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1. General introduction.

1.1 Aspects of imaging techniques in screen-film radiography.

Most examinations in x-ray departments are performed by

means of conventional radiography. To record the images, in-

tensifying screens in combination with photographic film are

still commonly used, although the use of digital imaging systems

increases rapidly.

In most applications intensifying screens are Ui ed pair-

wise, with a double emulsion film placed in between. The screens

contain phosphors which absorb part of the incident x-rays and

subsequently emit luminescent light, exposing the x-ray film. In

this way screen-film systems are used to register the x-ray in-

tensity pattern transmitted through the patient.

In general, different types of intensifying screens are

used for different types of x-ray examinations. The choice of the

screens is in most cases determined by the desired image quality.

When a high sharpness is desired, for instance in radiography of

extremities, thin screens are used. Thicker screens produce less

sharp images due to the increased spread of the luminescent light

within the screens. Thick screens are, however, more sensitive

and are therefore used when short exposure times are necessary to

avoid motion unsharpness, e.g., in chest or abdominal radio-

graphy .

For each radiograph imaging technique choices have to be

made, regarding the kilovoltage applied to the x-ray tube, the

tube current and the exposure time.

The tube voltage and the filtration define the x-ray

spectrum incident on the patient. The spectrum is in most cases

only slightly affected by the wave-form of the tube voltage. A

low tube voltage results in a high contrast because the dif-

ferences in attenuation between the various body structures are

larger for lower x-ray energies. A low tube voltage results, how-

ever, in a high patient dose.

Once the screens, tube voltage and filtration are chosen,

the product of tube current and exposure time determines whether



the image will be correctly exposed. Generally, a short exposure

time must be used in cases where motion unsharpness may de-

teriorate image quality. This demands for high tube currents;

these currents are limited by the maximally allowed power dis-

sipated in the anode of the x-ray tube.

1.2 Trade-off between patient dose and image quality.

Reduction of the radiation dose administered to the patient

in x-ray examinations is a major aim in diagnostic radiology. The

need for patient dose reduction originates from the fact that

ionising radiation may cause genetic damage and may induce ma-

lignant tumors.

It is obvious from the considerations given in the previous

section that a complex trade-off exists between radiation dose

and image quality. The optimisation of the diagnostic imaging

process has been investigated, mainly theoretically, in several

studies. Examples are the studies of Doi et al. (1977), Muntz et

al. (1977, 1979, 1985), Motz and Danos (1978) and Brodie and

Gutcheck (1982, 1983). General conclusions which can be drawn

from these studies are that diagnostic imaging can be optimised

by utilising more of the information which is present in the

x-ray intensity pattern, and that technological improvement of

image receptors and image processing is necessary for this

purpose. Because these improvements are not yet realised, the

results of these studies can not directly be implemented in

practical situations. Only Muntz et al. (1985) give a number of

practical guidelines for the optimisation of mammography.

1.3 Dose reduction by modification of the x-ray spectrum.

Until the early seventies calcium tungstate was the most

commonly used phosphor material for intensifying screens. Com-

pounds of yttrium, barium, lanthanum and gadolinium were then in-

troduced as new phosphor materials (Stevels, 1975). Because the

main K-edge energy of these phosphors is lower than the K-edge of

tungsten, the new screens exhibit a higher attenuation of x-rays



' in the diagnostic energy range than calcium-tungstate screens.

Besides, the new phosphors have a higher x-ray to light energy

! conversion efficiency.

i As a result of the introduction of these new phosphor ma-

terials, the variety in spectral sensitivity of intensifying

screens has increased strongly. The spectral sensitivity exhibits

one or more discontinuities? this is caused by the sudden in-

crease of the attenuation at the K-edges of the phosphor ma-

terials. Contrast materials containing high-Z elements, like io-

dine and barium, also exhibit these attenuation discontinuities.

It is likely that with monoenergetic radiation with a cor-

rectly chosen energy, a lower patient dose or a better image qua-

lity can be obtained than with broad x-ray spectra. The benefits

of using monoenergetic radiation for medical radiography were

studied by Oosterkamp (1961). He showed that with the same pa-

tient dose a higher contrast to noise ratio is obtained when mo-

noenergetic radiation is used instead of a conventional broad

x-ray spectrum.

Oosterkamp also investigated to what extent monoenergetic

results can be approximated with filtered spectra and whether a

selective (K-edge) filter gives a better result than a non-se-

lective filter does. In the case of iodine contrast imaging, he

found that a selective filter - gadolinium - offers no great ad-

vantage over a thick aluminum filter. With regard to the compari-

son of a selective and a non-selective filter, the study of

Oosterkamp was limited to imaging with a 100% efficiency detector

and to situations without scattered radiation. Intensifying

screens, however, absorb substantially less than 100% of the ra-

diation and the spectral sensitivity has discontinuities. Be-

sides, they respond differently to primary and scattered radia-

tion. These aspects and the discontinuous absorption character-

istics of contrast materials make the comparison between se-

lectively filtered spectra and broad spectra much more compli-

cated .

Although in the paper of Kuhn (1982) the use of a non-se-

lective filter (iron) is recommended, several articles have been

published since the study of Oosterkamp, with results in favour



of selective filter materials (Villagran et al.,1978; Burgess,

1981; Johnson and Burgess, 1981).

In these articles dose reduction factors of 2 or 3 are pre-

sented; the results are, however, not easy to interpret. The main

reason is that either filter materials were compared under dif-

ferent tube loading conditions or that the image quality was not

kept constant.

The lack of agreement found in the literature concerning

the use of K-edge filters in screen-film radiography was an im-

portant reason for our study. We chose basically for the same ap-

proach as was used in several other studies, i.e., filtration of

the x-ray spectrum to reduce patient dose. The principal aim of

our study was the development of procedures to minimise the ra-

diation dose required for an x-ray examination performed with in-

tensifying screens. For a correct assessment of the results we

chose to study dose reduction under the constraints of a con-

stant image quality and a constant mean optical density.

1.4 Image quality.

1.4.1 Introduction.

In our study we used the visibility of small details as

measure of image quality. In general, the visibility of small de-

tails depends on sharpness, contrast and noise. When only the in-

fluence of beam filtration on dose reduction is considered, as is

the case in this study, detail visibility depends only on the

contrast and on the noise of the image. Sharpness was not con-

sidered, because this quantity does not depend on the spectral

distribution of the x-rays.

1.4.2 Contrast.

For an object containing a detail in a given geometry, the

image contrast depends on the contrast of primary x-rays and on

the relative sensitivity of the screen-film system for primary

and scattered radiation. The energy spectrum of the x-rays in-



cident on the object influences both parameters. The primary con-

trast generally decreases with x-ray energy, so a higher tube

voltage generally results in a lower primary contrast- With re-

gard to the energy dependence of the relative sensitivity of

screens for scattered and primary radiation, no data were avail-

able at the start of this study.

1.4.3 Noise.

Images produced in screen-film radiography exhibit noise,

influencing the visibility of small, low contrast details. The

image noise is mainly determined by quantum noise (Rossmann,

1962; Lubberts, 1968). Film graininess, which is a noise source

with an amplitude characteristic for the particular film used, is

considered to be of minor importance. A third noise component,

called structure noise, which is due to irregularities in the

distribution of the phosphor over the screen, forms for some

screen types also a non-negligible noise component (Holje and

Doi, 1982).

Quantum noise originates from the statistical fluctuations

in the number of absorbed x-ray quanta in the screens; these

fluctuations result in a coarse density pattern on the film. To

describe quantitatively the noise, the power spectrum of the den-

sity fluctuations appearing in the x-ray image is generally used

(Wagner, 1977; Barnes, 1982; Vyborny et al., 1982). The low fre-

quency amplitude of quantum noise is inversely proportional to

the number of x-ray photons used to form the image (Rossmann,

1962). Because this number of photons decreases with x-ray ener-

gy, quantum noise increases with x-ray energy.

1.4.4 Models for detail visibility.

When the influence of noise on detail visibility in radio-

graphy is considered, two limit situations arise. In one limit

situation no noise is present. However, a threshold contrast for

detail visibility still exists because of the presence of the

internal noise of the visual system.



In the other limit situation the amplitude of the image

noise is much larger than the amplitude of the visual system

noise. The detail visibility is then determined by the ratio of

the detail contrast and the amplitude of the image noise; this

ratio is generally referred to as the signal to noise ratio.

The situation encountered in screen-film radiography lies

between these indicated limits. More complicated models, includ-

ing detail contrast, image noise and internal noise of the visual

system, must then be applied to describe detail visibility

(Burgess et al., 1979; Moran, 1982; Chesters and Hay, 1983).

Instead of using some complicated visibility model we only

considered contrast to be determining detail visibility. This

seems to limit the relevance of our study. In the context of this

study it is, however, a reasonable assumption (see section 7.4).

1.5 Investigation method.

1.5.1 Algorithmic approach.

To investigate the influence of beam filtration on patient

dose under the constraints mentioned in section 1.3, we used an

analytical approach. We chose this approach because it offeis a

great flexibility in the choise of input parameters such as the

type of filtration, the spectral distribution and the reference

imaging technique. To perform the calculations, a computer algo-

rithm was developed.

1.5.2 Algorithm structure-

Modification of the x-ray spectrum by means of additional

filtration generally requires adjustment of the tube load. The

algorithm was structured as follows. A reference imaging tech-

nique is chosen, characterised by the type of screens, the tube

voltage, tube current and filtration. With this technique, a con-

trast Cre£ and a mean optical density D r e f are obtained. For dif-

ferent tube load values and for a number of filter materials the

algorithm then calculates the filter thickness, kV and mAs for

8



which the contrast equals C r e f and the density equals Dref • For

the so obtained filter thickness, kV and mAs, the corresponding

integral absorbed dose and surface dose are calculated. This

procedure results in an optimal filter for each tube load value.

1.5.3 Data acquisition.

As input data for the algorithm, the energy absorption in

the screens, the radiation contrast of the imaged detail and the

efficiency of the screens were needed as a function of photon

energy. For the calculations of contrast in a situation with

scattered radiation, also the energy dependence of the sensitivi-

ty of screens for scattered radiation was needed. In the case of

primary contrast the data were obtained from the literature. The

other data had to be experimentally determined, however. For this

purpose an experimental set-up was constructed, which is de-

scribed in chapter 2.

At the start of this study we planned to investigate also

the influence of noise on image quality. This plan was not fully

realised. With regard to this aspect our study was limited to the

improvement of the estimation procedure of power spectra of ra-

diographic noise.

1.6 Contents of this thesis.

In chapter 2 the set-up which was built to determine experi-

mentally the input data for the dose reduction algorithm is de-

scribed. In this chapter the concept of quasi-monoenergetic x-ray

beams is also discussed. With these beams measurements of screen

parameters as a function of x-ray energy were performed.

Chapter 3 consists of two main parts. First the response to

x-rays of the detection system, which forms an essential part of

the experimental set-up, is compared with the response of three

screen-film systems. Secondly, the conversion efficiency of ab-

sorbed energy to photographic density is determined for the same

screen types. The efficiency was measured with the aim of repre-

9



senting the optical density in the optimisation algorithm by the

energy absorbed in the screens. Experiments were performed to

check whether film density can be predicted from the screen

energy absorption.

Chapter 4 deals with the measurement of scattered to primary ra-

diation ratios as a function of x-ray energy for four types of

screens. The results were used as input data in the optimisation

procedure to calculate contrast in a full scatter situation. This

chapter was published in Physics in Medicine and Biology, 1984,

Vol. 29, No. 10.

In chapter 5 dose reduction by means of beam filtration is de-

scribed. Different filter materials are compared, both theo-

retically and experimentally. This chapter was published in

Physics in Medicine and Biology, 1986, Vol. 31, No. 6.

In chapter 6 a new correction method is introduced, applicable to

power spectra of noise, measured with a microdensitometer with a

slit of finite length. This chapter is accepted for publication

in Medical Physics.

Finally, in chapter 7 a general discussion is presented. The re-

levance of the obtained results for dose reduction under constant

image quality is discussed and a comparison is made between the

aim of this study and the obtained results.

10
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2. Experimental arrangement.

2.1 Introduction.

For the acquisition of the data to be used in the optimisa-

tion algorithm (chapter 5), and for a verification of the theo-

retical results obtained with this algorithm, an experimental

set-up was constructed. This set-up consists of an x-ray source,

a collection of non-selective and K-edge filters, a detection

system, and apparatus to monitor kV, mAs, exposure time and

radiation output of the x-ray tube.

The experimental set-up was constructed such that intensi-

fying screens can be used in combination with conventional x-ray

film, but also in combination with a detection system especially

designed for low x-ray intensities. This detection system is de-

scribed in detail in section 2.4.

2.2 X-ray source and filters.

The experimental arrangement is shown schematically in

figure 2.1. A Siemens Bi 150/30/51 x-ray tube with a 3-phase

12-pulse Siemens Gigantos generator was used as x-ray source.

The inherent filtration of the tube is equivalent to 1.5 mm

aluminum.

The tube was enclosed in a lead box with a thickness of 4

mm because for high kilovoltages and heavy filtration (see be-

low), stray radiation penetrating through the shielding of the

tube interfered with the primary beam.

Different filters can be placed at a distance of 10 cm from

the focal spot. The filters which were employed are listed in

table 2.1. Most of these filters were used to obtain quasi-mono-

energetic x-ray spectra (section 2.3.2). The aluminum and copper

filters and the 0.1 mm thick gadolinium and holmium filters were

used for the experimental verification of some of the results of

the optimisation program.

13



Figure 2.1: Experimental set-up.
1: X-ray tube; 2: Filter; 3: Diaphragm; 4: Detection system
(schematically); 5: Monitor system; 6: Lead pipe.

14



Elementary
composition^)

Al
Cu
Sn
BaFCl(+)
LaOBr(++)
Pr
Nd
Sm
Gd2O2S(+++)
Gd
Dy

Ho
W
Pb

K-edge
(keV)

—
—
29.2
37.4
38.9
42.0
43.6
46.8
50.2
50.2
53.8

55.6
69.5
88.0

Thlckness($)

arbitrary
arbitrary

1-0 ,
0.093 g/cmz

0.076 g/cm2

0.25
0.25
0.25
0.107 g/cm2

0.10
0.25
0.10
0.10
0.20
1.0
0.5

No. of filters
available

arbitrary
arbitary

4
20
20
12
12
12
20
5
12
2
2
12
4
4

&) All filters are metal foils, unless otherwise indicated.
$) Thickness in mm, unless otherwise indicated.
+) Each filter is one pair of Quanta-II screens.

++) Each filter is one pair of MR400 screens.
+++) Each filter is one pair of Alpha-8 scree is.

Table 2.1: Composition, K-edge energy and thickness of filters
employed in this study.

2.3 Production of quasi-monoenergetic x-ray beams.

2.3.1 Introduction.

A straightforward procedure to determine the dependence on

x-ray energy of screen-film parameters i s to measure these para-

meters with monoenergetic x-ray beams of different energies. The

only available monoenergetic radiation sources are gamma sources.

The intensity of these sources i s , however, in most cases too low

for radiographic work.

A number of methods to obtain approximations of mono-

energetic radiation has been described. Motz et a l . (1971) and

15



Drexler et al. (1975) used especially designed x-ray tubes, pro-

ducing beams of high intensity by means of electron excitation of

special targets. Apart from the problem that these x-ray tubes

are not readily available in an x-ray department, the obtained

spectra are contaminated with an appreciable bremsstrahlung com-

ponent .

Vyborny et al. (1977) and Doi et al. (1982) described a

method to produce radiation of rather high intensity and excel-

lent spectral purity. They generated K-fluorescence radiation in

special targets, using a conventional x-ray tube, and further im-

proved the spectral purity with selective filtration. However,

the rather large target area (11-23 mm diameter) makes this meth-

od less suitable for the imaging of test objects.

2.3.2 K-edge filtration method.

2.3.2.1 Introduction.

A simple technique to obtain quasi-monoenergetic x-ray

spectra is the filtration of broad x-ray spectra with K-edge fil-

ters (Oosterkamp, 1961). When a K-edge filter is placed in the

x-ray beam produced by a conventional x-ray tube, low and high

energy photons are attenuated much stronger than the photons with

energy values just below the K-edge discontinuity of the filter

material. Narrow spectra can thus be obtained with this method.

Apart from its simplicity, the K-edge filtration method has the

advantage of a small focal spot size. Besides, it offers the pos-

sibility of performing measurements with broad x-ray spectra in

the same experimental set-up. Another advantage is that the ener-

gy distribution of primary radiation transmitted through the fil-

ter can be obtained accurately front simple calculations, while

spectra obtained with the methods described in section 2.3.1 must

be measured to be accurately known.

The K-edge filtration method was applied in this study for

two purposes. In the first place it was used for the production

of quasi-monoenergetic x-ray spectra. Secondly it was used for

the modification of x-ray spectra to obtain dose reduction under

16



the constraint of constant image quality. This aspect is dis-

cussed in chapter 5.

2.3.2.2 Calculated spectral distribution.

We investigated analytically the influence of filter

material, filter thickness and tube voltage on the energy dis-

tribution of the filtered spectra. The bremsstrahlung spectrum
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Figure 2.2: Mass attenuation coefficient as a function of x-ray
energy for five elements (Storm and Israel, 1970).

17



produced in the anode of the x-ray tube was approximated with

Kramers' formula (1923), given by

ICE) = c . (E-Emax) (2.1)

in which the maximal photon energy Eraax is related to the tube

voltage V by the relation Emax=e-V' w n e r e e is the electron

charge. Other spectra have been published which agree somewhat

better with measured spectra (Birch and Marshall, 1979). We chose

Kramers' approximation, however, for ease of calculation- For

spectra calculated with a tube voltage exceeding 69.5 keV,

tungsten K-characteristlc radiation, originating in the anode of

the x-ray tube, was superimposed on the bremsstrahlung spectrum

(Dyson, 1975).

Filtered spectra were calculated according to

If(E) = I(E) . e"
u ( E ) t (2,2)

where t is the mass per unit area of the filter, and u(E) the

mass attenuation coefficient of the filter material (Storm and

Israel, 1970).

The dependence of y on x-ray energy is shown for a few ele-

ments in figure 2.2. A sudden increase of p at the K-edge energy

E R of each element is seen. This increase is caused by the onset

at this energy of photoelectric interactions with electrons in

the K-shell of the element.

For ease of comparison between different filter materials

the thickness of the K-edge filters is characterised by the

f-value, defined as

f = U(ER_) . t (2,3)

where

M(EW ) = lim jj(E) (2,4)
E + E R

i.e. the transmission directly below the K-edge energy for a
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filter with thickness f is e , and for each increment in f-value

of 1.0 the transmission directly below the K-edge energy de-

creases by a factor e. Due to the presence of energies below the

K-edge, the intensity integrated over the spectrum reduces some-

what more than a factor e for each increment in f-value of 1.0

(see section 2.4).

2.3.2.3 Influence of filter thickness and tube voltage on the

spectral distribution.

The dependence of the energy distribution of the filtered

spectrum on the thickness of the K-edge filter is illustrated in

figure 2.3. For this figure dysprosium (EK=53.8 keV) was chosen
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Figure 2.3: Filtered x-ray spectra for different thicknesses of
a dysprosium f i l ter . Inherent fi ltration 1.5 mm aluminum.

as f i l ter material. Calculated spectra are shown for a number of
f-values. An inherent f i l ter of 1.5 mm aluminum was present. For
al l f i l ters the maximal intensity of the spectrum was normalised
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to the same value. It is seen that, for constant tube voltage,

the intensity of x-rays with energies between E m a x and E R de-

creases rapidly with increasing filter thickness. The same holds

a dysprosium .f
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Figure 2.4j Filtered spectra for different values of the tube
voltage. Filter: dysprosium (a:f»l; b:f-7). Inherent filtration
1.5 mm aluminum.
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for energies up to a few keV below the K-edge.

Figures 2.4a and 2.4b show for a dysprosium filter with f=l

| and f=7, the energy distribution of filtered spectra for differ-

| ent tube voltages. For given filter thickness the tube voltage

roust be chosen in correspondence with the value of the K-edge

energy, in order to obtain a maximal spectral purity. It is, how-

ever, obvious from figures 2.4a and 2.4b that the spectral dis-

tribution for a filter with f=7 is influenced much less by the

tube voltage than the spectral distribution for a filter with

f=l.

When m^, the kth moment of the spectral distribution I^fE),

is defined as

I,(E)EKdE

y-max
>Q If(E)dE

(2,5)

then the spectral purity can be characterised by the coefficient

of variation v defined as

(m -mh h

where m^ is the mean energy and m^-m, is the second central mo-

ment of the spectral distribution If(E).

Figure 2.5 shows for three thicknesses of a dysprosium fil-

ter, the calculated mean energy and the coefficient of variation

v as a function of the ratio E m a x/E K, which ratio is determined

by the tube voltage V. For f-values greater than about 4 a rea-

sonable choice is EJ^JJ/E^I.4 because both E m e a n and v are then

nearly constant. For thinner filters E m a x / E K should be chosen

somewhat less. The presence of a plateau value for Em___, and v is

useful, because it implies that small variations in the tube

voltage, which are often encountered in practice, have no signi-

ficant influence on the spectral distribution.

Figure 2.5 also shows the result when the tube voltage is

chosen too high. In that case many photons between E R and E m a x

are passing the filter, raising E m e a n and v strongly.
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Figure 2.5: Mean energy (left) and coefficient of variation
(right) for spectra filtered with a dysprosium filter with f»l, A
and 7, as a function of the tube voltage. Inherent filtration 1.5
mm aluminum.

An example of a s e r i e s of K-edge f i l t e r e d spectra d is tr ibuted

over the diagnost ic energy range, i s given in f igure 2 . 6 . This

figure shows spectra for nine d i f f erent elements, with K-edges

ranging from 29.2 keV (Sn) to 88.0 keV (Pb). Al l spectra were ob-

tained with f i l t e r s with f=7 and with a value of 1.4 for
Emax/EK* T n e c o e f f i c i e n t of variat ion i s about the same for each

spectrum (3.5 per cent; see a l s o sec t ion 2 . 3 . 2 . 4 , f igure 2 . 7 ) .

