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Abstract

The importance of monitoring, and where possible reducing, the level of radiation dose from
diagnostic X-ray examinations has been recognised for many years and is becoming of increasing
concern. Dose reduction 1s of particular concern in paediatric radiology, and there are specific

problems associated with the monitoring and comparison of radiation doses to children.

Any optimisation study relies on a framework of good dosimetry. Two techniques have been
developed to improve the collection of patient dose data: the automation of survey techniques
to increase the quantity of data collected; and a method of correcting for patient size which
reduces one source of variability in the data. An optimisation strategy has been developed,

consisting of theoretical simulations, experimental verification and clinical implementation.

Monte Carlo techniques were used for the theoretical study, which investigated the effect of
beam filtration on radiation dose and image quality for a wide range of parameters, specifically
for a neonatal size phantom. Simulations included both radiography of bone in soft tissue and
fluoroscopy of iodine and barium based contrast media. The results were assessed in terms of
the beam spectra and the absorption and transmission characteristics of the phantom and image

receptor. Experimental measurements of dose and contrast were made for a simple slab phantom
corresponding to that simulated, and results showed good agreement with those predicted. A
further set of experimental measurements were carried out using anthropomorphic phantoms in
a clinical setting, which demonstrated how the theoretical predictions translated to clinical
practice. A clinical trial of the use of a 0.1mm copper filter for fluoroscopic examinations of
infants was performed, and the filter shown to give substantial dose reduction with no significant

loss in image quality. Some general recommendations on dose quantities and the application of

optimisation strategies to paediatric radiology have been made.
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Chapter 1

Introduction

Diagnostic X-rays have been in use for over a hundred years and whereas their usefulness
has never been in question, there is a growing awareness of the associated radiation risks
both in the scientific and lay communities. Diagnostic radiology accounts for ninety-five
percent of the UK population dose from man-made radiation, a total of approximately twenty

thousand man sieverts (Hughes and O’Riordan, 1993). The importance of monitoring, and
where possible reducing, the level of radiation doses from diagnostic X-ray examinations has
been recognised for many years, and is becoming of increasing concern. Recent years have
seen initiatives from the Commission of the European Communities (EUR 16260, 1996; EUR
16261, 1996), the World Health Organisation (WHO 689, 1986; WHO 757, 1987) and, in
the UK, the National Radiation Protection Board (IPSM, 1992) dealing specifically with this

i1ssue.

Radiation dose from diagnostic X-ray examinations has been the subject of much
investigation over the years. Early work often focussed specifically on either gonadal dose

from a variety of X-ray examinations (Clayton et al, 1957; Johns and Wilson, 1958) or on
obstetric radiography (Bewley et al, 1957). This reflected the chief concerns at that time,

which were the genetically significant dose and foetal doses, as such doses affected
individuals who were not directly benefiting from the radiographic examination. Since then,
analysis of the available risk data has shown genetic effects to be less significant at low doses
than first thought (ICRP 60, 1990) and advances in ultrasound have rendered obstetric

radiography less common. The main risk arising from low radiation doses, such as those
from diagnostic radiology, is now taken to be that of carcinogenesis (ICRP 60, 1990) and

the principle of keeping medical irradiation 4s Low As Reasonably Achievable applies. As
a results of this, the clinical benefit to the patient of a diagnostic X-ray examination does not

diminish the importance of monitoring and where possible reducing their dose.



The first large scale dose survey to be carried out in Britain was that of the Adrian
committee (1959, 1960, 1966) and this concluded that the benefit to the patient of carrying
out radiological examination outweighed both the risk of cancer induction and the slight
genetic risk. It was also shown that if the radiography standards in all hospitals were raised
to those of the best 25%, the genetically significant dose would be reduced by a factor of 7.
This raised the significant problem of large fluctuations in radiation dose for what is

nominally the same examination, which was then highlighted in a number of national surveys

including Australia (Morris, 1983), the USA (Johnson and Goetz, 1986) and England
(Shrimpton et al, 1986) besides regional surveys in Britain (Harrison et al, 1983). Differences

in both radiological practices and patient doses were also identified between countries

(Contento ef al, 1988).

The legislative framework for radiation protection of the patient was established in the
Ionising Radiations Regulations (1988) (POPUMET), and guidelines have been drawn up by
both the National Radiological Protection Board (NRPB, 1990) and the Royal College of
Radiographers (CoR, 1990). In addition, a combined working party from the NRPB, CoR and
Institute of Physical Sciences in Medicine (IPSM) has drawn up a National Protocol for
patient dose measurement in diagnostic radiology (IPSM, 1992), to encourage both the

continued collection of patient dosimetry data and a uniform manner of collection.

Over recent years, the advent of new technology, such as carbon fibre tabletops, rare-earth
screens and sophisticated digital equipment has helped to decrease doses from individual
examinations, as has increasing awareness of the radiation detriment to the patient (Rainbow
and Cockshott, 1989). This is well illustrated by comparison of the results from the most

recent British surveys (Shrimpton et al, 1986; Hart et al, 1996) in which patient doses per

examination were shown to have fallen by around 30% for most examinations. This
reduction, however, is offset by the increasing numbers of radiological examinations and

particularly the more widespread use of X-ray computed tomography, so that the population
dose from diagnostic radiology has not fallen in the same way, and is expected to increase

over the next decades. The most recent national survey also demonstrates that variation in



performance between hospitals is still substantial, indicating continuing scope for patient dose

reduction.

1.1 Paediatric radiology

Dose reduction is of particular concern in paediatric radiology for a number of reasons.
Firstly, and most importantly, there is a greater chance for expression of radiation induced
effects for children than for the adult population. Children are usually considered to be at
greater risk for certain types of cancer (Stather et al, 1988), although there is not general
agreement (Muirhead ef al, 1993), mainly due to the uncertainty in the risk data which arises
from the fact that for the main data source - that from the Japanese atomic bomb survivors -
people irradiated as children have not yet lived long enough for all possible radiation effects
to be observed. There is even greater uncertainty over genetic risk factors, as it will take
considerable time before any radiation induced effects can be traced through the genetic pool.
This represents an additional potential hazard from irradiation of a paediatric population. For
neonates, especially those born prematurely, the most appropriate risk factors are almost
certainly those used for foetal irradiation, which are higher than those for the general
population, although uncertainties are again large. Another factor to consider is that some
examinations are carried out with greater frequency for children. In particular, premature or
sick neonates may receive a large number of X-ray examinations during the first few months
of life, as their condition i1s monitored, and this can sometimes continue throughout early
childhood. Finally, children will often be uncooperative during X-ray examination, thus

requiring repeat or longer exposures.

There are particular problems associated with monitoring radiation doses to children. As
doses are generally significantly lower than for adults, sometimes comparable with
background fluctuations, greater sensitivity 1s required in equipment used to record accurately
dose parameters such as entrance skin dose or dose-area product. This may require purchase
of specialised equipment, or development of specific techniques for making measurements
(Broadhead et al, 1997). There are also sparse data available for converting such parameters

to quantities more directly related to risk, such as energy imparted or effective dose. Factors



for deriving energy imparted are limited to the work of Persliden and Sandborg (1993) and
a general method for estimation of dose distributions using depth dose curves (Almen and
Nilsson, 1996). Conversion factors for some organ doses have been published (Rosenstein
et al, 1979; Zankl et al, 1989) and also coefficients for estimating effective dose (Hart et al,
1996). Such factors exist only for specifically defined patient sizes and examination types,
and extrapolation to different situations needs to be carried out with care. While this is true

of all such data, it is particularly important for children whose small size means that critical
organs will often be close to the edge of the radiation field, which increases the difficulty in
applying normalised organ dose data when the examination geometry differs from that

modelled.

Comparisons of paediatric dose data are also problematic, due to the wide range of patient
sizes involved. The term ‘paediatric’ applies to a wide range of patients, from a premature
neonate, who may weigh as little as a few kg, to a young adult of 16 who may be fully
grown, with a continuous spectrum of sizes in between. This size variability creates problems
in both the actual dosimetry such as the application of organ dose data, as described above,
and in the analysis of data, as a simple dose quantity measured for different sized patients
cannot meaningfully be compared. Although many authors have highlighted the problems
arising from paediatric size variations (Maillie et al, 1981; Lindskoug, 1997; Almen et al,

1995), and several have studied the effect (Martin ef al, 1995; Wraith et al, 1996), there is
still no consensus on the best method for addressing the problem, or even the most suitable

age or size banding to use. The most commonly adopted approach at present is to group
paediatric dose data in bands according to patient age, with suitable bands defined by the

CEC (1992). However, there are two problems with this approach. Firstly, the size of a

patient cannot be reliably linked to his age as, although mean or typical size parameters are
well publicised, there is considerable variation around these figures. Secondly, even if a
given age band represented a given band of patient sizes the variation within the band would
still be large. The use of smaller age or size bands, with correspondingly less variability,

automatically decreases the amount of data in each group, thus increasing other statistical



uncertainties. This issue of size is one of the most fundamental problems in paediatric

dosimetry, and is addressed in this work.

Although many surveys have been performed of radiation dose to patients undergoing
diagnostic radiology, very little of this data relates to paediatric radiology. For instance, the
1985 National Survey of doses to patients in Britain reports a total of around four thousand
dose measurements, of which just over one hundred are for children (Shrimpton et al, 1986).
In the more recent survey, only around S00 of the 52 thousand measurements received by
the national collation centre were for children (Hart et al, 1996). This lack of data results

chiefly from the problems described above, and the development of techniques for collecting
paediatric dose data and the establishment of a paediatric dose database are essential
components of the work presented here. A review of published paediatric dose data, and the

methodologies used is given in Chapter 3.

1.2 Optimisation

The recommended system for dose limitation for persons undergoing medical exposure is
based on the principles of justification and optimisation (ICRP 60, 1990) ie an exposure must
be clinically necessary and the radiation dose should be as low as reasonably achievable
(ALARA). It is important, however, that any radiation risk is balanced against the clinical
benefit to the patient of performing the examination. Variations in patient dose resulting from
changes in technique cannot be viewed in isolation, as the associated change in image quality
must also be considered. An examination performed with minimal radiation dose is of no
value if it is diagnostically unacceptable and a repeat exposure is required. The indexes used
to assess image quality must be selected with care, and the required information content for

the procedure taken into consideration. Not all examinations require the same level of image
quality eg the detection of an intussusception (a fairly gross intestinal malformation) in a
small child can be performed with much lower image quality than that required for a skeletal

survey performed to exclude the possibility of non-accidental injury. The dose quantity used

for comparison must also be chosen carefully. In addition to being easily and reproducibly

measurable, the doses described should be related to the radiation risk to the patient. It is



essential that the development and implementation of an optimisation strategy must be based
on a framework of good dosimetry (in both quality and quantity), in order to establish the

need for such optimisation and to demonstrate its benefits.

Suggested optimal techniques for paediatric patients have been documented by the CEC
(1996) but are fairly general in nature, being designed to apply to "..normal basic
radiographs which could address any clinical indication" with little scientific work

retferenced to justify the recommendations. The recommendations are made for a limited

number of patient ages and the examination categories include only plain film radiography
with the exception of micturating cysturethrography which is carried out under fluoroscopic
control. As the practice of paediatric radiology encompasses a wide range of variable
parameters: patient age and size; examination type; clinical indications; available equipment;
individual radiologist preferences efc, the concept of patient and examination specific
optimisation is an important consideration. While general recommendations may be a useful
starting point for a departmental optimisation strategy, an understanding of the underlying
science and the effect of variations in the recommended technique parameters is required to

be able to apply them successfully to a particular situation.

