Figure H magnification was 1.3 but in Figure
J there was no magnification.

84



TABLE 4.V The areas under the ROC curves of the aluminium bead test
object including the standard deviations and the 95% confidence
intervals for two magnification factors and two recording media.

Magnification factor 1.3

Bead
size(mm)

0.315
0.4
0.5
0.63

Magnification

Bead
size

0.315
0.4
0.5
0.63

Magnification

Bead
size

0.5
0.63
0.8
1.0 v

Magnification

Bead
size

0.5
0.63
0.8
1.0

Area under
the curve(Az)

0.559
0.822
0.9S9
1.0

factor 1.0

Area under
the curve(Az)

0.500
0.601
0.925
1.0

factor 1.3

Area under
the curve(Az)

0.729
0.950
1.0
1.0

factor 1.0

Area under
the curve(Az)

0.497
0.661
1.0
1.0

Standard
deviation

0.0290
0.0211
0.0062

Standard
deviation

0.0298
0.0292
0.0132

Standard
deviation

0.0252
0.0110

Standard
deviation

0.0303
0.0277

EKTASPEED
.. ... _. _ A

95% confidence j
intervals

0.502 - 0.616 |
0.780 - 0.863
0.977 - 1.0
1.0 - 1.0 .

EKTASPEED

95% confidence
intervals

0.442 - 0.558
0.544 - 0.658
0.899 - 0.951
1.0 - 1.0

LANEX FINE-OH j

95% confidence
intervals

0.679 - 0.778
0.928 - 0.971
1.0 - 1.0
1.0 - 1.0

LANEX FINE-OH

95% confidence
intervals

0.438 - 0.557
0.606 - 0.715
1.0 - 1.0
1.0 - 1.0
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Figure 4.K The Az values and the 95% confidence intervals for bead
size l.2Smm. A lateral jaw section (molar region) was present. law
sections 1, 5 and 7 had a regular trabecular bone pattern. Jaw
sections 3, 4 and 9 had an irregular trabecular bone pattern.

4.4 The results of the observer assessments when using the aluminium
test object combined with the phantom jaws

The results of the ROC evaluation are given in Table 4.VI. In this
table Az values are given for both categories irregular trabecular
bone pattern and regular fine trabecular bone pattern. Results are
presented for one jaw section from each category (Jaw #1 and #9) and
for four bead sizes. For the 1.25mm bead size the results are given
for all six jaw sections. From preliminary tests it was found that a
diameter Cv'snm showed a random score. For a diameter of 2.0mm, 100%
detectability was found.

For the irregular trabecular bone combined with the 1.25mm beads an
area under the curve close to 1 is found. For the regular bone this
value is significantly lower, the Az varies between 0.79 and 0.89. The
underlying distribution of the scores of the pooled observers is
presented in the Appendix, Table 4.

In Figure 4.K the areas under the ROC curves are shown graphically.
In this graph a remarkable conformity in results for the three jaw
sections with the irregular trabecular bone can be noted. The
variation in the results when using the regular bone were much larger.
Significantly different results were obtained in all situations where
the different trabecular bone patterns were used.
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TABLE 4.VI The results of the ROC evaluation for the aluminium bead
test object in combined with phantom jaws with irregular and regular
trabecular bone patterns.

IRREGULAR TRABECULAR BONE PATTERN

Bead
size

1.25
1.25
1.25

0.8
1
1.25
1.6

Jaw
#

3
4
9

9
9
9
9

Area under
the curve

0.973
0.956
0.972

0.564
0.785
0.972
0.952

Standard
deviation

0.0090
0.0106
0.0081

0.0326
0.0232
0.0081
0.0137

REGULAR TRABECULAR BONE PATTERN

Bead
size

1.25
1.25
1.25

0.8
1
1.25
1.6

Jaw
#

1
5
7

1
1
1
1

Area under
the curve

0.851
0.891
0.79

0.532
0.681
0.851
0.96

Standard
deviation

0.0200
0.0175
0.0229

0.0328
0.0268
0.0200
0.0123

95% confidence
intervals

0.955 - 0.991
0.935 - 0.977
0.956 - 0.988

0.500 - 0.628
0.740 - 0.831
0.956 - 0.988
0.925 - 0.979

95% confidence
intervals

0.812 - 0.890
0.857 - 0.925
0.745 - 0.835

0.468 - 0.596
0.629 - Q.734
0.812 - 0.890
0.936 - 0.984

The jaw sections (#1 and #9) with different trabecular patterns were
compared using four different bead diameters (Figure 4.L). For the
0.8mmand 1.6mm beads no significant differences between the jaws are
found. For the 1.0mm and 1.25mm beads the differences are
statistically significant.
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Figure 4.L The Areas under the ROC curve for four different bead
diameters. Jaw # / has a regular trabecular bone pattern and jaw #9 has
an irregular trabecular bone pattern.

4.5 Conclusions and Discussion

The following conclusions can be made about the detectability of the
beads in the aluminium test object.
1. Detectability was improved by the magnification of the image.

Images without magnification have significantly lower detectability
for both Kodak Ektaspeed and Kodak Lanex Fine OH.

2. A small change in bead diameter above the threshold value results
in a marked change in detectability. The difference between chance
and perfect detectability was only two bead sizes.

3. The results for the Ektaspeed film are much better than for the
screen film combination.

As a result of using the molar region jaw sections the following
conclusions can be drawn:
1. The structure of the cancellous bone influences the detectability

of the beads.
2. Irregular bone results in a significantly better detectability than

fine regular trabecular bone.
3. The detectability changes more gradually when bone is present than

in the experiments using only the aluminium test object. This
effect is most pronounced for the regular trabecular bone pattern.
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Discussion

For the non-screen film, Ektaspeed, a better detectability was
expected for the objects radiographed without magnification than for
the magnified image. The Ektaspeed film however seems to behave like a
fine screen-film combination. This phenomenon would probably be absent
if a film with less photographic graininess was used i.e. Kodak
Ultraspeed. The small focal spot size might have contributed to these
results. In the tests with the Omni tome x-ray unit the focal spot size
wa» only 0.3mm. There is a direct relation between focal spot size and
geometrical unsharpness.

It was found experimentally that detectability was better when an
irregular rather than a regular trabecular bone pattern was present.
This is possibly caused by the type of structured noise both patterns
cause. When expressed in frequencies the irregular type contains more
low frequencies and the regular type more high frequencies. The beads
present probably relatively low frequencies resulting in a higher
signal to noise ratio in combination with the irregular trabecular
type of bone.
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CHAPTER 5: TOMOGRAPHY

5.1 Introduction

Rotational panoramic radiography is a complex imaging method and a
quantitative analysis of the various factors contributing to the
quality of the final image could be of help in a better understanding
of the technique. The motion unsharpness in rotational panoramic
radiography can be compared with the motion unsharpness found in
conventional tomography.

In tomography using a linear movement the absolute motion
unsharpness is expressed by the equation:

Uma=2.M.Dr.tan(Ang/2) (1)

Here M is the magnification factor, Dr is the object depth and Ang
is the tomographic angle (Kieffer 1939). The relationship between
absolute motion unsharpness and the object depth in tomography is an
approximately linear one which differs from the absolute motion
unsharpness of rotational panoramic radiography. Examples of the
absolute motion unsharpness in rotational panoramic radiography are
shown in Chapter 1, Figure 1.4.G and 1.4.H. It is perhaps more
appropriate to speak of relative motion unsharpness. The relative
motion unsharpness is the unsharpness at real object size. It can be
calculated by dividing equation (1) by the magnification of the object
(Barnes 1979a) as shown here in equation (2):

Umr=2.Dr.tan(Ang/2) (2)

This relative unsharpness is approximately symmetrical with respect
to the central plane.

Woif «*t ai.(1977) described modulation transfer functions for
tomographic imaging of linear, circular, hypocycloidal and spiral
motions. In their study, line pair test patterns were used to compare
theoretically and experimentally derived MTFs. It was advocated by
Wolf et al.(1977) and later by Moore et al.(1981) that both horizontal
and vertical dimensions should be assessed when measuring the amount
of blurring.

In the experiments described in this chapter using linear
tomography, results for motion unsharpness are presented for only one
dimension. The mathematical models as verified in this study also
contain just the unsharpness calculated in the horizontal dimension.
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In this chapter a verification of the image layer was performed using
two methods: observer performance analysis and a comparison of
calculated and experimentally derived MTFs.

5.2 Materials and Method

Observer performance tests were carried out using the aluminium test
objects described in Chapter three. The experiments were carried out
using beads sizes of 0.8 and 1.0mm in diameter.

In the tests using a non-tomographic system in chapter four
detectability was 100% for beads with a 0.8mm diameter. The
detectability of the 0.63mm beads was under those circumstances 95%. A
preliminary test using tomography showed that at object depth Dr=2.5mm
the area under the curve (Az) for this bead size was reduced to
approximately 0.5. Therefore this size was not included in the tests.
Preliminary tests also showed that the bead sizes 0.8 and 1.0mm in the
central plane were 100% detectable in all the radiographs. Therefore
no ROC curves were derived for the central plane.

The properties of the image layer on the inside and the outside of
the central plane are symmetrical. These properties were therefore
(with one exception) only measured on the film side of the image
layer. Table 5.1 shows the bead sizes and positions studied
experimentally.

For the observer performance tests, a series of radiographs was
exposed. Each series consisted of 30 radiographs with and 30
radiographs without the presence of a bead. A description of the
viewing procedure and the method of data analysis can be found in
Chapter 3.

TABLE 5.1 A summary of the object depths and bead sizes involved in
the observer performance tests.

Object
depth
Dr (mm)

-2.5
0
2.5
5.0

10.0
15.0

Bead diameter

0.8 mm

:

1.0 mm
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The choice of the tomographic angle

The layer thickness varies with variation in the tomographic angle
(see Table 5.II). In this table values are given for the four tomo-
graphic angles available on the Geueral Electric Omnitome-N system.

TABLE 5.II Relation between the layer thickness and tomographic angle
(Littleton 1976).

Tomographic
Angle (degrees)

8
15
30
45

Layer
Thickness (mm)

13-16
6
2.5
1.3

A tomographic angle of 15 degrees was selected for the ROC analysis
because the resulting thickness of 6mm is generally similar to the
image layer thickness in the anterior region of most machines for
rotational panoramic radiographs.

The exposure angle of the tomographic system was verified using the
test object recommended by the ICRU (1963). The results for the
different tomographic angles are presented in Table 5.HI.

TABLE 5.III The actual tomographic exposure angles compared with those
specified by the manufacturer.

Tomographic angle
from manufacturers'

specifications
(degrees)

8
15
30

Tomographic angle
experimentally determined

(degrees)

6.3
14.4
30.4
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Figure 5.A The test set up to verify the position of the central plane
and the alignment of the stand.

The position of the central plane, the alignment of the stand and the
aluminium test object.

The position of the central plane may was verified for increased
accuracy using a specially constructed test object. This test obj- :t
consisted of a line pattern test (no.6863, Funk, Erlangen, W-Germany)
mounted on a support on the optical bench. See Figure 5.A. This makes
it possible to verify the exact position of the central plane of the
layer. The alignment of the optical bench relative to Omnitome-N stand
was also checked and adjusted by using the coordinate table with
micrometer screws.

Exposure settings and densities

The General Electric Omnitome-N Diagnostic X-ray system previously
described was used in tomographic mode in this study. The settings
used are reported in Table 5.IV.
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TABLE 5.1V Settings of the radiographic stand

Exposure

kV

mA

Time

Focus

70

1

0.5

0.3

seconds

mm

Geometry

Tomographic angles 8 15 30 45

Focus-Film distance 1100 mm

Focus-Object plane 840 mm

Magnification factor 1.3

The settings of the Omnitome-N allowed two fixed exposure times to
be used for each tomographic angle. The standard settings were
modified allowing shorter exposure times to be used. The kV setting
was kept constant; so that the results presented here should be
comparable with the work of others. Modifications by the manufacturer
made it possible to reduce the mA value to 1.0 mA. This was sufficient
to produce radiographs with acceptable densities. Because some
variation in density due to current fluctuation occurred, films
outside the density range 1.0 to 1.25 were rejected. The average
density used was 1.07.

5.3 The results of the observer assessments when using the aluminium
test object

The ROC curves are displayed graphically in Figure 5.B. The results
of the ROC curves expressed as the areas under the ROC curves (Az) are
given in Table 5.V. The underlying distributions of the pooled
observer results can be found in the Appendix, Table 5.

In Figure 5.C the results are expressed graphically for both bead
sizes. The detectability of the 1.0mm bead approached 100% at Dr=5mm.
As distances increased a gradual decrease in detectability was found.
However at Dr=15mm the Az value was still 0.829 which indicates that
detectability was still good. At positions Dr=-2.5 and Dr=2.5mm
detectability was almost 100% for the 0.8mm beads. For Dr=5mm, the
area under the curve was still large. A rapid decrease in
detectability was found as object depth approached 10mm, where the
results indicate that detection occurred more or less by chance.
Equivalent detectability was found for both diameters of bead for
object distances up to 5.0mm. At larger object distances considerable
differences were found.

94



pi'

0.8

i= 0.6 .

NOMRL DEVtflTE ZIFPI
- 1 . 0 0.0 1.0

I I I I I I I

0.2 0.4 0.6
PR0BRBIL1TY (FP)

0.10 O.M 0.10 0.70
PMMWJLITY IFP)

0.8 .

fc O.I

N0MM. DEVIATE Z<FP)
-1.0 0.0 1.0 t.0

I

- . 2 . 0

0.4 0.6
PMMB1LITY tFP)

0.10 O.M 040 0.70
PMMBILm IFP)

Figure 5.9 The ROC curves of the aluminium test object for 0.8 and
l.Ommbead sizes at different positions relative to the central plane.
Tomographic angle 15 degrees. The graphs on the left use linear
scales. On the right for the same results double probability scales
have been used.
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Figure 5.C The areas under the ROC curves for the 1.0mm and 0.8 mm
bead sizes at different object depths. Tomographic angle 15 degrees.
The solid vertical lines indicate the 95% confidence intervals.

TABLE 5.V The relationship between object depth (Dr) and the Area
under the ROC curve (Az) for two bead sizes. Tomographic angle 15°.

Object Area under Standard
depth(mm) the curve(Az) deviation

95% confidence
intervals

Bead size 0.8 mm

-2.5
0
2.5
5
10

0.994
1
0.999
0.960
0.562

0.0031
0
0.0016
0.0104
0.0320

0.988 - 1
1 - 1
0.996 - 1
0.940 - 0.981
0.499 - 0.625

Bead size 1.0 mm

0
5
10
15

1
0.997
0.914
0.829

0
0.0033
0.0145
0.0211

1 - 1
0.991 - 1
0.885 - 0.942
0.787 - 0.870
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5.4.1 The calculation of the unsharpness by means of the modulation
transfer function

A computer program developed by McDavid et al.(1985) for rotational
panoramic radiography was modified for use in conventional tomography.
In this modified program the modulation transfer functions of the
screen-film combination, the geometrical unsharpness and the motion
unsharpness caused by tomographic movement in the object plane were
calculated separately. Calculations were carried out for tomographic
exposure angles of 15 and 30 degrees. The magnification was
corrected in order to obtain relative values. Then a composite MTF for
the total system was calculated. The Noise equivalent passband (Ng)
was also calculated. These procedures were repeated for object depths
varying between Dr=-20 and Dr=20mm.

In Figure 5.D the N values are shown. The inverse values, the
equivalent blur, are displayed in Figure 5.E. The theoretically
calculated functions were not completely symmetrical. A minor
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Figure 5.D The noise equivalent passbands plotted as a function of
object depth. In the graph the results are given for an effective
tomographic exposure angle of 30 degrees (solid line) and 15 degrees
(dashed line).

Figure 5.E The equivalent blur plotted as a function of object depth.
The results for two tomographic angles ( 30 degrees: solid line and
15 degrees: dashed line) are shown.
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Figure 5.F The modulation transfer function measured at different
object depths. The tomographic angle was 15 degrees. Figure A shows
the MTFs at the inside of the image layer toward the focal spot. In
Figure B the results for the outside of the layer toward the film.

asymmetry was found caused by the contribution of the relative
unsharpness of the focal spot, the recording medium and a minor change
in the tomographic angle at different object depths. At the central
plane the motion unsharpness is zero. The unsharpness there is caused
by the focal spot and the screen film combination.

5.4.2. The measurement of the image unsharpness using experimentally
derived modulation transfer functions

The mathematically found N values were verified experimentally
measuring the Edge Response Function (ERF) of a lead test object at
different object depths. Differentiations were carried out on these
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Figure 5.G The modulation transfer function at different object
depths. The effective tomographic angle was 30 degrees. The MTFs at
the inside of the image plane are given in A and on the outside in B.