2 . 3 . 2 . 4 In tens i ty versus spectral puri ty for quasi-monoenergetic

spectra.

The trade-of f between i n t e n s i t y and spectral purity for
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Photon energy CkeO)

Figure 2.6: X-ray spectra filtered with elements with K-edges
distributed between 29.2 keV (Sn) and 88.0 keV (Pb).
For each f i l t er an f-value of 7 was used and a tube voltage cor-
responding with Ejnax/EK"1'* ( s e e section 2 .3 .2 .3) .

K-edge filtered beams is illustrated in figure 2.7, which shows

the relationship between v and the ratio of intensity and mean

photon energy squared. The latter quantity was chosen as inde-

pendent variable, because for the same f-value and the same tube

current the intensity of a K-edge filtered beam is roughly pro-

portional with the mean photon energy squared. This stems from

the fact that the intensity is proportional with the tube voltage

squared and the tube voltage is chosen to be 1.4 times the K-edge

energy for all f i l ter thicknesses (section 2.3.2.3). Calculated

results are given for tin (Z=52J, dysprosium (Z=66) and lead

(Z=82). i t appears that for higher f-values the results for these

three elements are nearly identical.

In the same figure the purity is indicated of spectra as
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obtained with the method described by Vyborny et al. (1977) and

Doi et al. (1982). One of their spectra was obtained with a dys-

prosium target and a gadolinium filter. We determined the in-

tensity distribution of this spectrum from published exposure

values and estimated that v is about 2.3%.

To obtain the same spectral purity with a K-edge filter/

say dysprosium, unrealistically heavy filtration must be applied.
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Figure 2.7: Relation between intensity (100 cm from focal spot,
100 mA tube current) and spectral purity of K-edge filtered
beams. The f-values (2-14) are indicated along the curves. For
comparison data calculated from two spectra used by Vyborny et
al. (1977) are plotted: K-characteristic radiation from a dyspro-
sium target, both unfiltered (Dy) and filtered with 0.2 ^
gadolinium (Dy/Gd).
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corresponding in this case with an f-value in the order of 14. As

can be seen from figure 2.7, this heavy filtration results in an

intensity which is about a factor 10 lower than the intensity of

a 3.7x10 Bq Am gamma source which was also employed in some

of our experiments (sections 2.4.3.2 and 3.4.3.1).

For the exposure of screen-film combinations (chapter 3) we

used f-values of about 4. For measurements with the special de-

tection system (chapter 3.4) the f-value was increased to about

7.

2.3.2.5 Contamination with K-fluorescence radiation and scattered

radiation.

As each filter is employed with a tube voltage exceeding

the K-edge of the filter material, it can be expected that the

filtered spectrum is contaminated with K-fluorescence radiation

escaping from the filter in forward directions. For different

filters we calculated therefore the intensity of the forwardly

escaping K-fluorescence photons relative to the intensity of

transmitted primary photons (Venema, 1979; Dance and Day, 1985).

Table 2.2a shows the results for a dysprosium filter with

f-values of 1 to 7 and table 2.2b shows the results for nine ma-

Element

Sn
Ba
La
Pr
Nd
Gd
Dy
W
Pb

5.7
5.0
4.8
4 .3
4.1
3.9
4.0
3.0
2.5

1 12.0
2 12.0
3 9.9
4 8.0
5 6.3
6 5.0
7 4.0

(a) (b)

Table 2.2: Intensity ratio (per cent) of forwardly escaping K-fluores-
cence photons (Ij^f) and primary transmitted photons (If). a: Dysprosium
filter, f»l-7. b: Nine filter materials f-7. For all filters a tube volt-
age was used corresponding with Emax/Ej^«1.4.
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terials with f=7 only. The relative intensity of the K-fluores-

cence photons decreases with filter thickness. For the same f-

value, also a decrease is seen for increasing atomic number of

the filter material.

For the elements listed in table 2.2b the relative in-

tensity varies between 5.7 and 2.5 per cent. However, only a

small part of the K-fluorescence photons will be present in the

x-ray beams used for our experiments. For the beam with the maxi-

mal cross-sectional area used in this study (30x30 cm at a dis-

tance of 100 cm from the focal spot; see chapter 4) the solid

angle subtended by the beam is 0.09 sr. When we assume that the

K-fluorescence photons are emitted isotropically, the contamina-

tion of the primary beam with K-fluorescence photons for a dys-

prosium filter with f=7, is only 0.06 per cent.

The contamination with scattered photons is also negli-

gible. The largest contribution can be expected from coherent

scatter. The probability for this interaction is, however, only a

small fraction of the probability for photoelectric interactions.

For example for a dysprosium filter, for energies below the K-

edge energy, the ratio between the probabilities for coherent

scatter and photoelectric interactions is about 0.1. This ratio

drops to about 0.02 for energies above the K-edge (Storm and

Israel, 1970). Besides, coherently scattered photons cannot be

distinguished from the primary photons, because they possess the

same energy. The probability for incoherent scatter relative to

the probability for photoelectric interactions is even less,

i.e., from about 0.03 below the K-edge energy to about 0.01 above

this energy. For the singly scattered photons which leave the

filter in about the same direction as the primary photons the

energy is also practically the same as the energy of the primary

photons.

These considerations and the geometrical considerations

given above justify the neglection of the presence of fluor-

escence and scattered photons in the K-edge filtered beams.
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2.4 Detection system.

2.4.1 Introduction.

The detection of the luminescent light from intensifying

screens was performed in this study in two different ways. For a

number of experiments described in chapter 3, conventional x-ray

film was used. For other experiments described in the same chap-

ter, and for experiments described in chapter 4 we employed a

photomultiplier tube (PMT) instead of photographic film.

The use of a PMT has two advantages. In the first place the

photographic development process is avoided. This process is te-

dious and time-consuming, while the development conditions are

often difficult to reproduce. More accurate results are therefore

obtained with a PMT.

Secondly, measurements can be performed with heavier fil-

tration than is possible with photographic film. This is quite

advantageous, because heavier filtration results in a narrower

spectrum and in a higher spectral stability under kV fluctua-

tions, as was shown in figure 2.5. With a narrower spectrum meas-

urements can be performed closely above the K-edge energy of the

screen phosphor materials. We performed some experiments to esti-

mate the maximal filter thickness which can be used for either a

screen-film combination or the screen-PMT detection system. This

was first done for a screen-film system.

2.4.2 Maximal filter thickness used in combination with a screen-

film system.

To estimate the maximal filter thickness which can be used

in combination with a screen-film combination, we determined this

thickness for a commonly encountered diagnostic situation, i.e.,

a focus to screen distance of 100 on, an integrated tube current

of 100 mAs, and an optical density of 1.5.

First we measured the exposure in beams obtained with dys-

prosium filters with f-values ranging from 3.0 to 7.4. For each

filter a tube voltage of 75 kV was applied. The exposure was

27



measured with a 60 cm ionisation chamber in combination with a

digital electrometer (Keithley 616). The ionisation chamber was

located 8 cm behind the K-edge filter (figure 2.8a). It was

0,0

x-ray source

Filter, f=3.0-7.4
Ion I sat ion
chamber

Screen-/*i lm
system

Figure 2.8: a) Schematic experimental set-up and b) results of
the measurement of the exposure in a K-edge filtered x-ray beam
(relative units). Filter: Dysprosium (f -3 .0-7 .4) . The dashed line
in 2.8b indicates the exposure resulting in an optical density of
1.5 on RP1 film, exposed between Spezlal screens at a distance of
100 cm from the focal spot.

placed there because at th i s location a greater experimental
accuracy was obtained than at the location of the screens at 1
meter from the focal spot (see below). The re lat ive measured
exposure values are shown in figure 2.8b. Each exposure value re-
fers to a tube current of 100 mAs.

For each increment in f-value of 1.0 the exposure value de-
creases with about a factor 3 . 2 . This decrease i s somewhat larger
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than the factor e (see section 2.3.2.2) because in the K-edge

filtered spectrum energies below the K-edge energy are still pre-

sent.

The exposure value resulting in an optical density of 1.5

on Curix/RPl film exposed between a pair of Spezial screens, was

then determined with a dysprosium filter with f=3, by variation

of the tube current. With 41 mAs an optical density of 1.5 was

obtained. The relative exposure level measured at this tube cur-

rent is indicated in figure 2.8b by the dashed line. Because the

curve of figure 2.8b refers to a tube current of 100 mAs, this

exposure value intersects the exposure versus f-value curve at a

somewhat higher f-value, i.e. f=3.6. We conclude therefore that

under the chosen constraints (100 cm fsd, 100 mAs) an f-value of

about 4 is the maximal value which can be used.

One could of course use thicker filters with x-ray film by

using a smaller focus to screen distance and higher mAs values.

By choosing for instance a focus to screen distance of 50 cm and

an mAs value of 500, a factor 20 in intensity is gained, result-

ing in an increase in f-value of about 2.6. A small focus to

screen distance can, however, only be used when the irradiated

screen area is small, for instance for the preparation of noise

samples. When a large beam area is needed, e.g., for the experi-

ments described in chapter 4, a small focus to screen distance

cannot be used. In a broad beam geometry, the path traversed by

the x-rays through the filter increases from the central axis to-

wards the edge of the beam, which results in a corresponding

fall-off in intensity behind the filter. For a filter with say

f=7, the intensity at the border of a 30x30 cm field at a dis-

tance of 100 cm is about 92 per cent of the intensity at the cen-

ter of the field. It is therefore desirable to keep the x-ray

beam diameter small at the location of the filter. A consequence

is that large beam diameters with a reasonably constant intensi-

ty can only be obtained at a large distance from the focus.

We conclude that photographic film cannot suitably be used

for the detection of the light emitted by the screens in a broad

beam geometry with f-values greater than about 4, unless extreme-

ly high mAs values are used. The use of very high mAs values is,
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however, not recommended when long series of exposures have to be

made in a reasonably short period of time.

2.4.3 Detection with a photomultiplier tube.

2.4.3.1 Introduction.

In the literature several detection systems were used to

measure light emitted by intensifying screens. In all cases a

photomultiplier tube (PMT) or photodiode was used to measure the

intensity of the light produced by one or both of the screens.

The optical coupling between screens and PMT or photodiode was

accomplished in different ways. Hondius Boldingh (1964) used a

combination of a calciura-tungstate intensifying screen and a PMT

as a detection system in his study on scattered radiation grids.

The PMT was placed closely behind the screen.

In their study on the reciprocity law failure for x-ray

film, Arnold et al. (1978) used a detector, consisting of a piece

of intensifying screen optically coupled to a PMT by means of a

light guide. By irradiating detector and film-screen system at

the same time, a detector response was obtained proportional to

the intensity of the light which exposed the film.

More recently, Dick and Motz (1981) used a PMT to measure

the number of light pulses per x-ray photon absorbed in a screen.

The entrance window of the PMT was directly placed against the

surface of the screen.

Burgess and Pate (1981) used a system with which the light

output from a screen pair was measured rather than from a single

screen. This system has the advantage that it approximates better

the rMiometry of a screen pair as used in combination with a

film.

2.4.3.2 Provisional design with a PMT and a light guide.

In a pilot study we constructed a provisional detection

system in which a Philips type 150 AVP PMT was used. The system

is shown schematically in figure 2.9. A light guide with a cross-
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Figure 2.9: Provisional detection system used to study the fea-
sibility of a screen-PMT detection system.

section of 0.4 cm provided for the optical coupling between the

PMT and the screen which was mounted in a conventional cassette.

The sensitivity of this system was determined by irradiat-

ing a Spezial frontscreen (52 mg/cm2 calcium-tungstate) with an

Am gamma source (3.7x10 Bq) and by measuring the integrated

PMT anode current with an electrometer. The integrated dark cur-

rent was subtracted from the actual readings.

In order to obtain an acceptable intensity the gamma source

was placed at a relatively short distance from the screen. For a

distance of 7.5 cm the intensity at the location of the screen

was about the same as the intensity obtained with an x-ray beam

filtered with a dysprosium filter with an f-value of 7.2 at a

distance of 100 cm and used in combination with a tube current of

100 mA. This follows from the fact that the 241Am source corre-

sponds with f=12 at 100 cm distance (figure 2.7), the application

of the inverse square law, and a slight correction for the dif-
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241
ference in energies between the Am source and the spectrum

filtered with dysprosium.

The ratio of PMT signal and dark current was, however,

small. Table 2.3 shows the signal to dark current ratio for two

ssd(cm)

7.5 27.5

V(volt) ~ ~

1000 3.8 0.27

1500 5.8 0.36

Table 2.3: Ratio of signal current and dark current when the
detection system in figure 2.9 i s irradiated with an '̂Am gamma
source. Results are given for two values of the high voltage V
applied to the PMT and for two values of the distance ssd between
the gamma source and the screen.

distances between gamma source and screen and for two values of

the high voltage applied to the PMT. Because the signal is of the

same order of magnitude as the dark current, no accurate measure-

ments can be performed with this system.

Another drawback of this set-up is the geometry in which

the light from a back screen is measured. In a clinical situa-

tion, i .e . with a film placed between the screens, the direction

of the light emitted by the back screen is opposite the direction

of the x-rays irradiating the screen. Measurements in this geo-

metry can not be performed in the set-up of figure 2.9.

2.4.3.3. Definite version of detection system.

The problems mentioned in section 2.4.3.2 were solved in an

improved version of the detection system. The signal to noise

ratio was increased by using a greater area to collect the light

from the screen and using a PMT with low dark current. The geo-

metry problem was solved by using a mirror to provide for the op-

tical coupling.

The improved version of the detection unit is shown in
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figure 2.10. Intensifying screens and PMT are mounted in a light

tight cassette. A PMT of type EMI 9856A was chosen. This PMT has

a 'bialkali' cathode with a maximal spectral response at a wave-

length of 430 nm. The PMT is shielded from primary x-rays by 4 mm

lead.

.LEflD

Figure 2.10: Improved detection system in detail.
1) Light tight window, 1.0 mm polyethylene; 2) Diaphragm (inter-
changeable); 3) Screen; 4) Mirror; 5) PMT. The screen can be re-
placed with a Nal(Tl) crystal for energy fluence measurements.

Although the l ight i s collected from a smaller sol id angle

than in the provisional design, a higher sens i t iv i ty i s obtained.

This results from the fact that the PMT was selected for low dark

current (nominal 0.1 nA at 1300 V) and that the l ight i s c o l l e c t -
2

ed from a larger area of the screen (about 20 cm ) .
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2.4.3.4 Geometries for light output measurements.

The light emitted by the front screen is measured separate-

ly from the light emitted by the back screen (figure 2.11). For

(a)

\

x-
raya

blacU paper—

PJ1T
Lb

\

(b)

Figure 2.11: Geometries for the measurement of front and back
screen light output; a: Front screen measurement; b: Back screen
measurement. Lj, L^: light output of front or back screen.
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back screen measurements the x-rays are attenuated in the front

screen. Black paper, opaque for light but transparant for x-rays,

is placed between the screens to prevent that light produced by

the front screen reaches the PMT.

As mentioned earlier, when the screens are used with film,

the light from the back screen reaches the film in the opposite

direction with respect to the direction of the x-rays. In order

to measure the difference in light output of the back screen in a

screen-film geometry and in the geometry of figure 2.11b, the

cassette can be used upside down (see chapter 3).

2.5 Comparison of the sensitivity of a screen-film system and the

screen-PMT system.

Using the same filter thicknesses as in the experiments de-

x-roy aourc* 9
•

Flltor. f=3.0-7.4 _jj_

Detect i on
system

0.0

-1.0 -

Figure 2.12: a) Schematic experimental set-up and b) results of
the measurement of the screen-PMT response for a dysprosium fil-
ter with f varying from 3.0 to 7.4.
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scribed in section 2.4.2, we measured the integrated PMT anode

current in response to the light output of a screen irradiated

with a K-edge filtered beam. The screen used in the cassette for

these measurements was the Spezial front screen. The focus-screen

distance was 100 cm. The experimental set-up and some results are

given in figure 2.12. The response values correspond with a tube

current of 100 mA and an exposure time of 1 s.

For the screen-PMT response we find the same decrease with

f-value as was found for the exposure values shown in figure

2.8b, i.e., about a factor 3.2 for each increment in f-value of

1.0.

The maximal f-values which can be used with the screen-PMT

system and with a screen-film system can now roughly be compared;

see figures 2.8b and 2.12b. In figure 2.12b the anode current

level corresponding with 100 times the dark current of the PMT

(0.1 nA at 1300 V) is represented by the dashed line. For each

value of the filter thickness the corresponding signal to noise

ratio can therefore be obtained. For example, an f-value of 9.6

corresponds with a signal to dark current of 100 for the front

screen-PMT system. An optical density of 1.5 on x-ray film was

obtained with an f-value of 3.7 (figure 2.8b). The corresponding

intensity ratio is about 900.

It is to be noted that for the above described experiments

no attenuating phantom was present in the beam. For the scatter

experiments described in chapter 4 a water layer of 20 cm was

used. With an f-value of 7 a signal to dark current ratio of

about 20 was then obtained with a dysprosium filter (EK=53.8

keV). For filters with a lower K-edge the signal to dark current

ratio was somewhat lower and for higher K-edge energy the signal

to dark current ratio was somewhat higher, due to the increase of

transmission of the x-rays through the water layer with increase

of photon energy.

2.6 Monitor system.

The x-ray tube used in the experimental arrangement showed

a rather poor reproducibility in radiation output, due to fluctu-
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ations in tube voltage and tube current between successive expo-

sures. Fluctuations in kV result in fluctuations in both the

spectral distribution and in the energy fluence, while mA fluctu-

ations only cause fluctuations in the energy fluence. By using

the K-edge filtration method, the spectral distribution fluctua-

tions ware reduced to an insignificant level. However, fluctua-

tions up to about 10% in energy fluence, caused by both kV and

tube current fluctuations, remained. A second PMT, optically

coupled to a Nal(Tl) crystal, was therefore used to record the

x-ray fluence during each exposure (figure 2-1). The response of

the screen-PMT system was related to the actual x-ray fluence by

means of the response of this monitor system. To shield this mon-

itor system from stray radiation, both from the tube and from

phantoms placed in the beam, a lead pipe was installed through

which the x-rays reached the monitor.

The kV, mAs and exposure time were for each exposure con-

currently registrated with a Machlett Dynalyzer system.
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Conversion of absorbed energy to photographic
density in screen-film systems
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3. Conversion of absorbed energy to photographic density in

screen-film systems.

3.1 Introduction.

In this chapter two main subjects are discussed. First, the

validity is checked of using the detection system described in

chapter 2 for the measurement of screen-film parameters, instead

of a screen-film combination itself.

Although several systems have been described in the litera-

ture to measure the light output of intensifying screens (chap-

ter 2), only the system described by Burgess and Pate (1981)

forms a good approximation of a screen-film system. In this sys-

tem the light is measured directly between the screens. It also

shows some limitations, however, as a rather great distance be-

tween the screens is employed.

In the detection system used in this study we chose for a

set-up in which the light of both screens is measured separately

(figure 3.1a,b). The geometry of this system differs in some re-

spects from the geometry of a screen-film combination. First, for

experimental convenience, the light from the back screen is meas-

ured in a geometry in which the screen is differently orientated

than in a screen-film geometry. Secondly, the back screen is ab-

sent in case of front screen measurements. Finally, as we assumed

that the influence of the film on the x-ray fluence reaching the

back screen could be neglected, no film was present between the

screens in case of back screen measurements (figure 3.1b).

From these considerations one could expect that when the x-

ray energy is varied, the light output of a screen pair as meas-

ured with the detection system is not proportional to the light

reaching an x-ray film placed between the two screens. This was

checked experimentally, which is described in sections 2 and 3 of

this chapter.

In section 4 of this chapter a first application of the de-

tection system is described, i.e., the determination of the con-

version efficiency of absorbed energy to light, for different

screen types. Energy conversion efficiency was measured earlier

41



(a)

Cb)

3.1a, b (same as figure 2.11): Geometries for the meas-
t of front and back screen light output; a: Front screen
ement; b: Back screen measurement. Lf> L, : light output of
or back screen.
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with photographic means by Venema (1979) and Vyborny et al.

(1980). More recently, Kodera et al. (1984) measured for various

screen-film systems a similar parameter, which they called the

energy absorption constant.

In our dose reduction study (chapter 5) we wanted to use

the constraint of constant optical density. The aim of our ef-

ficiency measurements was to check whether the efficiency is con-

stant as a function of x-ray energy. In that case the constraint

of constant optical density may be replaced by a constant energy

absorption in the screens. This is computationally easier and

also the measurement of an energy dependent efficiency term for

each type of screen can be omitted.

3.2 Detection system response for a constant screen-film re-

sponse.

3.2.1 Method.

In this section and in section 3.3 we describe measurements

to verify whether the output of the detection system is propor-

tional to the light reaching a film between a screen pair, for

different photon energies.

We first measured the x-ray energy fluence which produces a

density D=1.0 on Curix/RPl x-ray film, and next measured the

light output L (D=1.0) of the screen pair with the detection sys-

tem for the same fluence. This experiment was performed for three

different screen types (table 3.1) with seven quasi-monoenergetic

x-ray spectra (table 3.2). An exposure time of 1.0 s and filters

with f-values of about 4 were used. The focus to screen distance

was 100 cm for both the screen-film and the screen-PMT measure-

ments .

To determine the flusnce for D=1.0, the film-screen com-

binations were exposed to different fluences by variation of the

tube current. The fluence values were measured with the monitor

during the exposures of the screen-film combination. The fluence

for D=l.0 was found by interpolation.
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Screen Phosphor mass/unit area,
elementary composition (//)

Principal K-edge
(keV)

Siemens Spezial

Alpha-8

MR400

132 mg/cm CaWO4 (+)

106 mg/cm (+)

86 mg/cm2 LaOBr ($)
43 mg/cm CaWO^ ($)

69.5

50.2

38.9
69.5

//) Phosphor mass per unit area calculated from measured attenuation using
an ^'Am source and tabulated attenuation coefficients.