1.2.1 Filtration

Many potential methods of dose reduction have been investigated over the years, including

the use of new technology such as carbon fibre tables and rare earth screens (Herman et al,

1987; Burton et al, 1988, Faulkner et al, 1989), careful use of protective devices (Faulkner

et al, 1989; Kenny and Hill, 1992) and the selection of technique factors. All these are
important aspects of the optimisation process, as are the technical practices of both
radiographers and radiologists. One specific method of reducing dose is the shaping of the

X-ray beam spectrum through the use of additional or replacement filter material (Jennings,

1988; Carrier and Beique, 1992; Sandborg et al, 1994). The use of so called ’k-edge’ filters

has been of particular debate, as these have been thought to shape the beam spectrum in an

optimal manner. Investigations into the effectiveness of such filters have been carried out in



a number of ways, as described fully in Chapter 4, and opinion is divided on the efficacy of

the technique.

This study involved the assessment of beam filtration as an optimisation tool for several

reasons:
. Unlike some other parameters, such as the use of rare-earth screens, which are
proven and generally accepted as dose reducing, there 1s no consensus on what

constitutes ‘optimal’ filtration.

. Changes in filtration can generally be implemented relatively easily on a clinical
basis, compared to the purchase of new ’dose saving’ equipment.

»  Filtration may also, in principle, be changed on an examination by examination basis,
and so constitutes a potential method of patient and examination specific

optimisation.

1.2.2 Optimisation methodologies

A variety of techniques has been used to perform optimisation studies. Generally, they may
be classed as theoretical, experimental or clinical techniques, and each has advantages and
disadvantages. Theoretical studies may be analytical in nature, with a situation modelled
mathematically from the underlying physics of the problem, usually employing simplifying
assumptions (Koedooder and Venema, 1986; Jennings, 1988). Such an approach may be
straightforward to carry out, but the necessary simplification of the theory eg neglect of
scatter, may bias the results or lead to the neglect of interesting efiects. The other common
theoretical technique employed is that of Monte Carlo simulation, where the random
trajectories and interactions of particles (‘histories’) are monitored individually, by sampling
the probability distributions of possible events. The cumulation of a large number of such
histories is used to determine quantities of interest (Shrimpton et al/, 1988; Sandborg, 1994).
Such simulations can be used to characterise radiation behaviour on an interaction by

interaction basis, thus generating a more realistic representation and therefore more accurate
results than a simple mathematical model. However, such code is complex to use, and may

take considerable time to ‘run’ simulations to the required degree of accuracy.



Experimental measurements may be carried out using simplified phantoms, such as slab or
water phantoms to represent the patient (Regano and Sutton, 1992), or by using
anthropomorphic phantoms. The latter should give a good anatomical representation of the
human body, but may not always show the correct attenuation properties for the desired

beam spectra, as they are often designed for a use in a wide range of radiation work. Clinical

studies use measurements made on actual patients to assess an optimisation technique, and
so should always be the end point of an optimisation study, but for ethical reasons such

measurements can only be used to confirm predictions of improved performance.

Theoretical studies usually have the advantage of allowing variation of a wide range of
parameters and may be very accurate, within the limitations of any assumptions that are
made. Experimental work will involve measurement uncertainties, will often be more
restrictive in scope, but should yield a more realistic picture of what is actually happening,
and take account of local factors such as limitations in equipment. Clinical studies will be
even more representative of actual practice, but often involve only subjective assessment of

image quality, and are likely to be affected by statistical uncertainties. Ideally, assessment

of an optimisation strategy should include each type of methodology.

1.3 Summary of background

In summary, although the collection and study of patient dosimetry data has become an

active field, there is still a paucity of high quality paediatric dose data, and no suitable
method for taking individual patient size into account when monitoring doses. General
methods of optimisation and dose reduction have often been developed with the adult
population in mind, and are not always directly transferable to a paediatric population. The
concept of patient and examination specific optimisation needs to be more fully explored,
particularly in relation to paediatric radiology. Consideration of the dose and image quality
indexes used in optimisation studies has not always been sufficient and, finally, no such study

should be considered complete until it has reached the stage of successful clinical

implementation.



1.4 Purpose of work

The aims of this work were as follows:-

(1)

(2)
)

(4)

()

(6)

to devise a method of collecting and utilising paediatric dose data, to perform a large
scale survey of doses in a number of hospitals.

to address the question of accounting for patient size.

to collect data for fluoroscopic examinations on children, from departments across
the north of England, to study the dose levels and factors affecting them.

to consider the principles of optimisation as applied to paediatric radiology, and look

at the use of different dose and image quality indices.
to look specifically at optimisation of beam spectra, using different filter materials;
firstly employing Monte Carlo techniques in order to allow variation of a wide range

of parameters, followed by a more selective study using phantoms to verify the

theoretical results and form a link to clinical practice.

to implement results using a clinical trial to assess the practicalities of any suggested

modification to current X-ray technique.

Although the development of the data collection and optimisation strategy was designed to

apply to all paediatric age-ranges, the main focus for the simulations was neonatal radiology.

This age-group is the extreme example for most of the considerations that have been outlined

in the first section, with respect to both risk and dosimetric problems. It also represents the

subset of the population furthest from the ‘reference man’ for which the majority of radiation

protection work has been carried out. The application of the methods to older age groups was

considered, and tested by a set of preliminary Monte Carlo simulations.

1.5 Outline of thesis

Chapter 2 contains a discussion of the different methods used to describe patient dose,

including their advantages and disadvantages and their applicability to this work. Chapter 3

discusses the problems associated with the large scale collection of paediatric dose data,

along with a brief review of work published to date. A method of automating dose data

collection 1s described and a technique for correcting collected data to a number of standard

patient sizes 1s developed, in order to facilitate comparisons of the data. The results of a
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survey of paediatric doses from fluoroscopic examinations around the north of England are
also presented. Chapter 4 contains a consideration of the different factors that must be
considered in the optimisation of dose and image quality, and the choice of quantities to be
used in studying these parameters. A discussion of radiation filters and their effects is also
given here, along with a review of published work in this area. Chapter 5 describes the
principles of Monte Carlo simulation and the development of the code used in this work, and
the results of the Monte Carlo simulations are described in chapter 6. Chapter 7 describes the

phantoms and methodology used for the experimental study, and chapter 8 the results of the

experimental optimisation study. The clinical implementation of the ensuing results is

described in chapter 9. The application of the work to other age groups, and examination
categories is considered in chapter 10, along with suggestions for further work, and the

conclusions from the work are given in chapter 11. The full set of results from the dose

survey is presented in Appendix A, and Appendix B contains a full listing of the user code

written for the Monte Carlo simulations. A description of the Mortran programming language
used in the Monte Carlo code is given in Appendix C and Appendix D contains the forms

used in the clinical trial.
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Chapter 2

Radiation Dose Assessment

2.1 Introduction

The development and application of any optimisation strategy relies on a framework of good
dosimetry. The reasons for this are, firstly, to establish where potential for optimisation lies
and, secondly, to be able to assess the effect of any changes made. Radiation dose to a
patient may be described in several different ways, including both measurable and calculated
quantities. The most common dose descriptors are entrance skin dose, effective dose, dose
area product and energy imparted. In this chapter each of these will be discussed, along with
their associated measurement and calculation methods. The usefulness of each of these
quantities has been assessed in terms of their ease of measurement; their comparability when
used in differing circumstances; and their relationship to the radiation risk to the patient.
Their specific application to paediatric dosimetry has also been addressed. A section is also

included to discuss the concept of radiation risk and data pertaining to it.

2.2 Radiation risk

Radiation dose to an individual is only important in so much as it carries with it an associated
risk. Radiation risks may be divided into those that are stochastic in nature ie the probability
of occurrence increases with the dose received, and those that are non-stochastic or

deterministic, where a minimum dose must be received before the effect is exhibited. In
diagnostic radiology it is rare for patient doses to exceed those for which deterministic effects
may be shown, except for some high dose interventional procedures, so it is the stochastic
risks that are generally of concern. The chief of these is the risk of cancer induction. Possible

genetic effects may also have to be considered.

There are several sources of data from which radiation risk estimates have been assessed. The

most important of these is the follow up of the Japanese atomic bomb survivors. There is a
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large amount of uncertainty in the extrapolation of the risk data, particularly down to low
doses, but it is generally accepted that there is no threshold dose for the risk of cancer
induction (ICRP, 1991). Risk data for paediatrics is even less well established, as sufficient
time has not yet elapsed for all possible late effects to be observed. It 1s suggested though

that the relative probability of cancer induction in the various organs is different for the

paediatric population than for the adult population (ICRP, 1991). Changes in the way existing
data is analysed, and acquisition of further data may both alter current perceptions of risk in

the future. All risk data must therefore be used with caution, and uncertainties assumed to

be a factor of at least 2.

2.3 Entrance skin dose

Entrance skin dose (ESD), usually expressed in mGy, is the maximum dose at a point on the
surface of the patient, where the X-ray beam enters the body. It 1s a very simple quantity to
both measure and calculate. Measurement can be carried out using a thermoluminescent
dosimeter (TLD), or by derivation from a dose area product measurement (see Section 2.5
below) when the entrance field size is known or measured. It can be calculated from the

technique factors used for the examination and knowledge or assumption of the tube output,

using the following equation.

2
ESD = OUTPUT % Y~ x mas x —1

80° FSD*

X BSF

where QUTPUT is defined in terms of absorbed dose per unit mAs, at 80kV, Im from the
tube focus. FSD is the focus-skin distance, kV the generating tube potential, and mds the
product of tube current and exposure time. BSF 1s the back scatter factor, values of which

are tabulated for different beam qualities, field sizes, and patient thicknesses. The formula
uses the assumption that output is proprtional to the square of the generating tube potential,
as is commonly held, but this is not always valid so for greater accuracy the output should
be measured at each kV of interest. ESD has the advantage of being commonly used in a
wide range of circumstances, and is the recommended quantity for patient dose assessment

for simple examinations in adults, for the establishment of reference doses (IPSM, 1992).
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There are, however, disadvantages to using entrance skin dose as a measure of patient dose.
Firstly, for complex fluoroscopic examinations there will not be a single entrance point for
the X-ray beam, so that the measurement will be highly dependent on the exact location
chosen, and will not adequately represent the entire examination. In addition to this, the
quantity is not directly related to radiation risk, unless being used to assess the probability
of skin erythema occurring in high dose interventional procedures. Although useful for
comparing doses from similar procedures, if very different energy spectra are used in two

irradiations, measurement of surface dose alone may be a very poor indicator of the change

in overall patient dose.

2.4 Effective dose

Effective dose cannot be measured directly, but is a derived quantity that can be related to
radiation risk. It is calculated from a weighted sum of organ doses, and was introduced by
the International Commission on Radiological Protection (ICRP, 1991) as a means of
assessing the risk to occupationally exposed persons, receiving non-uniform exposure. The
tissue weighting factors are derived from radiation risk data as applicable to adult workers,

and are given in table 2.1. The unit used for effective dose is mSv,

| Tissue | Weighting Factor
r gonads 0.20
red bone marrow 0.12
colon 0.12
lung 0.12
stomach 0.12
| bladder 0.05
| breasts 0.05
liver 0.05
oesophagus 0.05
thyroid 0.05
skin 0.01
bone surface 0.01
remainder 0.05

Table 2.1 : Tissue weighting factors (the remainder comprises
adrenals, brain, upper large inestine, small intestine,
kidney, muscle, pancreas, spleen, thymus & uterus)

Although this quantity is commonly used for assessing the risk from diagnostic X-ray
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exposure, there are recognised problems in its application as the patient population is

considerably different from the adult worker population, and the paediatric patient population
is different again. There is very little justification for assuming that relative tissue sensitivities
are the same in children as for adults. The calculation of effective dose requires the use of

published organ dose data. Such data are normally quoted in relation to entrance surface dose,

or occasionally relative dose area product, and may be derived from Monte Carlo calculations
(Hart et al, 1996) or from TLD measurements in an anthropomorphic phantom (Broadhead,

1998). Normalised organ dose factors are highly dependent on beam quality used and on the
size and shape of the patient. They also apply only for the specific beam size and position

for which they were derived. Appropriate data may not be available for the particular
conditions of interest, especially for paediatric patients. Uncertainties in calculations of

effective dose are considerable, due to the combination of uncertainties in assessment of the
different organ doses, the radiation risk data used, and the extrapolation to different

populations of people. These uncertainties make comparisons of effective dose between

centres difficult.