ERFs to find the line spread function (LSF). From this LSF the
modulation transfer function (MTF) and corresponding Ng and equivalent
blur values were calculated. An explanation of this procedure is
given in Chapter 3. The results for a tomographic angle of 15 and 30
degrees are given in Table 5.VI and 5.VII. The experimentally derived
MTF curves can be seen in Figure 5.F and 5.G. The measured results
were corrected for magnification and were thus transformed into
relative values.

The layer thickness for the 30 degrees tomographic angle was
expected to be approximately half the thickness of that for the
15 degrees tomographic angle. A smaller number of object depths was
measured for the 30 degrees angle as measurements of very unsharp
images at large distances from the central plane were considered to be
of no practical value.
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TABLE 5.VI Experimental values for the Noise equivalent passband
(Ng) and the equivalent blur. A tomographic angle of 15° at varying
object depths (Dr) was used.

Object
depth
Dr(mm)

-21
-16
-11
-8.5
-6
-3.5
-1

1.5
4
6.5
9

14
19

Magnifi-
cation

1.343
1.335
1.327
1.323
1.319
1.315
1.311
1.307
1.303
1.300
1.296
1.288
1.281

Experimental
N e

(Lp/mm)

0.228
0.307
0.378
0.472
0.735
1.344
2.313
2.199
1.152
0.757
0.255
0.346
0.303

Equivalent
blur
(mm)

4.393
3.257
2.647
2.120
1.361
0.744
0.432
0.455
0.868
1.322
3.926
2.894
3.304

TABLE 5.VII Experimental values of the Noise equivalent passband (N )
and the equivalent blur for a tomographic angle of 30 degrees.

Object
depth
Dr(mm)

-6
-3.5
-1

1.5
4
6.5
9

Magnifi-
cation

1.319
1.315
1.311
1.307
1.303
1.300
1.296

Experimental
N e

(Lp/mm)

0.340
0.453
1.678
1.840
0.628
0.191
0.247

Equivalent
blur
(mm)

2.941
2.208
0.596
0.544
1.592
5.234
4.056
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Figure 5.H The theoretical N values combined with the experimental
data. See also Tables 5.VI and 5.VII.

Figure 5.J The theoretically derived equivalent blur values combined
with the experimental values. See also Table 5.VI and 5.VII.

A comparison between the experimental and theoretical N values was
made. The results are displayed graphically in Figure 5.H. The
corresponding theoretical and experimental equivalent bhir values are
also shown in Figure 5.J. The experimentally found N -values do not
deviate much from the theoretically derived curves. The practical
results show slightly lower values for the unsharpness than the
theoretical values.

5.5 Conclusions and Discussion

The following conclusions can be made about the detectability of the
beads in the aluminium test object.
1. Detectability was maximal for the 1.0mm beads within 5mm of the

central plane. At larger object distances (Dr>5.0mm) a gradual
decrease in detectability occurs.

2. The 0.8mm beads were almost complete detectable for object
distances between -2.5 and 2.5mm. At distances from 5 to 10mm the
detectability as measured by the area under the ROC curve decreases
rapidly. From these we conclude that layer thickness depends on
object size.
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The thickness of the layer found for the 1.0mm beads was thicker than
mathematically expected (Table 5.II, Littleton 1976). The image layer
is a entity dependent upon unsharpness. The observer however does not
have an absolute threshold for the unsharpness of objects but a
relative threshold influenced by the size of the object. Empirical
evidence for this has previously been reported by Eckerdal (1973).
Contrast also has an influence on the perceived unsharpness of images
(Cohen et al. 1978). Therefore the comparison between ROC results
indicate that mathematically derived functions of object depth and
unsharpness cannot be taken at face value.

From a diagnostic point of view the relation between bead diameter
and object depth for a fixed accuracy (Az) gives a more clinically
useful procedure to express the characteristics of the image layer.
The relationship between a fixed Az and an object depth can be found
when Az is available for a series of bead sizes. In the graphs in this
chapter, the relationship between a fixed Az and the object depth for
one particular bead size is shown. The former should however be
preferred.

When the mathematical model of the unsharpness and the experimental
unsharpness measurements are compared the following conclusions can be
drawn.
1. A strong correlation was found between the mathematical model of

the unsharpness and the experimentally derived N values.
2. The mathematical model may be accepted as a good approximation of

the total unsharpness occurring in conventional tomography.
In general the experimentally derived values for unsharpness were
slightly better than those calculated theoretically. This improvement
above expected performance may have been caused by several factors.
1. The effective tomographic angle and the angle used in the
mathematical model differed slightly (Table 5.III).
2. The many steps in the procedure to derive an experimental MTF may
also have lead to small errors.
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CHAPTER 6: ROTATIONAL PANORAMIC RADIOGRAPHY

6.1 Introduction

The theory of rotational panoramic radiography is complex. A great -
number of variables are involved in influencing the thickness and
position of the image layer.

Welander et al.(1987a) suggest that cylindrical and non-cylindrical
rotational panoramic radiography should be considered separately. '
Cylindrical panoramic radiography is a system that has both a :
cylindrical image layer and a stationary centre of rotation. All other
situations are considered to be non-cylindrical. The non-cylindrical •
panoramic radiograph can be produced using a stationary centre of
rotation as well as by a sliding centre of rotation. Most commercially
available machines have compound systems. When a stationary centre of
rotation is used in these machines it is only active during a part
of the excursion movement of the apparatus. A true cylindrical path
may however exist for part of the excursion. In the DENT-program of
the Zonarc equipment however there is a cylindrical portion in the
most anterior part of the excursion pathway. This section is
approximately 50 degrees wide. It extends over an area corresponding
with the incisors. Most conventional panoramic machines use sliding
rotation centres in the molar region. The Palomex Zonarc machine is
provided with several other programs, in addition to the program for j
the dental arch. Some of these can be classified as cylindrical. '

The Zonarc MT-program was developed to make radiographs of the
middle third part of the facial anatomy. Its effective projection
radius is equivalent to the molar region of the DENT-program.
According to the manufacturer the MT-program has a fixed radius of
87.3mm.

In Table 6.1.A examples are given of machines with the different -
categories of movement systems.

Most studies of image quality are based on the mathematical analyses
of systems with Stationary rotational centres and cylindrical layers. '
Several authors have shown that calculations based on cylindrical
rotational panoramic radiographic systems may give misleading results
if applied to non-cylindrical systems (Tronje et al. 1982b, Welander
et al. 1985a, McDavid et al. 1986a).
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TABLE 6.1.A Examples of commercially available rotational panoramic
machines and programs for different categories of movement systems.

Cylindrical systems
(stationary centre
of rotation and
cylindrical layer)

Non-cylindrical systems

I. stationary centre
of rotation and
non cylindrical
layer

Tomorex: CL-program
Zonarc : -MT-program

-CV-program
-EAR-program
-DENT-program
(anterior region only)

Panorex 2 split mode

anterior region* of:
-Orthopantomograph OP3
-Orthopantomograph OP5/10
-Cranex/Panelete

ramus area*** of:
-Panorex 2(continuous mode)
-Orthopantomograph OP3
-OrthOralix
-Panelete/Cranex
-Zonarc DENT-program
-Tomorex split mode

II. sliding centre
of rotation

Panoral (Panex-E)
Panelipse II

posterior region** of:
-Orthopantomograph OP3
-Zonarc DENT-program

anteriorandposteriorregion of:
-Orthoralix
-Panorex 2 (continuous mode)

posterior region ami rants
-Orthopantomograph OP5/10

• •
anterior region covers approximately the area of the incisors,
posterior region covers the distance from cuspid to third molar.

*** ramus area covers the area extending posteriorly from the third
molar.
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6.2 Materials and Method

To reduce the number of variables involved in the analysis of the
characteristics of the image in rotational panoramic radiography it
was decided to study the imaging process using two different
projection radii Two of the programs were selected: the DENT-program
and the MT-program of the Palomex Zonarc machine.

The DENT-program has in the anterior region an effectively
stationary rotational centre which creates a cylindrical image layer
with a small projection radius. This part of the exposure was used.
The mathematical model of the complete image layer produced using the
DENT-program is shown in the Figures 1.4.P and 1.4.O (Chapter 1.4).
The mathematical models of the anterior region of the DENT-program
have been described already in Chapter 1.4 where a similar projection
radius (R=29.6mm) to the DENT-program was used.

For the investigation of the characteristics in the lateral part of
the rotational panoramic radiogram the MT-program was used. This
enabled the image layer to be studied using a large projection radius
with a stationary rotation center. A three-dimensional graph of the
image layer produced using this program is illustrated in Figure 6.2.A
and 6.2.B. In Chapter 1.4 calculations for this large radius
(R=87.3mm) have been described. The system parameters of the Zonarc
are given in table 6.2.1.

Before radiographs of the test objects were made, the width of the
beam and alignment of the machine were checked. The exact length of
the projection radii for the machine and programs to be used were
obtained from the manufacturer and these were checked for the anterior
region of the DENT-program and the MT-program.

The aluminium test object and the phantom jaws had to be aligned in
the machine before the test radiographs could be exposed. A
description of the alignment of the machine and the tests carried out
are given in paragraph 6.3. In this paragraph an explanation of
exposure settings used is also given.
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Figure 6.2.A Three-dimensional graph of the image layer of the Zonarc
MT-program using Lanex Fine screens with Ortho H films. The beam width
at the film was 8.5mm and the focal spot size 0.6mm.

Figure 6.2.B Three-aimensional graph of the image layer of the
Zonarc MT-program using Lanex Fine screens with Ortho H films. The
beam width at the film was 3.5mm and the focal spot size 0.6mm.
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TABLE 6.2.1 Machine specifications:

Palomex Zonarc OP6*, serial number 5032.

Dimensions (in millimeters):
Focus-Film distance
Focus- Primary slit
Focus-Rotation axis
Maximum vertical shift of the machine

700
240
510
810-1060
270 degreesMaximum rotation of the machine

Cassettes: curved
Radius cassettes at film level :165 mm
X-RayTube Type fitted:
Philips Rotalix 0.6/1.2 mm, 2 mm Al. nr 36148,
Type XF2025/00, nr 559169.
Total filtration :3 mm Al
Focal spot size :0.6 mm
Generator: Philips Super 70

Manufacturers General Program specifications.

Program

DENT

MT

Radius
(mm)

26

85

Magni-
fication

1.3-1.25

1.18

Laver Thickness
Bf=5.0mm

9-37 mm

28 mm

Bf=10.0mm

4-18 mm

14 mm

Exposure Time

15.0 sec

13.0 sec

Palomex Instrumentarium Oy. PO.Box 20, SF-04301, Hyrla1, Finland.

6.3 Validation of the manufacturers specifications and the quality of
performance of the rotational panoramic unit

• The width of the beam

A Palomex Zonarc unit was used to carry out the experiments. This
unit was made available by the Department of Oral Radiology at the
University of Umea. The unit is shown in Figure 6.3.A.

A number of small modifications had been made to the standard
version of the Palomex Zonarc unit:
1. The central part of the hood covering the rotation mechanism and
main axis of the machine was made so that it was removable. The
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Figure 6.3.A The Zonarc unit. In this view the x-ray tube with
rotating anode and the cassette holder can be seen. On the wall at the
left the operating desk can be seen. The photographic stand is used to
support the phantoms. In the centre of the main body of the Zonarc
unit a circular opening allows the central axis of the machine to be
observed.

central rotation axis could be lengthened using an extension rod. This
device is shown in Figure 6.3.B. Aluminium sectors could be mounted on
this extension rod. These sectors allowed the attachment of a bronze
bar pattern test-grid. The test grids were flexible and could be
adjusted to the different lengths of the radii of these sectors
(Figure 6.3.C). The small radii of these sectors had the same length
as the diameter curvature of the anterior region imaged by the DENT-
program. The large radii were proportionally related to the curvature
of the image layer produced by the MT-program.
2. The slit width of the diaphragm was reduced to increase the
thickness of the image layer particularly in the anterior region of
the dental arch. The original beam width settings by the manufacturer
of 5.0mm and 10.0mm measured at the film plane were reduced by Siemens
representatives to 3.5mm and 8.5mm respectively.
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Figure 6.3.B The rod extending the central axis and the aluminium
sectors of differing radii.

Figure 6.3.C The extension rod and sector, mounted on the central
axis. Two sectors with different radii are shown. The flexible bar
pattern test grid is fixed onto the sectors.

The specifications with respect to the width of the beam and the
alignment of the beam with the secondary slit given by the
manufacturer were verified. For this purpose two Kodak Ektaspeed
dental films were used. The first film was mounted in front of the
shield which protects the film against scattered radiation. The second
film was fixed behind this protection shield. The position of the
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Figure 6.3.D Microdensitograms of the narrow and wide beam at the
film surface.

film

Figure 6.3.E Primary slit projection geometry. A simplified schematic
drawing of a narrow slit is shown.

latter coincided with the position of the film in the cassette. A 0.5
second exposure was used (70 kVp, 3 mA). Low film exposure is
important in preventing over-exposure which results in an apparently
greater beam width. The films showed no misalignment and no
interference of the primary beam by the secondary slit.

The borders of the image resulting from the borders of the primary
slit show geometrical unsharpness. For the wide beam this transition
zone is only a minor part of the total beam width and was therefore
neglected for the purposes of measurement. This part of the image is
proportionally greater for the narrow beam. A microdensitogram was
made. The results for both beam widths are given in Figure 6.3.D. The
beam produced with the narrow slit had a remarkable density
distribution profile. The middle of the microdensitogram showed the
unattenuated beam whereas on the boundary the blurred borders of the
image of the slit could be seen.

In Figure 6.3.E the primary slit projection geometry is shown for
the Zonarc unit.

The geometrical unsharpness was calculated using the following
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Figure 6.3.F The noise
equivalent passbands for small
projection radii used in the
anterior region of the jaw in
the DENT-program. Values for
R=29.6mm with Bf=3.5mm and for
R=29.0mm with Bf=3.5mm and
Bf=2.65mm are plotted.

A focal spot size of 0.6 mm results in a geometrical unsharpness of
the primary slit of (460/240)0.6=1.15mm. The width of the beam can
therefore not be determined exactly and the value used will be an
estimated one. Which beam width is decisive in the image formation and
will give the best results in the mathematical model, is therefore
somewhat uncertain. However it is of particular importance to use an
accurate value for the width of the narrow beam because beam width is
reciprocally related to layer thickness.

The area under the microdensitogram was therefore calculated. A
transformation of the area under the microdensitogram into a
rectangular model resulted in a beam width of 2.65mm. This width was
assumed to be the width of the beam. In the following chapters unless
otherwise stated an absolute beam width of 2.65mm is used for the
narrow slit.

The theoretical N -values of the image layer using the small
projection radius of the DENT-program will change considerably if this
new beam width is used (see also chapter 1.4). In Figure 6.3.F this
effect is illustrated. The Ne-value in the central plane remains
however constant.
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•The position of the central plane

Check on the position of the central plane in the MT-program and the
anterior region of the DENT-program.

The position of the central plane can be defined as the plane with
an equal horizontal and vertical magnification (van Aken 1973a,b).
Information on the position of the image plane for the anterior region
of the DENT-program and the MT- program was provided by the
manufacturer as follows:
Effective projection radius anterior region DENT-program 29.6mm.
Effective projection radius MT- program 87.3mm.

These data differ from the data provided in commercial brochures and
manuals from the manufacturer. See paragraph 6.2.

The position of the central plane can be verified experimentally. An
object radiographed at different positions relative to the central
plane will result in differences between the vertical and horizontal
magnification of the image. The position of the central plane can be
located using these magnification measurements.

Methods

Exposures were made of an object (see Figure 6.3.G) in the anterior
region mounted on aluminium sectors with radii varying from 21.5mm to

Figure 6.3.G The bronze test grid.
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Figure 6.3.H The horizontal and vertical magnification for the DENT-
program in the anterior region found experimentally. The solid line
shows the theoretical magnification for R=29.6mm calculated from the
specifications.

Figure 6.3.J In this graph experimentally measured magnification
using data points from Figure 6.3.H are compared with theoretically
derived magnification for R=29.0mm.

31.5mm. The dimensions of the test object were exactly known. For the
MT-program three exposures were made with radii 83.3mm, 87.3mm and
91.3mm respectively. Kodak Ortho-H film was used in cassettes but no
intensifying screens were used during these measurements. In the
DENT-program the rotation angle of the cylindrical section for the
anterior region is approximately 50 degrees. A 10mm test object was
used to measure the horizontal magnification. In the MT-program which
produces a completely cylindrically shaped image layer the full length
of the test object was used (27.3mm). The full vertical height of the
test object could be used for both programs.

The dimensions of the images of the test object were measured on the
films so that the horizontal and vertical magnification could be
calculated.

Results

The results are given in Table 6.3.1. For the anterior region of the
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TABLE 6.3.1 Experimental and mathematically derived values of the
horizontal and vertical magnification verifying the position of the
image plane. Theoretical values are given for a projection radius(R)
29.0mm in the DENT-program and 87.3mm for the MT-program.