+) Manufacturers stated values not available.
$) Mass ratio of 2:1 (personal communication with Agfa-Gevaert, Belgium).

Table 3.1: Investigated screens, phosphor mass per unit area and K-ab-
sorption edge of the most important absorbing element in the screens.

Filter($)

0.45 g/cm Sn

2 +>
0.52 g/cm LaOBr

K-edge
(keV)

29.2

38.9

Tube
voltage
(kV)

35

45

Mean
energy
(keV)

27.0

35.4

0.94 g/cm Sm 46.8 55 43.2

2 )
1.18 g/cm Gd2O2S 50.2 60 46.2

1.07 g/cm Dy

1.54 g/cm W

53.8

69.5

65

90

49.5

64.6

2.27 g/cm Pb 88.0 105 81.2

$) Inherent filtration 1.5 mm aluminum
+) 7 pairs of MR400 screens
++) 11 pairs of Alpha-8 screens

Table 3.2: Calculated characteristics of quasi monoenergetic
x-ray spectra used to measure the relation between screen pair
light output and corresponding optical density.
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3.2.2 Results.

Figure 3.2 shows, for the screens investigated, the sum of

the light output of front and hack screen, Lt(D=1.0), for an x-

ray fluence resulting in a density D=1.0 when both screens are

used in combination with RPl-film. Also shown are the individual

contributions of front and back screen Lf(D=1.0) and Lb(D=1.0).

The results are normalised such that the mean of Lt(D=1.0) is 1.0

for the Spezial screens.

For the MR400 and Alpha-8 screens (table 3.1), Lt(D=1.0)

can be considered to be constant as a function of the x-ray ener-

gy. For the Spezial screens a slight increase with energy is

found.

In section 3.1 we mentioned already the differences in geo-

metry between the detection system and a screen-film system. Be-

cause these differences possibly influence the obtained results,

their individual effects are shortly discussed in the next sec-

tion.

3.2.3 Orientation of the back screen.

Most of the fluorescence light is generated at the tube

side of the screen, especially at low energies. Therefore, a dif-

ference in light attenuation, and thus in light output, can be

expected between the back screen orientation of figure 3.1b and

the back screen orientation in a screen-film system (figure

3.3a).

To assess the magnitude of this difference we performed an

additional experiment with the Spezial back screen in which the

light outputs with irradiation from both sides of the screen

were compared (L_ and L u l l ; figure 3.1b and 3.3b). For the meas-

urement of L. ' ' the cassette was used upside down, the x-rays be-

ing attenuated by the front screen before entering the cassette.

In order to compensate for the small x-ray attenuation in the

mirror in this geometry, the x-rays were attenuated in the geo-

metry of figure 3.1b by an identical mirror, which was placed in

the x-ray beam under 45 deg, outside the cassette.
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Figure 3.2: Measured light output of front and back screen and
total light output corresponding with an optical density D»l.0 on
Curlx/RPl x-ray film, for different energies and three screen
types. The dashed lines Indicate the mean total light output
value for each screen.
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\

x-
rays

f I lm

Cb)

Figure 3.3: (a) Geometry of a screen-film combination; (b) Geo-
metry for the measurement with the detection system of the back
screen light output in a screen-film geometry. The light output
obtained in this way is denoted by L,'1. Key: f-frontscreen;
b-backscreen.
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Lb

1
1
1
1
1
1

• I / L b

.37

.15

.06

.05

.04

.00

Differences between Lfa and Lj,
11 were indeed found, espe-

cially at low energies. At 27.0 keV L b'' was found to be 37%

higher than L^. At 64.6 keV no difference was found (table 3.3).

Energy
(keV)

27.0
35.4
43.2
46.2
49.5
64.6

Table 3.3: Ratio of L̂ 'Vl-b f°r si x energies for the Spezlal back-
screen. See section 3.2.3 for the meaning of L^ and Lj,11.

This effect can explain the trend which was found in L

(D=1.0) for the Spezial screens. When Ljj" is used as back

screen light output instead of Lb, a corrected total light output

I Lt'l=l'f+l<b'' is obtained, which is shown in figure 3.4. The trend
1 which was apparent in figure 3.2 has indeed disappeared.

I The light attenuation in the back screen is especially

important for the Spezial screens, as the Spezial back screen has

a heavy phosphor coating (80 mg/cm versus 65 and 53 mg/cm^ for

j the MR400 and Alpha-8 back screens). Because the Spezial back

j screen contains about 60% of the total phosphor mass, the

contribution of the back screen to L, , relative to the

contribution of the front screen, is larger than in the case of

the two other screen types. This can be seen by comparing the Lf

and L, values of figure 3.2. Because for the other two screen

types no trend was present in the original data and the effect of

the light attenuation could be expected to be less than for the

Spezial screens, L^'' was not measured for these screens.

3.2.4 Absorption in the front screen of K-fluorescence photons

escaped from the back screen.

For energies above the K-edge energy of the screens the
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Figure 3.4: Light output for constant optical density (Spezial
screens). The corrected light output L b " is used as back screen
light output.

light output of the front screen is slightly different in figures

3.1a (Lf ) and 3.3a (L f'). because in the presence of the back

screen some of the K-fluorescent photons escaping from the back

screen in a backward direction are reabsorbed in the front

screen. The contribution of this effect to the total light output

of the screen pair is maximal when the energy of the incident x-

rays is just above the principal K-absorption edge of the

phosphor material in the screens. This was ensured from calcula-

tions of the escape probability of K-fluorescent photons from the

back screen in a backward direction, and the subsequent probabi-

lity of absorption in the front screen (Venema, private communi-

cation) .

With regard to the screens considered in this study, the

contribution of fluorescent backscatter is most important for the

Alpha-8 and Spezial screens. For the Spezial screens just above
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the tungsten K-edge (69.5 keV) the energy of K-fluorescence ra-

diation generated in the back screen and reabsorbed in the front

screen, is 5.5% of the energy absorbed in the screen pair from

primary x-rays. For the Alpha-8 screens the corresponding figure

at the K-edge of gadolinium (50.2 keV) is 4.8%. This contribution

of reabsorbed energy diminishes slowly with increasing energy.

For example, for the Alpha-8 screens at 65 keV it has decreased

to 4.1%. For the MR400 screens the contribution to the totally

absorbed energy is always less than 3%.

These calculations were checked for the Alpha-8 screens at

65 keV by a simple experiment in which the light output of the

front screen was measured in the geometry of figure 3.3b, both

with and without the back screen placed behind it. A ratio of

1.06 in front screen light output was found, which is in close

agreement with a calculated ratio in absorbed energy of 1.07 for

the front screen at this energy.

3.2.5 Absorption of x-rays in the film.

One also expects a difference in energy absorption in the

back screen between the geometries of figure 3.3a and figure 3.1b

due to the absence of a film in the latter geometry.

The x-ray energy absorbed in the film is maximal at the

lowest energy used for our experiments (27 keV)• If we assume

that the absorption in the film is 5% at that energy (Chan and

Doi, 1983), the energy absorbed in the back screen in figure 3.1b

will be 5% higher than in figure 3.3a. The effect on the total

light output is minimal, however, because at these low energies

most x-rays are stopped in the front screen. When we consider the

worst case situation, i.e., for the Spezial screens for which the

back screen is thicker than the front screen, the reduction in

absorbed energy in both screens together, caused by the presence

of an x-ray film will only be 1.5%. This effect will be substan-

tially less at higher energies.
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3.3 Conclusions.

Three effects were studied which could influence the pro-

portionality of the light output of a screen pair measured with

the detection system and the response obtained when the screens

are used in combination with x-ray film.

The most important effect, the attenuation of light in the

back screen, was found to be only considerable for energies below

about 40 keV. This effect is of minor importance for higher ener-

gies; it explains well the slight increase with energy of

L (D=1.0) for the Spezial screens.

Although the low energies for which this effect plays an

important role are again considered in the scatter experiments

described in chapter 4, we neglected this effect there. This

causes no serious errors, as only relative fluences of scattered

and primary radiation were determined. The energy distribution of

scattered radiation for the phantom thickness used for our ex-

periments, is not considerably different from the spectrum of the

primary radiation for primary energies below about 50 keV (Reiss

and Steinle, 1973). The light attenuation in the back screen will

therefore be the same for the primary and scattered spectra inci-

dent on the screens. As relative fluences are considered, the

light attenuation effect cancels.

With regard to the other phenomenae, a difference of less

than 5% is present due to the absence of fluorescent backscatter

in the screen-PMT system. Finally, the absence of an x-ray film

in the geometry of figure 3.1b can be neglected as it causes dif-

ferences of 1.5% or less.

We conclude that the light output L (E) of the detection

system is reasonably proportional to the light reaching a film,

as present in a screen-film combination.

3.4 Efficiency of the conversion of absorbed energy to light.

3.4.1 Definitions.

We define the screen pair efficiency e(E) as the screen
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pair light output Lt(E) divided by the corresponding energy ab-

sorption abs{E) in the screen pairs

e(E) = Lfc(E)/abs(E) (3,1)

When abs(E) is expressed as the product of incident x-ray fluence

VI {E) and the absorbed fraction F(E), then (3,1) can be written

Lt(E)
£ ( E > = f{E) . F(E) (3'2)

The separate determination of Lfc(E)/Y(E) and F(E) will be de-

scribed next.

3.4.2 Screen pair light output per unit incident x-ray fluence.

For the screens of table 3.1 and with the spectra of table

3.4 we determined Lfc (E)/f(E) , i.e., the total light output of

front and back screen divided by the corresponding incident x-ray

fluence. Lt(E) and ^(E) were measured separately. For the Spezial

screens the back screen light output was corrected for light at-

tenuation using the L, ' '/ L K ratios of table 3.3.

For the measurement of f(E) the screens in the cassette

were replaced by a 12 nun thick Nal(Tl) crystal. This crystal ab-

sorbs, for the x-ray energies used, all of the incident radia-

tion. Therefore, the signal will be proportional to the energy

fluence for energies below the K-edge of iodine (33.2 keV). For

higher energies the measured fluence values were corrected for

escape of K-fluorescence photons from the Nal(Tl) crystal

(Greening and Randle, 1968).

For the measurement of both light output and energy fluence

the same values of tube voltage and tube current were selected.

Small variations in output from the x-ray tube between the meas-

urement of the light output and of the energy fluence were moni-

tored and corrected for.

The measured values of L.{E)/V(E) are shown in figure 3.5

(upper symbols). The data point at each energy represents the
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Filter($)

2
0.72 g/cm Sn

2 *>
0.97 g/cm LaOBr

1.70 e/cm Rm

K-edge
(keV)

29.2

38.9

46.8

Tube
voltage
(kV)

41

51

67

Mean
energy
(keV)

27.8

37.0

44.8

1.93 g/cm Gd2O2S 50.2 68 47.7

2.13 g/cm Dy 53.8 74 51.6

3.09 g/cm W 69.5 90 66.6

3.40 g/cm Pb 88.0 110 33.5

$) Inherent filtration 1.5 mm aluminum
*) 13 pairs of MR400 screens

**) 18 pairs of Alpha-8 screens

Table 3.4: Calculated characteristics of quasi monoenergetic x-ray
spectra used for the determination of the ratio of the light output
of intensifying screens and the corresponding energy fluence.

average of three measurements. The standard deviation was about

0.5% at each energy.

3.4.3 Fraction of incident energy absorbed in a screen pair .

3.4.3.1 Screen pair x-ray attenuation.

The absorbed fraction of energy F(E) (formula (3,2)) was

determined using attenuation values measured with the K-edge f i l -

tered beams of table 3.4 and by correcting these values for

escape of K-fluorescence photons from the screens (next sec-

tion) .
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lzed) for constant fluence and fraction of energy (right-hand
scale) absorbed In the screens, for different x-ray energies.
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The attenuation values were obtained by using the Nal(Tl)

crystal in the cassette (figure 3.6). The beam diameter, 1.4 cm

at the location of the screens and 4.0 cm at the location of the

detector, was small compared with the screen-detector distance

(about 60 cm). The response f(E) of the NaI(Tl)-PMT combination

was measured in this 'narrow beam' geometry with and without the

screens interposed in the beam. The attenuation A(E) was then

determined according to

(<f (E)/R (E))

B?) <3'3>

in which f (E) and f (E) are the responses of the NaI(Tl)-PMTa o
combination with and without the screens interposed in the beam,

and R (E) and R (E) are the responses of the monitor system ina o
both cases. Figure 3.7 shows the results. The data points are the

average of three measurements. The standard deviation was maxi-

mally 1.5%.

A comparison was made between these measured values and

calculated monoenergetic attenuation values. The latter were ob-

tained using the experimentally determined phosphor mass of the

screens and tabulated attenuation coefficients (Storm and Israel,

1970). The phosphor mass per unit area was determined from trans-

mission measurements with an Am source, which emits 59.5 keV

gamma rays. The transmission !.„ . was measured using a Geiger-

Mtiller tube which recorded the decrease in counts when a pair of

screens was inserted in a pencil beam of the gamma rays. From

these measurements the phosphor mass per unit area of the screens

was calculated according to

~ l n T55 5
' 5 (3,4)tsS y59.5

where u, for an energy of 59.5 keV, was also taken from Storm

and Israel (1970) .

For the MR400 screens a mass ratio of lanthanum-oxybromide

and calcium-tungstage of 2:1 was assumed (Venema, 1979). The

values of the phosphor mass (table 3.1) obtained for the Spezial

and Alpha-8 screens are in good agreement with those found by
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Figure 3.o: Experimental set-up for the measurement of the
screen pair attenuation. In the cassette the screens are re-
placed by a Nal(Tl) crystal.
1: X-ray tube; 2: Filter; 3: Diaphragm; 4: Detection system; 5:
Monitor system; 6: Nal(Tl) crystal; 7: Screen or screen pair.
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Figure 3.7: Measured and calculated attenuation in the screens
as a function of x-ray energy.
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Venema (1979). Using the experimentally determined values of the

phosphor mass, the attenuation of the screens was calculated for

energies between 20 and 90 keV.

An excellent agreement was found between the calculated and

experimentally determined values (figure 3.7). Only for the

Alpha-8 screens, at a mean energy of 51.4 keV, a discrepancy oc-

curs. The cause of this discrepancy is clear, however. The spec-

trum used here was obtained with a dysprosium filter, having its

K-edge energy at 53.8 keV. The spectrum encompasses the K-edge

discontinuity of gadolinium, the principal element in the Alpha-8

screens. A value between the theoretical attenuation below and

above the gadolinium K-edge is therefore obtained.

3.4.3.2 Calculation of the absorbed fraction of energy F(E).

The fraction F(E) was determined by multiplying the meas-

ured attenuation A(E) by the fraction of photoelectric interac-

tions, considering these interactions as the only energy absorb-

ing interactions. For photon energies above the K-edge energy of

the high-Z elements of the screens only a part of the generated

K-fluorescence photons is absorbed. Corrections were therefore

made for the escape of K-fluorescence photons from the screens

(Shuping and Judy, 1977; Vyborny et al., 1978; Venema, 1979;

Dance and Day, 1985).

F(E) = (T(E)/p(E) )xA(E) E < E R

F(E) = (T(E)/n(E))xA(E)xfK(E)

where

fK(E) = (1-p )x6Kx(t (E)/T(E))x(E /E).

Ef = mean energy of K-fluorescense photons.
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T K(E)/T(E) = fraction of photoelectric interactions taking

place with the K-shell,

6 = fluorescence yield of the phosphor material,
K

p = the probability that a K-fluorescence photon escapes

from the screens (Venema, 1979).

F(E) is shown in figure 3.5 (lower symbols). The error in F(E) is

mainly due to the error in the measured attenuation which is

about 1.5%. Because the photoelectric effect is responsible for

about 90% of the interactions in the screens, the error in t/p,

due to the uncertainty in the tabulated photoelectric cross sec-

tions (about 3%, (Storm and Israel, 1970)) can be neglected.

3.4.4 Energy to light conversion efficiency; results for three

screens.

The values of the relative efficiencies e(E), obtained ac-

cording to formula (3,2), for seven energies and three screen

types are shown in figure 3.8. All data points are normalised

such that the mean of the Spezial values is 1.0.

For the Spezial and Alpha-8 screens e(E) is seen to be

about constant as a function of the energy. The maximal deviation

from the mean is 5% and 3% respectively. For the Spezial screens

this constant efficiency agrees with the findings of Vyborny

(1978) for calcium-tungstate screens for energies above 30 keV.

The efficiency of the MR400 screens for energies between

the K-edges of lanthanum and tungsten, is slightly higher than

for the other energies (about 7% above the mean). This can be ex-

plained by considering the increased photoelectric cross-section

of lanthanum relative to the one of tungsten for energies between

both K-edges. This causes a relative increase in the number of x-

ray interactions taking place with lanthanum-oxybromide, which

has a higher efficiency than calcium-tungstate.

A drop in efficiency was found by Vyborny at the K-edge en-

ergy for screens containing lanthanum and barium. Vyborny as-
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Figure 3.8; Relative efficiencies of the screens measured with
the detection system. The mean of the Spezial values is normal-
ised to unity.

cribed this drop to absorption of K-fluorescence photons in the

x-ray film. If this explanation is correct, this drop would be

absent in our results anyhow, because no x-ray film was present

in the screen-PMT set-up. It is, however, very unlikely that the

absorption of fluorescent photons in the x-ray film can explain

differences of up to 20% in efficiency which are present in

Vyborny's data. Chan and Doi (1983) estimated that the x-ray

energy absorbed in the phosphor is overestimated by only a few

per cent if the film is omitted (see also 3.2.5).

3.5 Summary and conclusions.

For the energy range which is of interest for our further

study, the results presented in this chapter show that a constant

light output corresponds with a constant amount of energy ab-

sorbed in the screens. A slight deviation was found for MR400

screens, consisting of a mixture of two phosphor materials.

We showed in the first part of this chapter that a constant
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light output corresponds with a constant optical density. We con-

clude therefore that no serious errors are introduced when the

optical density is taken to be dependent only on the amount of

energy absorbed in the screens. This assumption will be used fur-

ther in the optimisation study of chapter 5.

The correspondence between the response of the detection

system and the response of the investigated screen-film systems

also justifies the use of the detection system for the measure-

ment of the sensitivity for scattered and primary radiation.

These measurements are discussed in the next chapter.

61



Response of x-ray intensifying screens
to scattered and primary radiation

K.Koedooder and H.W.Venema

Published in Physics in Medicine and Biology, 1984,
Vol.9, No. 10, 1237-1248

Presented in part at the 1984 annual meeting of the
American Association of Physicists in Medicine, Chicago, USA

63



Phys. Med. Biol., 1984, Vol. 29, No. 10, 1237-1248. Printed in Great Britain

Response of x-ray intensifying screens to scattered and
primary radiation

K Koedoodert and H W Venemat
t Laboratory of Medical Physics, University of Amsterdam. The Netherlands
t Laboratory of Medical Physics and Department of Diagnostic Radiologv, t'niversitv of
Amsterdam, The Netherlands

Received 29 December 1983. in final form 19 March 1984

Abstract. The energy dependence of the luminance ratio due io scattered and primjrv
radiation has been determined for four types of x-ray intensifying screens. A water phantom
of 30 cm x }0 cnt x 20 cm was used as the scattering medium. Ten narrow band vray
spectra were used as incident radiation: the mean energies of these spectra ranged from
28 to 84 keV. Using the monoenergetic data, results were calculated for broad spectra jnd
compared with measured results for broad spectra. For tube voltages up to 5UKV the
calculated results agreed well with the measured results: for higher lube voltages a small
difference occurred.

1. Introduction

In diagnostic radiography, structures of interest within the patient's body are visualised
by registering the transmitted x-ray intensity pattern when the patient i> exposed to
x-rays in a suitable energy range. The registration of the transmitted intensity is
performed, in many cases, by intensifying screens in combination with an x-ray film.

The information contained in the transmitted x-rays originates from differences in
attenuation between the structures of interest and their surroundings. This attenuation
is caused by photoelectric interactions and by scattering of the x-rays. A well known
phenomenon is the image degrading effect of scattered radiation, especially in the
radiography of relatively thick parts of the human body (10-20 cm I (e.g.. Ter Pogossian
1967). The amount of image degradation depends on two factors: (il The lluence ratio
of scattered and primary radiation reaching the image plane. This ratio depends
primarily on object thickness, object to detector distance, and on the energy of the
x-rays incident on the object, (ii) The relative sensitivity of the image forming system
for scattered and primary radiation. This quantity depends on the energy absorption
characteristics of the image forming system and on the energy distribution of the
primary and scattered component of the radiation incident on the image forming system.

Although a number of studies on these subjects has been published (see below I,
no accurate information is available on the response of intensifying screens to primary
and scattered radiation as a function of x-ray energy.

We therefore investigated the light output of intensifying screens in response to
primary and scattered radiation, using quasi-monoenergetic x-ray beams. In this way,
scatter data are obtained as a function of x-ray energy. The advantage of this approach
is obvious. The response of intensifying screens for broad spectra of arbitrary shape
can be calculated once the response to monoenergetic radiation is accurately known.

0031-9155/84/101237+ I2S02.25 © 1984 The Institute of Physics
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The results from studies concerning the energy dependence of scatter data, which
were published in the past few years, were obtained either by experiment or Monte
Carlo simulations.

The category of experimental studies contains the work of Motz and Dick (1975)
and Dick el al (1978). These authors determined the sum of the scattered and the
primary x-ray fluence 1, + /p transmitted through a polystyrene phantom, using a
NaKTI) scintillation spectrometer. The primary component /p of the total fluence was
obtained by measuring the unattenuated primary fluence, i.e., with the phantom
removed, and by correcting this fluence for the attenuation in the phantom. Results
were expressed in terms of the scatter fraction F, defined as / s / l / p + / s), of which the
energy dependence was investigated. Nearly monoenergetic x-ray beams were used,
six having energies in the diagnostic energy range (25-90keVl. Molz and Dick found
a decrease in F for energies in the range from 30-70 keV. Dick el al later revoked
these results. Instead of a decrease in F, no variation of F between 30 and 70keV
was found.