2.5 Dose area product

Dose area product (DAP) is defined as the dose integrated over the beam area

DAP = fD (xy) dx dy

It is measurable directly, using a dedicated ionisation chamber attached to the X-ray tube.

DAP is independent of distance from the tube, and may be taken to be equivalent to the
product of the entrance surface dose (without backscatter) and the entrance field size. It is

normally measured in terms of mGy cm?® Occasionally air kerma area product may be
specified instead, when the DAP meter has been calibrated in terms of dose in air rather than
dose in soft tissue. DAP is the recommended quantity for assessment of dose from complex

X-ray examinations (IPSM, 1992). It is easy to compare results from such measurements,

provided that the instruments used have been calibrated in a similar manner, and it is the only
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reliable way of making dose assessments when the field of view is constantly changing

throughout an examination.

The drawbacks of the method are the initial cost of the DAP meter used to make the
measurements and, for paediatrics in particular, the possibility that the beam area might

extend outside the patient thus giving an inaccurate reflection of dose. Occasional practical
difficulties may arise if, for instance, a department uses wedges for beam shaping that cannot

be fitted easily in conjunction with the ionisation chamber. Factors are available to convert
DAP measurements to risk estimates, under specific conditions (Le Heron, 1992), and also

to values of effective dose (Hart et al, 1996). These are subject to the same problems and

uncertainties as those described above for conversion from ESD to effective dose.

2.6 Energy imparted

The term ‘energy imparted’ refers to the total amount of energy absorbed by the patient’s

body during the X-ray examination, measured in mJ. It may be derived from measurements
of DAP by using published conversion factors (Carlsson et al, 1984; Persliden & Sandborg,
1993). Data has also been published relating energy imparted to entrance dose for neonates
(Chapple et al, 1994) When investigating the use of different beam spectra, comparison of
energy imparted will give a better assessment of changes in patient dose than will a
comparison of entrance surface dose alone, as it includes information about dose absorption
throughout the body instead of just at the surface. It does not, however, make any allowance

for individual organ radiosensitivities.

An assessment of radiation risk may be made from energy imparted by calculating an
equivalent effective dose, assuming the energy to have been absorbed uniformly by all
radiosensitive organs in the body. For many anatomically specific examinations this
approximation results in large uncertainties in the ensuing risk estimate, but its usefulness
increases as the proportion of irradiated tissue to unirradiated tissue increases, as the

approximation to whole body exposure improves. For fluoroscopic examinations of small

children this condition is often well satisfied, as organs are all close together (for an infant,
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the total length of the trunk may only be 30-40 cm long) and energy imparted may be the

most appropriate way of assessing such doses. Energy imparted is not, however, in
widespread current use - probably because of the almost universal acceptance of effective

dose as a reliable risk estimator for patient dosimetry, in spite of the limitations discussed

earlier.

2.7 Summary

The most easily measured dose quantities for assessment of patient dose are entrance surface
dose and dose area product. From these, factors are available for calculating the risk related
quantities effective dose and energy imparted. Although the former of these gives a well
defined risk estimate, with consideration of the dose to and radiosensitivity of different
organs, there are significant uncertainties in its general application. The most appropriate
quantity to use in a given situation will depend on the reasons for carrying out the
measurement (eg for specific comparative purposes; to determine the radiation risk for a
specific patient; or as part of a routine dose survey) and the conditions under which it is
made, including factors such as patient age and examination type. The correct choice of dose

quantity may have a significant effect on the quality of the dosimetry data obtained.
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Chapter 3

Paediatric Dose Data

3.1 Introduction

The collection and analysis of patient dose data is a prerequisite for any optimisation study.
The dosimetry techniques used must allow comparisons with other data, and the inherent

variability in patient dose requires that large amounts of data need to be collected. This is

necessary in order to draw significant conclusions about differences between groups and the
effect on dose of the various parameters involved. Whereas this is true of all patient
dosimetry, it is of particular importance in paediatric dosimetry (patients aged 0-16 years) as
patient size variability is so much greater than for the adult population. This issue of size is

crucial to the assessment of paediatric dose data.

A number of authors have contributed to the existing information on paediatric X-ray doses
over recent years, and their work is reviewed in this chapter in conjunction with some of the
problems arising in paediatric dosimetry and recommended dosimetry methods. As part of
this work, two techniques have been developed in order to improve both the quality and
quantity of paediatric dose data, namely patient size correction and the automation of data

collection to make large data sets available, and each is described in detail. The results of a

survey of doses to paediatric patients, carried out using these techniques, are then described.

3.2 Published data

3.2.1 Dosimetric techniques

The National Protocol for patient dose measurements makes recommendations on the type

and frequency of dose assessments that should be performed in X-ray departments (IPSM,
1992). Recommendations on sample size and criteria are also made, although there are no

specific recommendations for paediatric dosimetry. The document states that the currently

preferred dose measurement techniques are direct measurement using TLD for single
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radiographs, and dose area product measurement using a calibrated dose area product (DAP)

meter for complete examinations. A summary of the most recently published paediatric dose

data, excluding that presented exclusively for neonates, is given in Table 3.1.

TLDs have been used by a number of groups for the measurement of entrance surface dose
on paediatric patrients (Smith et al, 1979; Almen and Mattsson, 1995; Martin et al, 1994;
Persliden et al, 1996). For simple X-ray examinations, the low doses involved for young
children give these measurements a high level of uncertainty. Entrance surface doses (ESD)
may be as low as around 0.05 mGy for a neonatal chest X-ray (Smith et al, 1979), and may
only be around 2 mGy for a pelvic radiograph on an older child in the 6-15 age group
(Almen et al, 1995). The most usual form of TLD used for such measurements, chips or
pellets of lithium fluoride or lithium borate, have a minimum detection limit of around 0.1
mGy (Broadhead, 1997) and the uncertainty due to background fluctuations may be as much
as 20% at low doses. There are also practical problems with using TLD for neonatal
examinations, as described by Martin et al (1994) who found TLD unsatisfactory in the

neonatal nursery because their placement interfered with infection control procedures, and

also because they produced artifacts on the image.

ESD values have also been calculated for dose assessment purposes, either from technique
factors (McDonald et al, 1996; Kyriou et al, 1996) or from DAP measurements (Ruiz et al,
1991). The latter requires assessment of field size, which 1s not always straightforward.

Calculation of ESD for paediatrics has been reported to agree with TLD measurement
(Kyriou et al, 1996), although the spread in the ratios of measured and calculated results was
large with standard errors of up to 65%. Insufficient details were given to be able to fully

assess the data in this paper. Care has to be taken that appropriate back scatter factors are
used in calculations, and these will vary according to patient thickness, field size and tube

voltage. Values suitable for paediatric radiography have been tabulated, but they are fewer

data available than for adults and not all radiographic situations are covered.
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Author Examinations Age Dosimetry | Total no No /
banding methods patients group
Gustafsson | chest 1-6 mths meas. DAP 38 5-20
& 4mth-6.5yrs | & ESD,
Mortensson 2.5-11 yrs | calc. energy |
(1983) imparted
g ' | '
Cleveland voiding 0-1 yrs phantom 47 9-20
et al (1991) | cystourethrogram | 1-5 yrs | meas, calc |
5-7 yrs ESD & mid |
l plane dose
Ruiz et al abdomen, hip & | 1 mth-1 yr | ESD calc. 492 not
(1991) pelvis, skull, i 1-5 yrs from meas. reported
spine, chest | 5-10 yrs DAP
10-14 yrs
Karlsson et | diagnosis & I none meas. DAP 45 -
al (1994) hydrostatic
| reduction of
| Interssusception ) |
Martin et al l chest, pelvis, infant calc & l 522 4 - 99
(1994) abdomen, skull, | 1-5 yrs | meas ESD
| MCU, ba meal 6-10 yrs meas DAP

11-135 yrs
6-15 yrs

Gonzalez et | micturating 1 mth -1 yr | meas. DAP 48 1-13
| al (1994) cystourethrogram | 1-5 yrs |
| 5-10 yrs
10-14 yrs
Almen et al | pelvis, IVU, 0-1 yr meas. DAP 95 2-18
(1995) MCU 25 yrs & ESD,
6-15 yrs calc. organ
doses &
| energy
| imparted
| . |
Kyriou ef al | chest, skull, 1 mth-1 yr | meas. DAP, | 1342 ESD | 1 - 151
(1996) | abdomen, hip, 1-5 yrs calc ESD 1123 DAP
spine, sinus, 5-10 yrs
knee, ankle, 10-14 yrs
wrist, ba meal
ba enema, ivu
S E N S S
McDonald | pelvis, chest, 1 mth-1 yr | meas. DAP, 392 525
et al (1996) | abdomen, spine, | 1-5 yrs calc. ESD |
skull 5-10 yrs
| 10-14 yrs

Persliden et | small intestinal none meas. ESD 257 -
al (1996) l biopsy | |

Table 3.1 : Summary of published paediatric dose surveys

DAP measurements have been used in a number of surveys, both for fluoroscopy (Karlsson

et al, 1994; Martin et al, 1994; Gonzalez et al, 1994; Almen et al, 1995: Kyriou et al, 1996)
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and radiogaphy (Gustaffsson and Mortensson, 1983; Ruiz et al, 1991; Martin et al, 1994;
Kyriou et al, 1994; McDonald et al, 1996). DAP values from paediatric examinations may
be as low as 50 mGy cm™ for a simple cystogram, or down to around 5 mGy cm? for a
radiographic exposure. Many DAP meters have low dose sensitivity of around 10 mGy cm?,
which would obviously be insufficient for the above cases, although some have special

paediatric settings which can give a sensitivity of 0.1 mGy cm™, as was used by Martin et
al(1994). One method of improving the accuracy of both DAP and ESD measurements is to

Integrate the dose over a number of exposures on different patients, but this also has the

effect of reducing the sample number, and losing information on individual patients.

Values of ESD and DAP have been used to derive values of energy imparted (Gustaffsson
and Mortensson, 1983; Almen et al, 1995; Chapple et al, 1994) and effective dose (Almen
et al, 1995). The latter needs to be applied with great caution to paediatric patients, as was
pointed out by Almen et al in their conclusions. They, however, based this advice solely on
the unreliability for paediatrics of the risk data used for the determination of organ weighting

factors. No mention was made of the uncertainties in effective dose values arising from

varying beam size and position, which make comparisons difficult.

3.2.2 Grouping of data

As there are many factors influencing individual patient dose, a reasonable sample size is
required to make the data meaningful. In addition to variations in dose due to different X-ray
equipment, factors such as patient size, compliance, clinical indications and complications

will all influence the resultant dose. Technique factors, such as tube kilovoltage, and

individual radiologist/radiographer technique, such as the degree of coning and different

projections used will also have an effect. In the light of this, although the National Protocol
for Patient Dose Measurements recommends a minimum sample size of 10 per category of
patient (IPSM, 1992), the uncertainty in mean dose from a sample of this size may still make
comparison with other data difficult. The survey carried out as part of this work, in

comparison, used sample numbers of up to 200 for each combination of age group,

examination type and X-ray room.
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One of the chief problems in paediatric dosimetry is the wide range of size from neonates
up to young adults of sixteen years of age. The CEC have defined a number of standard age
bands into which categories dose estimates should be split. These are 0-1 month (neonates),
1 month - 1 year (infants), 1-5 years, 5-10 years and 10-16 years (CEC, 1993). While some
authors have used these divisions for collating their data (Ruiz et al, 1991; Martin et al,
1994; Gonzalez et al, 1994; Kyriou et al, 1996; McDonald et al, 1996) others have chosen
different age ranges (Gustafsson and Mortensson, 1983; Cleveland et al, 1991; Chapple et
al, 1992 & 1993; Almen et al, 1995) and others have not grouped data at all (Karlsson et al,

1994; Persliden et al, 1996). Some confusion is still apparent as to the boundary between the

different age groups recommended by the CEC eg whether a child between his 5th and 6th
birthdays belongs in the 1-5 group or the group above efc. This makes comparisons between
centres rather confusing although, in fact, the high variability in size for children of any
particular age makes such slight differences in age grouping immaterial. This illustrates how
the basic premise of grouping dose data according to age rather than a body size parameter

is fundamentally flawed. This point has been recognised by others (Almen et al, 1995).