Image layer
in anterior
region of
the DENT-
program

[mage layer
in the MT-
program

Sector
Radius
(mm)

21.5
22.5
23.5
24.5
25.5
26.5
27.5
28.5
29.5
30.5
31.5

Sector
Radius
(mm)

83.3
87.3
91.3

Measured
Magnification

hori-
zontal

1.73
1.68
1.60
1.54
1.47
1.42
1.36
1.32
1.27
1.24
1.20

verti-
cal

1.319
1.316
1.306
1.308
1.304
1.302
1.302
1.300
1.296
1.296
1.292

Measured
Magnification

hori-
zontal

1.231
1.179
1.132

verti-
cal

1.188
1.176
1.168

Distortion
index

1.31
1.28
1.23
1.18
1.13
1.10
1.04
1.02
0.98
0.96
0.93

Distortion
index

1.036
1.003
0.969

Theoretical
Magnification

hori-
zontal

1.752
1.674
1.603
1.537
1.477
1.421
1.370
1.321
1.277
1.235
1.196

verti-
cal

1.317
1.315
1.312
1.310
1.307
1.305
1.302
1.300
1.297
1.295
1.293

Theoretical
Magnification

hori-
zontal

1.228
1.172
1.121

verti-
cal

1.180
1.172
1.164

DENT-program (small projection radius) the results are shown
graphically in Figure 6.3.H. From the results it can be seen that
there is a difference between the experimentally found radius and the
radius given by the manufacturers. The graph shows that the actual
radius was 29.0mm. The data points and the calculated magnification
based on an effective projection radius of 29.0mm are therefore
presented in Figure 6.3.J.

The ratio between the horizontal and vertical magnification used as
a distortion index was calculated by dividing horizontal magnification
by the vertical magnification. The experimentally derived results of
the DENT-program are given in Figure 7.3.K. This graph also shows the
distortion calculated for different object depths for a 29.0mm
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Figure 6.3.K The experimental
distortion index calculated
using horizontal and vertical
magnification and the mathe-
matical distortion index values
for a 29.0mm radius (solid
line) of the DENT-program. The
dashed horizontal line indi-
cates absence of distortion.

21 22 23 24 25 26 27 28 29 30 31

RADIUS, mm

Figure 6.3.L
The experimentally derived
horizontal and vertical magni-
fication for three radii. The
solid line represents the
vertical magnification and the
dashed line the horizontal
magnification. The projection
radius was 87.3mm.

79.3 B3.3 87.3 91.3
RADIUS, mm

95.3

projection radius.
For the large projection radius (MT-program) the results are given

in Figure 6.3.L. The experimentally found and mathematically derived
distortion index is shown in Figure 6.3.M. For the MT-program the
discrepancy between measured and mathematically derived data is so
small that the values given by the manufacturer do not have to be
corrected.
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Figure 6.3 .M
A comparison between the
experimentally derived and
theoretically (solid line)
derived distortion index. The
latter is based on a radius of
87.3mm for the MT-program. The
dotted line indicates a
distortion index of 1.

Conclusions

From the results it can be concluded that the central plane is at a
distance of 29.0 millimeters from the rotational axis which deviates
0.6 millimeter from the distance provided by the manufacturer
(R=29.6mm). The radius of the MT-program provided by the manufacturer
and the measured radius were the same (R=87.3mm).

Discussion

McDavid et al.(1981b) described effects of minor deviations in
proper film speed on the position of the central plane. A 3 percent
deviation in film speed shifts the central plane in the molar region
3mm from its original position. The actual position of the image layer
may vary between different radiographic units from the same
manufacturer. McDavid et al. claim that mechanical play within the
movable parts of a single machine may result in variation in image
layer positions. Glass et al.(1985) demonstrated experimentally this
phenomenon.

Severe fluctuations in the position of the image plane of the
machine used are unlikely because the data points were located on a
curve which is in close agreement with the mathematical model.
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•The alignment of the test phantoms in the Zonarc unit

The central axis

An extension rod could be attached to the central axis of the Zonarc
unit. This rod was used as a support for the aluminium sectors and the
brass grids. It was not however strong enough to carry a heavy phantom
head.

A stand was used to hold the micrometer controlled x-y measuring
axis table with the optical bench attached (see chapter 3.1). The
Zonarc unit, the photographic stand and the phantom were not
interconnected.

The phantom had to be aligned at the highest position, i.e. the
stationary part of the excursion, because during the DENT-program the
Zonarc unit makes a 40mm upward and downward excursion. The optical
bench on the stand was positioned vertically using a spirit level.
Alignment between the Zonarc unit and the phantom was obtained using
the extension rod and a rod mounted on the optical bench. The two rods
were aligned. This was checked using a brass cylinder with an internal
diameter equal to the external diameter of the two rods. When this
cylinder could be moved smoothly from one rod to the other rod their
position was considered to be correct (see Figure 6.3.N and O). The
position of the central plane could now be derived.

Figure 6.3.N The extension rod on the central axis of the Zonarc unit
and the rod on a carriage on the microbench are aligned.
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Figure 6.3.O A brass cylinder was used to check whether the position
of the rod coincides with the central rotation axis of the Zonarc.

circular
section in the
DENT-program

mid-sagital
.plane

object

FIGURE 6.3.P The position
of the sheet of aluminium at
different object depths (in
mm)inthe anterior region of
the DENT-program.

The aluminium test object

The aluminium bead test object, consisted of flat sheets of
aluminium with beads embedded in them. Two supports were used to fix
the aluminium test object in a position parallel to the central
plane. Since the image plane is not flat but cylindrical a compromise
had to be made in positioning the test object relative to the central
plane. The relationship between the image layer and the aluminium
test object is shown in Figure 6.3.P. The distance that the beam

118



TABLE 6.3.II The diameters of the beads (mm} in the aluminium test
object.radius. The diameters used are given for positions relative to
the central plane).

Projection

Object
depth

-17.5
-12.5
-7.5
-5.0
-2.5
0
2.5
7.5
12.5

radius 29.0mm

Bead diameter
Narrow beam

0.8
0.8
0.8
0.8

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

(mm)
Wide beam

0.8
0.8
0.8

1.0
1.0
1.0
1.0
1.0

Projection radius 87.3mm

Object
depth

-15
-10
-5
-2.5

0
2.5
5.0
10
15

0.6
0.6
0.6

Bead diameter
Narrow beam

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

(mm)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

travels through the aluminium test object increases with its
increasing deviation from the perpendicular projection. This influence
on the density of the film was neglected. The test object could only
be moved in the horizontal plane parallel to the central plane.

The light visor of the Zonarc unit was used to check the alignment
of the bead. The position of the phantom remained constant between the
exposures whilst the series of radiographs of the aluminium test
object being made.

A vertical shift of 20mm relative to the central plane was made
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possible by using a micrometer.
The films used in the tests were large enough to provide also a

section of film without the image of the bead, This blank film was
needed for assessing image detectability. In Table 6.3.II the
positions and bead sizes used for both radii are given.

To obtain a sufficient number of observations the observers were
presented with the same radiographs more than once. Only very high Az
values with corresponding low standard deviations were viewed once.
ROC curves were based on a minimum of 70 observations using seven
observers. The results were evaluated and when a ROC curve was found
with an Az value below 0.9 and with a large standard deviation the
films were presented to the observers again. As a result the
observations for the 42 ROC curves reported are based on a tot?! of
between 70 and 210 observations.

The jaw phantom

The detectability of the beads in the aluminium test object depends
on the position of the beads relative to the bone.

A complete series of radiographs consisted of a series of exposures
of an aluminium test object combined with respectively each of six
different phantom jaws. Five radiographs were made of each individual
jaw section. The aluminium test object was moved 3mm in the plane
depicted after each exposure. The bead positions were in the area
between the apices of the teeth and the cortical bone of the lower
border of the mandible. The lowest position was in the transitional
zone from cancellous to compact bone. The aluminium test object
replaced the cortical buccal bone. The complete phantom could be moved
vertically. The construction of these phantoms is described in Chapter
3.1. A close-up of both jaw phantoms is shown in Figure 3.1.F and G.

With the 6 jaw phantoms of the molar and anterior region 79 series
of five radiographs were made in order to be able to carry out the ROC
performance tests. The following procedure was used for all 79 object
depths (Dr) as indicated in Table 6.3.III and Table 6.3.IV. Five
radiographs were made of each bead size. In addition a series of five
radiographs was made without a bead in similar position (Dr) to those
described above. This procedure was repeated for all six phantoms used
in the anterior region and molar region. The series of radiographs
without a bead was used as 'noise only' film in combination with all
the different bead sizes, for the particular object depths and jaw
sections. In total 79*15=1185 exposures with beads and 26*15=375
exposures without beads were made.
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TABLE 6.3.Ill The diameters of the beads (in mm) in the aluminiumtest
object used in the tests with the anterior jaw sections (R=29.0mm).
Tests were performed with and without cervical vertebrae.

Anterior

Object
depth

-12.5
-7.5
-5.0
-2.5

0
2.5
7.5

phantom

1.6
1.6
1.6

1.6

jaw

Wide

2.0
2.0
2.0
2.0
2.0
2.0
2.0

with cervical

Bead
beam

2.5
2.5
2.5
2.5
2.5
2.5
2.5

vertebrae

diameter (mm)
Narrow

1.25 1.6
1.25 1.6

1.6

beam

2.0
2.0
2.0

Anterior phantom jaw without cervical vertebrae

Object
depth

-2.5
0
2.5

1
1
.0
.0

Wide

1.25
1.25
1.25

beam

1.6
1.6
1.6

Bead

2.0
2.0
2.0

diameter

1.0
1.0

(mm)

1.25
1.25
1.25

Narrow

1.6
1.6
1.6

beam

2.0
2.0
2.0

TABLE 6.3.IV The diameters of the beads( in mm) in the aluminium test
object as used in the tests with the molar jaw sections (R=87.3mm).

Molar region

Object depth

-15
-10
- 5
- 2.5

0
2.5
5

10
15

0.8
0.8
0.8
0.8

narrow 1seam only

bead diameters(mm)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
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Observer procedure

The exposures without bead were removed after each observation
session and then remounted for the next series of trials.

For each ROC curve 7 observers evaluated 60 radiographs. This
series of 60 radiographs consisted of six Rinn Eezeemount mounts for
31x41mm film size each containing five radiographs with and five
radiographs without a bead. In a mount the viewing tasks were
restricted to one type of jaw section at a single object depth (Dr).
420 observations were made in all for each curve. The construction of
the 79 ROC curves for the bone sections required a total of 33,180
observations. A more extensive description of the procedure is
provided in Chapter 3.2.

Exposure settings

In 1972 Buchanan et al. introduced a new type of screen
incorporating rare-earth elements instead of tungsten. The rare-earth
phosphors have lower atomic numbers than tungsten and therefore have
lower K-edge absorption energies (Venema 1979). This results in
greater photon absorption by the screens in the diagnostic portion of
the spectrum. Rare-earth intensifying screens are more sensitive to
radiation than conventional intensifying screens for a similar quality
of image resolution.

The relative speed of the rare-earth screen-film combination
decreases more rapidly with decrease in kilovohage at lower tube
voltage when compared with the tungsten screens (Venema 1979). A
recent paper by Thunty at al.(1986) shows results conflicting with
those generally accepted for speed variation with kilovoltage. Thunty
et al. found a gradual increase in speed from 50 to 100 kVp. In the
Zonarc unit only changes in kV and mA setting are possible. The
exposure time is dependent on the program chosen. The mA could only be
set at fixed values. 70 kVp was used for all exposures since this is a
value acceptable for use in general dental practice, intraoral
radiography and in rotational panoramic radiography. This value was
also used in a comparable study using observer performance to measure
detectability of artificial initial carious lesions (Sanderink et
al,1985).

The milliamperage could only be changed in very large steps.
Therefore film density could be adjusted in the experimental setup
only by varying the kilovoltage used.

For the jaw phantoms small kilovoltage changes of + 2 kV were
sufficient to adjust the film density. The exposure conditions used
are shown in Table 6.3.V.
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When the aluminium sheets with the beads were radiographed the
intensity of the beam at the film is nearly unattenuated and results
in the films being too dark. A rigorous reduction in the kilovoltage
or an increase in the beam filtration had to be considered. An
increase of the aluminium filtration was preferred above a decrease in
the kilovoltage since this has less influences on the spectral
distribution of the beam. We were forced to reduce the voltage for the
wide slit to produce acceptable images.

In the experiments performed in this study Kodak Lanex Fine screens
and Kodak Ortho-H film were used. Information on the characteristics
of the screen-film combination can be found in chapter 3.4.

All the films exposed in the Zonarc/OP6 unit were processed in a
PAKO machine. The developer used was Kodak RP X-Omat MX 850 and the
fixer used was Stena Scanfors, Rontgen Snabb Fix. Total processing
time was 90 seconds.

TABLE 6.3.3-IV Exposure settings

Experiment

Aluminium
test object
only

Aluminium
test object
with Jaw
phantom

Anatomical
region
of jaw

Anterior

Molar

Anterior
with spine

Anterior
without spine

Posterior

beam width

narrow
wide

narrow

narrow
wide

narrow
wide

narrow

kV

70
55

70

69
72

68
72

72

mA

3
3

3

25
6

25
6

12

Aluminium
filter

added(mm)

14
14

10

-

-

-

Exposure
time
(sec)

15
15

13

15
15

15
15

13

Measurement of the density of the films

Exposures were adjusted to obtain an average density of 1.25. The
density of the jaw phantoms was measured in the area of interest. A
tolerance of +0.10 was accepted. The densities were checked using a
Macbeth TD 501 densitometer.
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The processing of the data obtained from the observers.

The data were analysed using a computer. The observations were
sorted into categories for radiographs with, and without a signal.
They were ranked according to the degree of certainty on the rating
scale used. A slightly revised version of the computer program
described by Dorfman and Alf (1969) and Swets (1982) was used to \
provide chi-square measurements of the goodness of fit of the binomial ;
ROC curve to the empirical data. Maximum likelihood estimates of Az
and the sampling variance were calculated. The chi-square test
statistics and computer programs described by Metz et al.(1983) were
used to test for differences between the areas under ROC curves.
Further details can be found in chapter 3.2. <

124



" • \

6.4 Results of the observer assessments when using the aluminium test
object

6.4.1 A small projection radius (29.0mm radius)

Radiographs were made using the aluminium test object with the
1.25mm bead at all indicated object depths(Dr). The images of the
beads on the films were easily identifiable. No receiver operating
characteristics were made. The ROC outcome for Az was predicted to
be 1.

A preliminary check using the 0.6mm beads resulted in images were no
bead could be detected except at Dr=-2.5mm and a narrow beam width
(Bf=2.65mm). For the 0.8mm beads detectability was only possible for
Dr=-7.5, -5.0, -2.5 and 0mm. For all other values the beads could not
be detected. For the 1.0mm beads all object depths tested resulted in
useful data.

The data obtained were pooled for the seven observers. The area
under the curve, Az, and 95% confidence intervals were calculated. The
distributions of the observer pooled results for both beam widths are
given in the Appendix Table 6 and Table 7.

1. Narrow beam

The results are given in Table 6.4.1.1 at the end of this paragraph
and shown graphically in Figure 6.4.l.A. The areas under the curves
are presented including the 95% confidence intervals.

The detectability of the 1.0mm beads reached values above Az=0.9
over a wide range of object depths. The bead is detected successfully
over the range of Dr=-17.5mm to Dr=2.5mm. At positions from Dr=2.5mm
to 12.5mm however the detectability decreased rapidly. Whereas a wide
range of positions toward the rotation centre show an excellent
detectability.

The 0.8mm beads had a maximum detectability peak at Dr=-2.5mm
(Az=0.712). This moderate detection level drops to random detection on
the inside of the layer at Dr=-7.5mm. At Dr=2.5mm an Az of 0.5 is
assumed.

2. Wide beam

A wide beam width results in a small image layer thickness. For this
reason the range of the object depths used in the experimental set up

125



AREA UNDER ROC



was proportionally restricted.
The areas under the ROC curves and the 95% confidence intervals are

given at the end of this paragraph in Table 6.4.1.II and are shown
graphically in Figure 6.4.I.B.

Similar to the findings for a narrow beam an asymmetry in the
detectability curve is seen in relation to the central plane. For
example, detectability for the 1.0mm beads from Dr=-7.5 to Dr=2.5mm
was high. For the 0.8mm bead size however a value above random
detection is found only at Dr=-2.5mm. The area under the ROC was
0.784.

Both with the narrow beam and the wide beam a "shift" of the layer
toward the rotation centre is found.

The detectability of the 1.0mm beads and the 0.8mm beads improved
when using a wide beam but drops more suddenly to the random level a
short distance away from the central plane.