Experimental work was also done by Burgess and Pate (1981). They determined
primary and scattered fractions using phantoms of different materials and thicknesses.
Measurements were performed both with monoenergetic sources and broad x-ray
spectra. For the first set of measurements they used a Ge detector of which the efficiency
was slightly dependent on x-ray energy. Results were given for three energies, 59.5,
88 and 122 keV. A slight increase with energy was found for the ratio of scattered to
primary radiation. For the peak voltage measurements they used intensifying screens
as a detecior. The tube voltage was varied from 50-120 kV. An x-ray filter of 2.0 mm Al
was used. No dependence on tube voltage was found for the primary fraction of the
total radiation.

Levine and Hale (19801 used a Cronex par speed intensifying screen as a detector
of the radiation transmitted through a scattering phantom. They investigated the
variation with tube voltage of the ratio of the luminance caused by scattered and
primary radiation respectively. The tube voltage was varied between 60 and 120 kV
and 3.0 mm Al was used as added filtration. The luminance ratio was found to increase
with tube voltage up to 80 kV and was found to be constant for higher tube voltages.

The results of experimental studies published thu? far have certain limitations. The
first limitation is that in many cases the data are obtained with a detector with 100%
efficiency and are not applicable to film-screen combinations. The second limitation
is that the experimental data were either obtained for broad x-ray spectra or for a
small number of x-ray energies.

Data concerning scattered radiation obtained by Monte Carlo simulation have been
published by Reiss and Steinle (1973), Kalender (1981) and by Chan and Doi (1983).

Reiss and Steinle gave angular and energy distributions of scattered radiation
behind water phantoms of several thicknesses, and for several energies of the incident
radiation. The same distributions were given for broad incident x-ray spectra. For
broad spectra they found a slightly increasing scatter fraction for tube voltages up to
80 kV, using a CaWO4 intensifying screen as a detector.

Kalender used Monte Carlo methods to calculate relative intensities of primary
and scattered radiation for different detectors and x-ray energies up to 150 keV. For
100% efficiency detectors he found only a small energy dependence; for intensifying
screens as a detector he found scatter fractions increased with energy, except at K-edge
discontinuities of the screens, where a drop in the scatter fraction was found.

Chan and Doi compared scatter fractions obtained by Monte Carlo simulation
with those obtained experimentally, for different detector types including intensifying
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screens. Generally a good agreement was found. The influence of incident x-ray
energy was determined by varying the tube voltage from 60-120 k V, both for experiment
and simulation. For a par speed screen as a detector and for the above mentioned
broad spectra the scatter fraction was nearly independent of tube voltage.

Monte Carlo methods offar the opportunity to choose freely the conditions under
which the scatter data are generated. No set of scatter data for a number of intensifying
screens and for monoenergetic radiation with a broad range of energies has been
published until now, however. The data of Reiss and Steinle were fora 100% efficiency
detector only and the published data of Chan and Doi are given for broad x-ray
spectra. Only Kalender published scatter data for 'thin' detectors in a broad range of
energies. His data however also have certain limitations (see Results).

In our study we determined, for four types of commercially available intensifying
screens, the light output t s of the screens due to scattered radiation relative to the
light output Lp due to primary radiation transmitted through a water phantom of
dimensions 30 cm x30cm x20cm. The energy dependence of l.J Lp was determined
using quasi-monoenergetic x-ray spectra with mean energies ranging from 28 to 84 keV.
Since we were only interested in this energy dependence, we did not vary other
parameters, such as object thickness, nor did we consider scatter reduction by grids.

With these "monoenergetic' data we calculated LJLp for broad spectra in the
diagnostic energy range. To establish the validity of this procedure, we also measured
LJ Lp for a few broad x-ray spectra and compared the results with the calculated
values, based on the quasi-monoenergetic measurements.

2. Materials and method

2.1. x-ray spectra

For our experiments ten quasi-monoenerge^ic x-ray spectra were used with mean
energies between 28 and 84keV (Koedooder and Venema, to be published). These
spectra were generated by heavy filtration, using K-edge filters, of the broad spectrum
of an x-ray tube (Siemens Bi 150/30/51). As high voltage source a 3-phase 12-pulse

/; i •
i

10 30 SO 70
Photon energy ; keV )

Figure 1. Three calculated spectra which were used in this study. For details see table I. The maximum
intensity of the spectra was scaled to the same height. Arrows indicate the K-edge energies of tin (29.2 keV),
praseodymium (42.0 keV) and dysprosium {53.8keV> respectively.
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Siemens Gigantos generator was used. The value of the tube voltage was measured
with a Machlett Dynalyzer system.

Some of the spectra used in this study are shown in figure 1 and the calculated
characteristics are given in table 1. The data are given for primary spectra transmitted
through the water phantom, i.e., the filtration includes a layer of 20 cm water. For a
tube current of 100 mA, the calculated exposure rates of these spectra at I m fn n the
focal spot are in the range of 1-5x10 " C kg ' s ' (0.4-2 x 10 " R s ').

Table I. Calculated characteristics of quasi-monoenergetic x-ray spectra used in this study.

1
2
3
4
5
6

7
8
9

10

Tube
voltage
(kV)

39
49
51
55
58
62
67
72
94

114

Filler-?
thickness
(gem 2)

0.45
1.49J
I.22S
1.53
1.75
1.70
1.931|
: . i 3
3.09
3.40

Elementary
composition

Sn
BaFCI
• iOBr
;
\ • ;

m
Gd,O,S
Dv
W

Ph

K-edge
ikeVI

29.2
37.4
3X.9
42.0
43.6
46.8
5o.:
53.X
(.9.5
KX.ll

Mean
energy
(keVi

28.1
36.0
37.6
40.5
42.1
45.0
48.0
51.S
66.S
X3.7

Spectral
width
! "„ 1

3.9

3.5
3.7
3.3
3.2
3.5
4.0

3.5
3.6

4.4

t The filter also includes 1.0 mm Al inherent filtration and 20cm of" water
t 16 pairs of Quanta Jl screens IO.O93gcm "' for each pair)
§ 16 pairs of MR400 screens IO.O76gcm "' for each pain
|| 18 pairs of Alpha-8 screens (O.IO7gcm " for each pain

The spectra obtained in this way are a good approximation to monoenergetic
spectra; (his can be seen from the spectral width which we defined as the standard
deviation of the energies in the spectrum divided by the mean energy.

For the measurements performed with these quasi-monoenergetic spectra, the \-ra>
tube was used in the radiographic mode. The exposure time was 1.0 s for each
measurement.

We performed the same measurements with broad \-ras spectra. Because much
less filtration was used in comparison with the first set of measurements, the \-ra>
tube was now used in the fluoroscopic mode.

2.2. Determination of the scattered and primary component

The radiation emerging from an object irradiated with \-rays consists of J primary
and a scattered component. Hortdius Boldingh (1964) introduced methods for the
determination of the magnitude of both components separately. For the measurement
of the primary and scattered radiation together he used a water phantom with an area
of 30 cm x30 cm and thicknesses of 10, 20 and 30 cm in a wide beam geometry.

The scattered component alone was obtained using the same phantom, by shielding
the detector from all primary radiation using an occulting lead disk. A correction was
applied because the lead disk slightly reduces ihe irradiated \olume, and a small pan
of the scattered radiation is thus also eliminated. This correction was obtained b>
using lead disks of different diameters and by extrapolating the results lo zero unirradi-
ated volume (extrapolation method).
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The primary component was determined using narrow beam geometry, with a
phantom of small diameter and the same thickness as the larger phantom. This phantom
was placed near the x-ray tube, to prevent the small amount of emerging scattered
radiation from reaching the detector. The scattered component can thus also be
obtained by subtracting the primary component from the total radiation (subtraction
method I.

Burgess and Pate (1981) obtained results both with the subtraction method and
the extrapolation method. They found a small systematic difference between results
obtained with the two methods, the secondary to primary ratio being slightly larger
for the extrapolation method than for the subtraction method. They attributed this
discrepancy to a slight contamination of the primary beam by secondary radiation.
This seems a plausible explanation, because they used the same phantom for all
measurements instead of using a phantom of small cross-section for the narrow beam
measurements.

Motz and Dick (1975) determined the primary component by measuring the unat-
tenuated x-ray fluence and calculating the attenuation of the phantom. A drawback
of this method is that the attenuation of the phantom must be accurately known.

In our work we determined the light output of four intensifying screens due to
primary and scattered radiation using the subtraction method and with two different
phantoms. The light output was determined with a special cassette, discussed in the
next section.

The set-up for the measurement of the light output of the screens in response to
the sum of scattered and primary radiation (Z.,) is shown in ligure 2(a). We used a
water filled phantom made of Lucite with a thickness of 1.0 cm and with a cross-section

Dj

Kigurc 2. l-.xperimental arrangement for the measurement of the luminance of the screen-, in response to
scattered plus primar\ radiation i<jt and in response to pnmarv radiation onh 161 k e y I \-ra> tube
enclosed in a box lined with 4 mm lead. 2 Interchangeable K-edge filter. 3. Diaphragm to adjust beam
diameter 4. Water phanlom. 5. Detection unit, described in detail in figure .V 6. Lead pipe. 7. Monitor system.
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of 30 cm x 30 cm. The thickness of the water layer was 19 cm. The distance between
the focus of the x-ray tube and the exit plane of the phantom was 99.5 cm. A field
size of 30 cm x30 cm at the exit plane of the phantom was used.

To measure the light output in response to the primary radiation (£pi only, the
large phantom was removed and a narrow cylindrical Lucite phantom with an outer
diameter of 5 cm and a wall thickness of 0.5 cm was installed near the x-ra luhe
(figure 2(b)). This phantom had a top and bottom of 0.5 cm of Lucite and was tilled
with a layer of 19 cm of water. The primary x-rays thus traverse the same amount of
matter as in the case of the larger phantom.

23. Detector

The light which exposes a film in a film-screen system consists of contributions from
both the front and back screens. We measured these contributions separately. A special
cassette was used which contained one or both of the intensifying screens, together
with a photomultiplier tube (EMI 9856A). For the measurements done in this study,
light was collected from a 4.2 cm diameter circular area of the screen. The photomulti-
plier tube was selected for low dark current (0.1 nA at 1300 VI. For the chosen filter
thicknesses the ratio of signal current to dark current remained greater than 20.

Figure 3. x-ray detection cassette. 1. Light tight window, 1.0 mm polyethylene. 2. Lead diaphragm, thickness
8 mm. 3. Intensifying screen. 4. Mirror. 5. Photomulliplier tube. The distance between the screen and the
exit plane of the phantom was 9.5 cm. The acceptance angle of the screen is determined b> the aperture oi
the diaphragm (2), which was 4.2 cm and by the vertical distance between the screen Jnd the lop of the
diaphragm, which was 1.8 cm.

The cassette is shown in detail in figure 3. The geometry for the front and back
screen measurements is shown in figure 4. The light output in response to primary
radiation Lp and to total radiation L, were both obtained as the sum of the contributions
of the front and back screens.

To correct for possible variations in tube output between the measurement of i p

and Z.,, the actual x-ray fluence for all measurements was determined with a monitor
system, consisting of a Nal(TI) crystal, optically coupled to a photomultiplier tube
(figure 2). The x-rays reach the monitor through a lead pipe, directed to the \-ray
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Figure 4. Geomelries Tor lhe measurement of the light emitted by the screens, la) From screen. Ib) Back
screen. The incident x-rays are attenuated by the front screen; black paper between the screens absorbs the
light from the front screen.

focal spot. This pipe prevents the monitor from detecting background radiation and
stray radiation from the water phantoms.

The scatter to primary ratio SPR was then calculated as

3. Measurements and results

J.I. Measurements and results for quasi-monoenergetic spectra

Using the x-ray beams described in table 1, we determined S P R ( £ ) for four different
screen types (table 2). One screen type consists of barium fluorochloride, one of
gadolinium oxysulphide, one of calcium tungstate and one contains a mixture of
lanthanum oxybromide and calcium tungstate.

Table Z. Investigated screens. The phosphor masses were determined experi-
mentally, by means of transmission measurements. Monoenergetic gamma
radiation (;4lAm, photon energy 59.5 keV) was used for these measurements.
The Quanta- J I, MR400 and Alpha-8 screens are other specimens than the
ones used as filter materials {see table I). The MR400 screens which contain
solely LaOBr are now obsolete.

Screen

Quanta ][
MR400

Alpha-8
Siemens Spezial

Phosphor mass
per unit area
(mgcm")

86 BaFCl
86 LaOBr
43 CaWO4

106 Gd2O,S
132 CaW04

K-edge energy of
high-Z element
(keV)

37.4
38.9
69.5
50.2
69.5

The results are shown in figure 5. The abscissa gives the mean energies of the
spectra listed in table 1. Not all x-ray spectra were used for all screens: e.g., for the
Alpha-8 screens we did not use the Dy filtered spectrum, because this spectrum
encompasses the Gd K-edge, thus making the measured result of Lp difficult to
interpret.
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Figure 5. Scatter to primary ratio as a function of x-ra> energy for four ditferent screens. The \\mnoK i - .
front screen results; C combined results for front and back screen) represent measured values, the drawn
curves represent first or second degree polynomials fitted [o the measured data points. The K-edge energv
of the high-Z elements of the phosphor is indicated in each figure

A polynomial of first and in some cases of second degree was fitted to the data
points. The upper curves represent the results for the front screen only. The lower
curves represent the combined results of front and back screens. Table 3 givts some
values of the fitted polynomials. The relative standard deviation in the measured values
of S P R ( E ) is of the order of 2%.

For the screens investigated we found SPR(E) to increase with x-ray energy except
at the K-edge discontinuity of the high-Z element of the phosphor material contained
in the screens. At this K-edge energy we found a drop in S P R ( £ ) , which can be ascribed

Table 3. Scatter to primary ratios at four x-ray energies, obiained by fining poly-
nomials to the experimental data. The tahulated values represent ihe combined
results of from and back screen.

Energy
(keV)

30
40
50
60

Siemens
Spczial

2.41

3.24

3.96

4.57

MR400

2.28

2.77

3.IS

3.60

Screens

Alpha-8

2.40

3.20

4.18

2.82

Quanta H

2.60

2.65

3.16

3.66
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to the sudden increase in sensitivity for primary radiation, while almost all scattered
x-rays still have energies below the K-edge energy.

We compared the magnitude of the measured drop in SPR at the K-edges with the
theoretically expected values. For the calculation of the theoretical values we neglected
the presence of scattered photons of the same energy as the primary photons (i.e.,
singly, coherently scattered photons). Also we assumed a constant efficiency for the
conversion of absorbed x-ray energy to fluorescent light. The ratio S P R ( £ K ) / S P R ( £ K)
then equals abs( EK)/abs<,Ex), where £ K and £ K are the photon energies just below
and just above the K-edge energy and abs(E) is the fraction of energy absorbed in
the screen or screen pair.

The fraction of energy absorbed in the screens was calculated from the attenuation,
taking photoelectric interactions as the only energy absorbing interactions. Cross-
sections were taken from Storm and Israel (1970). For energies above the K-edge
energy of the high Z elements in the screens (Br, Ba, La, Gd and W) corrections were
made for the partial escape of K-fiuorescent radiation (Vyborny ei at 1978, Venema
1979). Because of this partial escape of K-fluorescent radiation the ratio of the fractional
energy absorption just above and just below the principal K-edge energy of the phosphor
is lower than what one would expect from the ratio of the attenuation at both energies.
As an example, for the Alpha-8 front screen the ratio in attenuation equals 4.8 while
the ratio in energy absorption equals only 2.1, which gives a calculated ratio in SPR at
the K-edge of 0.48.

For the Alpha-8 screen the calculated values are in good agreement with the
experimentally determined value of . S P R ( £ K ) / S P R ( £ K ) (table 4). For the MR400 and
Quanta-2 screens however, the theoretical ratios are smaller than the measured ones.

Table 4. Measured and theoretical ratio of SPRI E ) for energies just above and jusl below the
K-edge energy of the high-Z element of the phosphor in the screens.

Screen?.

Alpha-8 fs
Alpha-8 fs-i-bs
Quanta 11 fs
Quanta II fs+bs
MR-lOOIs
MR400 fs+bs

SPR|£KI

4.51
4.20
3.29
3.22
3.20
2.98

SI>R( fc ̂  1

2.42
2.32
2.53
2.52
2.82
2.72

SPRlf K>

SPKIf k)
1 measured 1

0.54
0.55
0.76
0.78
0.88
0.91

S P R | £ ' K I

SI'Rt rTK)
1 theory!

0.48
0.52
0.47
0.53
0.70
0.77

fs. front screen
bs, back screen

The reason for these discrepancies is not completely clear. The accuracy of the
experimentally determined ratio S P R ( £ K ) / S P R ( £ K ) 'S limited because it is based on
extrapolation to the K-edge energy of the experimental data. Moreover, we are not
sure that the assumption of constant energy conversion efficiency is valid under all
circumstances. Vyborny et al (1980) found for example, a drop in conversion efficiency
of Kodak X-omatic Regular screens, containing barium strontium sulphate,
eff(£ J)/erI(£K) being about 0.8. We consider it unlikely, that Vyborny's explanation,
absorption of barium K-fluorescent photons in the film, can completely account for
this reduction in efficiency. In our opinion, an intrinsic drop in the efficiency going
from Ejj to £ R may be present for some phosphors.
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The increase of SPR(£) with energy and the drop at the K-edges is in qualitative
agreement with the results for 'thin' detectors found by Kalender. A quantitative
comparison with (Calender's results above the energy of the K-edge is not possible
however, because he overestimates the drop at the K-edges. In his calculations, no
account was made for escape of K-fluorescence radiation for energies exceeding the
K-edge discontinuity.

The SPR values measured by us for the front screens alone are always larger than
the values for the screen pairs; this agrees with the findings of Kalender that the scatter
fraction decreases with detector thickness.

3.2. Calculated and measured results for broad spectra

We can calculate LJLV for broad x-ray spectra when we assume that the light output
of a screen or screen pair is proportional to the energy absorbed in the screen or screen
pair. Then

Jo""SPR(£)/(£)exp(-/x(E)rf)abs(E)dE
J0

E--/(£)exp(-<ii(E)d)abs(£)d£

where £roa» is the energy in the x-ray spectrum corresponding to the tube voltage V,
J(E)dE is the x-ray energy fluence between £ and £+d£ , exp(-/x(£)</) is the
transmission through 19 cm of water and 1 cm of Lucite, and abs( £) is the fractional
energy absorption in the screen or screen pair.

We measured L5( V) and £.,,( V) for broad spectra using the Alpha-8 and Spezial
front screens as detectors. We used spectra obtained with tube voltages ranging from
40-80 kV and filtered with 2 mm Al. The same experimental procedure was followed as
for the monoenergetic measurements. Figure 6 shows the measured values of SPR( V)
for these broad spectra. For comparison the calculated values of SPR( V) are also given.
The calculated values were obtained from equation (1) using Kramers' spectra and
tabulated attenuation coefficients (Storm and Israel 1970).

Alpha-8
[ fronr screen

_.a —I -A. _a _ j i ^ ^

90 30 50 70 90
Tube voltage I kV )

Figure 6. Scatter to primary ratio as a function of tube voltage for the Alpha-8 and Siemens Spezial front
screens. The symbols represent measured values. The drawn curves are calculated according to equation (1).

For both screens the agreement between calculated and measured values is good
for tube voltages up to 50 kV. For higher tube voltages the calculated values are
systematically higher than the measured ones. At 70 kV this difference is about l l%
for both screens.
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We have not been able to find a satisfactory explanation for this discrepancy. We
do not think that an inaccuracy in the measured tube voltage could cause the observed
differences. As the measurements with broad spectra were done in the fluoroscopic
mode, the kV was essentially constant during the exposure. The tube voltage was
measured with the Dynalyzer system and was reproducible to within a few tenths of
one kV. Part of the discrepancy could be attributed to possible differences between
the actual spectral distribution and Kramers' spectrum which we used in the calcula-
tions.

Recently, modified theoretical spectra have been published (Birch el al 1979)
agreeing more closely with measured results than Kramers' spectra. The difference
betv.een these modified spectra and Kramers' spectra is not sufficient, however, to
improve significantly the fit between calculated and experimental results. Further
investigation is needed to look into the cause of this discrepancy.

4. Conclusions

In this study a method is described to determine accurately the energy dependence of
the relative contribution of scattered and primary radiation to the luminescent light
produced by intensifying screens. Measurements were performed with four types of
intensifying screens.

The scatter to primary ratio S P R ( E ) increases with x-ray energy, except at the
K-edge energy of the high-Z element of the phosphor contained in the screens.

For tube voltages up to 50 k V the results for broad spectra can accurately he deduced
from the measurements with quasi-monoenergetic spectra. For higher tube voltages a
discrepancy of up to 10% was obtained between measured results for broad spectra
and calculated results based on the monoenergelic measurements.

Our main conclusion is that the results for quasi-monoenergetic spectra can well
serve as a data base to predict scatter results for arbitrary broad spectra in the diagnostic
energy range. Additional measurements are needed, e.g., to extend the range of energies.
At this moment the experimentally obtained data are verified by Monte Carlo methods,
which also offer the possibility of an extension of the data set to other geometrical
conditions. The results will be reported in due course.

Resume

Reponse des ecrans renforcaleurs vis a vis du rayonnement primaire et du rayonnement diffuse.

La dependance, en fonction de l'energie, du rapport des luminances dues au rayonnement primaire et au
rayonnement diffuse a ete determinee pour quatre types d'ecrans renforcaleurs. Un fanlome d'eau de
30 cm * 30 cm x 20 cm a ete utilise comme milieu diffusant. L'energie moyene du rayonnement incident
utilise etait comprise entre 28 et 84keV. correspondant a 10 spectres a bandes etroites. En utitisant les
donnees relatives a des photons monoenergetiques, des calcuts ont ete effectues pour des spectres larges
correspondant a ceux utilises pour les mesures. Les resultats des calculs ont ete compares aux resultats des
mesures. Pour des tensions d'alimentation du tube a RX allant jusqu'a SO kV, les resultats des calculs sont
en bon accord avec les mesures: pour des tensions superieures, il apparaTt une legere difference.