While the use of a grouping system for presenting paediatric dosimetry results is desirable,
it inevitably decreases the patient numbers in each category. Unless the number of patients

in a single group is sufficient for their size to be approximately normally distributed ie so that
their mean size is representative of the whole group, the data may still give distorted
comparisons with those of other centres. Sample numbers in the published data vary
enormously. The studies presenting data for all patient ages together (Karlsson et al, 1994;
Persliden et al, 1996) report the results of several hundred measurements, which would be
a good sample size were it not for the wide age and size ranges involved. The 1985 national

dose survey presented data for 9 paediatric examinations, with between 1 and 20 patients in

each sample (Shrimpton et al, 1986), but no grouping of the data according to either size or

age was used. The data presented by Ruiz et al (1991) includes only the total number of

measurements made (492) and sample numbers in the 20 individual data groups are not
reported, which makes assessment of or comparisons with their data difficult. Most of the

other age banded data is presented in variable group sizes, with the most extreme example
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being the work of Kyriou et al where patient numbers range from 1 to 151. Several other
authors have presented data for sample sizes of less than 5 (Martin ef al, 1994; Gonzalez et
al, 1994; Almen et al, 1995), which can have very limited use, due to the high statistical
uncertainties. Very little data exists for age grouped data with sample sizes greater than 20,
excepting some of the initial results from the survey reported here (Chapple et al, 1992,

1993). It is noteworthy that in the 1995 national survey of patient doses (Hart ef al, 1996)
it is mentioned that for paediatrics 402 ESD measurements and 135 DAP measurements were

received, but the results are not reported as the amount of data was considered insufficient.

3.2.3 Examination categories

The majority of recently reported work has centred on radiographic examinations (Ruiz et
al, 1991; Martin et al, 1994; Kyriou et al, 1996; McDonald et al, 1996), including skull,

chest, abdomen, hip, pelvis and spine radiographs. Several studies have also been reported

of doses from cystourethrograms - probably the most frequent fluoroscopic examination in

early childhood (Cleveland et al, 1991; Martin et al, 1994; Gonzalez et al, 1994; Almen et
al, 1995). Other data from fluoroscopic procedures 1s limited to a small amount of barium
study data (Martin et al, 1994; Kyriou ef al, 1996) and results from two specific
interventional procedures, namely the diagnosis and hydrostatic reduction of interssusception
(Karlsson et al, 1994) and small intestinal biopsies (Persliden et al, 1996). Some work has
also been carried out for paediatric patients undergoing cardiac catheterization (Wu et al,
1991; Schueler et al, 1994) and 1nitial results from the survey carried out as part of this work
have been published, for a range of examinations (Chapple et al, 1993). As fluoroscopic
procedures generally result in considerably larger patient doses than simple radiographic

procedures, this paucity of data represents a significant gap in the literature.

3.2.4 Analysis of data

Many of the paediatric dose surveys that have been performed had a further objective apart
from contributing to the accumulation of dose data. The most common of these were to
compare techniques at two or more centres (Gonzalez et al, 1995; Kyriou et al, 1996) or to

investigate how patient dose is affected by changes in technique such as removal of the grid
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(McDonald et al, 1996) and the use of digital instead of fluoroscopic spot films (Cleveland
et al, 1991). Potential dose savings from optimisation of techniques were assessed by
Gonzalez et al (19935) but the projected 85% reduction in DAP was not verified clinically.
The potential risk from paediatric chest radiography was assessed by Gustafsson and

Mortensson (1983), who concluded that the greatest risk was that for possible future breast

cancer, for girls past infancy. Other studies have investigated relationships between patient
size and dose (Martin ef al, 1994; Karlsson et al, 1994; McDonald ef al, 1996) and this issue

1s explored in a later section.

3.2.5 Neonatal data

The measurement of radiation dose to neonates is an even more specialised subject than
paediatric dosimetry in general. This is partly due to the fact that neonatal radiography is
normally carried out in a special care baby unit or nursery, using mobile equipment, so
necessitates separate dose survey arrangements. As neonates represent the extreme end of the
size range for paediatrics /e that furthest from adults, many of the dosimetry problems that

have been referred to above are exaggerated for examinations of this age group, particularly

those concerning sensitivity of the dose measurement device.

A relatively large body of data exists for neonatal radiation doses, compared to paediatrics
in general. Much of this data consists of TLD measurements of entrance skin dose on patients
(Smith et al, 1979; Smathers ef al, 1984, Wemer et al, 1986; Herman et al, 1987;) in spite
of the practical problems and high uncertainties associated with such measurements on

neonates. Others have calculated values of entrance dose (Robinson and Dellagrammaticas,

1982; Fletcher et al, 1986; Faulkner et al, 1989; Wraith et al, 1995; Chapple et al, 1994),

or used phantom measurements to assess the dose (Wesenberg, 1977; Burton et al, 1987).
Other dose quantities such as DAP, selected organ doses or energy imparted have also been
calculated in some cases (Robinson and Dellagrammaticas, 1982; Faulkner et al, 1989;

Wraith et al, 1995; Chapple et al, 1994). Dose reduction methods have been usefully outlined
by Faulkner et al (1989). There 1s virtually no data in the public domain concerning dose to

neonates from fluoroscopy. Although such procedures are far more rare than plain
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radiography, the higher dose associated with them means that assessment of such doses is an

important area of study.

3.2.6 Conclusions from literature review

Altogether, the amount of paediatric dose data collected is small compared to that existing

for the adult population, and there are difficulties in comparing data from different centres.
Even when centres have used the same age divisions, the range of patient sizes within the

band, and the relatively small numbers of dose assessments made usually preclude meaningful

compartson. For the same reason, development of reference doses for paediatrics has also

been slow and difficult to apply.

3.3 Automation of dose survey

As shown above, many of the problems encountered in paediatric dosimetry may be eased
by increasing the number of dose assessments made, as this improves the statistical analysis
of the data. However, the practical problems associated with this have to be addressed. Even
if only twenty dose measurements are to be made for each age group and examination type,
and the survey is limited to five common procedures, this will still necessitate five hundred
measurements in one room. If data is to be recorded on paper, this will result in time
consuming work for the radiographic staff and the ensuing analysis will require laborious

entry of data into a suitable software package. This 1s likely to produce a number of data

transfer errors, and makes routine surveys unfeasible. The collection of a large quantity of
paediatric dose information, on a routine basis, is thus facilitated by the automation of dose

survey techniques. One important advantage of this approach is that data is collected in a

uniform manner.

3.3.1 Design of survey

The priority in designing the dosimetry data collection system was its acceptibility to
radiographic staff. This was important in order to be able to implement the initiative on a

routine basis. For this reason, development was carried out with the close cooperation of a

number of radiographers. This allowed practical problems to be addressed at an early stage.
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It also enabled the system to meet the needs of the individual X-ray departments, for instance
providing an instant dose indicator for each patient, in addition to the requirements of the
physicists wishing to analyze the data. The other requirements of the system were that 1t
record all information pertaining to full analysis of the data, and that the data be easily

exported for analysis.

The data collection system was designed for use in a regional survey of doses from
fluoroscopic procedures, monitored with DAP meters. The automation was carried out by
using computers to collect, store and analyse the dosimetric data. DAP meters were installed
in X-ray rooms at hospitals throughout the north of England. Each DAP meter was connected
to a laptop computer, on which data could be collected and stored. Data was then transferred
at regular intervals to a central computer database for analysis. The data collected consisted
of dose area product for the examination, read directly from the DAP meter, and data input
by the radiographer, consisting of the following:

patient name
sex
age
height
weight
examination type
radiologist
screening time
kVp
number of radiographs
number of 100mm/DSI films

The only hardware requirements for running the software were
. any PC or laptop, 386 or above

. serial communication link to DAP meter
. floppy disk drive
minimum disk space | MByte
The connections between DAP meter control box, ionisation chamber and the computer were

wired by technologists from the electronics department and, in most cases, this was a

straightforward operation using existing cable trunking.
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3.3.2 Data collection software

The data collection software was written in BORLAND PASCAL and the impact on the
radiographer minimised by using a series of prompts and menus, via a simple in-house
graphical user interface. Height and weight information could be entered in either metric or
imperial units, and age either directly or indirectly as a date of birth from which age was
calculated. The software was configurable for each department, in that the most frequently
used radiologist names and examination types were stored in a customised menu. An option
was developed whereby most of the patient information could be entered prior to the session.
On arrival of each patient this previously entered data could be retrieved, leaving only height
and weight to be entered. This minimised the time spent at the computer between patients,
and ensured that the performance of the examination was not compromised by the data
collection. The software was designed to reset the DAP meter automatically and take a
reading from it when the end of the examination had been signalled by a keystroke. The
examination details and any comments pertaining to it were then entered. Screening time, as
recorded on the X-ray console, was entered manually via a user prompt, as screening times
read from the DAP meter were found to be inaccurate for intermittent fluoroscopy.
Calibration factors for the DAP meter were stored in a department specific data file and
applied to the DAP readings. The total calibrated DAP value for each examination was

displayed at the end of the procedure. All data recorded during an examination was appended

in an ASCII format file, stored on the hard drive.

The data collection system has been in use for over three years in over twenty X-ray

departments. Removable disks are sent to each department at three monthly intervals in order

to transfer data to the central computer in the Medical Physics department. This procedure

1s normally carried out by a designated radiographer at each site. This central computer is

used to store and analyse the data. Reports are produced for each department detailing the

DAP values for the quarter according to examination type and radiologist, as agreed between

Medical Physics and the local department.
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3.3.3 Impact of automated system

The system was designed for routine use in a busy X-ray department by staff who were not
necessarily familiar with the use of computers. After initial training and familiarisation, it was
generally found to be straight-forward and easy to use. A designated member of staff at each
site was given additional training to deal with any minor problems, update the list of
radiologists as required, and download and return the data on receipt of the disk. The
automated approach has financial implications in that a PC or laptop computer is required in

addition to the DAP meter used for the dose measurements. The sum involved, however is
small compared to the costs of installing a new X-ray facility. The automated system enables

continuous collection of dosimetry data for all patients undergoing fluoroscopic examination

in a room where it 1s installed.

3.4 Size correction

The importance of accounting for variations in patient size when analysing paediatric dose
data has already been stressed in the earlier sections of this chapter. The objectives of any
approach dealing with this issue are:

to enable comparisons of data between centres

» to enable the determination and application of reference dose levels for paediatrics

. to enable an assessment of radiation risk to be made for any specific patient.

The first two of these points essentially relate to removing the size component from actual

dose measurements to obtain ‘typical’ values, and the last point relates to including a size
component in the extrapolation of ‘typical’ dose/risk factors to a particular patient, who may
be of a different size. The ways in which size affects dose, and some of the work previously
carried out in this area are discussed below. The derivation of a technique for routinely

correcting data for patient size is then described, and an analysis carried out of its effect on

sample dose data.