6.4.2 A large projection radius (87.3mm radius)

In Table 6.4.2.1 at the end of this paragraph the results are given
for the large projection radius (R=87.3mm). The distributions of the

bead diam.

o 1.25 mm

o 1.0 mm

x 0.8 mm

• 0.6 mm

-20 -15 -10 -5 0.0 5 10 15 20
DISTANCE TO CENTRAL PLANE, mm

Figure 6.4.2.A A graph showing the variation in area under the ROC
curves relative to the object depth. The results for the bead sizes
0.6, 0.8 and 1.0mm are shown. These results are valid for a large
projection radius (R=87.3mm) comparable to the imaging properties of
the molar region when using a narrow beam (Bf=2.65mm).
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observer scores are given in the Appendix, Table 8. No ROC curves
were calculated for the 1.25mm bead since in all positions (Dr) the
beads were a 100% detectable. In contrast detectability of the 0.6mm
beads was extremely poor.

The values obtained for the area under the ROC curve (Az) are shown
graphically in Figure 6.4.2.A. In the graph for the 1.0mm bead a
detectability value of Az in the order of Az=0.9 was found. In the
central plane however a detectability value of 100% was attained. The
0.8mm beads have a moderate detection level. Their rapid loss in
detectability for positive Dr values was remarkable. For this bead
size the values of the areas under the ROC curves are higher on the
inside than on the outside of the central plane resulting in an
asymmetry. There was a small increase in detectability at Dr=15mm
for the 0.8mm bead size however this increase was not significant. The
0.6mmbeads are on random detection level.
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TABLE 6.4.1.1 The areas under the ROC curves and the standard
deviations(SD) for the different object depths(Dr) and a small
projection radius (R=29.0mm). A narrow beam (Bf=2.65mm) is used. The
results are given for the aluminium test object.

Object Area under
depth(mm) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 1.0 mm

-17.5
-12.5
-7.5
-5
-2.5
0
2.5
7.5

12.5

Bead size

-17.5
-12.5
-7.5
-5
-2.5

0
2.5
7.5

12.5

0.904
0.986
0.968
0.880
0.986
0.995
0.870
0.796
0.614

0.8 mm

-
0.480
0.664
0.712
0.587
-
-

0.0215
0.0053
0.0124
0.0248
0.0124
0.0037
0.0252
0.0317
0.0520

0.0433
0.0389
0.0395
0.0435

0.862
0.976
0.944
0.832
0.962
0.988
0.821
0.734
0.512

0.395
0.588
0.634
0.501

- 0.946
- 0.996
- 0.993
- 0.929
- 1.0
- 1.0
- 0.919
- 0.858
- 0.716

- 0.565
- 0.740
- 0.789
- 0.672

Bead size 0.6 mm

-2.5 0.633 0.0497 0.535 - 0.730
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TABLE 6.4.1.11 The areas under the ROC curves and the standard
deviations(SD) for different object depths and a small projection
radius (R-29.0mm). A wide beam (Bf=8.5mm) is used. The results are
given for the aluminium test phantom.

Object Area under
depth(mm) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 1.0 mm

-17.5
-12.5
-7.5
-5
-2.5
0
2.5
7.5

12.5

0.520
0.977
0.990
0.997
1.0
0.998
0.742

0.0517
0.0179
0.0136
0.0032

0.0019
0.0427

0.419 - 0.622
0.942 - 1.0
0.963 - 1.0
0.991 - 1.0
1.0 - 1.0
0.994 - 1.0
0.659 - 0.826

Object Area under
depth(mm) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 0.8 mm

-17.5
-12.5
-7.5
-5
-2.5

0
2.5
7.5

12.5

-
-
0.503
0.535
0.784
0.403
0.471

0.0441
0.0416
0.0325
0.0499
0.0502

0.416
0.454
0.720
0.305
0.372

- 0.589
- 0.617
- 0.848
- 0.501
- 0.569

Bead size 0.6 mm

-2.5 0.444 0.0602 0.326 - 0.562
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Table 6.4.2.1 The area under the ROC curves for a large projection
radius (R=87.3mml. A narrow
results are

Object
depth(mm)

Bead size 1.

-15
-10

-5
-2.5
0
2.5
5

10
15

presented for the

Area under
the curve(Az)

0 mm

0.935
0.839
0.879
0.859
1.0
0.908
0.891
0.940
0.857

Bead size 0.8 mm

-15
-10
-5
-2.5
0
2.5
5

10
15

Bead size 0.6

-5
-2.5
0
2.5
5

0.595
0.690
0.797
0.634
0.696
0.640
0.468
0.471
0.619

i mm

0.387
0.553
0.335

beam (Bf=2.65mm) has been used. The
aluminium test object.

Standard
deviation

0.0166
0.0278
0.0248
0.0268

0.0208
0.0233
0.0159
0.0265

0.0398
0.0399
0.0326
0.0403
0.0369
0.0403
0.0409
0.0433
0.0415

0.0424
0.0439
0.0407

95% confidence
intervals

0.903 - 0.968
0.785 - 0.894
0.830 - 0.928
0.806 - 0.912
1.0 - 1.0
0.867 - 0.948
0.845 - 0.936
0.909 - 0.971
0.805 - 0.909

0.517 - 0.673
0.612 - 0.768
0.733 - 0.861
0.555 - 0.713
0.623 - 0.768
0.561 - 0.719
0.388 - 0.549
0.387 - 0.556
0.538 - 0.701

0.304 - 0.470
0.467 - 0.639
0.255 - 0.414
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6.5. The results of tbe observer assessments when using the aluminium
test object in combination with phantom jaws.

6.5.1 A small projection radius (radius=29.0mm)

ROC analysis was used to assess image detectability for a
combination of six phantom jaws of the incisor region of the mandible
and several bead sizes. The neck section of the phantom jaws consisted
during the experiments of the cervical vertebrae embedded in a
simulated soft tissue material.

1. Narrow beam
In Table 6.5.1.1 at the end of this section the results for the

narrow beam (Bf=2.65mm) are presented. The pooled observer scores can
be found in the Appendix, Table 9. The same results are shown
graphically in Figure 6.5.l.A. The areas under the ROC curves are
given including the 95% confidence intervals.

It was found from preliminary tests that detectability of 1.25mm
beads occurred by chance. The results for larger bead sizes show a
decrease in the detectability at object depths toward the centre of
rotation (negative Dr values). Diagnostic accuracy is constant for all

•" 1 ' beod diom.

• 2.5 mm

• 2.0 mm

» 1.6 mm

o
oc
a:
uio

-15 10 - 5 0.0 5 10 15
DISTANCE TO CENTRAL PLANE, mm

Figure 6.5.1.A The areas under the ROC curves, for the aluminium test
object combined with the jaw sections. For a small projection radius
(R=29.0mm) and narrow beam (Bf=2.6Smm). The cervical vertebrae were
present. The dotted lines show the 95% confidence intervals
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-15 10 -5 0.0 5 10 15
DISTANCE TO THE CENTRAL PLANE, mm

Figure 6.5.l.B Same conditions as in Figure 6.5.1~A but using a wide
beam.

three bead sizes with positive object depth (Dr) values. No measure-
ments were carried out at a larger distance from the central plane
since the mathematical models predicted a layer thickness of less than
15mm.

The bead size of 2.5mm in diameter had a detectability of only
Az=0.9 whereas in the tests with the aluminium test object alone
detectability was 100% with a 1.25mm bead size diameter. This
difference in detectability can be explained by the degrading effect
in the image of the presence of the bony structures of the jaw, the
cervical vertebrae and the soft tissues.

2. Wide beam

For the experiments carried out with the wide beam (Bf=8.5mm) the
values of the areas under the ROC curves are given in Table 6.5.1-H
at the end of this section. The distributions of the pooled observer
assessments are given in the Appendix, Table 10. In Figure 6.5.l.B the
relationship between the area under the ROC curve and object position
is shown graphically.

For pragmatic reasons a limited number of object depths measurements
were carried out. ROC curves were derived for the object depths
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bead diem.

4 1.6 mm

o 1.25 mm

o 1.0 mm

x 0.8 mm

-15 -10 -5 0.0 5 10 15
DISTANCE TO CENTRAL PLANE, mm

Figure 6.5.2.A The areas under the ROC curves, for the aluminium test
object in combination with the molar jaw sections for a large
projection radius {R=87.3mm) and a narrow beam (Bf=3.5mm). The dotted
lines show the 95% confidence intervals.

Dr=-2.5, 0 and 2.5mm. The properties of the central portion of the
image layers can however be compared. For the 1.25mm bead size at
object depth Dr=2.5mm no ROC curve was derived as preliminary tests
had shown that detectabaiity would be at a random level.

The 2.0mm beads were detected in all three situations. At the
position Dr=-2.5mm the detectability was close to the maximum
(Az=0.98). An asymmetry in the detectability of beads with distance
from the central plane occurs for the bead sizes 1.6mm and 1.25mm.
At the position Dr=-2.5mm a much higher level of detection was found
than at Dr=2.5mm. The asymmetry found relative to the central plane
resembles the asymmetry found when the aluminium test object was
radiographed without a phantom jaw (paragraph 6.4).

6.5.2 A large projection radius (radius=87.3mm)

The results of the ROC analysis for this large projection radius are
given at the end of this section in Table 6.5.2.1. The distributions
of the pooled observer scores are given in the Appendix, Table 11. The
relationship between the area under the ROC curves and object depth is
shown in Figure 6.5.2.A. In these experiments the aluminium test
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object was radiographed in combination with the six different phantom
jaws for the molar region.

The 2.0mm beads were clearly visible under all circumstances (Az=l).
Detectability of the 0.8mm beads was poor (Az=0.5). The 1.6mm beads
are detected with a very high level of discrimination. There was a
tendency for detectability to be slightly better towards the inside of
the layer from Dr=15 to -15mm. This tendency was even stronger for the
1.25mm beads. On the inside of the image layer, toward the rotational
centre, only minor differences in detectability between the 1.6 and
1.25mm bead sizes were found. The 1.0mm bead has a peak in
detectability from Dr=0 to Dr=2.5mm. On the outside of the image
layer, away from the rotational centre, detectability for this bead
size was almost random. Separate from the peak around the central
plane an increase in detectability is was towards the rotational
centre. At object depth Dr=-15mm a value even higher than in the image
layer was registered.

6.5.3. Use of a small projection radius and a phantom jaw without
cervical vertebrae

The cervical vertebrae can form 'ghost images' in radiographs of the
anterior region of the jaws (McDavid et al. 1983). The position of the
vertebral spine is far removed from the incisors but because of the
dense structure of the cervical vertebrae a blurred ghost image can
usually be seen overlapping the jaw in this area. To measure the
contribution of the cervical vertebrae to the reduction in the
anterior region image detectability, at positions Dr=-2.5 , 0 and
2.5mmlhe observer procedure for the anterior region was repeated with
a phantom in which the cervical vertebrae were not present.

1. Narrow beam.

The areas under the ROC curves for the narrow beam (Bf=2.65mm) are
given at the end of this section in Table 6.5.3.1. The distributions
of the pooled observations are given in the Appendix, Table 12. The
results are shown graphically in Figure 6.5.3.A.

The 2.5mm beads were 100% detectable at all object depths. No
significant differences were found between the results of the 1.25mm
and the 1.6mm beads. No ROC curve was calculated for the 1.0mm beads
at Dr=2.5 as the detectability was very poor.
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DISTANCE TO CENTRAL PLANE, mm
Figure 6.5.3.A The areas under the ROC curves, for the aluminium test
object combined with the jaw sections for a small projection radius
(R=29.0mm) and narrow beam (Bf=2.65mm). The soft tissues of the neck
were present however cervical vertebrae were absent. The dotted lines
show the 95% confidence intervals.

bead diam.

• 2.0 mm

A 1.6 mm

a 1.25 mm

a 1.0 mm

-15 10 -5 0.0 5 10 15
DISTANCE TO CENTRAL PLANE, mm

Figure 6.5.3.B Identical conditions to those
but using a wide beam (Bf=8.5).

used for Figure 6.5.3.A,
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2. Wide beam.

In Table 6.5.3.II at the end of this paragraph the values for the
wide beam (Bf=8.5mm) are given. The distributions of the results of /
the pooled observations are given in the Appendix, Table 13. The '
results are shown graphically in Figure 6.5.3.B. The areas under the
ROC curves are given including their 95% confidence intervals. The
data were limited to positions Dr=-2.5 and 0 for the 1.0mm bead as
preliminary tests showed random results for Dr=2.5mm. A much lower
detectability was found at positive object depths particularly for the
1.6 and 1.25mm bead size.

Comparison of the four combinations
The four combinations which can be made by the difference in beam

width and presence or absence of the cervical vertebrae permit six
comparisons as follows:
1. A wide beam with and without cervical vertebrae
2. A narrow beam with and without cervical vertebrae
3. A narrow and wide beam with cervical vertebrae present
4. A narrow and wide beam without cervical vertebrae
5. A narrow beam with cervical vertebrae and wide beam without

cervical vertebrae
6. A narrow beam without cervical vertebrae and a wide beam with

cervical vertebrae

In Table 6.5.3.Ill at the end of this section a summary of the
results is presented for the four different situations in the anterior
region. At positions where no ROC curves were derived because of 100%
or 0% detectability values of 1.0 and 0.5 are introduced in the table
and marked with an asterisk.

1. A wide beam, with and without cervical vertebrae.
In Figure 6.5.3.C the results are shown graphically for the phantom

with and without cervical vertebrae in combination with the wide beam
(Bf=8.5mm). When using the phantom without the vertebrae,
significantly better results were found for the 2.0mm beads at all
object depths. The differences between the areas under the ROC curves
were significant for the 1.6mm beads at an object depth of Dr=-2.5.
For the bead sizes 1.25 and 1.0 the differences in the areas were
significant at all object depths compared.

2. A narrow beam, with and without cervical vertebrae.'
Better results were found using the phantom without the cervical

vertebrae at all object depths. In the central plane detectability
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Figure 6.5.3.C A comparison of areas under the ROC curve for bead
sizes from 1.0 to 2.5mm combined with the incisor region jaw section
using a neck section with cervical vertebrae (broken lines) and
without cervical vertebrae (solid lines). A small projection radius
(R=29.0mm) and a wide beam is used (Bf=8.5mm).
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Figure 6.5.3.D Identical conditions to those used for Figure 6.5.3.C
but using a narrow beam (2.65mm).

also was significantly better except for bead sizes 1.6 and 2.0mm. The
results are shown graphically in Figure 6.5.3.D.

3. A narrow and wide beam, with cervical vertebrae present.
In Figure 6.5.3.E the results are presented of a comparison of the
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Figure 6.5.3.E A comparison of areas under the ROC curve for bead
sizes from 1.0 to 2.5mm combined with the incisor region phantom jaw
using a wide beam (Bf=8.5mm) (solid lines) and a narrow beam (2.65mm)
(broken lines). A neck section with cervical vertebrae was present.
Projection radius R=29.0mm.
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Figure 6.5.3.F Identical conditions to those used for Figure 6.5.3.E
but using a neck section without cervical vertebrae.

wide and narrow beam in a phantom containing cervical vertebrae. It
can be seen in the graph that for the beads sizes from 2.5 to 1.25mm,
the results when using a wide beam are much better. All differences
were significant except at Dr=0 for the 2.0 and 1.6mm beads. The
results are not in agreement with what would have been expected
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Figure 6.5.3.G The results of areas under the ROC curve for bead
sizes from 1.0 to 2.5mm combined with the incisor region phantom jaw
using a wide beam (Bf=8.5mm) without the cervical vertebrae (broken
lines) and a narrow beam (2.65mm) with the cervical vertebrae (solid
lines). Projection radius R=29.0mm.

theoretically. Much better results were expected for the narrow beam
than for the wide beam with the latters supposedly thinner image
layer.

4. A narrow and wide beam, without cervical vertebrae.
The result of the comparison between the wide and narrow beam for

the phantom without the cervical vertebrae is shown in Figure 6.5.3.F.
Here also significantly better results for the wide beam than for the
narrow beam at object depth Dr=-2.5mm and bead sizes 2.0, 1.6 and
1.25mm were found. The differences are also significant for 1.25 and
2.0mm bead sizes at the central plane (Dr=0).

5. A narrow beam with cervical vertebrae and wide beam without
cervical vertebrae.

Figure 6.5.3.G shows the results for a narrow beam with cervical
vertebrae and a wide beam without cervical vertebrae. The wide beam
without cervical vertebrae is superior in all situations tested.