Zusammenfassung

Das Verhalten von RdntgenverstarkerfoJien bei Slreu- und Primarstrahlung.

Die Energieabhangigkeit des Leuchtdichleverhaltnisses infolge von Streu- and Primarstrahlung wurde
bestimmt fur 4 Arten von Rontgenverstarkerfolien. Als Streumedium wurde ein Wasserphantom 30 cm x
30 cm x 20 cm verwendet. Als auftreffende Strahlung wurden 10 schmalbandige Rontgenspektren benutzt.
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deren mrttlere Energien im Bereich von 28 bis 84 keV lagen. Mit Hilfe der monoenergetischen Wene wurden
die Ergebnisse berechnet fur breitbandige Spektren und verglichen mit den gemessenen Ergebnissen fur
diese Spektren. Fur Rdhrenspannungen bis zv 50 kV stimmten die berechneten Ergebnisse gut mit den
gemessenen tiberein: fiir hohere Spannungen ergab sich ein kleiner Unierschied.

References

Birch R, Marshall M and Ardran G M 1979 Publication SRS 30 Hospital Physicists' Association
Burgess A b and Pate G 1981 Med. Phys. 8 33-8
Chan H P and Doi K 1983 Phvs. Med. Biol. 28 109-29
Dick C E, Soarez C G and Motz J W 1978 Phys. Med. Biol. 23 1076-85
Hondius Boldingh W 1964 liiests Eindhoven Institute of Technology. The Netherlands
(Calender W 1981 Phys. Med. Bial. 26 835-49
Levine M M and Hale J 1980 Phys. Med. Bio). 25 545-8
Motz J W and Dick C E 1975 Med. Phys. 2 259-67
Reiss K H and Steinle B 1973 in Tabelten zur Ronigendiagnnstik Teil II (Siemens AG, Erlangen, Fed. Rep.

of Germany)
Storm E and Israel HI 1970 Nuclear Data Tables A7, 565-681
Ter Pogossian M M 1967 in The Physical Aspeas of Diagnostic Radiology I Neu V'ork: Harper and Row /

p.252-62
Venema H W 1979 Radiology 130 765-71
Vyborny C J. Metz C and Doi K 1980 Radiology 136 465-71
Vyborny C J, Metz C. Doi K and Haus A G 197K J. Appl. Phoi. fc'ng. -I 172-7

76



Filter materials for dose reduction in screen-film
radiography

Kees Koedooder and Henk W.Venema

Accepted for publication in Physics in Medicine and Biology

77



Abstract.

A computer program was developed to calculate both integral

absorbed dose in a water phantom and entrance exposure, for the

imaging of iodine contrast with x-ray intensifying screens. The

effect of filtration of the x-ray beam on integral absorbed dose

and entrance exposure was studied for 27 different filter mate-

rials and 4 types of intensifying screens. The dose and exposure

were calculated keeping the image contrast and energy absorption

in the screens constant. To check the validity of our calcula-

tions, a number of measurements was performed, of which the re-

sults agreed well with our calculations.

A remarkable result is that dose and exposure reduction can

be achieved almost equally well with conventional filters (alu-

minum and copper) as with a number of K-edge filters. This was

found for situations commonly encountered in diagnostic radiology

(60-80 kv, 20 cm water). This finding is in contrast with a num-

ber of earlier studies, in which K-edge filters were found to be

superior over conventional filters.

5.1 Introduction.

Several authors have stated that in diagnostic radiology a

minimum patient dose or maximum image quality can be achieved

with monoenergetic radiation instead of a broad x-ray spectrum

(Oosterkamp, 1961; Atkins et al., 1975; Villagran et al., 1978;

Motz and Danos, 1978; Burgess, 1981; Johnson and Burgess, 1981).

Oosterkamp e.g. published x—ray signal to noise ratios for

different contrast media and different image receptors. As an ex-

ample, for iodine contrast in a layer of 22 cm of water and for

complete absorption in the image receptor, he found that mono-

energetic radiation of 38 keV improves the signal to noise ratio

by a factor 1.5 compared with a broad spectrum obtained with 65

kV and 3.7 mm aluminum filtration.

The intensity of monoenergetic radiation sources, e.g.,

gamma sources or quasi-monoenergetic x-ray sources (Doi et al.,

1982; Motz et al., 1971) is not sufficient for diagnostic pur-
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poses. A trade-off between intensity and spectral purity can be

obtained by filtration of beams from a conventional x-ray tube.

The amount of filtration is limited by the allowable tube load,

i.e., the energy deposited in the anode of the x-ray tube.

The addition of an extra filter to conventionally used alu-

minum or copper filters, or the partial or total replacement of

conventional filters by another material has been applied to sev-

eral types of radiological examinations. Examples are mammography

(Siedband et al. , 1977), iodine/barium contrast studies

(Villagran et al., 1978; Burgess, 1981; Kuhn, 1982), chest radio-

graphy (Siedband, 1979; Rossi et al., 1982), dental radiography

(Richards et al., 1970), and CT-imaging (Szulc and Judy, 1979).

In recent years, in a number of studies selective (K-edge)

filters were found to be more suitable for certain imaging tasks

than aluminum or copper (Villagran et al., 1978; Burgess, 1981;

Johnson and Burgess, 1981; Wang et al., 1984; Yamaguchi et al.,

1982). In all these studies, however, dose reduction or contrast

improvement was obtained by using a selective filter, which was

heavier than the conventional filter. It is well known that for

many filter materials the use of a heavier filter and a corre-

spondingly adjusted tube load results in patient dose reduction.

In order to judge the merits of a particular filter, one should

therefore not only study the effect of the choice of material,

but also compare different filter materials under comparable con-

ditions, i.e., equal tube load.

It would be rather time-consuming to investigate experi-

mentally a large number of possible filter materials, in combina-

tion with a range of kV's and a number of different image re-

ceptors. At present, however, accurate attenuation coefficients

are available with which attenuation in filter materials and ab-

sorption in image receptors can be calculated. Besides, the re-

sponse of a number of image receptors to scattered radiation is

known (Koedooder and Venema, 1984). Therefore, we developed a

computer program with which we could determine the effects of

filtration on patient dose, entrance exposure, contrast and ener-

gy absorption in the image receptor.

Although the program can be applied to the imaging of any
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contrast material, we have restricted ourselves in this study to

iodine contrast imaging with intensifying screens. A patient was

simulated by a water phantom of finite dimensions. As a measure

of radiation exposure to a patient, both entrance exposure and

integral absorbed dose were calculated. To facilitate the inter-

pretation of the results, the calculations of entrance exposure

and absorbed dose were performed under two conditions:

i) Constant energy absorption in the screens.

Because in screen-film radiography the optical density of the x-

ray film is determined, to a good approximation, by the energy

absorbed per unit area of the screens (Vyborny et al., 1980), a

constant energy absorption results in a constant optical densi-

ty.

ii) Constant image contrast.

Both energy absorption and image contrast were kept equal to the

value which they have under a chosen standard imaging technique.

In the following section, the definitions are presented of

the imaging parameters which were used in our computer program

and next we describe the algorithm which was used.

In order to support the validity of our calculations and to

compare our findings with those of other authors, we also per-

formed measurements for a number of techniques for which dose and

exposure were calculated with our computer program. The experi-

mental results are presented in section 5.5.2.

Both calculated and experimental results indicate that K-

edge filters offer no significant advantage over conventional

filters, e.g., copper. This may surprise other investigators who

have advocated the use of K-edge filters in the past few years.

5.2 Definitions.

A set-up is considered consisting of an x-ray source with

an inherent filter, an additional filter, a uniform object con-

taining a detail to be imaged and a pair of intensifying screens

as image receptor (figure 5.1). The object is a rectangular block

of water with an area of 30x30 cm and a thickness of 20 cm. The
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Figure 5.1: Set-up used for the calculations performed in this
chapter (see text, section 5.2).
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detail to be imaged is a thin layer of iodine.

Let I(E) be the spectral distribution of the energy fluence

per unit area emerging from the x-ray tube, i.e., the spectrum

filtered by the inherent filter of the x-ray tube. We calculated

I(E) according to the method of Birch and Marshall (1979). These

authors found a good agreement between calculated and measured

spectra. We used spectra corresponding with a target angle of 17

degrees and an inherent filtration of 1.5 mm aluminum. When addi-

tional filtration is applied, the spectrum I^(E) results.

Let I , (E) and I_ (E) be the spectra of the primary

transmitted x—rays impinging on the screens at the locations cor-

responding with the detail and with its surroundings. The corre-

sponding energy absorption per unit area in the screens is calcu-

lated as

E
max

Eo,p = J IO/p(E)abs(£)df (5,1)

E
max

E 1 , P
 = J I1/p(E)abs(E)dE (5,2)

where E m a x is the maximal photon energy, corresponding to the

tube voltage, and abs(E) is the fractional energy absorption in

the screens. Corrections are made for the escape of K-fluores-

cence photons (Dance and Day, 1985). Attenuation coefficients

were used from tables of Storm and Israel (1970).

From (5,1) and (5,2) we obtain the primary contrast

C = °
Eo,p

When scattered radiation is also considered, additional energy is

absorbed in the screens. For a homogeneous object the fluence of
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the scattered radiation varies slowly in the central region of

the image plane. Therefore, as a first approximation the fluence

of scattered radiation can be taken to be the same both at the

location corresponding with the detail and corresponding with its

surrounding. The additional absorbed energy due to scattered ra-

diation E can be expressed as

E
(-max

E = I (E)abs(E)SPR(E)dE (5,4)
s j o, p

o

in which SPR(E) is the scatter to primary ratio, i.e., the ratio

of the energy absorbed in the screens, due to scattered and pri-

mary radiation. The measurement of SPR(E) for a water phantom of

30x30x20 cm and for four types of intensifying screens was de-

scribed in an earlier paper (Koedooder and Veneroa, 1984). The

contrast C , in presence of scattered radiation is given by

c = % ? 1»P ,,-
LS E + E (5'

o,p s

The following expression is used as a measure for the in-

tegral absorbed dose in the water layer

E•max
Dint = I {I^{E) " X~ -(E)}dE (5'6)

In this expression no allowance is made for the escape of scat-

tered radiation from the phantom. The fraction of energy escaping

from the water layer as scattered photons is nearly the same,

however, for a reference spectrum and a filtered spectrum result-

ing in the same contrast (see discussion). Therefore D. is to a

good approximation proportional to the integral absorbed dose.

The entrance exposure, i.e., the exposure at the surface of
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the phantom, with the phantom removed, is derived from

•max
X = k . j V E ) < M e n / p ) a i r d E (5,7)

o

(ICRU repor t No. 17). When If i s expressed in J/m and (u /p) in
2 -2

m /kg then k = 2.93 x 10 C / j .

5.3 Influence of tube voltage and filtration on screen energy

absorption and image contrast.

We first investigated for a scatter free situation the in-

fluence of the tube voltage on the screen energy absorption,

keeping the tube load fixed. As a measure of the tube load we

used the product of kV and mAs, because both the tube voltage and

tube current determine the energy deposited in the anode of the

x-ray tube.

We chose a phantom thickness of 20 cm, a reference tube

voltage of 70 kV and a reference total filtration of 3.0 mm alu-

minum, i.e., an inherent and an additional filter of both 1.5 mm

aluminum. Under these conditions, the tube load with which a cor-

rectly exposed image is obtained, and the corresponding energy

absorption per unit area in the screens are both given the value

1.0 by definition.

Figure 5.2 shows the absorbed energy per unit area as a

function of tube voltage in a pair of Spezial screens for 1.5 mm

aluminum inherent filtration only, and for additional filters of

1.5-6.0 mm aluminum. It can be seen in this figure that the ab-

sorbed energy in the screens increases strongly with tube volt-

age. This is caused by the increasing transmission of x-rays

through the filter and the object, and the greater output of the

x-ray tube.

For constant tube load but varying tube voltage one can

keep the energy absorbed in the screens at the same level by ad-

justing the filter thickness. The intersections of the curves

with the level 1.0 represent combinations of kV and filtration
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Figure 5.2: Screen energy absorption per unit area In a pair of
Spezlal screens as a function of the tube voltage. The curves
correspond to 0.0, 1.5, 3.0, 4.5 and 6.0 mm aluminum added fil-
tration. For 70 kV and 3.0 am aluminum total filtration the tube
load and screen energy absorption are given the value 1.0 by de-
finition.
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which produce the same energy absorption in the screens. We con-

fine ourselves to these combinations of kV and filtration because

we consider imaging conditions under which x~ray images with the

same background density are produced.

We now come to the second restriction, i.e., we want to ob-

tain images with the same iodine contrast as in the reference

image. The combinations of kV and filtration which correspond

with a constant energy absorption in the screens, will produce

different contrast values. The contrast of a number of selected

combinations is shown in figure 5.3. A layer of 11.5 mg/cm io-

1.50

0.75

Spez ia l • • Tub* load = 1.0
b • = 1.5
c • , , = 2.0
d < . , = 3.0

added filtration
1.0

50 60 70
Tube uo l t age (UU)

80

Figure 5.3: Relative contrast of 11.5 mg/cm iodine as a func-
tion of tube voltage with added filtration and tube load as para-
meters. The contrast for 70 kV and 3.0 mm aluminum total filtra-
tion has been normalised to unity. The upper point of each curve
corresponds to 1.5 mm inherent, and no added filtration. Along
each curve the indicated points differ by 1.0 mm aluminum added
filtration.
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Figure 5.4: Integral absorbed dose and entrance exposure, rela-
tive to 70 kV and 3.0 ran aluminum filtration, for Increasing tube
load. Along the curves, the contrast and energy absorption in the
screens have the same values as under standard conditions. Added
filter material: aluminum; Screens: Spezial.
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dine was chosen. This layer produces a contrast of 15% in a scat-

ter free situation, at 70 kV and a total filtration of 3 mm alu-

minum. We note, however, that for a thin iodine layer the exact

choice of the thickness hardly influences the results of the cal-

culations.

Figure 5.3 shows that for each value of the tube load one

intersection point with the standard level of the image contrast

occurs. Also the standard contrast was given the value 1.0 by de-

finition. These intersection points represent combinations of

the tube load, tube voltage and filtration, which give the same

energy absorption in the screens as well as the same image con-

trast. For these combinations the integral absorbed dose and en-

trance exposure are calculated. Figure 5.4 shows the decrease in

dose and exposure with increasing tube load for added aluminum

filtration.

5.4 Calculations and measurements.

5.4.1 Algorithm.

For constant energy absorption in the screens and constant

contrast, the absorbed dose and entrance exposure using different

additional filters were calculated with the algorithm described

below. A corresponding flowchart is shown in figure 5.5. Three

main sections can be indicated:

i) For a fixed tube load and filtration the tube voltage is

determined for which the screen energy absorption per unit area

is 1.0 (cf. figure 5.2? flowchart block 1). Starting from 40 kV

(for which the energy absorption was always less than 1.0) the

tube voltage is incremented with steps of 10 kV, until the screen

energy absorption exceeds the value 1.0. Then the tube voltage is

reduced by 10 kV and the procedure is repeated with steps of 1

kV. The final kV value is determined by linear interpolation.

ii) To determine the filter thickness resulting in the

standard contrast, i) is repeated for increased filter thickness

(of. figure 5.3; see flowchart, block 2). For t a = 0, the con-

trast is higher than standard contrast (1.0). The thickness of
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Figure 5.5: Flowchart for the calculation of relative integral

absorbed dose and entrance exposure. A contrast value of 1.0 cor-

responds to the contrast under reference conditions. Key: L, tube

load; ta, added filter thickness; V^, tube voltage.

90



the added filter is incremented until the contrast value becomes

smaller than 1.0. The filter thickness corresponding with the

standard contrast is again found by linear interpolation.

For the chosen tube load, the integral absorbed dose and

entrance exposure are calculated (formulas 5,6 and 5,7) for the

combination or filtration and kV which is obtained in these two

steps.

iii) The procedure is repeated for a new value of the tube

load.

5.4.2 Calculations.

The reference imaging technique was chosen to be 70 kV and

a total filtration of 3.0 mm aluminum (1.5 mm inherent and 1.5 mm

added). The additional 1.5 nun aluminum was substituted by one of

27 filter materials with atomic number ranging from 13 (aluminum)

to 82 (lead).

Calculations were made for the scatter free situation for

screens listed in table 5.1. Tube loads were chosen between 1 and

5 times the reference tube load.

Screen

Siemens Spezial

Quanta-II

MR400

Alpha-8

Phosphor mass/
unit area

132 mg/cm2 CaWO^

2
86 mg/cm BaFCl

2
86 mg/cm, LaOBr
43 mg/cm CaWO^

2
106 mg/cm Gd,O,S

K-edge energy (keV)
of high-Z element

69.5

37.4

38.9
69.5

50.2

Table 5.1: Investigated screens. The phosphor masses were determined ex-
perimentally by means of transmission measurements with monoenergetic
gamma radiation ( A m , 59.5 keV).
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To determine the influence of the reference tube voltage on

the final results, we also calculated dose and exposure reduction

relative to reference techniques with 60 and 80 kV, for the

Spezial screens only.

In conventional radiography a certain amount of scattered

radiation will reach the image plane. Therefore, we repeated the

calculations for the full scatter situation, i.e., without scat-

ter reduction. As reference technique we chose 70 kV,3 mm alumi-

num filtration and 20 cm water, with scatter taken into account.

5.4.3 Measurements.

The validity of some of the calculated results was checked

by making a number of radiographs of a thin iodine layer under

scattter free conditions.

A Siemens Bi 150/30/51 x-ray tube with an inherent filter

of 1.5 mm aluminum eq- was used to make the radiographs. Tube

voltage and tube current were measured with a Machlett Dynalyzer-

II system.

A narrow cylindrical lucite phantom with an outer diameter

of 5 cm and a wall thickness of 0.5 cm was placed directly be-

neath the x-ray tube. It had a top and bottom of 0.5 cm lucite

and contained a layer cf 19 cm water (Koedooder and Venema,

1984).

The entrance exposure was measured with a Keithley model

616 electrometer in combination with a 60 cm ionization chamber,

placed between the additional filter and the en+rance window of

the water phantom.

As image receptor we used the Spezial screens, in combina-

tion with Curix/RPl film. We made radiographs of a lucite disk (5

cm diameter) containing six cylindrical 0.5 nun thick gaps filled

with iodine contrast (300 mg I/ml). Radiographs were made under

reference conditions (1.5 nun aluminum added filtration) and with

gadolinium, holmium and copper as added filter materials. We used

0.1-0.3 mm gadolinium filter, 0.1 and 0.2 mm holmium filter, and

0.1-0.4 mm copper filter. For each filter, the kV value was used

which should produce, according to the calculations, the same
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contrast as under the reference conditions.

Each radiograph consisted of four images of the iodine con-

taining phantom and a number of exposures made at different mAs

values. From these last exposures a characteristic curve was ob-

tained. This curve was used to normalise each radiograph to a

constant background density. The image densities were measured

with a Macbeth TD-504 densitometer.

The final result (contrast, tube load and entrance expo-

sure) for each filter was obtained as the average of four meas-

urements .

5.5 Results.

5.5.1 Calculated results.

5.5.1.1 Reference 70 kV, no scattered radiation.

Figure 5.6 shows, for the Spezial screens, the dose and en-

trance exposure as a function of the tube load, relative to 70 kV

and 3 mm aluminum total filtration. For the sake of clarity we do

not show the results for all 27 filter materials in this figure.

For elements with Z ranging from 13 (aluminum) to 42 (mo-

lybdenum) and Z ranging from 64 (gadolinium) to 82 (lead), the

behaviour of the dose and exposure vs. tube load is much alike,

i.e., a strong decrease up to 2.0 times the standard tube load,

and a slower decrease for higher tube loads.

Some elements with atomic number between the two categories

mentioned above give rise to an increase in dose and exposure

with tube load. These filters are of course poor choices, because

they selectively remove the photon energies which produce the

maximal contrast.

In figure 5.6, the arrow indicates the level of the dose

and exposure obtained when monoenergetic radiation of 46.8 keV is

used. At this energy the same contrast is obtained as under ref-

erence imaging conditions, i.e., 70 kV and 3.0 mm aluminum total

filtration.

When the curves of figure 5.6 are intersected at a constant
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Figure 5.6: Dose and entrance exposure as a function of the tube
load for eight filter materials, relative to 70 kV, 3.0 mm alu-
minum filtration. The arrow indicates the dose and exposure value
for monoenergetic radiation of 46.8 keV. At this energy the con-
trast is equal to the contrast for 70 kV, 3.0 mm aluminum.
Screens: Spezial.

value of the tube load, the dependence of the dose and exposure

on the type of f i l t e r material i s obtained. The result i s shown

in figure 5.7. In this figure the two categories of favourable

elements can be clearly distinguished. We conclude from this f ig -

ure that under the circumstances studied, K-edge f i l t e r s offer no

real advantage over conventional f i l t e r s .

A similar conclusion can be drawn for the other three

screens. The dose and exposure reduction obtained with a l l four

screen types i s summarized in table 5.2. For each screen type

the dose and exposure were normalized at 70 kV and a total f i l -

tration of 3 nun aluminum. The results are shown for a tube load

of twice the reference tube load.
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with the tube load as parameter. Reference imaging technique 70
kV and 3.0 mm aluminum tota l f i l t r a t i on . The curves were obtained
by Intersecting the curves of figure 5.6 at the indicated tube
loads. Screens: Spezial.

5.5.1.2 Influence of reference tube voltage.

When the results for different reference tube voltages are

compared (table 5.3) i t is seen that for lower kV the dose and

exposure reduction obtained with a K-edge filter become slightly-

greater than the reduction obtained with aluminum or other non-

selective fi l ters. Besides, the Z-value of the optimal K-edge

filter decreases towards lower tube voltages.