3.4.1 Affect of patient size on dose

The size of a patient affects the radiation dose received in a2 number of ways. The chief of

these is the increase in technique factors required for a larger patient. In addition to this, a
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greater proportion of beam energy will be absorbed than for a smaller patient and a larger

field size may be required. Several authors have addressed the question of patient size
(Maillie et al, 1981; Lindskoug, 1992; Martin et al, 1995; Wraith et al, 1996; Almen et al,
1995), including the problems in determining an individual patient’s dose (Maillie et al,
1981) and the assessment of ‘typical’ data for a given set of patients (Lindskoug, 1992).
Recommendations have been made that exposure-area product measurements be interpreted
in terms of the beam quality used for the examination (Maillie et al, 1981). The issue of

organ dose data for a continuous range of phantom sizes has also tackled in a number of
ways. These include an algorithm for determining organ position according to age and sex

for paediatrics, using growth curves (Francois et al, 1988), and the use of voxel phantoms
for studying the variation of paediatric organ doses with patient diameter (Veit and Zankl,
1993). The latter work showed that organ doses increased with patient diameter, especially
for organs on the beam entrance side of the patient, as might be expected. Organ dose data
has recently become available for a defined range of paediatric sizes, examinations and beam
qualities (Hart et al, 1996). This covers a much wider range of applications than previously
available (Rosenstein et al, 1979), but no guidance is given on extrapolating between sizes.
Dose data in the form of DAP or ESD measurements have been plotted as functions of
quantities such as age (Kyriou et al, 1996) and weight (Karlsson et al, 1994; Wraith et al,
1995) but the reported correlation is variable, with the correlation between DAP and age

reported as mainly affected by use of a grid for the older patients (Kyriou et al, 1996). DAP
1s reported as being proportional to neonatal weight in one study (Wraith et al, 1995), but

no correlation was observed in another study involving a wider range of ages (Karlsson et

al, 1994).

To facilitate the comparison and checking of radiation dose estimates, the ICRP (1975)

defined the concept of ‘Reference Man’ as a well defined reference individual for estimation

of radiation dose in health physics. This concept was then adapted by Lindskoug (1992) in
his work on dose data reduction. He introduced the parameter equivalent cylindrical diameter,
which is derived from a person’s height and weight, by assuming them to be a cylinder with

the density of water (1 g cm™), as illustrated in Figure 3.1, and equating density to mass
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divided by volume. Height and weight are measured in cm and g respectively to give the

correct form of the equation.

Hcm

Figure 3.1 : Body Equivalent Cylinder

Equivalent diameter d, = 2,| L4 (3.1)
wH

This parameter equivalent diameter was used in preference to quantities such as weight or
body thickness as the outer dimension of the trunk does not include any information about
density and the weight takes no account of body shape. The formula described above takes

some account of both body shape and composition. Additionally, for fluoroscopic

examinations, multiple projections are normally used so that a single body thickness

measurement would not be appropriate. The total energy imparted during an examination was
shown to correlate well with equivalent cylindrical diameter of the patient (Lindskoug, 1991),
and the equivalent diameter of Reference Man was used to standardize the data using a
simple coordinate transform. Lindskoug also showed that the energy imparted to children
during trunk examinations increased logarithmically with equivalent diameter, in a similar

manner to that for adults. He used this to derive appropriate exposure parameters for
paediatric examinations, according to the height and weight of the patients. Martin et al
(1994) have also investigated the relationship between dosimetric quantities and equivalent
cylindrical diameter for children, and showed good correlation of entrance dose with this

parameter for simple radiographic examinations. For complex examinations, energy imparted

showed some correlation with equivalent cylindrical diameter for barium meal examinations,
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but not for cystogram examinations. This was explained by the large amount of scatter in
dose-area product due to differences in individual examinations, and also a general decrease
in screening time with age for the latter examination which compensated for increasing size.
For the radiographic exposures, simple exponential correction factors were derived from
retrospective analysis of the data to enable comparisons to be made between children of

different ages.

3.4.2 Isolation of size dependence

The work described above illustrates the usefulness of the concept of equivalent cylindrical
diameter, and its potential for enabling comparison between dose data for individual patients,
including children. The methods previously used, however, require retrospective analysis of
an existing data set, and isolation of the size dependence is difficult due to the many other
criteria affecting variation in dose, such as complexity of the examination and the technique
used. An independent method of determining dose variation due to patient size would be

more generally applicable.

Separation of the size dependent component of dose variability may be made by considering
how dose at the exit side of a phantom may be expressed as a function of the dose at the
entrance side. Both point dose and DAP will be considered as the dose quantity of interest.
A pictorial representation is given in Figure 3.2, where d 1s the soft tissue thickness and FSD

the focus skin distance. D and D' represent the dose quantity of interest.
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Figure 3.2 : Parameters used in derivation of equations

The attenuation through the phantom may most simply be expressed by

DI = D e'l-lm‘! (3.2)

where p.. is the effective attenuation coefficient for the phantom. This would then give

In D =p,d+In D (3.3)

ie a simple exponential relationship between dose and size, which is an intuitive

approximation, and has been validated and used in previous work (Martin et al, 1994).

However, equation 3.2 neglects several effects, which should be mentioned. These may be

summarized as follows:

When applying equation 3.2 to point doses, a term should be included to allow for

the reduction in D’due to the inverse square law effect. This would give

D! = p g tad __FSD? (3.4)
(FSD + d)z

and
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FSD

This additional factor is automatically included when using DAP as the dose quantity

of interest, as the change in area includes the inverse square effect.

. Equation 3.2 only strictly applies to narrow beam conditions ie when the effect of

scatter is neglected. An additional factor B is required in the expression to account
for the increase in D' arising from photons scattered inside the phantom. B is a
complex variable and will depend on the beam energy, beam area, phantom thickness

d and the distance between phantom and image receptor. Inclusion of this factor in

the expression for variation of DAP would give

In DAP = p,d+In D' -In B (3.6)

e The above analysis assumes that examinattons are carried out under conditions of
equal dose at the exit of the phantom whereas, in fact, the correct criteria would be
equal film density or intensifier light output. Each of these will depend on the energy

absorption in the image receptor which will vary to some extent with the energy of
the beam entering it. This in turn will depend on the original beam quality and the
phantom thickness.
An exact evaluation of the interdependence of these parameters is beyond the scope of this
work, but it should be noted that as the phantom thickness increases the generating potential

will also be increased, leading to a decrease in p g and an increase in B.

As a first approximation, the simple exponential form of the equation can be applied to DAP

measurements on patients to give

In DAP = kd, + ¢ (3.7)

where d, is the effective equivalent diameter, k a scaling factor and c is a size independant

term. From this one may derive that the dose-area product equivalent to a standard sized

patient is given by
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DAP,, = DAP,

It mncas

(3.8)
e X0etmesy

where meas refers to measured values and ref those for a standard sized patient. From this,

one may define a size correction factor

F = oMrn = emeny 3.9)

deen) 1S the equivalent diameter of the reference size patient to which data is being corrected,

and d .., Is the equivalent diameter of the patient.

e(meas

3.4.3 Experimental determination of equation parameters

The factor k, which is equivalent to the effective attenuation coefficient through the phantom,
can be determined experimentally. This was done by carrying out fluoroscopic exposures of
different thicknesses of tissue equivalent phantom material (RMI, Wisconsin, USA) under
automatic exposure control. Dose-area product values, normalised to 1 minute screening time,
were recorded for each thickness. The field size was kept constant so that the observed
changes in DAP were due solely to the changes in exposure factors, as determined by the

automatic exposure control (AEC) device required for imaging different phantom thicknesses.
A plot of In DAP against phantom thickness yielded a straight line graph, the gradient of

which was the factor k. Figure 3.3 shows such plots for a number of X-ray sets around the
region. Values of k ranged from 0.13 to 0.18 cm™ (median 0.14 cm™) for the different rooms
in which measurements were made, all with correlation coefficients greater than 0.997. For

the purposes of the regionwide survey, a single value of 0.14 was selected for ease of

calculations. Individually determined values of k could be used for each X-ray set for greater

accuracy.
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Figure 3.3 : Determination of & for five different x-ray sets

Several points should be made about the form of this graph. Firstly, the curves all exhibit
excellent linear regression fits to the data. Although this conforms well to the simplified
theory, it is not the behaviour expected as the AEC devices increase tube voltage with
increasing phantom thickness, and this should reduce the effective attenuation coefficient and
hence the slope of the graph. This would result in a flattening of the curves as phantom

thickness increases. Although the magnitude of the effect may be small, and partially

compensated for by the other effects described, it 1s suprising that such linearity is obtained.

The similarity of the slopes of the curves indicates that the effective attenuation coefficient
over the range of thicknesses used is fairly invariant between the sets investigated. This might
be expected if similar kV values are selected by the AEC devices, as tube filtration does not
vary much between the rooms. The shift between the curves relative to the y-axis of the

graphs is related to the different AEC settings for the brightness required (different values

of D'in equation 3.2).

It can be seen from this analysis that the scaling factor is essentially a property of the AEC

device on the set, which determines the kV and mA combination used, along with the tube
filtration. When exposures are being performed under manual control the analysis will still

be valid, if it is assumed that the radiographer selects technique factors in a similar manner
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to the AEC. If the factors selected are very different (for instance the same factors for both

a 6 year old and a twelve year old) the effect of the patient size will deviate from that

deduced above.

3.4.4 Application to paediatric dosimetry data

This method of size correction may easily be applied to paediatric dose data, by using age
bands for grouping the data. A standard height and weight 1s defined for each age band, as
given in Table 3.2. These data are taken from that used for the CRISTY anthropomorphic

paediatric phantoms (Cristy, 1980). The resultant equivalent diameter, in each case, is used
in equation 3.9 for correcting the dose-area products of all children in that age band. The
Cristy model is widely accepted and has been used in many applications (Hart et al, 1996).
The heights and weights given in Table 3.2 agree closely with those found from child growth
charts based on United Kingdom cross-sectional reference data (Cole, 1994, Freeman et al,
1995, Chinn et al, 1996). This latter data is given in Table 3.3 in the form of centiles. The
centile values also give an idea of the spread in height/weight data for the different age-
groups, and are further evidence for the inappropriateness of using age bands for grouping
data. Any change to the reference size being used may be made by a simple substitution of

d.en 1n €quation 3.9.

Age Band Reference Age | Reference Reference Equivalent
Height (cm) Weight (kg) Diameter (cm)

neonate _ 51.5 351 93
infant 1 75.0 | 9.36 12.61
1-5 yrs 5 109.0 19.1 14.94
6-10 yrs 10 138.6 32.1 17.17
16 164.0 54.5 | 2057

Table 3.2 Reference Paediatric Sizes
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Age
2nd 50th 98th 2nd 50th 98th
centile centile centile centile centile centile
birth 46.5 50.5 54.5 2.6 3.3 4.3

yr 80.5 7.9 9.9 12.1
10L.0 | 109.3 118.0 14.7 18.5 24.1

10yrs | 126.0 138.5 151.5 23.3 33.0 48.0

16 yrs 154.0 163.8 181.8 43.3 60.0 82.8
R E

Table 3.3 : Height/weight data from local child growth charts

The correction factors derived in this way account for the effect of patient size on the
exposure factors required for the examination, but make no allowance for changes in field-
size, which will also affect DAP. However the size of internal organs, which govern the
required field size, are not as variable as the outer dimensions and composition of the trunk.
The relationship between organ size and d, will be complex and depend on age, the organ
concerned and, in some circumstances, any existing pathology. Although there will be

significant differences in field size between examinations of an infant and an adolescent,

within an age band field-size variations will be a relatively minor effect.

3.4.5 Analysis of the effect of size correction on data

To assess the use of the size correction factors that have been developed, the technique was
applied to DAP data from paediatric cystograms that were monitored as part of the dose
survey described earlier, to study its effect on the dispersion of the data. The unavoidable
problem in this approach is that for real data the variation arising from different patient sizes
may be masked by the other sources of variation in the data. One of these other sources of

variation was removed to some extent by dividing the DAP values by screening time. The

effect of the manipulation of the data is shown in Figures 3.4 and 3.5. These show the spread
of dose-area product data, normalised to unit screening time, for cystogram examinations for
two age bands both with and without size correction. Data for which height and weight
information is unavailable, or obviously entered incorrectly, has been omitted from the

analysis.
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The dispersion of the data is characterised in Tables 3.4 and 3.5. The former gives standard
deviation as a percentage of the mean DAP value and the latter gives the interquartile range,

defined as the difference between the upper and lower quartile values of the data.