6. A narrow beam without cervical vertebrae and a wide beam with
cervical vertebrae.

The results of a comparison of the wide slit with the cervical
vertebrae and the narrow slit without the cervical vertebrae are shown
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Figure 6.5.3.H The results of areas under the ROC curve for bead
sizes from 1.0 to 2.5mm combined with the incisor region phantom jaw
using a wide beam (Bf=8.5mm) with the cervical vertebrae (solid lines)
and a narrow beam (2.65mm) without the cervical vertebrae (broken
lines). Projection radius R=29.0mm.

in Figure 6.5.3.H. The areas under the ROC curves are for both
circumstances about equal, and any differences are not significant.
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TABLE 6.5.1.1 Detectability of the aluminium test objects in
combination with the phantom jaws of the incisor region and cervical
vertebrae present. Small projection radius (R=29.0mm) and a narrow
beam width (Bf=2.65mm). The areas under the ROC curves (Az), the
standard deviations and the 95% confidence intervals are given.

Bead size 2.5 mm

Object Area under
depth(Dr) the curve(Az)

Standard
deviation

95% confidence
intervals

-12.5
-7.5
-5
-2.5
0
2.5
7.5

0.786
0.911
0.871
0.934
0.909
0.904
0.907

0.0243
0.0150
0.0179
0.0124
0.0177
0.0155
0.0149

0.739 - 0.834
0.881 - 0.940
0.836 - 0.906
0.910 - 0.959
0.875 - 0.944
0.874 - 0.935
0.878 - 0.936

Bead size 2.0 mm

)bject
epth(

12.5
-7.5
-5
-2.5

0
2.5
7.5

Area under
Dr) the curve(Az)

0.676
0.788
0.882
0.823
0.836
0.778
0.831

Standard
deviation

0.0346
0.0229
0.0161
0.0210
0.0207
0.0240
0.0224

95% confidence
intervals

0.608 - 0.744
0.743 - 0.833
0.850 - 0.913
0.782 - 0.864
0.795 - 0.876
0.731 - 0.825
0.787 - 0.875

Bead size 1.6 mm

Object
depth(Dr)

-7.5
-5
-2.5
0
2.5
7.5

Area under
the curve(Az)

0.651
0.651
0.736
-
0.748

Standard
deviation

0.0300
0.0295
0.0289

0.0272

95% confidence
intervals

0.592 - 0.710
0.593 - 0.709
0.679 - 0.793

0.694 - 0.801
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TABLE 6.5.1.II Detectability of the aluminium test objects in
combination with the phantom jaws of the incisor region and the
presence of cervical vertebrae. Small projection radius (R=29.0mm) and
a wide beam width at the film (Bf=8.5mm). The areas under the ROC
curves (Az), the standard deviations and the 95% confidence intervals
are given.

Bead size 1

Object
depth(Dr)

-2.5
0
2.5

Bead size :

Object
depth(Dr)

-2.5
0
2.5

Bead size 1

Object
depth(Dr)

-2.5
0
2.5

Bead size 1.

Object
depth(Dr)

-2.5
0
2.5

'..5 mm

Area under
the curve(Az)

1
1
1

2.0 mm

Area under
the curve(Az)

0.980
0.884
0.920

.6 mm

Area under
the curve(Az)

0.778
0.803
0.667

25 mm

Area under
the curve(Az)

0.769
0.704

Standard
deviation

-

Standard
deviation

0.0058
0.0166
0.0137

Standard
deviation

0.0234
0.0221
0.0281

Standard
deviation

0.0238
0.0265

95% confidence
intervals

1 - 1
1 - 1
1 - 1

95% confidence
intervals

0.969 - 0.992
0.851 - 0.916
0.893 - 0.947

95% confidence
intervals

0.732 - 0.824
0.760 - 0.846
0.612 - 0.722

95% confidence
intervals

0.722 - 0.815
0.652 - 0.756
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TABLE 6.5.2.1 The results for aluminium test objects in combination
with the phantom jaws of the molar region. Large projection radius
(R=87.3mm) and a narrow beam width (Bf=2.65mm). The areas under the
ROC curves (Az), the standard deviations and the 95% confidence
intervals are given.

Object Area under
depth(Dr) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 1.6 mm

•15
-10
-5
-2.5
0
2.5
5

10
15

0.968
0.966
0.944
0.941
0.926
0.984
0.931
0.897
0.921

0.0083
0.0078
0.0122
0.0116
0.0131
0.0050
0.0126
0.0160
0.0134

0.952
0.951
0.920
0.918
0.900
0.975
0.906
0.866
0.895

0.985
0.981
0.968
0.963
0.952
0.994
0.956
0.928
0.948

Bead size 1.25 mm

-15
-10
-5
-2.5

0
2.5
5

10
15

0.919
0.952
0.922
0.910
0.962
0.866
0.892
0.840
0.825

0.0144
0.0102
0.0133
0.0148
0.0091
0.0182
0.0162
0.0200
0.0206

0.891 - 0.948
0.932 - 0.972
0.896 - 0.948
0.880 - 0.939
0.944 - 0.980
0.830 - 0.902
0.861 - 0.924
0.801 - 0.879
0.785 - 0.865
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continuation TABLE 6.5.2.1

Bead size :

Object
depth(Dr)

-15
-10

-5
-2.5
0
2.5
5

10
15

1.0 mm

Area under
the curve(Az)

-
0.746
0.677
0.613
0.592
0.711
0.723
0.565
0.567
0.530

Bead size 0.8 mm

-15
-10

-5
-2.5

0
2.5
5

10
15

_
-
0.520
0.465
0.548
0.522
0.539

-

Standard
deviation

0.0257
0.0269
0.0280
0.0302
0.0257
0.0265
0.0327
0.0298
0.0321

0.0329
0.0314
0.0304
0.0327
0.0334

95% confidence
intervals

• - - • • • ~ - - ' • - - • • - •

0.695 - 0.796
0.624 - 0.729
0.558 - 0.667
0.532 - 0.651
0.661 - 0.761
0.671 - 0.775
0.501 - 0.629
0.508 - 0.625
0.467 - 0.592

0.455 - 0.584
0.404 - 0.527
0.488 - 0.607
0.458 - 0.587
0.474 - 0.604

•j
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TABLE 6.5.3.1 The detectability of the aluminium test objects in
combination with the phantom jaws of the incisor region. No. cervical
vertebrae were present. Small projection radius (R=29.0mm) and a
narrow beam width at the film(Bf=2.65mm). The areas under the ROC
curves (Az), the standard deviations and the 95% confidence intervals
are given.

Object Area under
depth(Dr) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 2.0 mm

-2.5
0
2.5

0.972
0.881
0.959

0.0080
0.0181
0.0094

0.956 - 0.987
0.846 - 0.917
0.941 - 0.978

Bead size 1.6 mm

-2.5
0
2.5

0.740
0.770
0.699

0.0255
0.0241
0.0276

0.690 - 0.790
0.723 - 0.817
0.645 - 0.753

Bead

-2.5
0
2.5

Bead

-2.5
0
2.5

size 1.25 mm

0.744
0.676
0.701

size 1.0 mm

0.547
0.540

0.0254
0.0280
0.0291

0.0348
0.0343

0.694 -
0.621 -
0.644 -

0.479 -
0.473 -

0.794
0.731
0.758

0.615
0.608
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TABLE 6.5.3.II The detectability of the aluminium test objects in
combination with the phantom jaws of the incisor region. No. cervical
vertebrae present. Small projection radius (R=29.0mm and a wide beam
width at the film (Bf=8.5mm). The areas under the ROC curves (Az), the
standard deviations and the 95% confidence intervals are given.

Object Area under
depth(Dr) the curve(Az)

Standard
deviation

95% confidence
intervals

Bead size 2.0 MM

-2.5
0
2.5

Bead

-2.5
0
2.5

Bead

-2.5
0
2.5

Bead

-2.5
0
2.5

1
0.992
0.955

size 1.6 mm

0.896
0.771
0.678

size 1.25 mm

0.838
0.931
0.669

size 1.0 mm

0.633
0.627

0.0046
0.0108

0.0166
0.0382
0.0284

0.0203
0.0127
0.0282

0.0352
0.0333

1
0.983
0.934

0.863
0.695
0.523

0.798
0.906
0.614

0.564
0.562

- 1
- 1
- 0.976

- 0.928
- 0.845
- 0.734

- 0.878
- 0.955
- 0.724

- 0.702
- 0.692
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TABLE 6.5.3-III A summary of the detectability of the aluminium test
object combined with the phantom jaws of the incisor region (small
projection radius (R=29.0mm)). Results are given for situations with a
wide beam (Bf=8.5mm) or a narrow beam (Bf=2.65mm) and with the
cervical vertebrae either present or absent.

Dr

With vertebrae

Wide beam

Az 1.96SD

Narrow beam

AAz 1.96SD

Without vertebrae

Wide beam

Az 1.96SD

Narrow beam

Az 1.96SD

Bead size 2.5mm

-2.5
0
2.5

1*
1*
1*

0.934
0.909
0.904

0.0244
0.0346
0.0303

1*
1*
1*

1*
1*
1*

Bead size 2.0mm

-2.5
0
2.5

0.98 0.0113
0.884 0.0326
0.92 0.0269

0.823 0.0412
0.836 0.0406
0.778 0.047

1
0.992 0.0090
0.955 0.0211

0.972 0.0157
0.881 0.0355
0.959 0.0185

Bead size 1.6mm

-2.5
0
2.5

0.778 0.0458 0.651 0.0579
0.803 0.0434 0.736 0.0566
0.667 0.0551 0.5*

0.896 0.0325
0.771 0.0478
0.678 0.0557

0.740 0.05
0.770 0.0472
0.699 0.0542

Bead size 1.25 mm

-2.5
0
2.5

0.769
0.704
0.5* -

0.0466 0.5*
0.0519 0.5*

0.5*

0.838
0.931
0.669

0.0397
0.0248
0.0553

0.744 0.0498
0.676 0.0549
0.701 0.0571

Bead size 1.0 mm

-2.5
0
2.5

0.5*
0.5*
0.5*

0.5*
0.5*
0.5*

0.633
0.627
0.5*

0.069
0.0652
-

0.547
0.54
0.5*-

0.0683
0.0673
-

* assumed values
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6.6 The measurement of image unsharpness: the modulation transfer
function and the method of Klasens

The theoretical N values were experimentally verified by measuring
the edge response function (ERF) of a thin lead test object at
different object depths. The lead test object was positioned on the
same optical bench constructed for the previous experiments. The edge
response functions were differentiated to find the line spread
function (LSF). From this LSF, the modulation transfer function (MTF)
with Noise equivalent passband (N£) and the equivalent blur values
were calculated. A explanation of to the experimental set up and the
procedure to obtain the above data is given in Chapter three.

This chapter also contains a description of Klasens' method of
measuring equivalent unsharpness. The equivalent unsharpness values
can be compared with equivalent blur values.

The theoretical equivalent blur values were calculated at the
position of the film plane, in order to match the different
measurements carried out on the film. This was necessary since the
standard mathematical model corrects for the different magnification
factors (McDavid et al. 1983a). The correction factors for
geometrical unsharpness differ from those for motion and registration
unsharpness. Experimental values can only be corrected b_, one factor.

The mathematical model using a small projection radius (R=29.0mm)
and two beam widths was compared with experimental results using both
the experimental MTF and Klasens' methods.

The same model using a large projection radius (R=87.3mm) was
compared with the experimental MTF method.

The experimental MTFs for a small projection radius and a narrow
beam width are shown in Figure 6.6.A. The experimentally determined
N values with the equivalent blur and the equivalent unsharpness with
equivalent Ng values (Klasens) are presented at the end of this
section in Table 6.6.1. The theoretically calculated N values are
compared with the the experimental Ne and equivalent N values in
Figure 6.6.B.

The theoretical and experimental equivalent blur as well as the
equivalent unsharpness are shown in Figure 6.6.C. The results are the
reciprocal values of the results in Figure 6.6.B. In these graphs the
relationship with object depth is shown. When the mathematical model
and the experimentally obtained data points were compared a good
correlation was found. Less experimental unsharpness was found than
had been calculated at positions of Dr>+10mm.

A similar comparison was made for a wide beam width (Bf=8.5mm).
Fewer measurements were made for this comparison. The experimentally
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Figure 6.6.A The experimentally derived MTFs for for a small
projection radius and a narrow beam width (R=29.0mm and Bf=2.65mm).
Figure A shows MTFs for object depths on the inside of the central
plane of the image layer and Figure B MTFs for the outside of the
central plane.

derived modulation transfer functions are given in Figure 6.6.D. The
calculated noise equivalent passband and equivalent blur results are
to be found at the end of this paragraph Table 6.6.II together with
the results for the unsharpness measurements according to Klasens. In
Figure 6.6.E the calculated and experimental Noise equivalent passband
results are displayed graphically. The equivalent blur and equivalent
unsharpness for varying object depth is shown in Figure 6.6.F. In
these two graphs a high similarity between theoretical and practical
values can be seen. A slight discrepancy occurs outside the central
plane where a lower unsharpness was found for the experimental
values. In these experiments this could represent a systematic minor
discrepancy in the position of the theoretical curve with respect to
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Figure 6.6.B The theoretically derived results of the noise
equivalent passbands relative to the object depth (solid line). The
experimental N values and the equivalent N value according to
Klasens. Projection radius 29.0mm and 2.65mm beam width at the film.

Figure 6.6.C The equivalent blur (exp Sa) and equivalent unsharpness
values (Klasens) corresponding with the results in Figure 6.6.B. The
solid line shows the theoretical relationship.

the experimental data points. An error in the alignment of the test
object during the experiments was probably responsible for this
discrepancy.

The results for a large projection radius (R=87.3mm) will now be
described. In Figure 6.6.G the experimentally derived MTFs for the
narrow beam width (Bf=2.65mm) and a large projection radius (R=87.3mm)
are given. In Table 6.6.111 at the end of this paragraph the
experimentally derived N£ values and equivalent blur are listed. A
comparison of the calculated and the experimentally derived results is
shown graphically for the noise equivalent passband in Figure 6.6.H
and for the equivalent blur in Figure 6.6.J. When these two graphs are
compared a greater variation in the scattering of the experimental
data points in Figure 6.6.H is seen. This can be attributed to the
reciprocal relationship of these values with unsharpness values. This
is confirmed by Figure 6.6.J where the experimental points and the
calculated curve almost coincide.
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Figure 6.6.D The experimentally derived MTFs for a small projection
radius and a wide beam (Bf=8.5mm). In Figure A the MTFs are presented
curves for object depths on the inside of the central plane, and in
Figure B the MTFs for positions on the outside of the central plane
can be seen.

The MTF curves are found for the wide beam (Bf=8.5mm) in Figure
6.6.K. The N£ and equivalent blur values for varying object depths are
given at the end of this paragraph in Table 6.6.III. In Figure 6.6.L
and 6.6.M the results are illustrated graphically.

The differences between the theoretical and experimental values of
the noise equivalent passbands and equivalent blur values are
summarised in Table 6.6.IV.
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Figure 6.6.E Same as Figure 6.6.B however for a wide beam width
(Bf=8.Smm).

Figure 6.6.F Same as Figure 6.6.C however for a wide beam width
(Bf=8.5mm).

TABLE 6.6.IV Standard deviations of the variation in of the measured
values in relation to the theoretical values.

Projection
radius(mm)

29.0

29.0

87.3

87.3

Beam
Width
(mm)

2.65

8.5

2.65

8.5

experimental MTF

Ne
(Lp/mm)

0.015

0.058

0.061

0.079

equivalent
blur(mm)

0.027

0.071

0.008

0.027

Klasens

equivalent
Ne(Lp/mm)

0.013

0.061

equivalent
unsharpness

0.070

0.078

Conclusions

A good correlation between the measured and the theoretically
derived values was found. The fit of the data points was good. These
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Figure 6.6.G The experimentally derived MTF curves for a large
projection radius (R=87.3mm) and a narrow beam width (Bf=2.65mm). In
Figure A the curves for positions on the inside of the central plane
and in Figure B the values for positions on the outside can be seen.

conclusions are also valid for results obtained using the technique
developed according to Klasens. The differences in ihe results between
both experimental methods were small. The fit of the experimental
points is best on the inside of the central plane of the image layer.
The experimental values show lower unsharpness values than could be
expected theoretically as distances from the central plane increased.

The results using the method according to Klasens are good and
provide a good and simple tool for the experimental determination of
the object layer. This technique is a cost effective, requiring the
minimum of equipment.
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Figure 6.6.H The calculated values of the noise equivalent passbands
relative to object depth (solid line) for a large projection radius
(R=87.3mm) and a narrow beam width (Bf~2.65mm). The N values of the
experimental MTF curves are also presented.

Figure 6.6.J
Figure 6.6.H.

Discussion

The equivalent blur values of the results shown in

The discrepancy between the mathematical model and the
experimentally found data points on the outside of the image layer has
several possible causes.
1. The outside of the image layer has a horizontal magnification less

than one. Measurement errors will therefore be larger here than
where image magnification larger than 1 occurs.

2. There may be a difference between the position of the mathematical
model and the data points because of deviation in the alignment of
the test object. This possibility was confirmed by the fact that
moving the data points along the x-axis leads to an improved fit to
the theoretical curve.