The slight advantage which K-edge filters have over a num-

ber of non-selective filters vanishes at 80 kV, as far as the en-
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Table 5.2: Filter thickness (g/cm ) , tube voltage (kV), relative integral
absorbed dose and relative entrance exposure for 27 f i l ter materials and
4 screens. Reference imaging technique: 70 kV, 1.5 mm Al inherent and 1.5
mm Al added filtration. Tube load: 2.0.

Filter

Al
Si
Cr
Fe
Ni
Cu
Zn
Ge
Y
Mo
Pd
Sn
I
Ba
La
Pr
Nd
Sm
Gd
Dy
Ho
Er
Yb
W
Pt
Au
Pb

t

1.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0
0
0
0
0
0
0
0
0

add

604
281
313
247
195
184
166
143
084
069
055
046
038
061
066
086
102
118
134
131
126
117
102
085
073
070
062

Spezial

kV

66
66
65
65
65
65
65
65
65
65
65
65
64
68
70
73
75
76
76
74
71
69
66
65
65
65
65

dose

0.86
0.86
0.84
0.84
0.84
0.84
0.84
0.84
0.85
0.86
0.96
1.13
1.26
1.16
1.13
1.03
0.97
0.90
0.85
0.83
0.83
0.83
0.84
0.85
0.85
0.85
0.85

expo-

sure

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1 .
1.
1.
1.
1.
0.
0.
0.
0.
0.
0
0
0
0
0
0
0

64
63
60
60
60
60
60
60
66
75
13
51
74
34
24
97
85
71
62
59
58
59
61
62
62
62
63

t

1.
I.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0
0
0
0
0
0
0
0
0

add

706
370
341
269
212
201
18)
156
091
075
060
050
043
051
056
075
093
115
140
142
139
131
1 12
092
079
076
067

Quanta-II

kV

67
67
66
66
66
66
66
66
66
66
66
66
65
67
68
72
74
76
78
76
73
71
67
66
66
66
66

dose

0.83
0.83
0.80
0.80
0.80
0.80
0.80
0.80
0.81
0.82
0.92
1.09
1.24
1.25
1.22
1.10
1.03
0.93
0.84
0.81
0.79
0.79
0.81
0.81
0.81
0.81
0.82

expo-

sure

0.61
0.59
0.55
0.55
0.55
0.55
0.55
0.55
0.60
0.68
1.05
1.42
1.65
1.51
1.40
1.09
0.93
0.74
0.60
0.55
0.53
0.54
0.56
0.57
0.57
0.57
0.58

t

1.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0
0.
0.
0
0
0
0
0
0
0
0
0

add

670
319
331
261
206
195
176
151
089
073
058
049
041
056
059
078
095
115
137
138
134
126
108
090
077
074
065

MR400

kV

67
66
66
66
65
65
65
65
65
66
66
65
65
68
69
72
74
76
77
75
73
70
67
66
66
66
66

dose

0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
1 ,
I ,
I ,
| >
1 ,
I ,
0.
0.
0.
0
0
0
0
0
0
0

84
84
82
82
82
82
82
82
82
84
93
10
25
20
18
08
01
93
85
82
81
81
82
83
83
83
83

expo-
sure

0.62
0.61
0.57
0.57
0.57
0.57
0.57
0.57
0.62
0.71
1.08
1.45
1.68
1 .41
1.34
1.06
0.9!
0.74
0.61
0.56
0.55
0.55
0.58
0.59
0.59
0.59
0,60

t

1.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0

add

667
337
331
261
206
195
175
151
089
073
058
049
042
062
066
083
096
109
122
130
131
126
109
090
077
074
065

Alpha-8

kV

67
67
66
66
66
66
66
66
66
66
66
66
65
68
69
72
73
75
76
75
73
71
67
66
66
66
66

dose

0.
0.
0.
0.
0.
0
0.
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0

86
85
83
83
83
83
83
83
84
85
95
11
26
14
10
01
.97
.94
.93
.87
.84
.83
.83
.84
.84
.84
.85

expo-
sure

0.
0.
0.
0.
0.
0
0
0
0
0
1
1
1
!
1
0
0
0
0
0
0
0
0
0
0
0
0

62
61
57
57
57
58
58
58
63
71
09
45
68
32
22
99
.88
.77
.70
.61
.58
.56
.58
.60
.60
.60
.61



Tube voltage
(kV)

60

70

80

Additional
filter

Al
Cr,Fe,Ni,Cu,Zn,Ge

Gd

Al
Cr,Fe,Ni,Cu,Zn,Ge

Ho

Al
Cr,Fe,Ni,Cu,Zn,Ge

Ho,Er,Yb

Relative
dose

0.83
0.80
0.78

0.86
0.84
0.83

0.90
0.89
0.86

Relative
exposure

0.60
0.56
0.53

0.64
0.60
0.58

0.67
0.63
0.63

Table 5.3: Integral absorbed dose and entrance exposure relative to
reference imaging techniques with tube voltages of 60, 70 and 80 kV.
At each kV value the reference filtration was 1.5 ram Al inherent and
1.5 mm Al added. Results are given for aluminum filtration and opti-
mal non-selective and selective (K-edge) f i l ters . The tube load is
twice the reference tube load. Screens: Spezial.

trance exposure concerns.

5.5.1.3 Results with scattered radiation.

The calculated values for kV and fi l ter thickness and the

subsequent values for the dose and exposure in the full scatter

situation were found to be practically identical with the results

obtained for the scatter free situation. One could expect other

results when scattered radiation is considered because SPR(E)

(section 5.2) is weighed differently over the reference spectrum

and over the spectrum filtered with another type of additional

fi l ter. The variation of SPR(E) over the different spectra i s ,

however, not enough to cause significant differences in the re-

sults for the scatter free and full scatter situations. There-

fore, the results of table 5.2 apply to the full scatter situa-

tion as well.

5.5.2 Experimental results.

Table 5.4 shows measured and calculated values of contrast,
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0.1
0.2
0 .3

0.1
0.2

0.1
0.2
0 .3
0.4

Gd
Gd
Gd

Ho
Ho

Cu
Cu
Cu
Cu

74.4
76.2
77.3

71.7
70.3

68.0
65.3
63.0
61.2

1.06
1.02
0.98

1.00
0.97

0.99
1.01
0.98
1.00

0.74
0.58
0.51

0.66
0.52

0.77
0.60
0.53
0.49

0.68
0.54
0.48

0.61/0.59
0.45/0.44

0.79/0.80
0.60/0.59

0.50
0.45

Additional kV Contrast Tube load Exposure
filter ($) measured calculated measured calculated measured

(mm)

1.5 Al 70.0 1.00 1.00 1.00 1.00 1.00

1.38 1.3S
2.33 2.27
3.81 3.62

1.51 1.53/1.47
2.80 2.66/2.53

1.24 1.30/1.31
1.93 2.01/2.04
2.98 3.31
4.54 4.74

$) Inherent f i l t e r of the x-ray tube: 1.5 mm aluminum.

Table 5 . t : Comparison of calculated and experimental r e su l t s . Calculated kV values
were used which should produce the same contrast as under the reference conditions.
The experimental resul ts were normalized at a background density of 1.50. A contrast
of 1.00 corresponds with an optical density difference of 0.27. Some of the meas-
urements were repeated to check reproduci t i l i ty . Screen/film system: Spezial/RPl.

tube load and exposure for gadolinium, holmium and copper. The
contrast values are the optical density differences as measured
on the radiograph of the iodine phantom. Each tube load and expo-
sure value was the average result of four measurements. The stan-
dard deviation of the measured tube load was less than 5% and of
the measured exposure less than 2%. The reproducibility of the
experimental values which were determined twice (0.1 and 0.2 mm
copper and holmium) agrees with these fluctuations. Generally, a
good agreement between theory and experiment was found. With one
exception (0.1 mm Gd) the contrast values deviated at most 3%
from the standard contrast. The difference between calculated and
measured tube load was always less than 10%. The differences be-
tween calculated and measured exposure were less than 10% for
gadolinium, copper and the thinner holmium f i l t er . Only for the
thicker holmium f i l ter the measured exposure was less than the
calculated exposure by more than 10%. Therefore, the performance
of the holmium f i l ter is somewhat better than predicted.
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5.6 Discussion.

Our calculated results indicate that selective (K-edge)

filters are only marginally better than non-selective fil ters,

and that non-selective filters with an atomic number in the range

20 to 30 are slightly superior to aluminum. The latter is consis-

tent with the results of Kuhn (1982), who compared holmium and

iron with aluminum, and recommended iron as filter material for

iodine imagine!- Pis conclusions are based, however, on a few ex-

perimental results with two fixed values of the tube voltage.

I t can be seen from figure 5.6 that not much is gained by

raising the tube load more than a factor 2 or 3 relative to 70 kV

and 3 mm aluminum total filtration. This results in a reduction

of dose of about 15% and of exposure of about 40%. For s t i l l

higher tube loads the gain in dose or exposure reduction is sig-

nificantly less.

In our definition of integral absorbed dose we neglected

the fraction of radiant energy, escaping from the water phantom

as scattered photons. Although this fraction varies with x-ray

energy, no large difference occurs, when this fraction is cal-

culated for a reference spectrum and a filtered spectrum result-

ing in the same contrast. Table 5.5 shows the fraction of escaped

x-ray energy (both back scattered and forwardly scattered).

Tube load

Filter 1.0 2.0

Al
Cu
Ho

0.
0 .
0 .

24
24
24

0
0
0

.26

.26

.26

Table 5.5: Fraction of energy escaping as scattered radiation from a
laterally infinite water layer with a thickness of 15 cm, weighed over
spectra obtained at two values of the tube load. Results are given for
aluminum, copper and holmiura f i l ters . The result for aluminum at tube
load 1.0 corresponds with a reference spectrum defined by 70 kV, 3.0
mm aluminum filtration. The escaped fraction as a function of energy
was obtained from Persliden and Aim Carlsson (1984).
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weighed over incident spectra obtained with aluminum, copper and

holmium filters. We used data on the escape of scattered photons

from a laterally infinite water layer of 15 cm thickness, given

toy Persliden and Aim Carlsson (1984). We assumed that these data

can be applied to a 20 cm water layer as well, because the

escaped fraction hardly increases for thicknesses greater than 15

cm. The validity of our assumption is clearly shown. Only a

slight difference is found when the escaped fractions for a

particular filter are compared at different tube load values. The

difference disappears when different filters are compared at the

same tube load value.

The agreement between calculated and measured tube load

values was good; the validity of the calculations is also demon-

strated by the measured contrast values, which hardly deviate

from the standard contrast. Although the agreement between meas-

ured and calculated exposure is good, the calculated values are

somewhat higher than the measured values. A small difference

between the spectral distribution used for our calculations and

the actual spectral distribution from our x-ray tube could be a

possible explanation for this discrepancy. However, an experi-

mental verification of the beam quality showed that this was not

the case.

An important conclusion which can be drawn from table 5.4

is that the same exposure reduction can be obtained with gado-

linium and with copper. The recommendation by Johnson and Burgess

of gadolinium as a superior filter material is therefore unjusti-

fied. Their findings in favour of gadolinium were solely the re-

sult of the replacement of a thin aluminum filter by a thick gad-

olinium filter.

Our results also place the claim of Villagran et al. on

the advantages of holmium as a filter material in a different

perspective. They found an exposure reduction of 55% after re-

placement of 1.0 mm aluminum by 0.13 nun holmium while the tube

current was raised by a factor 2. When holmium is compared with

conventional filters at the same tube loading conditions, the ad-

vantage of holmium over these filters is much smaller. This is

indicated both by our measured and calculated results.
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In this paper, no results were presented concerning the

imaging of other contrast materials. Preliminary calculations,

however, suggest that the same conclusions can be drawn for

instance for calcium contrast imaging, i.e., conventional filters

perform equally well as rare earth filters.

5.7 Conclusions.

A computer program was designed to determine the effect of

filtration of the x-ray beam on integral patient dose and en-

trance exposure when the density of the x-ray film and the image

contrast of a thin layer of iodine are kept constant.

Relative to a standard technique with an inherent and an

additional filter of 1.5 mm aluminum an exposure reduction of

about 40% is the maximum achievable for realistic tube loadings,

both with aluminum and with a number of other, selective as well

as non-selective filter materials.

Our findings strongly suggest that the conclusions of a

number of studies in which the use of K-edge filters was advo-

cated need reconsideration at least with respect to the imaging

of iodine contrast in relatively thick objects.

We found only small differences between different types of

screens, i.e., for the same filter materials and thicknesses, the

same kV values are calculated for equal contrast, together with

a similar reduction in dose and exposure. Also small differences

were found between the scatter and non-scatter situation. It

seems that when the scatter is neglected, no large error will oc-

cur. This is a useful finding, as no large amount of scatter data

is available yet.
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Abstract.

When the power spectrum of radiographic noise is estimated

from scans obtained with a microdensitometer equipped with a rec-

tangular slit, a bias is present due to the finite length of this

slit.

A method to correct for this bias was developed and was

tested on both a simulated and a measured spectrum.

No bias remains with our method, in situations where a con-

ventional method shows a significantly biased result. Good agree-

ment was found with the synthesized slit method, described by

Sandrik and Wagner (1981).

6.1 Introduction.

The Noise Power Spectrum (NPS) has been widely accepted as

a measure of noise in radiographic images. In several papers (De

Belder and De Kerf, 1976; Wagner and Weaver, 1975), the deter-

mination of the NPS by digital methods has been described.

The NPS of radiographic noise on a sample of x-ray film is

estimated in most cases from scans with a long and narrow slit.

Let the dimensions of this slit be w in the scanning direction

and 1 in the perpendicular direction. The abscissa and ordinate

in the 2D spatial frequency domain are denoted by v and T re-

spectively.

Using the slit width transfer function sin (irv w)/{ TTV w) ,

the spectrum can simply be corrected for the smoothing effect of

the slit in the scanning direction. After this correction a spec-

trum WJJJCV) results, which is related to the actual 2D spectrum

W( v, T) as

+°° 2
W (v) = f W ( V , T ) . sin (TTTI) d T ( 6 | 1 )

i ("I)2
(Doi, 1966; Dainty and Shaw, 1974).

When W{v,T) is rotationally symmetric, which is a generally

valid assumption for radiographic noise (Doi et al., 1982), all
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the information about this spectrum is comprised in the ID sec-

tion W(v,O).

An unbiased estimate of W( v,0) can be obtained when the

scanning process is performed with an infinitely long slit:

+" 2
lim l.Wm(v) = Urn l.f W(v, T).

s i n (7TT^ dr = W(v,0) (6,2)

In several studies the quantity l.W (v) was therefore used to es-

timate W(v,O). Although the bias of this estimator diminishes for

increasing slit length, a residual bias is always present because

1 remains finite. Only in cases where the NPS is approximately

constant in the spatial frequency range over which
2 2

sin ( 7r T 1)/(TT T 1) is significantly non-zero, the bias may be
neglected.

A method to eliminate this bias was described by Sandrik

and Wagner (1981). They studied the effect of synthesizing longer

slits from adjacent scans. They found the NPS to increase asymp-

totically with the length or the synthesized slit, and used the

asymptotic value as an estimate of W(\i,O).

As an estimation method for W(\>,0) this procedure has two

drawbacks. First, a number of slit lengths must be synthesized to

determine whether the NPS is sufficiently close to its plateau

value. Secondly, the number of signals from which the NPS can be

estimated decreases for increasing synthesized slit length (ssl),

unless the original number of scans is taken to be proportional

with the ssl. When one starts, however, from the same original

number of scans for each ssl, the precision of the estimated

spectral value will be worst for the longest slit, which is most

critical for the estimation of W(v,O).

In this paper a correction method is described which re-

sults in a virtually unbiased estimated spectrum, also for spec-

tra which vary considerably over the frequency range for which

the slit length transfer function is significantly non-zero. Be-

sides it does not have the drawbacks of the method of Sandrik and

Wagner.
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Figure 6.1: Grid of spatial frequencies to solve numerically the
integral equation 6 .1 .

6 .2 Correct ion method.

The correction method, which is applicable to rotationally

symmetric spectra, is based on a numerical solution of the inte-

gral equation 6,1.

First, along lines v = nAv in the 2D frequency domain,

points Tn ^ are chosen (figure 6.1), such that the following

holds

/(nAv)2+(T .)
n,i (6,3)
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These points correspond with the intersections of lines v = nAv

with circles having a radius (nAv), (n+l)Av, (n+2)Av , • • • This

particular choice of T_ ,. is explained later.
n, i

Although theoretically the bounds of integration in formula

6,1 are infinite, in practice a spatial frequency can be indi-

cated above which the integrand vanishes. For frequencies

v = nAv, n = 0,1,2,... we approximate therefore the right hand

side of formula 6,1 by a finite sum, i.e.,

N , Tn,

Z (
i=n '

T

W (nAv) = 2 Z ( W(nAv,T) -s-in •(7r^1) dt (6,4)

Tn,i

Calculations with a model spectrum (section 6.3.1) showed that no

significant truncation error is made when the integration extends

over at least three lobes of the slit length transfer function.

This means that for given Av and 1, a value for N must be chosen,

such that the relation

NAv > (3/1) (6,5)

holds.

Next W(nAv,t) is approximated on each interval {x .,T . ,}

by a linear function. Equation 6,4 then becomes

N
W (n) = Z A(n,i)W(n,i), n=0,N (6,6)
m i=o

where

Wm(n) = V n A v )

,i) = W(nAv,T . )
n,i

A(n,i) = 0 i < n

T-T_ .tl . 2
A(n,i) = 2

Tn,i
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Tn,i Tn,i-1

T~Tn,i+l sin

Tn,i

= 2 | ^Vi- 1 sln2(iTTl) d T i = N

A higher degree approximation can also be used. However, calcula-

tions with a second order polynomial gave virtually the same re-

sults.

The particular choice of the tn ^ (figure 6.1) now becomes

clear. When the T • are chosen at a rectanqular grid in then,x
(V,T )-plane, the number of unknowns at the right hand side of

formula 6,6 exceeds N+l, the number of equations. Our choice of

x ., however, makes W(n,i) = W(i,i) for n = 0,N and i = n,N. Inn, i

this way N+l unknowns {W{n,n), n=O,N} remain, lying equidistantly

along the ID section through the 2D spectrum W(v,T).

We finally write formula 6,6 in matrix notation as

A|W> = |Wm> (6,8)

in which the matrix A has an upper triangular form. After cal-

culation of the matrix elements A(n,i), according to formula

6,7, the system 6,8 can be solved. The nature of the solution,

however, demands that the elements of the vector |W> are non-

negative. In order to accomodate for this constraint, the Non

Negative Least Squares (NNLS) method was used, described by

Lawson and Hanson (1974). The ordinary Least Squares method fits

a parametrized function f to a collection of data points by mini-
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mizing the sum of squares of the differences between the data

points and f; the same holds for the NNLS method. However, this

method only considers that part of the solution space for which

f ^ 0.

6.3 Calculations and results.

6.3.1 Smooth theoretical spectra.

To test the procedure we first defined a 2D spectrum, and

simulated the estimation of a ID section corresponding with a

slit of length 1. We then reconstructed the original spectrum

using the correction method described in section 6.2.

The 2D spectrum was defined as

, -a(r/r)^
Wth(r) = C . [0.1 + e ° | (6.9)

with r = (\>2+i2)h.

-4 2 -1

For our calculations we chose C = 10 mm , r = 1 mm and a =

2.0. This spectrum is representative, both in shape and magni-

tude, for the spectrum of a typical scre:en-film system (Doi et

al., 1982). It is flat at low frequencies and falls off for high-

er frequencies, i.e., between 1-5 mm" . The term 0.1 represents

the level of film graininess.

The right hand side of (6,8), i.e., (w
m(n), n=0,N) was cal-

culated according to formula 6,1, in which Wju was substituted

for W(vif). The integration was performed numerically for differ-

ent values of 1. The T-direction was divided in intervals equally
2 2

wide as the lobes of the function sin { TTT1)/( irtl) , and a Gauss

approximation of the integral was used on each of these inter-

vals.

Next, the vector |W> in formula 6,8 was considered being

unknown and the equations were solved.

Figure 6.2 shows the original spectrum W . (v,0) and the
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Slit length • 0.6 mm

,lxUm

+ • NNLS-method

0. 5 0.1

Spatial frequency (mm

*— —

1 1 1 1 1

S 0.1
i i

Slit le

i

+ •

nglh r 2.0 mm

NMLS-msthod

1.0 S.I

Spatial frequency

Figure 6.2: Theoretical spectrum and spectra corrected according
to the new method using Non-Negative Least Squares, and according
to te conventional method. Slit lengths: 0.6 mm (upper figure)
and 2.0 mm (lower figure).
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spectrum 1-Wm obtained with the method described by Doi. Also

shown is the spectrum corrected with the method described in sec-

tion 6.2. Calculations were performed for two slit lengths: 1 =

0.6 mm and 1 = 2.0 mm. For 1 = 0.6 nan the spectral value at the

first zero of the slit length transfer function is about 10% of

the value at zero frequency. The corresponding figure for 1 = 2.0

mm is about 64%. Correction should therefore not be attempted by

the 1-Wm method. This is illustrated by the biased results in

figure 6.2. When our method is used, however, no significant bias

remains.

6.3.2 Noisy spectra.

In practice, measured spectra are inherently noisy. There-

fore, we also tested the procedure with noise added to the theo-

retically measured spectrum, i.e., formula 6,8 is written as

A|H> = |wm> + |e> (6,10)

with each en normally distributed with standard deviation

aW (n). This is a reasonable choice because fluctuations in es-

timated spectra are proportional to the magnitude of the spectral

values.