Age Band | Stand. Dev. of DAP normalized to Unit Screening Time No in
_ sample
Uncorrected Data Size Corrected Data
| neonates 184% 167% 66
infants 173% | 155% 252
]
1-5 years 89% 89% 266
6-10 years | 66% 63% 173
11-16 years | 81% 7% 47

Table 3.4 Effect of size correction on DAP distribution (standard deviation)

Age Band | Interquartile range of DAP normalized to Unit Screening Time | No in

Uncorrected Data Size Corrected Data | sample
665 mGy cm® 506 mGy cm? 66
infants 513 " 492 " 252
1-5 years 755 " 734 " | 266
6-10 years 835 " 893 " 173 |
1816 ° 2296 " 47

Table 3.5: Effect of size correction on DAP distribution (interquartile range)

Standard deviation is a quantity that is most usefully used to describe a normal data
distribution, whereas patient dose data typically forms a positively skewed distribution with
a long, high dose, tail. It may, however, be defined numerically for any distribution and gives
an efficient measure of dispersion of the data, as all data points are used. It is particularly
useful in this context as the comparison is between the same data set before and after a
numerical transformation, rather than between two different data sets. The interquartile range

is not affected by outliers to the distribution, but gives the range of variability which is

sufficient to contain fifty percent of the population.
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Tables 3.4 and 3.5 show that for the 11-16 year age group the standard deviation of the data
is considerably reduced by application of size correction factors, though the interquartile
range increases. This is a relatively small data set compared to the other groups (47 patients)
with probably the greatest range of patient sizes. The extreme normalised DAP values are
mostly due to patients at each end of the size range, and these are taken closer to the centre
of the distribution during the size correction analysis. Variations throughout the mid-range
of DAP values will be influenced by technique differences as well as size. For the neonate
age group the reduction in interquartile range is more marked, with a smaller decrease in
standard deviation. Size variations within this group are smaller and less likely to be the
cause of extremes of DAP value. The middle age-groups demonstrate small reductions in
standard deviation after size correction and, apart from the 6-10 year group decrease in
interquartile range also. The older age group may have greater variability in clinical
indication. Overall, the technique can be seen to reduce variability in paediatric DAP data,

even for these samples which contain data from a number of different hospitals with

modification made only for screening time.

For interest, it is possible to correct data for the different reference ages to that for a
reference adult size (equivalent diameter 22.8 cm). The results of this are shown in Table 3.6
for barium meal and enema studies where for each age group the mean size corrected DAP,
as found in the study, is listed along with the same value corrected to reference adult size.
The mean adult doses for these examinations, for the same region are 9 and 21 Gy cm?
respectively. It can be seen that even with corrections made for patient size there are still
differences in DAP between the different age groups. The effect of variations in field-size
with age should produce a small increase of DAP with age, but other factors such as patient
compliance will also affect the results, and may be related to patient age. Compliance, for
example, is generally at its worse for the 1-5 year group, as the children are not small enough
to be easily held and not old enough to cooperate. The clinical reasons for performing an
examination and the type of diagnosis required may also vary for different age-groups, and
influence the dose given. All this is evidence that size correction should not be applied over

broader age groupings than those used currently. It also supports the view that children are

not just ‘small adults’ and cannot be treated as such for dosimetry purposes.
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DAP for Barium Meal (Gycm?) | DAP for Barium Enema (Gycm?)

ref. child size | ref. adult size | ref. child size ref. adult size

4.7 4.5 14.6
:

11-16 years 49 6.8

3.9 8.3 19.5

10.8

15.0

Table 3.6 : Paediatric DAP data with conversion to reference adult size

3.5 Survey results

The automated dose survey has been carried out for 3 years in hospitals around the north of
England. The data collected has been subdivided into agebands and the size correction factors

described above applied. A total of 3859 paediatric measurements had been collected at the

time of analysis. Large variations were observed between hospitals, as shown by Figure 3.6.
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Figure 3.6 : Dose variation between hospitals for infant cystograms

Mean size-corrected doses across the region for the different examinations are given in Tables

3.7 - 3.11. Each hospital is represented by a letter, with different numbers for each room in
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that hospital. One of the main factors influencing dose is the type of equipment in each room.
The majority of rooms have digital X-ray sets but rooms A2, E, G, J2, K2 and M1 have
older non-digital equipment and it is apparent that these give consistently higher doses,
throughout the range of ages and examination types. The other factors having a major impact
on dose are the screening time and the number of radiographs taken. Common practice at
most hospitals is to take a minimal number of radiographs, if any. Room Ol has fairly
consistently low doses. This room uses dedicated paediatric techniques, with low radiation

dosage an active priority. Full details of the technique factors and other data collected during

the survey are given in Appendix A.

For the neonatal examinations (Table 3.7), many of the higher doses are mirrored by higher
screening times, in particular for the cystograms in M1 and A2, barium swallows in M1, F1
and K2 and the barium enema in F1. The high dose for barium meals in room G is probably

related to the 13 radiographs taken. The majority of rooms use only a single radiograph or

none at all.

For infants (Table 3.8), the extremely low barium swallow dose at Q1 corresponds to a
minimal screening time (6 s). This may, in fact have been an incomplete examination. The

high dose at K1 for the same examination is also markedly due to the screening time.

In the 1-5 year old data (Table 3.9), the highest screening times for cystograms are found at
A2, F1, H, K2 and M1. These are also the rooms with the highest doses. A long screening
time is also found for barium swallows at K1. The extremely high barium meal dose at room
G is due to a combination of 8 radiographs, 10 spot films and a long screening time.
Similarly, the high enema doses at A2 and Q1 involved 4 and 2 radiographs respectively. The

low dose at N2 for barium meal and swallow corresponds to a short screening time.

For the 6-10 year old children (Table 3.10), room A2 gives by far the highest cystogram
dose, with a long screening time. The high dose enema examinations are all from rooms

utilising multiple radiographs. Screening time appears to be the main contributor to the

barium meal and swallow dose in A2.
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For the highest age group (Table 3.11), high doses are again linked to either screening time
(cystograms in A2 and M1, barium swallows in H and K1, barium follow through in K2) or

number of radiographs (10 for A2 enemas, 8 for G enemas, and 5 for L2 enemas).

It should be noted that much of the data presented, in all age groups consists of only a single
examination for a given room. Such data cannot be assumed to be representative of routine
practice. However, some trends may be indicated, as illustrated above and results from
different rooms combined to give local reference dose levels for the different examinations.

Third quartile values of dose area product have been produced in this way and are given in

Table 3.12 for the three most common examinations. Routine dosimetry results are reported

back to both radiologists and radiographic staff at each department to enable further
investigation of doses or potential changes in technique where appropriate. Potential for dose
reduction is indicated where results are consistently high. This may be achieved in some
cases by purchase of new equipment but also by review of technique, in particular in relation

to the use of radiographic films for diagnosis.

3.5 Summary of chapter

A review has been given of data published in the field of paediatric dosimetry, with particular
respect to the dosimetric techniques employed, the grouping of the data and the sample sizes.

The amount of data available is small compared to that for the adult population, particularly
for fluoroscopic examinations, and there are problems in comparing data and deriving
reference dose levels due to the large variability in patient size. Two techniques for

improving the collection of paediatric dose data have been presented: the automation of

survey techniques and a method of correcting for patient size. These techniques have been

applied to a region wide survey of paediatric doses, and the results of the survey have been

described.
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Hospital ID

A2

Cl
C2

ik

1

W'—-l

K2
L2

Ml
N1

N2

02
Pl
R

Mean Size Corrected Dose Area Product (nGy cm?) and (Number in Sample)

Cystogram | Ba Swal. | Ba Meal | Ba Enema | Ba
Fol.Thr.

1164 (9)
530 (2)
928 (3)
341 (2)
144 (1)
1042 (2)

251 (23)
118 (2)

1272 (2)
430 (86)

— >0

478 (5) | 4474 (5) 1469 (1)

Table 3.7 : Dose area product data for neonates
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Hospital ID

Mean Size Corrected Dose Area Product (mGy cm?) and (No in sample)

. Ba Meal Ba Enema | Ba
Meal& Swal
[ 464 1)

Cl 661 (8) | 763 (6) 1740 (5) 613 (2)
_ 466 4) | 874 (1) | 427 (1)

F1 496 (3) 708 9) | 22752) | 719 (3)

;
_ 1438 26) | 14937 (7) | 1494 (4)
187 9) | 798 2) 955 (1) 661 (1)

K1 1488 (3) 1495 (8)

z

L2 526 (203) | 918 (20) 878 (81) | 1156 (14) | 682 (43)

MI 1260 (5) | 3479 (11) | 2142(12) |3197(3) | 1710 (4)

N1 165 (4) 561 (1)

N2 500 (12) 345 (3)

“ 168(7) | 371(16) | 1712 | 268(3) |
193 (1) 184 (12)
e [ o [
o T Jwe-
[ Tmo [~

R 356 (12) 511 (4) 196(1) |

S 5029 (1)

Table 3.8 : Dose areca product data for infants



Hospital ID

>

1

Mean Size Corrected Dose Area Product (nGy cm?) and (No in Sample)

Cystogram

142 (1)

Ba Swal. | Ba Meal | Ba Enema | Ba
Fol. Thr.

N2
Ol

02
Pl

359 (1)
458 (5)
1162(11)
-

- 294 (1)

537 (8)
607 (25)
310 (26)
2047 (6)

1015(5)

3013 (3)
203 (1)

3056 (1)

21233 (1) |

Ba
Meal& Swal

3261 (1)
215 (3)

A2 1452 (2) | 1867 (1) | 1678 (4) | 24456 (1)

BI 043 (20) | 1357 3) | 1116 (7) 2749 (1)
118 (1) | 1256 (3) | 3235 (1) 2565 (1)
2107 (5) | 3500 3) | 2133 (1) | 2896 (3)

F2 | 371 (1)
_ 4838 (4) | 1863 3) | 1427(1) | 804 (1) | 3267 (4)

I 3175 (3) | 2132(17) | 4178 (6) | 1310(22) | 2401 (3)

J 698 (1) 6409 (1) | 1056 (1)

K1 4893 (1)

K2 1671 (19) | 1367 (7) | 4112 (1) 2024 (2)
1138(204) | 1733(32) | 1560(64) | 2707 (12) | 5102) | 1351 (49)
3723 (10) | 4814 (4) | 2447 (5) | 3151 (3)

215 (1)
2146 (3)

| 2449(13)

Table 3.9 : Dose Area Product data for 1-5 yr olds
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Hospital

Ba Swal. Ba Ba Ba
Enema Fol.Thr. | Meal&Swal
“ 1653 (3) | 2519 2) | 2105 (4)
_ 3193 (2) | 3318 (4) | 3242 (9)
o |wee |vre) | |
789 (1) | 1402 (1) | 123972) | 1271 (1)
_ 3779 (1) | 3168(13) | 4164 (4)
1483 (1) | 1472 (1) | 1358 (1)
986 (1) |
L2 1758(103) | 1389(14) | 2413(31) | 6088 (1) | 667 (2) | 2180 (14)
M1 | 2885(6) | 107733) | 5760 (1) | 14734(2) | | 5152 (1)
NI | s38(6) | 1625 (1)
1026 (13) | 4240 (7) | 1423(13) 434 (1)
ol 516 (15) 1439013) | 1559 () | 1168 ()
02 378 (16) 592 (6)

604 (7)

733 (1)

3130 (1)
722 (7)

5220 (1)

| 3157 (1)

Table 3.10 : Dose area product data for 6-10 yr olds
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Mean Size Corrected Dose Area Product and (No 1n Sample)

1393 (1)




Hospital
ID

Al

A2

I -+

Bl
B2

Cl
C2

Fl
G

H

I
J1
Kl
K2
L1
L2
Ml
N1

N2
Ol
02

Pl

Ql
R

Cystogram

20487 (2)
841 (1)

599 (1)
4234 (1)

3272 (3)

3476 (12)

8619 (1)
1655 (1)
4253 (46)
10332 (1)

243 (1)
1640 (1)
5071 (7)
5071 (7)

Examination Type

Ba Swal.