3. The beam width assumed in the mathematical model may be inaccurate.
A better fit of the data points to the theoretically calculated
curve is obtained when the beam width in the mathematical model is
increased slightly.

4. In the theoretical calculations the focal spot was assumed to have
a rectangular form using the nominal size of the focal spot. This
is an approximation of the practical situation.
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Figure 6.6.K Same as Figure 6.6.G however for a wide beam width
(Bf=8.5mm).

Problems arising in a direct comparison of tbe models and the
experimentally determined values.

In the mathematical model, total unsharpness is corrected for the
degree of magnification of the image. This is done by reducing the
image to the size of the original object. It is termed the relative
unsharpness. In the mathematical model the MTFs of the three
components are calculated individually before they are combined. In
addition motion unsharpness and the unsharpness caused by the
recording medium are corrected for the magnification due to the
rotational panoramic radiographic imaging technique. The geometrical
unsharpness which is supposed not to be influenced by the imaging
principles is only corrected for the vertical magnification.

In comparing the mathematical model with the experimental results
either the experimentally determined values have to be corrected for
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Figure 6.6.L
(Bf=8.5mm).

Figure 6.6.M
(Bf=8.5mm).

Same as Figure 6.6.H however for a wide beam width

Same as Figure 6.6.J however for a wide beam width

magnification or the mathematical model has to be calculated for the
actual film plane position. Since two different magnification factors
are involved here a correction of the mathematical model seemed
preferable. A correction was made and the Ng values at the film plane
were calculated. Therefore the shape of the curves deviates from the
models as described in Chapter one.

As stated by Welander et al.(1977) the absolute unsharpness does not
reflect the effect of unsharpness on the detectability of an object
when the magnification of objects is not considered. Since the
observer is confronted with the actual magnification of the image and
existing unsharpness. The contribution of the geometrical unsharpness
to the total horizontal unsharpness has to be corrected for the
horizontal and not the vertical magnification. The implications of
this change in magnification factor on the final results however can
practically be neglected since at larger distances the influence of
the geometrical unsharpness is of minor importance. The geometrical
unsharpness only provides a substantial contribution to the total
unsharpness at the central plane where differences in the different
magnifications are small.
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TABLE 6.6.1 The experimentally derived AT , equivalent blur, equivalent
unsharpness and equivalent N values according to Klasens for
different object depths (Dr). A small projection radius (R=29.0mm) and
a narrow beam (Bf=2.65mm) were used.

Object
depth
(mm)

-17.5
-12.5
-7.5
-5
-3.5
-2.5
0
2.5
4.5
7.5

12.5
17.5

Experimental MTF

N e
Lp/mm

0.265
0.599
0.954
1.183
1.285
1.552
1.990
1.760
1.371
1.241
1.197
1.007

equivalent
blur(mm)

3.770
1.669
1.048
0.845
0.778
0.644
0.503
0.568
0.729
0.806
0.836
0.993

Method

equivalent
Ne (Lp/mm)

0.218
0.472
0.891
1.020
1.534
1.748
1.859
1.623
1.188
1.193
1.006
0.893

of Kiasens

equivalent
unsharpness(mm)

4.590
2.118
1.122
0.998
0.652
0.572
0.538
0.616
0.842
0.838
0.994
1.120

TABLE 6.6.II The experimentally derived N values, equivalent blur,
equivalent unsharpness and equivalent N values according to Klasens
for different object depths (Dr). A small projection radius (R=29.0mm)
and a wide beam (Bf=8.5mm) were used.

Object
depth
(mm)

-7.5
-5
-2.5
-0.5

1.5
2.5
3.5
5.5

Experimental MTF

N e
Lp/mm

0.390
0.564
1.001
1.712
1.465
1.439
1.246
0.962

equivalent
blur(mm)

2.560
1.771
0.999
0.584
0.682
0.695
0.803
1.038

Method

equivalent
Ne(Lp/mm)

0.307
0.460
0.965
1.497
1.730
1.377
1.191
0.850

of Klasens

equivalent
unsharpness(mm)

3.258
2.176
1.036
0.668
0.578
0.726
0.840
1.176
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TABLE 6.6.Ill The experimentally derived N£ values and equivalent
blur for two beam widths at different object depths (Dr). A large
projection radius (R=87.3mm) was used.

Object
depth
Dr (mm)

-20
-15
-10
-5
-3
-2
-1

0
1
2
2.5
5

10
15
20

Narrow

N e
Lp/mm

1.197
1.707
2.014
1.958
1.853

1.935
2.457
1.957

2.061
1.790
1.762
1.355
1.341

beam(Bf=2.65mm)

equivalent
blur(mm)

0.835
0.586
0.497
0.511
0.540

0.517
0.407
0.511

0.485
0.559
0.568
0.738
0.745

Wide beam

N e
Lp/mm

1.057
1.344

2.185

2.573

2.058

1.456
1.351

(Bf=8.5mm)

equivalent
blur(mm)

0.946
0.744

0.458

0.389

0.486

0.687
0.740
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6.7 Conclusions and discusion

The aluminium test object
The following conclusions concerning the detectability have been

drawn as a result of the experiments:
1. A small change in bead diameter above a threshold value results for

all three layers measured in a sudden change in detectability.
Detectability varies from no detection with the 0.6mm bead to 100%
detection with the 1.25mm bead. The beads of 0.6mm were only above
random detection level at Dr=-2.5 and a large projection radius.

2. Detectability was much better on the inside of the central plane,
especially for the image layers produced with a small projection
radius. Detectability was also much better on the inside of the
central plane than theoretically expected.

3. The layer thickness appeared to be dependent on the size of the
object. As the bead diameter increased an increased layer thickness
(or detectability) was found.

4. A large projection radius combined with a narrow beam width
resulted in a very thick image layer. The larger and smaller bead
sizes showed an approximately constant degree of detectability for
the object depths tested (Dr= -15mm to +15mm). Only for the 0.8mm
beads a layer forming effect could be shown.

Discussion
An increased detectability of the beads on the inside of the central

plane could not be explained by the mathematical models of
unsharpness. Objects on the inside of the central plane are magnified.
This magnification leads to increased unsharpness at the film. But
when the object size is taken into account the relative unsharpness
on both sides of the layer should be the same (see Chapter 1.4,
Figure 1.4.J). However from the tests using conventional radiography
it was shown that a magnified image results in increased object
detectability. The noise of the recording medium may therefore be
responsible for this effect.

In a comparison of the results using the different beam widths
combined with the small projection radius at object depth Dr=-5mm a
significant lower result was found. The detectability is found to be
better for a wide beam instead of a narrow beam as the theory
predicts. This could have several origins: a. for instance an error in
the quality of the series of radiographs used, b. a malfunction of the
machine during the exposure, c. a cassette not tightly closed, or d.
irregularities in the density or small spots on the films due to
processing. The effect is reinforced by the observer procedure. The
films were repeatedly viewed by the observers. Compared to the other
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score distributions for this object depth and bead size the observers
made a large number of "unsure" decisions but not false negative
decisions.statements.

The aluminium test object in combination with a phantom jaw.
The following conclusions have been drawn about detectability when

using phantom jaws of the incisor region and a small projection
radius.
1. Detectability using a narrow beam was very poor. The largest bead

size used in the tests (2.5mm) had a maximum detectability with an
Az of 0.9. The 1.25mm beads were not detectable.

2. A decrease in detectability occurs on the inside of the central
plane toward the. rotational centre. Detectability remained constant
outward of the central plane.

3. A reduction in detectability was found with the wide beam on the
outside of the central plane.

4. Detectability of objects in the incisor region of the jaws
increased if a wide beam was used. This conclusion should be
regarded with caution since it is not expected theoretically and it
is not supported by the results found for just the aluminium test
object.

5. The presence of 'anatomical noise' results particularly for the
narrow beam in a considerable reduction in object detectability.
Objects needed to be twice as big, if 'noise' was present, to have
an equal detectability.

6. The presence of the cervical vertebrae results for both beam widths
in reduced detectability of the object.

7. A test of the combination of a wide beam and cervical vertebrae
resulted in a detectability similar to that of the test with a
narrow beam and the cervical vertebrae absent.

The following conclusions have been drawn for detectabilily with a
large projection radius and a narrow beam width.
1. The object size detectabiiity threshold was at 0.8mm. The 2.0mm

beads were detectable under all circumstances tested.
2. An increase in detectability occurs towards the rotational centre.

This phenomenon was most pronounced for the 1.0mm beads. The
detectability of the beads at object depth Dr=-15 and those in the
central plane was the same.

3. A peak in the detectability is present around the central plane of
the image layer.

4. The difference in detectability of the beads with the 'anatomical
noise' present compared to the tests with just the aluminium test
object was less marked than for the incisor region.
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Discussion
The presence of the jaw phantoms had a decisive influence on object

detectability. The detectability of the beads in the jaw phantom
compared to the aluminium test object was poor. The bead sizes had to
be twice as big in the tests with the phantom jaws when compared with
the aluminium test object in order to obtain a comparable
detectability.

The detectability of the beads when the phantom jaw is present
remains constant for varying distance from the central plane. The
detectability is apparently not only determined by the image layer
forming principles of the panoramic machine. The obscuring effect by
the anatomical structures must be responsible for these effects.

The presence of the cervical vertebrae also seems to play an
important role. These bony structures project a 'ghost image' on top
of the object imaged. When the layer thickness is increased by a
reduction of the beam width, this ghost image will appear sharper. As
a result, the detectability of the beads will decrease. This
phenomenon known since the the beginning of the use of this technique
(Hudson et al.1957) is often ignored. A dose reduction as possible
using rare earth screens is often used to reduce the beam width. The
effects of this on detectability as shown here are often neglected
(Forsgren et al.1982, Stenstr6m et al.1982, Svaenaes et al.1985,
Aagaard et al.1986).

The positioning of the experimental set up could have also
influenced the results. The aluminium test object is positioned on the
buccal side of the mandible. When radiographs are made with the jaw
phantom present in different positions relative to the central plane,
the bony structures of the jaw are found in a position more towards
the rotation centre. When the aluminium test object is in the central
plane the jaw is located closer to the rotation centre. A shift toward
the rotational centre will result in a more severe blurring of the
bony structures. This increased blurring apparently has an influence
on the detectability of the beads. When the test object is
radiographed outside the central plane the bony structures of the jaw
are in the middle of the image layer and will make the detection of
the beads more difficult.
The threshold of the visibility of the beads for a large projection

radius as used in the molar region was comparable to the results in
the anterior region. For this large projection radius the
detectability did not change within the range of object depths
studied. This indicates a very thick layer as already was expected. In
this situation the effect of the tomographic principle on the layer
thickness lies beyond the range of object positions studied.

Emphasis is usually put on to the tomographic effects of the
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Figure 6.7.A The calculated Ne values as a function of object depth
for 7 different tomographic angles. Tomographic angles are 30, 15, 8,
4, 2, 1.5 and 1 degrees. Focal spot size is 0.6 mm.

Figure 6.7.B The calculated equivalent blur values as a function of
object depth for 7 tomographic angles. Tomographic angles are: 30, 15,
8, 4, 2, 1.5 and 1 degrees. Focal spot size 0.6 mm.

rotational panoramic radiographic method neglecting the influence of
obscuring structures.

To obtain an impression of the tomographic effect in rotational
panoramic radiography a comparison was made between the unsharpness
distribution as found in the rotational panoramic radiography and
conventional tomography. Calculations of the total unsharpness were
made for several tomographic angles and a focal spot size of 0.6mm.
The angles used were 30, 15, 8, 4, 2, 1.5 and 1 degree. In Figure
6.7.A the Ne values are shown graphically. The corresponding
equivalent blur values for the same series of tomographic angles in
conventional tomography are shown in Figure 6.7.B.

The shape of the Ne curve for a tomographic and rotational panoramic
radiographic system can be compared when corrections have been made
for magnification. The stronger asymmetry in the graphs in rotational
panoramic radiography is caused by the influence of the magnification
on the MTF of the screen-film combination (see Chapter one, Figures
1.4.N and O). When these details are neglected the shapes of the
curves of both techniques can be compared directly.

The curves in Figures 1.4.N and O presenting the calculated
unsharpness in rotational radiography for the two different radii and
beam widths as used in the experiments can be compared with

• j
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TABLE 6.7.1 The tomographic angle in conventional tomography and the
calculated angle in rotational panoramic radiography producing the
same total horizontal unsharpness. Results for the four combinations
of projection radius and beam width as used in this study are shown.

Rotational panoramic radiography

Beam width Bf=8.5
Radius 29.0mm

Beam width Bf=3.5
Radius 29.0mm

Beam width Bf=8.5
Radius 87.3mm

Beam width Bf=3.5
Radius 87.3mm

calculated angle
of projection

12.26 degrees

5.04 degrees

4.07 degrees

1.67 degrees

Tomography

tomographic angle
producing same unsharpness

13 degrees

5 degrees

4 degrees

1.5 degrees

unsharpness calculations for conventional tomography. From the curve
with corresponding shape an estimate can be found of the tomographic
angle in rotational panoramic radiography. In Table 6.7.1 these
estimates are given for these four combinations as used in this study.
In this table also the calculated tomographic angles, for rotational
panoramic radiography, based on the change in the direction of the
projection of the object are presented.
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CHAPTER 7: EVALUATION OF THE RELEVANCE OF THE
MATHEMATICAL MODELS

7.1 Comparison of the mathematical models with the results of the
experiments.

In this study an effort was made to compare the conclusions drawn
from a mathematical model for rotational panoramic radiographic image
formation and from the findings using clinical models and observers.

The analysis of conventional radiographic imaging and tomography was
considered to be an essential precursor to the study of this
complicated imaging technique.

A schematic overview of all the factors which contribute to
diagnostic quality has been presented (Figure 1.3.A. Chapter 1.3).
From the factors contributing to objective radiographic image quality
some have been studied individually. Modulation transfer function
(MTF)analysis is one of the major methods used to study radiographic
unsharpness.

For the mathematical models in this study the MTF has been expressed
by one single parameter, the noise equivalent passband(Ne). This
index, in lp/mm of the resolution of a system has been shown to
correlate well with the subjective impression of image unsharpness
(Schade 1975). The inverse value of the Ne, the sampling aperture(Sa)
or equivalent blur, expressed in millimeters is also used.

Conventional radiography

In the analysis of conventional radiographic imaging the N value
involves the geometrical unsharpness and the unsharpness caused by the
recording medium. Clinical results were presented in Chapter four
which deviated from the theoretical results expected for the imaging
properties of dental films. The MTF of dental film is for 10 Ip/mm
still approximately 1. The film quality therefore barely influences
the total unsharpness. This means that in the mathematical model
geometrical unsharpness can be considered the most important factor
influencing the image quality. The experiments showed that despite
increasing geometrical unsharpness, corresponding with an increase in
magnification from 1.0 to 1.3, that the diagnostic quality improved.
An explanation for this may be the granular aspect of the film. In is
fast dental film this graininess probably already has a noticeable
effect on the diagnostic quality of the film. It shows that the noise
of the film is a factor which should also be considered.
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TABLE 7.1 Detection thresholds in conventional radiographic imaging

Recording
medium

Ektaspeed
Test object only

Lanex Fine-Ortho H
Test object only

Test object including
phantom jaws

magnifications

1.3

bead size

0.3 - 0.5mm

0.4 - 0.7mm

0.8 - 1.6mm

1.0

bead

0.4 -

0.5

-

size

0.6

- 0.8

Measurements of Noise equivalent passband and equivalent blur

Lanex Fine-Ortho H
Noise equivalent

passband (Ne)

Equivalent blur

2.891p/mm

0.35mm

2.481p/mm

0.40mm

A few recent studies using signal-to-noisc ratios have dealt with
the combined effects of MTF and noise (Bunch 1984a,b, 1985). In these
studies however only the effects of screen-film combinations have been
considered.

In the observer performance tests the threshold for the
detectability of small spherical lesions was found to be between 0.3
and 0.5mm for the magnified image. Without magnification the
detectability threshold was between 0.4 and 0.6mm. The thresholds are
shown in Table 7.1.

The Kodak Lanex Fine-Ortho H screen-film combination had a
comparatively poorer detection threshold than Ektaspeed.

-Tbe anatomical noise
The detectability of an object on a film is influenced by the shape

and composition of the object. Objects with sharp edges and high
attenuation of the radiation will be visible much better than objects
with low attenuation and diffuse borders. The latter results in a
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poorer signal to noise ratio.
The detectability of the signal is further reduced by the addition

of other kinds of noise. The presence of the phantom jaws can be
considered as the addition of noise to the system. This had a large
effect on detectability. The threshold of the detectability was twice
as high if phantom jaws were present. The pattern of the trabeculae of
the cancellous bone also appeared to influence observer performance.
Clinical observer performance tests should use clinical test phantoms
which are representative for clinical practice.

It is useful to describe single physical properties but conclusions
from Ne values will differ much from the results of clinical tests
where additional aspects as anatomical noise, image detection, and
recognition are involved.