Solving equation 6,10 gives a poor solution, which is shown

in figure 6.3a, where a = 0.05. This kind of solution, with its

oscillatory character was described in another context by Twomey

(1963). To avoid solutions of the kind shown in figure 6.3a he

mentioned several possible constraints under which the matrix

equation 6,10 could be solved. Examples are minimization, over

the entire solution, of the second or third derivative, or the

minimization of the difference between a trial solution and the

ultimate solution. The choice of constraint depends in general on

the nature of the expected solution, which in our case was rather

smooth. Such a solution ie obtained by the constraint of minimal

second derivative. This constraint is equivalent to minimizing

N-l
Z {W(n-l,n) - 2W(n,n) + W(n+l,n)} (6,11)

n=l
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a

0.05 0.1

1 1—i—i—i i i i

S l i t l e n g t h • 0 . 6 mm
, U t n < v , 0 >

+ i NNLS-method

_J I I

Spatial frequency Cmm

0.05 0.1

Sill length i 0.6 mm

+ iNNLS-method

- I 1 I 1 I
1.0

Spatial frequency (mm"

Figure 6.3: Theoretical spectrum and the spectrum corrected
with: Unconstrained NNLS (upper figure) and constrained NNLS
(lower figure), when roise is added to the input measured spec-
trum.
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After differentiation of formula 6,11 with respect to the W(n,n)

the constraint can be represented in a matrix equation of the

form

H|W> = | 0 >

with

1 - 2 1 0 0

-2 5 -4 1 0 0

1 _4 6 -4 1 0 0

H= 0 1 -4 6 -4 1 0 0

0 0 1 -4 6 -4 1 0 0

• a • • • • • * • • • • • • • • • • • * •

0 0 1 5 - 4 1

0 0. . .1..-2. . .1

The solution |W> is then obtained according to

|W> = (ATA + XH)"1AT|Wm> (6,12)

in which the damping factor X determines the smoothness of the

solution (see below).

Because the low frequency dependence of the NPS is primari-

ly determined by the Modulation Transfer Function of the screen-

film system (Rossmann, 1963), we assume that the solution has a

zero first derivative at v = 0. Therefore, we impose a second

constraint by adding one equation to the system 6,10, i.e.,

-3W(0,0) + 4W(1,1) - W(2,2) = 0 (6,13)

the expression on the left being a numerical approximation of the

first derivative at v = 0 (Abramowitz and Stegun, 1964).

Equation 6,12 results in a much better solution, as is

shown in figure 6.3b. We chose \ such that | W ^ - W|, defined as

N 2
Z {W (nAv,0) -W(n,n)} z (6,14)

n=0 t h

was minimized. Figure 6.4 shows the dependence of I Wfcn - W | on
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L.

L.
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L

CO
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0 0.05 0.10

Damping fac to r x

Figure 6.4: Dependence of the residual error in the corrected
spectrum of figure 6.3, on the damping factor A, for different
values of the noise parameter a.

the damping factor A, with a as parameter. I t is clear from this

figure that, for each a, an optimum value of X exists. For

smaller X the solution W remains too noisy. For larger x ,

|w.u - W I increases because the constraint of minimum second de-
1 tn '
rivative results in a flattening of the solution W. It is seen
that for a less noisy Wm, i.e. a smaller a» a smaller value for

- Wl. According to figure 6.4 we
m

X is needed to minimize wth
chose A = 0.04 to obtain the solution of figure 6.3b.

6.3.3 Measured spectrum.

To complete our testing procedure, we applied the correc-

tion method to an experimentally determined NPS of a screen-film

combination. As input spectrum we used the NPS of a noise field

from a Curix/RPl film sample, exposed between MR400 screens. The
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Figure 6.5: Comparison of the conventional correction method,
the new method using constrained NNLS and the synthesized slit
method, applied to the NPS of a MRAOO/RP1 screen film system.

sample was scanned with a Joyce Loebl 3JS microdensitometer. A

slit length of 0.6 nun was used. A Hamming window was applied to

the original data and the method described by Welch (1967) was

used to estimate the NPS. The final spectrum was obtained by

averaging 320 individual spectra. The fluctuations in the final

spectral estimates can be assumed to be normally distributed.

This follows from the fact that the optical density fluctuations

are normally distributed (Wagner and Weaver, 1975, p. 199) and

the fact that the chi-squared distribution according to which the

individual spectra are distributed, tends to a normal distribu-

tion when so many spectra are averaged (Dainty and Shaw, 1974, p.

296). The standard deviation of the averaged spectral estimate

was 4%. Therefore, the corresponding noise parameter a equals

0.04. For this value of a a damping factor A = 0.04 produces a

minimal error. The corrected spectrum is shown in figure 6.5.

This figure shows also the NPS, calculated from scans with

a long slit (4.8 mm), synthesized from 8 adjacent scans. No large
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Figure 6.6: NPS, corrected with constrained NNLS, for different
values of A.

difference exists between this spectrum and the spectrum cor-

rected with the above described method. The latter method, how-

ever, results in a smoother solution.

For comparison of both methods with the conventional cor-

rection method, the spectrum l.W (v) is also shown.

As was mentioned above, a value for X must be chosen when

the constrained solution is obtained according to equation 6,12.

The choice of X depends on the noise parameter a, which is de-

termined from the uncorrected NPS. As can be seen from figure

6.4, the residual error in the solution of equation 6,12 does not

strongly depend on X in the region where this error is minimal.

When, in the case of the NPS of figure 6.5, X is varied within a

broad range, virtually the same corrected spectrum is obtained,

as can be seen from figure 6.6. We conclude therefore, that the

exact value of X is not critical.

A final remark is made on the choice of the frequencies at

which the corrected spectrum is determined. For the NPS at zero
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frequency we used the value at 0.1 mm , because in practical

cases no meaningful value for the NPS at zero frequency is ob-

tained. Calculations showed that this had no consequences on the

final result. The spectrum of the MR400/RP1 system was determined

up to a frequency of 25 mm" with a frequency resolution of 0.1

mm . When the spectrum at all frequencies is used for the cor-

rection method, the matrix A contains 250x250 elements. This size

of A was too large for our computer system, for which a size of

about 50x50 elements was the largest possible. For a slit of 0.6

mm and a frequency resolution of 0.1 mm , the value of N must

be, according to formula 6,5, minimally 50. When from the origi-

nal spectrum the first 50 frequencies are used, the corrected

spectrum is determined only up to 5 mm" . We used therefore the

measured spectral values at frequencies (1,3,5,7,...,99) . Av ,

with Av = 0.1 nun

We note, however, that other choices are also possible.

When one is, e.g., only interested in the low frequency part of

the spectrum, the frequencies can be spaced more closely in that

region.

6.4 Discussion and conclusions.

Our method practically eliminates the bias, resulting from

a finite slit length, when the NPS of a 2D radiographic noise

pattern is estimated from ID scans. This was indicated by results

obtained with both a theoretical and a measured spectrum. The

method can be used in its simplest form when the input spectral

estimates have zero variance. When noise is present, the method

is extended to give a solution under the constraint of minimal

second derivative. A damping factor X determines the smoothness

of the solution. This factor is chosen according to the amplitude

of the statistical fluctuations in the spectrum.

The method gives better results than the conventional cor-

rection method described by Doi and others. We found good agree-

ment with the synthesized slit method. The latter is, however, a

quite complicated method, giving results with less precision, un-

less the same total scan length is used for each synthesized
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slit.

We conclude that the correction method described in this

article, which can simply be implemented on a digital computer,

can serve as a useful tool in the estimation of rotationally sym-

metric power spectra of 2D noise patterns in screen-film radio-

graphy .
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7. Discussion.

7.1 Review of the objectives of this study.

We start this final chapter with a review of the principal

aims of this study and the approach followed to attain these

aims. Thereafter a discussion is given of the results obtained

from our investigations, followed by practical recommendations.

Several authors stated that in screen-film radiography maximal

diagnostic quality or minimal patient dose is obtained when mono-

energetic radiation is employed. As monoenergetic sources suit-

able for diagnostic purposes do not exist, several methods to ap-

proximate monoenergetic sources were descr: '-ed in the literature.

One of these methods is filtration, especially with K-edge fil-

ters, of broad x-ray spectra. In the literature no agreement is

found with regard to the choice of filter materials in diagnostic

radiology. Oosterkamp (1961) for instance, found that a gadolini-

um filter is only marginally better than a thick aluminum filter.

In the paper of Kuhn (1982) an iron filter is recommended. K-edge

filters are advocated instead of non-selective filters in several

other articles. In these articles, however, K-edge filters were

not compared with conventional filters (aluminum or copper) under

comparable tube loading conditions and constant image quality.

One of the reasons why x-ray beam filtration could be ef-

fective for dose reduction is that a better matching can be ob-

tained between the spectral distribution of the x-rays and the x-

ray attenuation characteristics of the intensifying screens. This

may be important because of the great variety of intensifying

screens which is commercially available nowadays.

With these points in mind, the principal aim of our study

was to investigate which combination of screens, tube voltage,

filter material and filter thickness minimises the radiation

dose, for given tube loading conditions and prescribed image qua-

lity. To attain this aim, the following approach was used.

1) Construction of an experimental set-up for the measurement, as

a function of the x-ray energy, of:
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- the sensitivity of several types of intensifying screens for

primary and scattered radiation,

- the contrast of a iodine layer of given thickness,

- the absorbed dose in a water phantom of given dimensions.

To perform these measurements in a reasonably short period of

time, a special detection system had to be constructed in order

to avoid tedious and time-consuming photographic processing.

2) Measurement of the noise level of different types of screen-

film systems by means of a microdensitometer under control of

a computer program.

3) Development of an optimisation algorithm to minimise the ra-

diation dose for given contrast or contrast to noise ratio. In

this algorithm the experimental data concerning sensitivity,

scatter to primary ratio, contrast, noise and dose should be

used.

4) Experimental verification with the set-up mentioned under 1),

of results obtained with the optimisation algorithm, for a few

representative situations.

A discussion of the realisation of this scheme is given in the

next sections.

7.2 Experimental work.

7.2.1 Quasi-monoenergetic x-ray spectra.

The relation between screen energy absorption and film den-

sity (chapter 3), and the relative sensitivity of screens for

scattered and primary radiation (chapter 4) were determined ex-

perimentally with quasi-monoenergetic x-ray spectra. These spec-

tra were obtained by heavy K-edge filtration of beams with a

broad spectrum generated by a conventional x-ray tube. Spectra

over a large part of the diagnostic energy range were obtained
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with this method.

Although other techniques to approximate monoenergetic

spectra are known (section 2.3), we chose for the K-edge filtra-

tion method. This technique offers the advantages of a small fo-

cal spot size and can be simply implemented on conventional x—ray

equipment. Besides, the spectral distribution can be accurately

calculated (chapter 2). The other techniques are experimentally

much more complicated and the spectral distribution must be de-

termined experimentally, as is described by among others Vyborny

(1977). We can conclude that, even in combination with rather in-

accurate x-ray apparatus, highly accurate measurements can be

performed with the K-edge filtration method.

7.2.2 Detection system.

A detection system was developed with which the luminescent

light from intensifying screens as well as from a Nal(Tl) crystal

was measured with a photomultiplier tube (PMT). Employing a PMT

instead of photographic film has a number of advantages. First,

for measurements with quasi-monoenergetic spectra the high sensi-

tivity of the PMT enables the application of heavy K-edge fil-

ters; the latter results in a high spectral purity. Secondly, be-

cause photographic processing can be circumvented, experiments

can be performed more rapidly. Finally, with a PMT a higher accu-

racy is obtained than with photographic means.

We used a mirror in our detection system to reflect the

light from the screens to the PMT. This enables the measurement

of the bac\ screen light output in a geometry which is also used

in a film-screen combination, i.e., a geometry in which the di-

rection of the x-rays is opposite the direction of the light

emitted by the screen (figure 3.3). Experiments with three screen

types (chapter 3) showed tha- for the energy range in the optimi-

sation study (40-80 keV) no significant difference is present be-

tween the back screen light output in the above mentioned film-

screen geometry and in the geometry in which the back screen is

irradiated in the same orientation as the front screen (figure

2.11). The latter measurement is experimentally easier as no mir-
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ror is needed. We can conclude therefore that for future measure-

ments the mirror can be eliminated and that a geometry can be

used in which the cathode side of the PMT is placed close to the

light emitting surface of the screen. Because in such a set-up

the light from the screens is collected from a larger solid

angle, an increased sensitivity is obtained.

7.2.3 Relation between screen energy absorption and film density.

We investigated dose reduction under the constraint of con-

stant contrast and constant background density. In our calcula-

tions the assumption is made that the optical density is deter-

mined solely by the absorbed energy in the screens, i.e., we as-

sumed that the conversion efficiency of absorbed energy to photo-

graphic density does not vary with the x-ray energy. The validity

of this approach was checked for different screen types (chapter

3). For Alpha-8 and MR400 screens and, after a slight correction

for light attenuation in the back screen also for Spezial

screens, a constant efficiency was found between 30 and 80 keV.

In our computer algorithm we therefore used the constraint of

constant energy absorption in order to satisfy the constraint of

constant optical density.

7.2.4 Relative sensitivity for scattered and primary radiation.

In chapter 4 the measurement is described of the relative

sensitivity of intensifying screens for scattered and primary ra-

diation as a function of x-ray energy. This parameter was used in

our optimisation algorithm to calculate the contrast in the pre-

sence of scattered radiation. We determined this parameter ex-

perimentally because no data from the literature were available

(chapter 4, introduction), nor were Monte Carlo routines avail-

able to estimate this parameter.

We measured scattered radiation in a geometry which differs

in some respect from the geometry in a clinical setting. For ex-

ample, the distance between the phantom and the screens was only

9.5 cm and the influence of anti-scatter grids was not consid-
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ered. The consequences thereof are discussed in section 7.4.

7.3 Dose reduction study.

•I
7.3.1 Method.

In chapter 5 a computer algorithm is described to perform

calculations concerning dose reduction by filtration of the x-ray

beam under the constraint of constant contrast and optical densi-

ty. As was pointed out by Muntz (1977, 1979), the great advantage

of an analytical approach over an experimental approach is the

possibility of studying a great number of configurations in a

short time. An experimental approach lacks this flexibility, be-

cause experiments are generally more time-consuming than calcula-

tions .

To our knowledge this thesis describes the first study

where a systematic comparison is made of the performance of dif-

ferent filters. Most authors compared only one or two candidate

filters with standard aluminum filtration, while well defined

constraints on the image quality were hardly imposed. The method

of using a well defined reference imaging technique is only found

in the work of Muntz et al. (1985). They varied, however, so many

parameters, that the separate effect of filtration cannot clearly

be distinguished.

7.3.2 Filtered spectra versus monoenergetic radiation.

Results were presented for the imaging of iodine contrast,

with a reference filtration of 3 mm aluminum. For two and five

times the reference tube load, the reduction in integral absorbed

dose and exposure obtained with the best performing filter is

given for the four investigated screens in table 7.1. No extreme-

ly high reduction was found, as a reference filtration of 3 mm

aluminum is rather heavy. Furthermore, not much can be gained by

increasing the tube load still further. This is seen when the

values obtained with tube load 5 are compared with the values

calculated for monoenergetic radiation with an energy giving the

127



Tube load Spezial Quanta-II MR400 Alpha-8

1.0 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00

2.0 0.83/0.58 0.79/0.53 0.81/0.55 0.83/0.56

5.0 0.76/0.47 0.71/0.42 0.73/0.44 0.77/0.46

Mono-
energetic

46.8 keV
0.70/0.39

48.3 keV
0.64/0.34

48.0 keV
0.66/0.35

49.5 keV
1.05/0.53

51.0 keV
0.52/0.25

Table 7.1: Comparison of dose and exposure obtained with filtered
spectra for two and five times the reference tube load and with
monoenergetic radiation.
Reference: 70 kV, 3.0 mm aluminum. For the tabulated photon energies
the same image contrast is obtained as under reference conditions.
For each pair of screens the filter material is chosen which gives
the minimal dose or exposure.

same contrast as under the reference conditions (table 7 .1 ) . The

reduction in both integral absorbed dose and exposure obtained

with monoenergetic radiation for Spezial, Quanta-II and MR400

screens i s not much larger than the reduction obtained with a

broad spectrum for a tube load 5.

For Alpha-8 screens an interest ing result was found. For

these screens the energy resulting in the reference contrast i s

49.5 keV, which i s just below the gadolinium K-edge where the

s e n s i t i v i t y of the screens i s re la t ive ly low. The spectra ob-

tained with tube load 2 and 5, however, are obtained with a tube

voltage exceeding the gadolinium K-edge. Therefore, a part of

these spectra coincides with the energy range for which the

Alpha-8 screens are highly s ens i t i ve . A larger reduction i s thus

obtained with broad spectra here, than with monoenergetic radia-

tion result ing in the same contrast. In th i s case the use of a

monoenergetic spectrum of a somewhat higher energy gives a much

larger dose reduction, but with a small decrease in contrast. In
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Integral dose Exposure

Tube load 1.0
Tube voltage 70 kV
1.0 nun Al Inherent
No added filtration

1.00 1.00

Tube load 2.0
Tube voltage 72 kV
1.0 nun Al Inherent
0.10 g/cm Dy added

0.73 0.37

Tube load 5.0
Tube voltage 72 kV
1.0 mm Al inherent
0.24 g/cm Dy added

0.65 0.27

Monoenergetic
46.6 keV 0.58 0.21

Table 7.2: Integral absorbed dose and exposure for a reference situa-
tion of 70 kV, 1.0 nun aluminum and for 2.0 and 5.0 times the reference
tube load. For comparison the dose and exposure obtained with monoener-
getic radiation, for the same reference contrast, are also given.
Screens: Spezial.

the scatter-free 'situation with radiation of 51 keV, a contrast

is obtained of 92% of the reference contrast. The integral ab-

sorbed dose is reduced to 42% and the exposure to 25% of the ref-

erence values. We conclude that the dose reduction which can be

obtained with monoenergetic radiation may depend strongly on the

chosen reference imaging technique.

As could be expected, larger reduction factors are found

for a reference situation with less inherent filtration, espe-

cially with regard to tha exposure. An example for Spezial

screens is shown in table 7.2. With a tube load five times the

reference tube load also here a good approximation is obtained of

the reduction found for monoenergetic radiation.

The conclusion is that no spectacular improvement is found

with monoenergetic radiation, relative to results obtained with

a fivefold increase in tube load.
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7.3.3 Performance of selective versus non-selective filters.

When image quality is kept constant, dose reduction ob-

tained with K-edge filters is hardly better than obtained with

conventional filters for the same increase in tube load. As an

example, for a reference imaging technique with 70 kV and 3.0 mm

aluminum filtration and Spezial screens, the calculated exposure

reduction obtained with the best non-selective filters (e.g.,

copper) at tube load 2 was 40%, while with the best performing K-

edge filter (holmium) a reduction of 42% was obtained. At tube

load 5 we found 51% reduction for copper and 53% for erbium,

which was the best selective filter at this tube load.

Experimentally the differences found between non-selective

and K-edge filters were somewhat larger, in favour of the K-edge

filters. For a measured tube load of 2.0, based on an interpola-

tion of the values given in table 5.4, the exposure reduction re-

lative to the reference technique was 40% for copper, 41% for

gadolinium and 47% for holmium.

Non-selective and K-edge filters were also compared for

other reference tube voltages (table 5.3). It was found that the

advantage of K-edge filters over non-selective filters increases

slightly for decreasing reference tube voltage. It can therefore

be expected that for mammography, where low tube voltages are

used (25-35 kV), K-edge filters should indeed be prefered over

conventional filters.

For the tube voltages investigated in this study (60-80 kV)

we conclude that the great advantage of K-edge filters over non-

selective filters, found by several authors, cannot be con-

firmed.

7.3.4 Influence of screen K-edge discontinuity.

The influence of the location of the filter's K-edge energy

relative to the one of the phosphor contained in the screens is

illustrated in figure 7.1. In this figure the relative integral

absorbed dose obtained with Alpha-8 screens (K-edge 50.2 keV) is

plotted as a function of the K-edge energy of the filter mate-

130



(D 1 . 2 0
CO
o

XI

T3
0)

J3

CO

t . 1 0

hi 1'00

c

- 0.90

(D

0.80

Spezial

Hlpha-8

30 40 50 GO 70

K-edge of filter material (keU)

Figure 7.1: Relative integral absorbed dose as a function of the
K-edge energy of the applied filter, for two different screen
types.

rial, for twice the reference tube load. The values obtained with

Spezial screens (K-edge 69.5 keV) are shown for comparison.

The dose reduction obtained with Alpha-8 screens levels off

for filters for which the K-edge is in the near vicinity of the

screen's K-edge. For the Spezial screens the dose decreases con-

tinuously for these K-edge values. The leveling off of the dose

reduction found for the Alpha-8 screens can be explained by the

poor matching for this range of K-edge energies, between the fil-

tered spectrum and the energy absorption characteristics of the

Alpha-8 screens. This phenomenon agrees with the results for mo-

noenergetic radiation in combination with Alpha-8 screens, as

shown in table 7.1.

7.4 Relevance of the results for effective dose reduction.

At two aspects the relevance of the results for dose reduc-

tion in a clinical setting could be questionable. In the first
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Photon energy (UeU)

Figure 7.2: Energy distribution of spectra obtained with a cop-
per filter (dashed line) or a holmium filter (dashed-dotted line)
at tube load 2.0, both in combination with 1.5 mm Al and 20 cm
water. These spectra give the same energy absorption in a pair of
Spezial screens and the same contrast as obtained with the refer-
ence spectrum (solid line) obtained at tube load 1.0 with 70 kV,
3.0 mm Al and 20 cm water.

place we sole ly used image contrast as a measure of detai l v i s i -

b i l i t y , i . e . , we neglected the influence of noise. Secondly, the

influence of anti-scatter grids was not taken into account.

With regard to both aspects, however, we shall demonstrate

the usefulness of the results by comparing x-ray spectra corre-

sponding with the reference imaging technique and corresponding

with a technique giving the same image quality, but with an in-

creased tube load and a reduced patient dose.