2833 (2)

2395 (1)
6381 (2)
4725 (1)

1568 (1)
6406 (6)
2772 (4)

6212 (3)
6506 (3)

3548(12)

759 (5)
1031 (2)
1088 (7)
5418 (7)

2246 (4)

4943 (3)
1716 (1)

3977 (2)

Ba Meal

2419 (1)

3786 (2)

8542 (3)
5204 (3)

| 12584(1)
1937 (2)

4554 (2)
7137(14)

5078 (1)
12314(1)

5167(36)
10644(1)

2930(11)
1508 (4)
1467 (4)
4750 (5)
6823 (4)

1701 (7)

3911 (2)

Ba

Enema

16070(1)

7560(5)
12956(2)

8446(4)

15828(7)

22289(1)

6252(2)
1574(3)
1235(1)
16174(3)

Ba

Fol.Thr.

149 (1)
1145 (1)

3273(11)

2163 (2)

3625(21)
8286 (1)

20043(1)

DR I S S R
6979 (3) | 3980 (16)
3230 (1)

3778 (2)
5053 (4)
1457 (4)

4455 (4)

4623 (3)

Table 3.11 : Dose area product data for 11-16 yr olds
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Ba
Meal& Swal

2146 (1)

m

2215 (1)

— ]
2045 (1)

——-lll__---p*

2294 (1)

8917 (2)
5871 (2)

24126 (2)

6626 (3)

1806 (2)
359 (3)

6198 (1)

———e ]

2081 (1)




Dose Area Product (mGy cm?)

Age Band _ _
Cystogram Barium Meal Barium Swallow

4312 10821 1190.6

672.6 15613 1713.7

2073.5 2443.6
6-10 years 2043.8 3290.0 -

Table 3.12 : Third quartile dose area product values for frequent examinations
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Chapter 4
Optimisation of Dose and Image Quality

4.1 Introduction

One of the fundamental problems in diagnostic radiology is the conflicting requirements for
good 1mage quality and low patient dose. Optimisation, in this respect, is the process of
balancing the different technique factors for a given examination in order to achieve

maximum patient benefit je a successful diagnosis with minimal radiation dose. The

principles governing this process and the techniques used are reviewed here. The specific use

of beam filtration as an optimisation technique is discussed in depth, followed by a

description of the optimisation strategy to be used in this work.

4.2 Principles and techniques of optimisation

To achieve good image quality, the photon energies in the X-ray beam must be such as to
maximise the differential absorption between the various body tissues that are being
examined - usually bone and soft tissue, or soft tissue and an artificially introduced contrast
medium such as barium or 1odine. This differential absorption generally decreases with
increasing photon energy and thus a lower generating tube voltage (kV) is beneficial to
contrast, and hence image quality. However, to minimise the radiation dose to the patient
requires a reduction in the number of photons absorbed. As low energy photons are
preferentially absorbed, this is achieved by increasing the mean photon energy of the X-ray
spectrum by increasing the tube potential. This results in a favouring of high tube potential
on the grounds of dose. The product of tube current and exposure time (mAs) must be

selected in order to achieve an acceptable film density and dose increases with mAs.

An X-ray beam contains a spectrum of energies from zero up to the generating tube
potential. The relative proportions of photons of different energies is often referred to as the

‘shape’ of the X-ray beam, and this will depend on the tube potential used and the X-ray
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absorption characteristics of any media through which the beam has passed. The use of a

beam filter, usually aluminium (Al), removes the lowest energy photons from the beam,
which are absorbed in the patient and contribute to dose but little to image formation. The

current regulatory requirement for diagnostic X-ray sets is for a minimum total filtration
equivalent to 2.5 mm Al - including both the inherent filtration of the tube housing and light
beam diaphragm and any additional filtration. The European guidelines on quality criteria
for diagnostic radiographic images in paediatrics (Kohn ef al, 1996) recommend additional
filtration of up to Imm Al plus 0.1-0.2 mm Cu, in addition to inherent filtration of 2.0 mm

Al, although no scientific evidence is referenced to support this recommendation.

In practice, the selection of all the relevant technique parameters is usually carried out
according to individual department protocol, with reference to prescribed guidelines such as
those documented by the European Commission for both adults and children (EUR 16260
and EUR 16261, 1996). The problems in selecting technique factors are compounded when
radiographing children, due to the wide variations in size, and also the need to minimise
exposure time to limit the, often inevitable, patient movement. For paediatrics, the type of
radiographic equipment used plays a crucial role in the optimisation process. Some
generators are not capable of producing the short exposure times needed, and an undesirable
drop in generating tube potential may be required to prevent overexposure of the film.
Ideally all paediatric radiography would be carried out on powerful machines producing a
radiation waveform that is almost rectangular, with minimal ripple. This is because, for short
paediatric exposures, any pre and post peak voltage times are likely to be a significant
proportion of the total exposure time, and thus have a noticeable effect on the mean beam
energy for the exposure. Automatic exposure control devices, unless specifically designed

for paediatric use, are often inappropriate for X-raying children due to thetr inability to

compensate for varying body sizes and proportions. This is due to the large size and fixed
position of the ionisation chambers used in the devices. Ideally, a small mobile detector 1s
required, that can be positioned with regard to the area of interest. Unfortunately, financial
constraints result in many X-ray departments being unable to use dedicated paediatric

equipment, or upgrade equipment to the recommended specification.
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A full discussion of the different principles associated with good imaging performance is
given in the European guidelines on quality criteria for diagnostic raditographic images in
paediatrics (EUR 16261). This document aims to produce a list of quality criteria that
characterise the level of acceptability of normal basic radioéraphs which could address any
clinical indication. The influence of patient age, and functional differences between adults
and children - such as heart rate, ability to control inspiration efc - are recognised. The
general principles, such as use of low attenuation materials in table-tops and cassettes and
the importance of accurate positioning, beam limitation and shielding, are outlined clearly
and apply to all paediatric radiography. Examples of good radiographic technique are then
given for different radiographic examinations, along with diagnostic requirements for image
criteria and patient dose criteria. Although comprehensive, the recommended techniques are
stated to have ‘evolved from the results of European trials’ rather than having any firm
scientific basis. The image criteria specify important anatomical structures that should be
visible on a radiograph to aid accurate diagnosis and three degrees of visibility are defined
and used. Although some of the criteria specified reflect the performance of the imaging
system and the technique factors employed, others reflect the positioning and compliance of
the patient. The latter group are not descriptive of 1mage quality in the usual sense of the
word, and would be better considered separately. The selection of image criteria for a given

examination are those deemed necessary to produce an image of standard quality, and are

intended to ensure that pathological details are not missed. Although it is stated that lower
levels of image quality may be acceptible for certain clinical indications, this is not discussed
at length and this is a definite weakness in the document. Discussion with a small number

of paediatric radiographers revealed that the quality criteria were felt to be rather too general

for their use to be readily applicable. The criteria used for radiation dose to the patient is the
reference entrance surface dose for the examination. These values are derived from results
of a European trial, but values given are for a five year old patient only, which limits their
usefulness. It should also be noted that the dosimetric results are based on only a single
measurement for each examination category at each hospital involved in the trial, and for
several examination types no data is presented at all. The dose criteria are thus virtually

unusable for most applications.
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The optimisation of image quality and patient exposure in paediatric diagnostic imaging has
also been discussed by Fendel et al (1989). This paper defines radiological effective quality
as a function of the product of effective (ie that needed and not more than that needed)
information and the reciprocal of patient dose. This parameter thus increases with increasing
information content and with decreasing dose, both of which are desirable features. The
results of a survey at 35 institutions are presented, comparing dose and image quality
coeffictent - defined in terms of optical density, resolution and low image contrast - for

different paediatric examinations. Results are analysed in terms of technique factors and

equipment used. Although use of such a coefficient simplifies comparisons between centres
and procedures, the image quality parameters used take no consideration of the level of
image quality required for an examination and thus do not represent the ‘effective
information’ described earlier. There is no justification for combining the different
parameters in any specific format to give an ‘optimised’ result, and presentation of data in

such a way may not accurately reflect the true situation.

A number of optimised techniques have been proposed for specific examinations, where the
degree of image quality required can be specified more exactly. Joseph et al (1976)
described a technique utilising selective filtration, high kilovoltage and fine focal spot
magnification for the study of upper airway obstruction in infants and small children. The
filter used comprised tin, copper and aluminium and effectively increased the air contrast

with respect to the bone contrast. A high kilovoltage filtered beam technique has also been
proposed for demonstrating bronchial situs in children (Furlonger, 1982). This also utilises
a copper/tin filter, inserted into the collimator, and is reported to reduce patient exposure in

addition to providing satisfactory images without repeat exposures.

Further advances in optimisation of patient dose and image quality are unlikely unless
consideration is taken of the particular requirements of different X-ray examinations, in
terms of diagnostic endpoint, image quality and any specific dose concerns, eg if one
particular radiosensitive organ is being irradiated. The required end point of any examination

needs to be well defined, especially when image quality need not be improved beyond a

52



certain level. Once the required information content is reached, improving the quality of the
image will only increase the detriment to the patient in terms of radiation dose. A second
important consideration is that variations in technique and their influence on both patient

dose and image quality need to be assessed on a scientific basis, rather than from an ad hoc
or historically based approach. Assumptions made in the past, particularly concerning the
capabilities of equipment, should always be justified in the light of current knowledge and
technology. Finally, any recommendations or suggestions for optimisation must always take

into consideration the practicalities of their application. Even a well designed, scientifically

based optimisation strategy with proven benefits will fail if implementation 1s not feasible

in the majority of departments.

4.3 Choice of quantities to be optimised

4.3.1 Dose descriptors

A full discussion of the different quantities used to describe patient dose has already been
given in Chapter 2. The computer simulations presented in this work use values of both
entrance surface dose and total energy imparted to compare the dose effectiveness of
different techniques. These quantities are straightforward to model, allow comparison with
the work of others and, together, give a reliable indication of the dosimetric effects of
irradiations performed using different techniques. The dose quantities measured during
experimental work were chosen to mirror these as far as possible, and consisted of entrance

surface dose, mid-body dose and individual organ doses.

4.3.2 Image quality descriptors

The quality of an image may be assessed in many different ways, and is a complex subject

as it is affected not only by characteristics of the image but also the viewer’s visual response
system. Image quality indexes describing physical performance of a system include contrast,
unsharpness and noise, and each of these may be specified and measured by a number of
means. The effect of the observer may be included by physical and physiological assessment
of images. Subjective quality criteria, such as those recommended by the CEC (1996) may

also be used. The choice of image quality parameter to be used in a comparative study is
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influenced chiefly by the techniques under investigation and their effect, but also by the ease

of measurement or calculation of the parameter in a reproducible fashion.

In film-screen radiography, radiographic contrast is defined as the difference in optical

density between two adjacent areas of film
Croiiog = Dy - D,

This 1s dependant on both the inherent contrast of the film as described by «, the gradient

of the characteristic curve, and the radiation or primary contrast. Radiation contrast has been

defined in a number of ways, most commonly in terms of photon contrast or kerma contrast
N, - N,

K -
Cphotan - T A Ckem:a - 1_I<_2_
N, K,

where N, and N, are the photon fluences through the contrast area and the background
respectively and K, and K, are the air kerma values due to the photon fluences N, and N,.
Other variables that give a measure of the signal may also be used in this definition and the
appropriate choice will depend on the situation to which it is being applied. As an image
receptor responds proportionally to the energy imparted to it, one variable which is
particularly useful is the energy absorbed in the receptor, per unit area, behind (E,) and

outside (E,) the region of interest.