Conventional tomography

The total unsharpness in the model used in conventional tomography
has when compared with the mathematical model in conventional
radiography an additional component: motion unsharpness. Motion
unsharpness is zero in the central plane of the image layer. The
unsharpness of the image in this central plane is similar to the level
found in conventional radiography. The unsharpness will increase
however when the distance from the object to the central plane or the
tomographic angle is increased. In Chapter 5 a mathematical model of
the unsharpness was tested experimentally. The MTF was experimentally
derived at several object depths and for two different tomographic
angles (15 and 30 degrees). From the results in Figures 5.H and 5.J
the conclusion can be drawn that the experimentally derived values are
very close to the theoretical values. We also conclude from these
results (Figure 5.E) that unsharpness is directly related to the
tomographic angle used. Unsharpness at Dr=5mm with a tomographic angle
of 30 degrees appears equivalent to an object depth of 10mm and an
angle of IS degrees. However no tests were carried out to verify this.
These results demonstrate that no important variables are missing from
the mathematical model.

Observer performance tests using the aluminium test objects were
made at several object depths for a tomographic angle of 15 degrees.
The results of the tests showed differences in detectability at
different object depths for the two bead sizes evaluated (Figure 5.C).
Only a small variation in bead size and in distance from the central
plane is needed to cause a change in visibility from 0% to 100%. The
combined effect of size and contrast on the image of the object is
probably responsible for these abrupt changes. Image detectability is
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also influenced by the three dimensionality of the object.
Radiographic diagnosis deals with the detection of three-dimensional
objects and it is likely that object shape will also substantially
effect detectability although this has not been investigated in this
study.

Rotational panoramic radiography

Three sources of image unsharpness combine to result in the total
unsharpness in the mathematical model of rotational panoramic
radiography. The geometrical unsharpness and the unsharpness due to
the recording medium are comparable with the sources of image
unsharpness in conventional tomography. The motion unsharpness is
comparable to the motion unsharpness in conventional tomography. The
mathematical model for the noise equivalent passband related to the
object depth used in this study was developed by McOavid et al.(1983a,
1984, 1985b). Examples of the results obtained with this model for a
small and large projection radius and two different beam widths are
given in Chapter 1.4. In Chapter 6 experiments are described to
compare the theoretical equivalent blur values with experimentally
derived values. Two tests have been carried out. In the first test the
MTF values were experimentally derived in a similar way to those in
Chapter 5. There the tomographic system was tested. The MTF values
were expressed in one single value, the equivalent blur. In the second
test the equivalent unsharpness was determined using the method of
Klasens. This method is simpler than the first method where the MTFs
were derived. Both different methods lead to approximately similar
final results. These results agree with the results calculated
theoretically. The mathematical model for total unsharpness seems a
good predictor of the actual level of unsharpness of the system.

The results of observer performance tests using the aluminium test
object are described in chapter 6.4. Here tests were performed for a
small projection radius with a wide and narrow beam. From the results
it can be seen that the detectability of the beads at the different
object depths was not accurately predicted by the mathematical model.
A 1.0mm diameter object is detected successfully over a wide object
depth range. The beads were detected much better on the inside of the
central plane than on the outside. In the mathematical model also a
slight asymmetry is found but can not be responsible for the effects
as found in the observer performance tests. Detectability of the
smaller bead sizes approached a random level. For both beam widths
similar results were obtained. A maximum acceptable equivalent blur of
0.5mm is often used in estimates of the layer thickness calculated
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using the mathematical models. For a small projection radius this
threshold results in a layer thickness of only a few millimeters
whereas the results of the practical tests indicate a layer thickness
of more than 20mm for the 1.0mm bead size (Figure 6.4.A).

The mathematical models deal only with effects on the image in the
horizontal dimension. The combined effect of different horizontal and
vertical magnification and different amounts of unsharpness in both
dimensions is ignored by the mathematical model.

In the imaging of objects more aspects are involved than only the
blurring effects and the variation in horizontal magnification. The
observer has to detect, recognize and interpret the image of an
object. It could be expected that the visibility of an object will be
much better than can be assumed on basis of calculations restricted to
the horizontal dimensions. This better visibility of an object might
be responsible for the much greater layer thickness which was found.

The observer interprets the two-dimensional signal offered but
makes no correction for variations in the magnification in one
dimension or the other. The magnification for all object depths can
be calculated individually in the mathematical model. At different
positions in the object layer the horizontal magnification will vary
considerably.

The effect of the phantom jaw on image perception
When the phantom jaws and soft tissue equivalent materials are

present a considerable loss of image detectability is the result. In
the aluminium test object the threshold of minimum detectable bead
size was 0.8-1.0mm for exposures of the small projection radius and
narrow beam. This increases to 1.6-2.5mm when the anatomical phantom
was added. The "noise" of the added structures was responsible for
this reduction in detectability. In the mathematical model this noise
is not considered. The importance of the presence of this aspect in
the model can be shown when a comparison is made with the results
obtained with a wide x-ray beam. The results found using the wide beam
are significantly better than with the narrow beam. This result is in
contradiction with the mathematical model where an increase in beam
width has been calculated to result in an increase in unsharpness. The
cervical vertebrae are mainly responsible for this phenomenon
(Chapter 6.5). They cause a ghost image of the cervical vertebrae to
be projected onto the film. The deteriorating effects of these ghost
images depend directly on the width of the beam.
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7.2 Conclusions

In this study a comparison has been made between a mathematical
model of the total unsharpness in rotational radiography and practical
measurements of the unsharpness and image quality measured by observer
performance tests.
1. The mathematical model used for tomography and rotational panoramic

radiography proved to be a good measure of the total unsharpness.
2. The use of the Noise equivalent passband, as single parameter of

the modulation transfer function appeared to be a appropriate
measure of equivalent blur.

3. A second method was used to measure the unsharpness. In this
technique (Klasens 1946) in a simple and practical manner the
total equivalent unsharpness was measured. The results found using
this technique agreed with those calculated using the mathematical
model.

4. The additional steps needed for the Fourier analysis in the first
experimental method had no advantages over the method of Klasens.

5. The mathematical model and the observers assessment of the images
of clinical phantoms were not in agreement. The differences in the
methods can be explained by the very restricted number of
parameters involved in the mathematical model (Chapter 1,
Figure 1.3.A).

6. When anatomical structures are presented as "noise" the results
found in the mathematical model can be erroneous. A decrease in the
unsharpness does not inevitably lead to an improvement in the
perception of images.

7.3 Improvements in the models for evaluating unsharpness of the image
layer

The mathematical model of McDavid et al. (1983a, 1984, 1985b) is a )
model which describes the relation between the object depth in the >
image layer and the total unsharpness. Unsharpness is only one of
the factors contributing to the objective radiographic image quality. '-
In these mathematical models, unsharpness in the horizontal and
vertical dimensions are calculated separately.

The mathematical models should be improved by integrating the
unsharpness in the horizontal and vertical dimension into a single
expression. A two-dimensional modulation transfer function and
the resultant value of Ne might be appropriate. Wagner (1974, 1977)
and Moore at al.(1981) among others use the following equation to
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solve this problem:

Ne= / / [MTFtot(xy)]
2.dfx.dfy

-30 - X

However some information will be lost in this single value parameter
representing the two-dimensional equivalent blur.

The ignorance of the actual characteristics of the focal spot are a
further limitation of the present mathematical model (Weiss 1976,
Friedel et al.1986) which is therefore capable of substantial
improvement.
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CHAPTER 8. SUMMARY

This study is concerned with imaging quality in rotational panoramic
radiography. This imaging technique records an image of a curved layer
within the object radiographed. The shape of this layer normally
corresponds with the average form of the dental arch. In the centre
of the layer a plane can be found which is depicted with a minimum of
unsharpness. Unsharpness increases and the horizontal magnification
changes as distance increases from that central plane.

The image quality of the layer has been analyzed with the use of
mathematical models to estimate the performance of the radiographic
diagnostic system. Despite the application of these increasingly
sophisticated models the question remains: will the results of the
calculations based on these models adequately predict the diagnostic
effectiveness of this type of imaging system?

In this study a comparison is made between the theoretically
determined quality of the system and the diagnostic quality using the
observer as a measuring instrument. Experiments were carried out to
measure the total unsharpness occurring in rotational panoramic
radiography.

In CHAPTER ONE a historical review is given of the development of
different concepts of panoramic radiography. The chapter also provides
an introduction to those aspects involved in measuring image quality.
The factors involved in measuring the objective image quality are:
contrast, reproduction of dimensions, unsharpness and noise. These
factors together with the characteristics of the human visual system
result in subjective image quality. The diagnostic yield of the image
is ultimately determined by the observer.

An introduction to the measurement of unsharpness is given and in
particular the use is explained of the modulation transfer function
(MTF)as an indicator of unsharpness. Further an overview is presented
of the development of the mathematical image layer models used in
rotational panoramic radiography and a review is given of the
literature dealing with practical tests for measuring image quality.

The objectives of the investigation can be found in CHAPTER TWO.
Rotational panoramic radiography is a relatively complicated imaging
technique. Therefore it was considered appropriate to test the ability
of observer performance tests to analyse imaging quality in some
initial studies of conventional and tomographic radiography.

The main objectives of the study were: 1. To describe the quality
of rotational panoramic radiographic imaging using mathematical models
and observer studies. 2. To compare the results obtained in the above
study. 3. To measure the effects on image quality of noise in form of
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adjacent anatomical structures. 4. to describe the contribution of
anatomical structures far from the layer on the image quality. 5. To
compare, in the form of MTFs, the experimental measurements for total
unsharpness with those derived from the mathematical models.

The materials and general method are described in CHAPTER THREE.
The construction of the clinically relevant objects and phantoms is
outlined. The test objects were developed to simulate low contrast
defects in cortical bone. The test objects could be used separately or
in combination with jaw specimens and soft tissue equivalent materials
in order to simulate a situation as close as possible to that of
clinical practice.

Use was made of Receiver Operating Characteristic (ROC) analysis in
the observer performance tests. An introductory to this method is
given and the practical application of the method is described.

The selection of the observers is also described in Chapter three.
An individual observer performance test was carried out initially to
select a group of observers to take part in the experiments. At the
end of the experimental period the test was repeated. Observer
performance before and after the main experimental studies showed that
an insignificant variation in the consistency of the performance of
the observers had occurred during the study.

Finally two specific methods for measuring the image unsharpness are
described. In the first method the modulation transfer function (MTF)
is used. The general derivation of the MTF is described. This MTF is
often expressed as one value, the noise equivalent passband (N ) or
its reciprocal equivalent the sampling aperture (S ) or equivalent
blur. In our situation it appeared to be an appropriate indicator of
the unsharpness. In the second approach a method is used as described
by Klasens(1946). This method is much simpler and cheaper than the
first method. Both methods lead to the same results. This hypothesis
is tested in Chapter six.

Observer performance tests using conventional radiography are
described in CHAPTER FOUR. The tests showed that detectability was
improved by radiographic magnification of the image. This was true for
both the Kodak Ektaspeed film and the Kodak Lanex Fine-Ortho H screen-
film combination.

The presence of the jaw sections as examples of 'anatomical noise'
had a remarkable influence on detectability. Irregular trabecular bone
resulted in a significantly better detectability than fine regular
trabecular bone.

The presence of bone and soft tissue equivalent materials resulted
in a more gradual change in detectability of the lesions.

Observer performance tests using tomography are described in
CHAPTER FIVE. Tests were carried out with the test object only and a
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tomographic angle of 15 degrees. Even at large distances (>10mm) from
the central plane the objects were still detectable. The thickness of
the imaged layer appears to depend on the size of the object. The ROC
results indicate that the mathematically derived influence on image
quality of object depth and unsharpness cannot be taken at face value.

In a test to measure the image blur a strong correlation was found
between the mathematical model of unsharpness and experimental
modulation transfer functions.

In CHAPTER SIX experiments using rotational panoramic radiography
are described. First the description of the characteristics of the
apparatus provided by the manufacturer was checked and the quality of
performance of the machine used was tested. Observer performance
tests were carried out for object layers with different
characteristics. The influence of a thick and a thin image layer,
similar to those usually found in the anterior region (small
projection radius) and in the molar region of the dental arch (large
projection radius), on the panoramic radiographic imaging quality were
studied.

In the tests using aluminium test objects for the small projection
radius the detectability of the beads appeared to be better inside the
central plane. The imaged layer found appeared to be thicker than
theoretically expected and dependent on the size of the object.

The tests with the large projection radius showed a very large layer
thickness. The borders of the layer appeared for most object sizes out
of the range of the object depths tested.

The influence of a jaw specimen with soft tissue equivalent
material and cervical vertebrae on image quality was considerable.
Aluminium test object bead sizes had to be twice as big in this
experimental set up to be detectable when compared to observation
tests without the simulated jaw. The detectability of objects using a
phantom jaw in the anterior region appeared to be reversed compared to
the tests with just the aluminium test object. The presence of the
cervical vertebrae reduced detectability considerably. ,*"

'Anatomical noise' appeared to have a less marked effect when using )
the large projection radius than when using the small projection ,
radius. '

In this chapter experiments to compare the mathematical models of •>
unsharpness with experimentally derived values have been described. \
Two tests were performed. In the first test the MTF values were
experimentally derived using the method described in chapter 5. In the
second test the total unsharpness was determined using the method of
Klasens. A good correlation was found between both experimentally and
theoretically derived values.

In CHAPTER SEVEN the relevance of the mathematical models has been
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evaluated. A comparison of the mathematical models with the results
from the observers performance tests showed large discrepancies. The
differences can be explained by the restricted number of parameters
involved in the mathematical model. When anatomical structures are
presented as 'noise' the results found in the mathematical model in
rotational panoramic radiography can be erroneous. A decrease in
unsharpness does not inevitably lead to an improvement in the
perceptibility of objects.

A number of suggestions for improving the characteristics of the
mathematical models with respect to unsharpness conclude this chapter
and dissertation.
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CHAPTER 9: SAMENVATTING

Deze studie heeft betrekking op de kwaliteit van de afbeelding bij
panoramische tomografie. Panoramische tomografie is een röntgeno-
iogische opnamemethode waarmee een gebogen laag afgebeeld kan worden.
Het model van deze laag komt over het algemeen overeen met de
gemiddelde vorm van de tandboog. Midden in de laag bevindt zich een
vlak met slechts geringe onscherpte: het vlak van snede. Buiten dit
vlak neemt met toenemende afstand, zowel aan de binnen- als aan de
buitenzijde van het vlak van snede, de onscherpte toe. Ook treedt er
een sterke verandering op in de horizontale vergroting.
De eigenschappen van de laag zijn geanalyseerd met behulp van

verschillende mathematische modellen om zo tot een schatting van de
diagnostische waarde te komen. Ondanks de toepassing van steeds meer
verfijnde mathematische modellen blijft de vraag open: geven de
resultaten op basis van de mathematische modellen een juiste indruk
over de diagnostische waarde van deze opnamemethode?
!n deze studie is een vergelijking gemaakt tussen de theoretisch

bepaalde eigenschappen van het systeem en de diagnostische waarde
ervan door middel van waarnemers. Ook werden experimenten uitgevoerd
om de totale onscherpte in de beeldlaag bij panoramische tomografie te
meten.
In H O O F D S T U K EEN wordt een historisch overzicht gegeven van de

ontwikkeling van de verschillende vormen van panoramische röntgen-
opnamen. Er wordt een overzicht gegeven van de aspecten die de
diagnostische waarde van een beeld kunnen beïnvloeden. De factoren
zijn: het kontrast, de dimensioned weergave, de onscherpte en de
ruis. Deze factoren samen met hett visuele systeem van de waarnemer
resulteren in de subjectieve beeldxsvaliteit. De diagnostische waarde
van het beeld wordt uiteindelijk bepaald door het vermogen van de
waarnemer een afwijking in het beeld te herkennen.
Verder wordt uiteengezet hoe door middel van het gebruik van de

modulatie-overdrachtsfunctie onscherptes kunnen worden bepaald. Er
wordt een overzicht gegeven van de mathematische modellen die in
gebruik zijn om de eigenschappen van de beeldlaag bij panoramische
tomografie te beschrijven. Het hoofdstuk eindigt met een overzicht van
de literatuur welke betrekking heeft op praktische tests van de
beeldkwaliteit.
De doelstellingen van het onderzoek zijn omschreven in H O O F D S T U K