Examples of these spectra are shown in figure 7.2. The ref-

erence spectrum corresponds with an imaging technique of 70 kV, 3

mm aluminum and 20 cm water. The modified spectra are obtained

with twice the reference tube load and a copper or a holmium f i l -

ter .
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The validity of using contrast as a measure of image quali-

ty hinges on the fact that only a small difference in noise is

present in images obtained with the reference spectrum and those

obtained with the filtered spectra. From simple theoretical con-

siderations (e.g. Rossmann, 1962) it follows that the amplitude

WQ of the Wiener spectrum of quantum noise at its low frequency

limit depends linearly on the x-ray energy. For a number of

screens Vyborny et al. (1982) verified this experimentally.

For both the reference and the modified spectra shown in

figure 7.2, W Q can be obtained by integrating WQ(E) over the en-

ergy spectrum of x-rays absorbed in the screens. Because of the

linear dependence of WQ(E) on photon energy the effective noise

amplitude is proportional with the mean energy of this spectrum.

Due to the constraint of constant contrast, the mean energy of

the modified spectra differs only slightly from the mean energy

of the reference spectrum. The same holds for the spectrum of the

x-rays absorbed in the screens. Therefore, the noise level in the

reference images and the images obtained with the filtered spec-

tra are practically the same.

For a few filter materials we checked this noise aspect by

performing calculations with a constant signal to noise ratio

constraint instead of a constant contrast constraint. Results are

given in table 7.3 for both constraints. A comparison shows that

hardly any difference occurs. For this reason neglecting the

noise does not pose a serious restriction on the practical value

of the results of our method.

The findings of Muntz et al. (1985) support our approach of

using contrast to describe image quality. In his study on the op-

timisation of mammography he found practically the same results

in cases where image quality is described solely with contrast or

when the contrast to noise ratio is used.

The small differences in wean energy between the reference

and the modified spectra are also responsible for the fact that

nearly the same dose and exposure reduction was found for scat-

ter-free and full-scatter conditions (section 5.5.1.3). This can

be understood as follows.

The full-scatter contrast differs from the scatter-frae
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(C) (C/N)

Element

Al
Cu
Gd
Dy
Ho

'add

1.604
0.184
0.134
0.131
0.126

kV

66
65
76
74
71

Dose

0.86
0.84
0.85
0.83
0.83

Exposure

0.64
0.60
0.62
0.59
0.58

'add

1.657
0.193
0.130
0.132
0.130

kV

67
67
75
74
72

Dose

0.85
0.83
0.86
0.83
0.82

Exposure

0.63
0.58
0.64
0.59
0.57

Table 7.3: Filter thickness (g/cm2), tube voltage (kV), relative inte-
gral absorbed dose and relative entrance exposure, for five filter mate-
rials. Results are given for two different image quality constraints:
constant contrast (C) and constant contrast to noise ratio (C/N).
Screens: Spezial. Reference imaging technique: 70 kV, 3.0 mm aluminum.

contrast by a factor which is determined by the scatter to prima-
ry ratio SPR. Because SPR depends on x-ray energy (chapter 4),
one expects that this entity i s different for the modified and
the reference spectrum. It could therefore be expected that for
the full-scatter and scatter-free situation a different tube
voltage and f i l ter thickness will result in the reference
contrast and reference screen energy absorption, and thus a
different dose and exposure reduction will be found.

Table 7.4 shows that although in practice the SPR is not
the same for the reference and modified spectrum, the difference
is only small. Therefore, also a small difference shows up in
dose and exposure reduction between the full-scatter and scatter-
free situations.

When a grid i s used, a reduced scatter situation i s en-
countered which l i e s between the limits formed by the non-scatter
and full-scatter situations. The SPR will then be reduced by a
factor which, however, also i s nearly the same for the reference
and modified spectrum. According to the same line of reasoning as
given above, the kV and f i l ter thickness resulting in the refer-
ence contrast together with the resulting dose reduction will be
the same as in both limit situations, i . e . , the full-scatter and
scattei-free conditions.

We conclude that for the calculation of dose and exposure
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Tube load Filter($) Tube voltage SPR

1 1.5 mm aluminum 70 3.82

2 0.184 g/cm2 copper 65 3.84
5 0.374 g/cm2 copper 61 3.84

2 0.127 g/cm2 holmium 72 3.80
5 0.252 g/cm2 holmium 67 3.81

Monoenergetic - 47 keV 3.75

$) Includes 1.5 mm aluminum Inherent and 20 cm water.

Table 7.4: Scatter to primary ratio (SPR) calculated for a reference
spectrum, for filtered spectra (see also figure 7.2) and for monoenergetic
radiation (constant contrast constraint).

for constant contrast, relative to a reference imaging technique,

the influence of scatter can be neglected.

7.5 Extension of the optimisation model.

In our optimisation model we chose for two independently

varying parameters: tube load and filter material. Filter thick-

ness and kV were calculated in correspondence with the applied

constraints.

The type of intensifying screen was not treated as inde-

pendent variable, i.e., we investigated dose reduction 'within' a

given screen. Reference conditions were considered for each

screen pair separately, and relative to these reference condi-

tions the reduction of dose and exposure were calculated.

A mutual comparison between screens with respect to dose

reduction is, however, a logical step in a more extensive opti-

misation study. In this situation it is not longer justified to

describe the visibility of a detail only with contrast, because

other factors determining the visibility (sharpness, noise) may

differ strongly for different screen types. The image quality

constraint must then be applied in the form of a constant visi-
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bility function including contrast/ noise and sharpness.

In the optimisation algorithm used in this study we applied

a stepwise search for the combination of kV and filter thickness

satisfying the constant contrast and constant optical density

constraint. When the number of variables is extended, say to a

number of n, and each variable can take on m different values,

the maximal number of configurations for which the "constraint

function' and the dose and exposure must be calculated is given

by m to the nth.

We performed our calculations on a DEC PDP 11/60 computer.

For n=2 (kV, filter thickness) and m about 10, a computing time

in the order of 3 seconds was required for the calculation of one

dose versus tube load data point (cf. the curves of figures 5.4

or 5.6). It is evident that the computing time will increase

drastically when the stepwise method is applied to a model with

an increased number of variables. For that case other, faster,

search techniques are available (e.g., Walsh, 1975).

7.6 Noise measurements.

It might seem obvious from the considerations given in sec-

tion 7.4 that noise could easily be introduced analytically. This

is, however, not always the case. Although for most screens

Vyborny's results (1982) indicate that the amplitude of quantum

noise varies linearly with energy, discrepancies were found by

Holje and Doi (1982) between measured noise amplitudes and noise

amplitudes obtained by calculations based on the number of ab-

sorbed photons. The discrepancies found between measured and cal-

culated quantum noise levels were ascribed to screen structure

noise, which is not negligible for instance for LaOBr screens,

which were also employed in our study.

As long as the total noise amplitude cannot be determined

exactly from theory, it is necessary to investigate the noise

properties experimentally. Although a microdensitometer system

suitable for noise measurements became operational during this

study, measurements for different screen types have not yet been

performed due to time limitations.
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An important aspect of the estimation procedure of noise

power spectra was, however, studied (chapter 6). A new method for

the correction of noise power spectra obtained with a microdensi-

tometer equipped with a rectangular slit, was developed. With

this method noise power spectra can be estimated with a substan-

tially smaller bias than obtained with currently applied

methods.

7.7 Conclusions and practical recommendations.

Our experimental work shows that, employing the K-edge fil-

tration method, highly accurate measurements can be performed

with quite inaccurate x-ray apparatus.

We further show in this thesis that analytical methods can

well be employed to study the optimisation of screen-film radio-

graphy. A computer algorithm was developed which served as a use-

ful tool to investigate the reduction of integral absorbed dose

and exposure for arbitrary imaging techniques in screen-film ra-

diography .

For a few representative situations our theoretical results

were verified by experiment. The obtained surface dose reduction

factors and contrast values agreed well with the outcome of the

computer algorithm; this supports the correctness of the model

used in the calculations.

An important conclusion which can be drawn from a radiolo-

gist's viewpoint is that with the algorithm imaging technique pa-

rameters can be determined which, starting from a given reference

technique, reduce the dose and retain the image quality. The dose

reduction is, however, obtained at the expense of the tube load.

Another important conclusion is that for commonly used iodine im-

aging techniques (60-80 kV, 1.0-3.0 mm aluminum total filtration,

20 cm patient thickness) with conventional filters the same dose

reduction can be obtained as with rare-earth filters, which are

recommended by other authors. Of the conventional filters, about

5% more dose reduction is obtained with copper than with alumi-

num, at the same tube load. For calcium contrast imaging, prelim-
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inary calculations with our dose reduction program give analogous

results.

The use of copper filters offers a number of advantages

over rare-earth filters. In the first place copper is much cheap-

er than rare-earth metals, and is readily available in every x-

ray department. Secondly, no special attention is needed for cor-

rosive effects of the filter material, as is the case for most

rare-earth metals.

The application of the results of this study to examina-

tions performed in a clinical setting is a next step. The maximal

tube load for each type of examination should be determined, fol-

lowed by adjustment of the beam filtration in accordance with the

obtained results. Finally, the radiologist's opinion on the image

quality obtained with the proposed techniques must be evaluated

in well defined visibility studies.
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Summary

This thesis describes experimental and theoretical aspects

of dose reduction by x-ray beam filtration in screen-film radio-

graphy. The thesis deals mainly with dose reduction under the

constraint of constant image quality; an analytical approach is

chosen. Therefore, part of the thesis deals with the development

of an algorithm to calculate patient dose and exposure for dif-

ferent filter materials and different tube load conditions, under

the constraint of constant contrast and constant optical densi-

ty.

Chapter 1 starts with a description of different aspects

of screen-film radiography, followed by an introduction of the

parameters which determine patient dose and image quality. Also

an overview of the literature on the concept of beam filtration

for purposes of dose reduction or image quality enhancement is

given.

For the acquisition of input data for the dose reduction

algorithm and for the verification of theoretical results ob-

tained with this algorithm, an experimental set-up is con-

structed, described in chapter 2.

This chapter presents also theoretical and practical as-

pects of the K-edge filtration method, i.e., influence of filter

material, filter thickness and tube voltage on the spectral dis-

tribution.

Further in chapter 2, the detection system for the experi-

ments is described. The system uses a highly sensitive photomul-

tiplier tube. This enables the use of thick K-edge filters, which

results in filtered beams of which the energy distribution is

hardly sensitive to fluctuations in applied tube voltage.

Chapter 3 compares the light output of intensifying screens

as measured with the detection system, and the light output meas-

ured by a film placed between a pair of screens. These quantities

are found to be proportional over the energy range considered

(27-84 keV).
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The conversion efficiency of absorbed energy to photograph-

ic density as a function of x-ray energy is given for three dif-

ferent screen types. A constant efficiency of the screens as a

function of x-ray energy is found and it is concluded that opti-

cal density can be taken to be only dependent on the amount of

energy absorbed in the screens. This information is used in the

dose reduction study of chapter 5.

For the calculation of contrast under circumstances with

scattered radiation, the relative sensitivity of the screens for

scattered and primary radiation is needed as input data for the

dose reduction algorithm- The determination of this parameter is

described in chapter 4.

Using ten different quasi-monoenergetic spectra, the scat-

ter to primary ratio (SPR) is measured with the detection system

for four types of intensifying screens (MR400, Quanta-Il, Alpha-8

and Spezial). The SPR increases with x-ray energy, except at the

K-edges of the phosphor materials contained in the screens.

Prom the measurements with quasi monoenergetic spectra the

SPR for broad spectra is calculated. Only for higher tube volt-

ages small discrepancies are found with measured values. It is

concluded that the results for quasi monoenergetic spectra

(SPR(E)) can serve as input data to predict scatter results for

arbitrary broad spectra in the diagnostic energy range. Chapter 4

is published in Physics in Medicine and Biology, 1984, Vol. 29,

No. 10, 1237-1248.

In chapter 5 a computer program is described to calculate,

for different tube loads, the tube voltage and filter thickness

which result in the same image quality as obtained under refer-

ence conditions. Having determined the tube voltage and filter

thickness, the program calculates integral absorbed dose in a wa-

ter phantom and entrance exposure. Results are presented for the

imaging of iodine contrast with x-ray intensifying screens. The

effect of filtration of the x-ray beam on integral absorbed dose

and entrance exposure is studied for 27 different filter materi-

als and 4 types of intensifying screens. To check the validity of
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the calculations, a number of measurements is performed of which

the results agree well with the calculations.

Relative to a reference technique with an inherent and an

additional filter of both 1.5 mm aluminum, a dose reduction of

about 15% and an exposure reduction of 40% is found for about

twice the reference tube load.

A good approximation of monoenergetic results is already

obtained with 2 to 3 times the tube load of commonly used

techniques. This indicates that higher dose reductions can hardly

be expected from a further increase of the tube load.

The differences between the results for different screen

types are only small. Also small differences are found between

the results for the scatter and non-scatter situations.

An interesting result is that dose and exposure reduction

can be achieved almost equally well with conventional filters,

such as aluminum and copper, as with K-edge filters. This holds

for situations generally used in iodine contrast imaging (60-80

kV, 20 cm water). This finding is in contrast with a number of

earlier studies in which K-edge filters were found to be superior

over conventional filters. It is concluded that a number of stud-

ies in which K-edge filters were advocated, need reconsidera-

tion.

Chapter 5 is accepted for publication in Physics in

Medicine and Biology.

Chapter 6 presents a new correction method for power spec-

tra of radiographic noise. The chapter is only weakly related to

the main subject of this thesis. The correction method can be

used in optimisation studies which include the influence of noise

on radiographic image quality.

The described correction method can be applied to eliminate

the bias present in noise power spectra, determined from optical

density scans obtained with a densitometer equipped with a scan-

ning slit of finite length. The bias is practically eliminated

with the new correction method, also in cases where conventional

correction methods fail. The method is tested with both theoreti-

cal and measured spectra.
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Chapter 6 is accepted for publication in Medical Physics.

Chapter 7 gives a general discussion of the results. Most

of the objectives of the study are realised, except for the meas-

urement of the noise level of different screen types.

Results obtained with selective and non-selective filters

are compared and both results are also compared with results of

calculations for monoenergetic radiation.

The chapter continues with a discussion of the fact that

the influence of noise as well as the influence of anti-scatter

grids is omitted in this study. This approach is justified in

this part.

Two main conclusions are drawn. The first conclusion is

that at the expense of an increased tube load, patient dose can

be reduced without loss of image quality. The second conclusion

is that to obtain dose reduction under constant image quality, it

is not necessary to use selective filters; non-selective filters

offer the same dose reduction as selective filters do, for the

same tube load conditions.

The chapter finishes with recommendations concerning the

implementation of our results in clinical practice.

142



Samenvatting

Dit proefschrift beschrijft experimentele en theoretische

aspecten van dosisreductie bij röntgendiagnostiek, door middel

van filtering van het röntgenspectrum. Het beschreven onderzoek

betreft diagnostiek met behulp van versterkingsschermen. Het

voornaamste doel van ons onderzoek was vermindering van de dosis,

met behoud van de beeldkwaliteit. We kozen voor een rekentech-

nische benadering van dit probleem. Een belangrijk deel van dit

proefschrift betreft daarom de ontwikkeling van een algoritme

voor de berekening van de opnamecondities, die dezelfde beeldkwa-

liteit opleveren als een gegeven referentietechniek.

Hoofdstuk 1 begint met een beschrijving van verschillende

technische aspecten van diagnostiek met behulp van versterkings-

schermen. Hierna worden parameters geïntroduceerd welke bepalend

zijn voor de stralenbelasting van de patiënt en voor de beeldkwa-

liteit, en wordt een overzicht gegeven van de literatuur op het

gebied van dosisreductie en beeldkwaliteitsverbetering door mid-

del van filtering. Tevens worden de overwegingen welke hebben ge-

leid tot deze studie gegeven.

Hoofdstuk 2 beschrijft de experimentele opstelling, gebouwd

voor het verkrijgen van gegevens voor het genoemde algoritme. De

opstelling werd tevens gebruikt voor het verifiëren van resulta-

ten verkregen met het algoritme.

In dit hoofdstuk wordt de invloed van filtermateriaal, fil-

terdikte en buisspanning op het energiespectrum van de röntgen-

straling behandeld.

Dit hoofdstuk beschrijft tevens het detectiesysteem waarmee

de efficiency en de gevoeligheid voor strooistraling en primaire

straling van enkele typen versterkingsschermen zijn gemeten

(hoofdstukken 3 en 4). In dit detectiesysteem wordt een zeer ge-

voelige fotomultiplicatorbuis gebruikt voor het meten van het

door de schermen uitgezonden licht. Dit biedt de mogelijkheid met

sterk gefilterde bundels te werken, waarvan de spectrale verde-
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ling nauwelijks beïnvloed wordt door fluctuaties in de

buisspanning.

In hoofdstuk 3 worden voor verschillende energieën van de

röntgenstraling de resultaten vergeleken van lichtmetingen met

het in hoofdstuk 2 beschreven detectiesysteem en lichtmetingen

met film-scherm combinaties. Binnen het beschouwde energiegebied

(27-84 keV) blijkt het resultaat niet af te hangen van het geko-

zen meetsysteem. Daarom kunnen de efficiency en de relatieve ge-

voeligheid voor strooistraling en primaire straling voor ver-

schillende schermen bepaald worden met het detectiesysteem in

plaats van met röntgenfilm. De tijdrovende en vaak onnauwkeurige

fotografische ontwikkelprocedure kan hierdoor worden vermeden.

De efficiency waarmee de in de schermen geabsorbeerde ener-

gie wordt omgezet in zwarting wordt voor drie typen schermen ge-

meten als functie van de energie van de röntgenstraling. Een con-

stante efficiency als functie van de energie wordt gevonden. De

conclusie luidt, dat voor gegeven type film de zwarting slechts

bepaald wordt door de hoeveelheid in de schermen geabsorbeerde

energie. In het dosisreductie-algoritme (hoofdstuk 5) wordt de

zwarting daarom voorgesteld door laatstgenoemde grootheid.

Hoofdstuk 4 beschrijft de bepaling van de relatieve gevoe-

ligheid van versterkingsschermen voor strooistraling en primaire

straling (Scatter to Primary Ratio, SPR). Deze grootheid is beno-

digd voor de bepaling van het contrast in aanwezigheid van

strooistraling. Voor 10 verschillende energieën van de röntgen-

straling is de SPR gemeten voor 4 typen versterkingsschermen

(MR400, Quanta-II, Alpha-8 en Spezial). De SPR neemt toe als

functie van de energie. Discontinuïteiten in de SPR-waarde worden

gevonden bij de K-grens van de fosforen in de schermen.

Uit de gevonden resultaten voor quasi-monoenergetische

spectra is de SPR berekend voor enkele brede spectra. De bereken-

de waarden komen goed overeen met genieten waarden voor brede

spectra. Voor buisspanningen boven 50 kV treden slechts kleine

verschillen op. De conclusie is dat SPR waarden voor brede spec-

tra voorspeld kunnen worden met behulp van resultaten verkregen
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met quasx-monoenergetische spectra.

Hoofdstuk 4 is gepubliceerd in Physics in Medicine and

Biology, 1984, Vol. 29, No. 10, 1237-1248.

Hoofdstuk 5 beschrijft een algoritme dat voor verschillende

waarden van de buisbelasting, de buisspanning en de filterdikte

berekent welke resulteren in hetzelfde contrast en dezelfde zwar-

ting als met een referentie afbeeldingstechniek worden verkregen.

Voor de berekende waarden van buisspanning en filterdikte worden

de integraal geabsorbeerde dosis in een 20 cm dik waterfantoom en

de exposie aan het oppervlak van dit fantoom berekend. Resultaten

voor de afbeelding van jodiumcontrast worden gegeven voor 27 fil-

termaterialen en 4 schermtypen (MR400, Quanta-II, Alpha-8 en Spe-

zial). Ten opzichte van een referentietechniek van 70 kV en 3 mm

aluminium filter wordt een reductie van de integraal geabsorbeer-

de dosis met 15% en een reductie van de exposie met 40% gevonden,

wanneer de buisbelasting twee maal de referentiebuisbelasting be-

draagt.

Met niet-selectieve filters (bijvoorbeeld koper of alumini-

um) wordt vrijwel dezelfde dosisreductie verkregen als met selec-

tieve filters, bij gelijke waarde van de buisbelasting. Onze re-

sultaten leiden daarom niet tot aanbeveling van selectieve fil-

ters, in tegenstelling tot hetgeen in een aantal publikaties

wordt gevonden.

Hoofdstuk 5 is geaccepteerd voor publikatie in Physics in

Medicine and Biology.

Hoofdstuk 6 beschrijft een nieuwe methode voor de correctie

van powerspectra van op röntgenfoto's aanwezige ruis. Deze cor-

rectie is benodigd wanneer het spectrum wordt bepaald uit scans

van het ruispatroon met een spleet met eindige lengte. De methode

wordt getest op theoretische spectra en op een gemeten spectrum.

De in de spectra aanwezige bias wordt met de nieuwe methode ge-

heel opgeheven.

Hoofdstuk 6 is geaccepteerd voor publikatie in Medical

Physics.
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Hoofdstuk 7 bediscussieert de resultaten van deze studie.

Met uitzondering van de meting van de ruis voor verschillende ty-

pen schermen, werd datgene wat aan het begin van de studie beoogd

was, bereikt. Dosisreductie met niet-selectieve filters, selec-

tieve filters en monoenergetische straling wordt in dit hoofdstuk

met elkaar vergeleken. Het niet in de studie betrekken van ruis

en van strooistralenroosters wordt besproken.

Twee belangrijke conclusies kunnen worden getrokken: ten

koste van verhoging van de buisbelasting kan dosisreductie worden

verkregen met behoud van beeldkwaliteit. Het is niet noodzakelijk

om voor dit doel selectieve filters te gebruiken, omdat met niet-

selectieve filters even goede resultaten verkregen worden.

Het hoofdstuk wordt besloten met enkele aanbevelingen be-

treffende de toepassing van <3e resultaten in de klinische prak-

tijk.
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