TWEE. Aangezien panoramische tomografie een vrij gecompliceerde
opnametechniek is werd de bruikbaarheid van waarnemerstudies eerst
onderzocht met behulp van eenvoudiger technieken, te weten de normale
stilstaande röntgenopnamen en de conventionele tomografie.
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Het belangrijkste doe! van de studie was: 1. De kwaliteit van de
bee!den verkregen door middel van panoramische tomografie te
beschrijven met behulp van mathematische modellen en waarnemer-
studies. 2. De resultaten van onderzoeken onder 1 genoemd te
vergelijken. 3. De invloed van de ruis in de vorm van naburige
anatomische structuren op de bee!dkwa!iteit na te gaan. 4. De invloed
op de beeldkwaliteit na te gaan van anatomische structuren die ver
buiten de beeldlaag liggen. 5. Het vergelijken van metingen van de
onscherpte met het theoretische verloop van de onscherpte.
In H O O F D S T U K DR!E een algemene omschrijving van de materialen en

methoden. De constructie van klinisch relevante testobjecten en
fantomen wordt beschreven. Testobjecten werden ontwikkeld die
botdefekten met een laag contrast simuleren. Deze testobjecten zijn
zowel separaat als in combinatie met kaaksegmenten en weke delen
equivalent materiaal te gebruiken. Het doel van deze fantomen was een
testsituatie te creëren die zo natuurgetrouw mogelijk is.
Voor de evaluatie, van de resultaten verkregen met waarnemers, werd

gebruik gemaakt van zogenaamde Receiver Operating Characteristic (ROC)
curves. Het principe van deze methode en de praktische toepassing
ervan worden ook in dit hoofdstuk beschreven.
De selectie van de waarnemers wordt hier tevens beschreven. Aan het

begin van het onderzoek werd een test uitgevoerd om een groep
waarnemers te selecteren. Aan het einde van de serie experimenten werd
deze test herhaald. Slechts geringe verschillen werden gevonden tussen
de resultaten aan het begin en aan het einde van de studie.
Tenslotte wordt in dit hoofdstuk een beschrijving gegeven van twee

technieken om de onscherpte te meten. Bij de eerste methode wordt
gebruik gemaakt van de Modulatie Overdrachts Functie (MTF). De
bepaling van de M T F wordt hier beschreven. Deze M T F wordt vaak in een
enkel getal uitgedrukt, de Noise equivalent passband (Ne) of de
réciproque waarde ervan de Sampling aperture (Sa) of equivalent blur.
Deze waarde bleek een geschikte indicator voor de totale onscherpte.
Bij de tweede methode werd gebruik gemaakt van een techniek beschreven
door Klasens(1946). Deze methode is veel eenvoudiger uit te voeren
dan de eerste. Beide methoden worden vergeleken in hoofdstuk zes.
Waarnemerstudies voor de conventionele r&ntgenopnamen worden

beschreven in H O O F D S T U K V!ER. De tests tonen aan dat de
waarneembaarheid verbetert door het toepassen van röntgenotogische
vergroting. Dit ge!dt zowe! voor de Kodak Ektaspeed füm a!s de Kodak
Lanex Fine-Ortho H scherm-füm combinatie.
De aanwezigheid van 'anatomische ruis' btijkt vee! invtoed op de

detecteerbaarheid te hebben. Onrege!matig trabecutair bot geeft
significant betere resultaten dan fijn rege!matig trabecu!air bot.
Pe aanwezigheid van bot en weke delen veroorzaakt een ge!eide!ijker
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overgang in de zichtbaarheid, bij toenemende grootte van de laesies,
dan bij tests met alleen het testobject.
De waarnemerstudies met betrekking tot conventionele tomografie

worden beschreven in H O O F D S T U K VÏJF Tests werden uitgevoerd met een
tomografiehoek van 15 graden. Zelfs op grote afstand van het vlak van
snede blijven de laesies zichtbaar. De dikte van de laag blijkt
afhankelijk van de grootte van het object. De resultaten tonen aan dat
de waarnemerstudies en de mathematische modellen van de onscherpte
niet eenvoudig vergeleken kunnen worden.
Uit de metingen van de onscherpte blijkt wel een sterke correlatie

tussen de mathematische modellen en de experimenteel bepaalde M T F
waarden.
In H O O F D S T U K Z E S worden de experimenten met betrekking tot

panoramische tomografie beschreven. Eerst werden de specificaties van
het gebruikte röntgenapparaa: door middel van experimenten
gecontroleerd. Met behulp van waarnemerstudies werden de
eigenschappen van de verschillende beeldlagen getoetst. Een dikke en
een dunne beeldlaag. zoals deze kunnen voorkomen in het front en een
dikke beeldlaag zoals in de molaarstreek kan voorkomen werden ge^st.
Verschillen in de beeldlaag ontstaan door toepassing van een smalle o)
een brede bundel röntgenstralen en dtmr een korte of lanct-
projectieradius.
in de tests met uitsluitend het testobject bij een kort*, projectie-

radius (in het front) bleek de detecteerbaarheid van defecten die /'ich
aan de binnenzijde van het vlak van snede bevinden vee) heter dan die
aan de buitenzijde. Ook bleek de b^eldlaag dikker te zijn dan op grond
van het mathematisch mode! werd verwacht en de/t: bleek eveneens
afhankelijk te zijn van de grootte van de afgebeelde objecten. De
tests met de lange projectieradius (molaarstreek) tonen een zeer dikke
beeldlaag. De begrenzing van de laag lag voor het merendeel van de
geteste objectgroottes buiten het gemeten gebied.

De invloed van de aanwezigheid van kaaksegmenten met weke delen en
de halswervels, op de detecteerbaarheid van objecten, was groot. De
testobjecten moesten twee ma; zo groot zijn voor dezelfde detectcer-
baarheid. De iaagdikte in het Iront (korte projectieradius) bleek voor
de smalle bundel geringer te zijn dan voor de brede bundel hetgeen
omgekeerd is aan de resultaten met uitsluitend de testobjecten. De
aanwezigheid van de halswervels bij opnamen van het front resulteerde
in een sterke vermindering van de zichtbaarheid van de testobjecten.

De invloed van de 'anatomische ruis' was voor de lange projectie*
radius geringer dan voor de korte radius.
Dit hoofdstuk wordt besloten met een vergelijking van de mathe-

matische modeüen voor de onscherpte met praktische metingen zoa!s
omschreven in hoofdstuk drie. Bij de eerste test werden de waarden
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voor de 'equivalent blur met behulp van M T F analyse bepaald op een
zelfde wijze a!s voor conventionele tomografie in hoofdstuk vijf. Bij
de tweede test werd de totale onscherpte bepaald met de methode
volgens Klasens. Er bestaat een goede correlatie tussen de
theoretische en de beide praktisch gevonden waarden.
ïn H O O F D S T U K Z E V E N wordt de relevantie van de mathematische

modellen geëvalueerd. De vergelijking tussen de mathematische modellen
en de resultaten van de waarnemertests tonen een grote discrepantie.
De verschillen kunnen worden verklaard door het geringe aantal
factoren welke in het mathematisch mode! zijn opgenomen. Zodra
anatomische structuren als ruis in het beeld voorkomen kunnen de
conclusies uit de mathematische modellen geheel onjuist zijn. Een
reductie van de onscherpte leidt bijvoorbeeld niet onvermijdelijk tot
een verbetering van de zichtbaarheid van objecten.
Een aantal suggesties tot verbetering van de mathematische modellen

met betrekking tot de onscherpte stuit deze dissertatie af.
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Caries lesions / Ektaspeed film

Final Observer Test
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TABLE3
Aluminum test object

Conventional Radiography
Pooled observer results
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continuation TABLE 3

Filii
type
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TABLE4
Magnification 1.3

Jaw sections molar region

Conventional Radiography
Kokak Lanex Fine-OH

Pooled observer results
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TABLES

Aluminum test object

Tomography
Magnification 1.3

Tomographic angle 15°
Lanex Fine - Ortho H

Pooled observer results
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TABLE 6 Rotational panoramic radiography
Radius R=29.0mm, narrow beam Bf=2.65mm Lanex Fine - Ortho H
Aluminum test object Pooled observer results
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TABLE 7 Rotational panoramic radiography
Radius R=29.0mm, wide beam Bf=8.5mm Lanex Fine - Ortho H
Aluminum test object Pooled observer results
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TABLE 8 Rotational panoramic radiography
Radius R=87.3mm, narrow beam Bf=2.65mm Lanex Fine - Ortho H
Aluminum test object Pooled observer results
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continuation TABLE 8

*• "x
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TABLE 9 Rotational panoramic radiography-
Radius R=29.0mm, narrow beam Bf=2.65mm Lanex Fine - Ortho H
Jaw sections including spine pooled observer results
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| S+N | 210 | 8 | 28 | 45 | 35 | 94

7 N T~iiO~T I5~T 55~T~119~T 9 T 7
S+N | 210 | 5 | 19 | 85 | 41 | 60 |

y N y iTo~y"~44~y"io~y~iory~ i~ y ~i ~y
| S+N | 210 | 9 | 10 | 76 | 44 I 71 |

============______________________s____s__=__=—===================s
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continuation TABLE 9

Object
Depth (Dr)

===========
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Bead Noise
diameter! Signal | Sum | 1 | 2 | 3 | 4 | 5
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3
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14
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120 37

157 | 11

118 ] 36

161 T 10

120 45

143

128

11

19

30

9

33

2~

32

3

46
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TABLE 10 Rotational panoramic radiography
Radius R=29.0mm, wide beam Bf=8.5mm Lanex Fine - Ortho H
Jaw sections including spine pooled observer results

Object [ Bead [ Noise \ \ \ \ \ \ \
Depth (Dr) diameter Signal Sum 1 2 3 4 5
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1
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6

6
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I
I
I
I
I
I

~T

N
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N
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N

S+N

=======
N

| S+N
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I N

"T
I
I
I
I
I
I
I

S+N
========
N
S+N

N

S+N

N

S+N

N

S+N |

210

| 210

| 210
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210
======
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!=====
210
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210
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I
I
I
|
I

T
i
= =
ii
= =
ii

i
i
i
i
i
i

122

2

91

12

60

3

"IV
6
====:
33
6

15

6

16

4
===s:

16
5

| 44

| 3

| 60

I 16
[ 80

L============
I 63

61 |

18 |

64 |

39

22

35

19

57

ioo"
64

'=====:
95
63

124"

119

102

27 | 62
:============

47 | 118
21 |

I
89

I

| 3

I 3 1

I 9

I 41
11

52
:=====:
=_=_=_=

56

17

54
—"--

30

22

SO
=======

16 |

56

I I I

I 2 |
I 152 |

I 15 |
I 122 |

1 2 |
103 |

=======

59 |

4 |

64 |

"i" j
37 |

6 I
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=======
13 |
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TABLE 11 Rotational panoramic radiography
Radius R=87.3mm, narrow beam Bf=2.65mm Lanex Fine - Ortho H
Lateral jaw section pooled observer results

===================================================================Object
Depth(Dr)

-15.0 ram

Bead I Noise
d iameter |S igna l | Sum | 1_ | | | | _

j N T~21O~T~13*~T *0~T 27~T 5 J~ 4 "\
1.6

S+N | 210 | 8 | 1 | 12 | 29 | 160 |
_ _„„__________________„______„____

-10.0

-5.0

-2.5

===========

0

2.5

5 .0

10.0

15

1.6

1.6

1.6

1.6

210 28 48 | 125| S+N

] S+N

~\ S+N

i S+N. i ?™~r * ~~\~ u _L~ u _^ 4 ° J 1 3 ^
T ~ N " ~T~210~T~Ti4~T 57~T i4~T Z T T~~

210 ! 104 | 68

210 I 9 I 9 13 45 | 134

_ J S+N J 210 J 2 ] 4 [_ 15_T_ *1
] N ] 210~j~~7Tr~72 I 52 I 4 J 4 j

1.6

1.6

| S+N | 210 | 5 | 12 f 33 | 50 | 110 |
: = = = s = s = zs=s=s==:=s=s==£=:=£=£=s=£==:s===============

| N | 210 | 64 | 61 | 73 | 8 | 4 |

I S+N I 210~r~6~ 7 IS I 39 ? 44 ? 106 I

===================================================================
===================================================================
Object I Bead I Noise I I I I I I
Depth (Dr)| diameter| Signal | Sum | 1 | 2 | 3 | 4 | 5 |

===================================================================
I N I 210 I 104 I 60 I 31 I 12 I 3 I

-15.0 mm 1.25
| S+N | 210 | 11 | 16 | 15 | 42 | 126 |-10.0 1.25
| N | 210 | 103 | 67 | 32 | 5 | 3 |

S+N | 210 | 5 | 12 | 20 | 47 | 126 |
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continuation TABLE 11
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Depth (Dr)
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diameter Signal Sum

] N ] 210
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~S7~T
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8
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__!___.
143 I
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I 6 f
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S = SS =
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=======
I 13 |

r'ii'T"
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diameter| Signal | Sum_|_ 1 j 2 | 3 | 4 | 5

=

1 0

1 n

1 0

1 0

1 n

i
i
i
i
i
i
i
i
I
I

N
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===_:=;___

N
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N
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=======

N
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|

I
I
I
I
I
I
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210
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|

I
1
1
1
I

15

3
==_=_
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8
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14

I
I
I
I
I
I

= = = = = = = =1
1

11

8
I
I

56

18
===:
63

40

61

34

I
I
I
I
I
I

119

110
s===_r
102

78

83

79
===========
30

20
I
I
142

132

N

S+N
I
I
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|
1

33

13

|
I

77

41

|
I

71

59

I 13
30

18

40

30

51
== ====

18

30
.=====

15

38

I
I
I
I
I
I
I
I
= =|
1

7

49
= === =
9

44

17

32
====
9

20
===s
14

59

I
I
1
1
I
I
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|
1

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
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continuation TABLE 11

Object 7 Bead T Noise T T I T T T
Depth (Dr) | diameter! Signal | Sum | 1 | 2 | 3 | 4 | 5
===================================================================

I2.5 | 1.0
5 | 16 | 111 | 44j—------- ______ ______ --------

) | S+N | 210 | 2 | 13 | 150 | 36 | 9 |
-:s:=ss:ss_-s:-_;-s-.s_-=:---s-_=_=s-s=_=_:ss-.-s=--s-----=-sss-s-s

| N | 210 | 4 | 44 | 127 | 20 | 15 |

j S+N "J~210"j" 3 ] 33 [ 120 J 33 j 21 J
===================================================================

| N | 210 | 13 | 16 I 157 | 20 | 4 |
| S+N | 210 | 14 | 15 | 148 | 24 | 9 |

===================================================================
=======================================================
Bead I Noise I I

dianieter| Signal | Sum | 1

10.0

S-S-SSS

15.0

Object
Depth (Dr)

-5.0

-2.5

0.8

2 I 3 I 4 | 5
s s _s=_s __________ =5 ____-_3_____ ___r=_s _.=_.=_.

I N I 210 I 0 I 16 I 160 I 30 I 4 I
| S+N | 210 | 0 | 19 | 148 | 33 | 10 |

============================================================
j N I 210 | 0 I 31 I 132 I 44 I 3 I

0.8 -
| S+N | 210 | 0 | 32 | 145 | 30 | 3 |

2.5

5.0

===========

0.8

0.8

| N | 210 | 13 | 29 | 136 | 17 | 15 |

j S+N~ "[~2i6 ] ~8~ ] 26 I 133 [ 25 [ 18 J
I N T"ii6~r~6"r~i7~T~T55"r~io~T"~i"T

S+N I 210 I 7 | 12 | 157 | 28 | 6 |
===================================================================

N I 210 I 0 I 23 | 163 I 22 I 2 I0.8
S+N | 210 21 | 156 | 27
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TABLE 12 Rotational panoramic radiography
Radius R=29.0mtn, narrow beam Bf=2.65mm Lanex Fine - Ortho H

w sections without spine pooled observer results

Object | Bead | Noise | I | I I I I
Depth (Dr) diameter Signal Sum 1 2 3 4 5

-2.5 2.0
N
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=======================r======

|
==============================
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===========
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in:::::::::::::::::
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7
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6

To
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8
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===========
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210 | 0
:==========
210 | 1
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9
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19 22|
===========:28
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"iTi
30 87

===========
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17 ] 112

57 j i
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32 I 158

18 | 179
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"ii~y~i6i"
12 y 167
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I

1

27

"Ti
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15

9
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=s=:
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"ii
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= S = =
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sss:
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2
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5
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5
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4
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5
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===================================================================
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TABLE 13 Rotational panoramic radiography
Radius R=29.0mm, wide beam Bf=8.5mm Lanex Fine - Ortho H
Jaw sections without spine pooled observer results

Object
Depth (Dr)

-2.5
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diameter I Signal

Noise

2.0

2.0

ssssss:

I

2.5
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| S+N
s=£==ssss;

N
2.0 •

| S+N
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1.6
N
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1.6
| S+N
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2.5
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==============================:

-2.5 1.0
S+N
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===============================

2.5 1.0
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210
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1

~~83

0
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4
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3
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6
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8
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0

0

2

0
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- - -
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=================
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17
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88
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===:
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3
~o"
0
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4
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2
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5
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91 8
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114 |
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Tii y=======
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172 7

22"

5
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4
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5
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