This parameter has been used by others as a measure of contrast (Koedooder, 1985;
Sandborg, 1989) and also in derivation of signal to noise ratios (Sandborg et al, 1989). The
energy absorption contrast thus includes detector response and is related to air kerma contrast

through the absorption coefficients of the screen phosphor, which will depend on the energy

spectra of the beam.

Radiation contrast may be related to radiographic contrast through the phosphor and film
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responses. The relationship between the speed of a screen/film system and the energy
absorption in the screen has been investigated by a number of authors. Venema (1976)
showed that the speed of seven rare earth screens, relative to that of calcium tungstate
screens, has the same energy dependence as did their relative X-ray absorption. Vyborny et
al (1977) demonstrated that the effects of the screen phosphor absorption edge on system
speed are of great importance in determining the overall response, while the effect of the
film is negligible by comparison. The same authors later investigated six typical systems and

concluded that their speeds act in a manner similar to that which would be predicted if only

the energy absorption properties of their screens were considered, except for energies below
30 keV where the screen conversion efficiency drops and, to a small extent, around the K
absorption edge of non calcium tungstate screens (Vyborny et al, 1980; Vyborny, 1977) also
showed that radiographic contrasts in film-screen systems can be predicted using a single
characteristic curve for a particular system, with photographic density expressed as a function
of X-ray energy absorbed in the screens rather than of relative exposure. This sensitometric

relationship between absorbed X-ray energy and film density was verified by Chan and Doi
(1983).

Radiation contrast is very much affected by the energy of the X-ray beam, as it
fundamentally relies on the difference in attenuation coefficients between the tissue or
medium of interest and the surrounding area. It also depends on the thickness of the contrast
region. Photon, kerma or absorbed energy contrasts may all be fairly easily determined from
a Monte Carlo simulation, and radiographic contrast may be derived from measurements of
film density. Different definitions of contrast would be expected to give different numerical
results for the same irradiation conditions, but comparative measurements to illustrate the
effect of a change in parameter should give broadly similar results. Radiation contrast
defined in terms of energy absorption in the phosphor will give the closest approximation

to radiographic contrast.

Unsharpness of a radiological image may be geometric unsharpness, arising from the focal

spot of the X-ray tube, movement unsharpness, or unsharpness arising from the image
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receptor. None of these are directly affected by the technique factor selected or energy of
the beam, although a longer exposure time may increase the likelihood of patient movement,
especially for paediatrics. Image unsharpness is often described in terms of the modulation
transfer function (MTF), a concept based on Fourier analysis. This may be explained simply
by considering that at any stage in the imaging process all information may be expressed in
terms of a spectrum of spatial frequencies. For an exact image, all frequencies would have

to be reproduced with one hundred percent efficiency. However, each separate component
of the imaging chain will modify this spatial frequency spectrum by the component’s MTF.

An MTF of 1 results in precise transmission of that frequency and, in general, the MTF
decreases with increasing spatial frequency as the high frequency information in an image
(fine detail) is more likely to be degraded. The MTF of the entire system is given by the
product of the individual component MTFs. MTF is generally used to describe the imaging
characteristics of a chain of system components itself, and is dependant on the equipment
used and not by changes in beam spectrum. Image unsharpness may be assessed in practice

by measuring the resolution obtainable from a system, using a suitable test object.

Noise can degrade an image irrespective of its contrast and resolution. Noise may arise from

statistical fluctuations in the number of X-ray photons detected per unit area - known as
quantum noise - or from the receptor itself - radiographic noise. Noise can be expressed in
terms of its Wiener spectrum or as a signal to noise ratio. The Wiener spectrum is obtained
by taking the Fourier transform of the noise and plotting its square against frequency, to give
the power spectrum. It will contain information on all components of noise and its
measurement 1s complex. The signal to noise ratio (SNR) may be defined according to the
theory of Rose (1948), in which an observer is thought to compare a signal with a region

of background equivalent in area to the object. From this, the SNR may be given by

(N, - Nyat
(Nat) 12

SNR =

where a is the area of the object, t the integration time of the image receptor and N, and N,

the photon fluences through and beside the object. It may be seen from this that SNR is
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closely related to photon contrast. If two images of an object have the same contrast, they
will only differ in SNR if the number of photons reaching the detector per unit area 1s
significantly different. In practice, noise is usually only a limiting factor for image detection
when very fast intensifying screens are used, radiographs are enlarged, or in digital radiology
over a small area. For the same image receptor and display system, noise will only be
affected by the number of photons reaching the receptor. Under conditions of equal

background film density, in a comparative study such as this, the noise variation should be
small; and ratios of SNR are unlikely to yield any more information than ratios of contrast,

as defined earlier. Calculations of SNR will only be of use in an optimisation study if the
parameters being varied have an effect on the image noise eg when comparing different

types of equipment.

For the simulations presented here, energy absorption contrast was selected as the image
quality parameter to be optimised against dose since, of all the parameters, contrast will be

affected most by changes in the input energy spectrum, which 1s the major variable in the
study. Energy absorption contrast in the detector was used in preference to other contrast

definitions as it takes account of phosphor response, is easily calculated using Monte Carlo

techniques and, for film-screen radiography, can be related to the radiographic contrast
observed on the film. For the experimental work, radiographic contrasts were derived from

measurements of film density behind and beside the area of reduced transmission.

4.4 Beam filters

X-ray beam filters are used to change the shape of the energy spectrum emitted from the

tube in order to improve performance. This occurs as all materials will selectively attenuate
different photon energies. The way in which they do this will depend on the atomic number
of the filter material. Low atomic materials, such as carbon, may be classed as general
attenuators, with the most uniform attenuation across a beam spectrum. This occurs as their
chief mode of attenuation is by Compton scattering which is independant of photon energy.
As atomic number increases, photo-electric absorption becomes the dominant feature over

the diagnostic energy range. When this occurs, the absorption coefficient will decrease with
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increasing photon energy, except when an absorption edge occurs in the energy range of
interest, when the absorption coefficient increases sharply. When such a K-edge is not

present, and photo-electric absorption is dominant the material acts as a high-energy pass

filter, removing chiefly low energy photons from the beam. Materials with atomic number

ranging from 25 to 35 fulfil these criteria most effectively. For materials with slightly lower
atomic number, such as aluminium both photo-electric absorption and Compton scattering
are present, making them less efficient high energy pass filters. When a K-edge occurs
within the emitted spectrum the material acts as a bandpass filter, selectively removing both
low energy photons and those with energies above the K-edge of the filter material. It has
been proposed that such filters can both reduce patient dose and maintain or improve image
contrast. To illustrate the characteristics of the different filter types, Figure 4.1 shows how
the reciprocal of the mass attenuation coefficient varies with energy for carbon (Z = 6),
aluminium (Z = 13), copper (Z = 29) and erbium (Z = 68). Plotting the reciprocal of u

means the graphs give an illustration of the transmission of the filters.
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Figure 4.1 : Reciprocal of mass attenuation coefficient plotted as a function of
energy for (i) carbon; (ii) aluminium; (iii) copper; (iv) erbium
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4.4.1 Previous work

Many authors have addressed the issue of filtration in diagnostic radiology, but there is still

no consensus of opinion on the suitability of K-edge filters for dose reduction. This 1is
mainly due to the wide range of both methodology and endpoint employed in the various

studies. The methodologies used may generally be classified as theoretical, often utilising

computer programming to °‘rank’ filters according to defined performance criteria;

experimental where laboratory measurements are carried out with phantoms to determine

how parameters change according to beam filtration; or clinical where a filter 1s installed in
an X-ray room and its effect on patient dose and image quality assessed. Each of these three

techniques has its merits and drawbacks, and these are discussed below.

Early work on the use of K-edge filtration was based on the intuitive premise that the beam
shaping properties of such band pass filters would be beneficial to X-ray imaging (Atkins
et al, 1970; Villigran et al, 1978; Fleay et al, 1980). The filters studied were selected on the
basis of a subjective consideration of the spectra obtainable and the absorption
characterisitics of the contrast media. While this is a reasonable starting point, it results in
a fairly arbitrary choice as the K-edge energy does not vary rapidly for elements of similar
atomic number, and the reason for selecting one over its neighbours is unclear. The

experimental measurements made were limited in nature as only a small range of parameters

was investigated in each case. The quantity used to assess dose reduction, in all the above
work, was entrance exposure which gives a poor indication of risk to the patient. In addition,
the parameter used to assess image contrast has not always been clearly defined (Atkins et
al, 1970; Fleay et al, 1980). The recommended filters were gadolinium (Atkins et al, 1970)

and holmium (Villigran et al, 1978) for iodine studies and erbium or samarium for paediatric

examinations (Fleay et al, 1980).

A number of clinical trials of specific filters have been carried out including the use of
gadolinium in paediatric radiology (Johnson and Burgess, 1981), the use of yttrium (Wang
et al, 1984) and several evaluations of erbium filters (Wesenberg et al, 1987; Levett, 1990;

Cranage et al, 1992). Each of these demonstrated dose reduction with acceptable contrast.

99



The results of such trials are important as they involve results from actual patients who
should always be the end point of any optimisation study. The subjective assessment of
image quality also takes account of the fact that the most significant criteria in such a

comparison is whether or not the resultant images are of acceptable diagnostic quality.
However, a number of points must be made about the limitations of such purely clinical
trials:

. All the above papers refer only to reduction in entrance skin exposure and include

no assessment of any absorbed dose quantity, which would almost certainly be

affected far less by the introduction of extra filtration.

. As only one filter is assessed in each case, there is no reason to suppose that use of
a different filter might not achieve equally good, or improved, results.

The results obtained strictly only apply to the conditions involved 1n the trial. Use

of the filter under other conditions (patient thicknesses, tube potentials, examination

types etc) may not give comparable results.

Two main types of theoretical assessment of filtration have been carried out. The first of

these is a consideration of the spectra themselves, and methods for comparing or matching
spectra passing through different filter materials (Shrimpton et al, 1988; Jennings, 1988;
Carrier and Béique, 1992; Nickloff et al, 1993). A theoretical study of the influence of
filtration and tube potential on dose (Shrimpton et al, 1988) concluded that the best dose
reduction could be achieved using a high kV technique and that effective dose was affected
much less than entrance dose by additional filtration. The concept of precise spectral
matching for different filter materials has been explored theoretically (Jennings, 1988;
Nickloff, 1993) with similar spectra obtained for different filter materials, depending on their
thicknesses. Relative efficiencies (ie transmissions) of the different filters were then used to
compare their performance and that for aluminium (the most usual filter material) was shown

to be low. An alternative comparison of filters, matching those that gave the same ratio of
entrance exposure to energy absorbed in the detector, demonstrated similar results (Carrier
and Béique, 1992). However, it was not possible to achieve spectral matching for K edge

filter materials, and unpredictable behaviour was observed regarding efficiency, contrast and
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dose for such filters (Carrter and B€ique, 1992), illustrating that the presence of a K-edge

discontinuity cannot be easily fitted into a simple theoretical model.

The second type of theoretical study appearing in the literature is the comprehensive

computer based investigation, which aims to cover a wide range of filter materials and
irradiation conditions, in order to determine the advantages, if any, of one type of material
over another (Koedooder and Venema, 1985; Gagne et al, 1992; Sandborg, 1994). These
were carried out using computer models incorporating attenuation through a phantom,
absorption in an image receptor and calculation of dose and image quality parameters. The
conclusions of the studies are similar in that beam hardening filters, such as copper, are
reported to be at least as good as, if not better, than K-edge filters in most circumstances.
The advantage of these studies lies mainly in the large number of parameter variations that
are covered, but a number of flaws may be i1dentified:

. In order to make absolute comparisons of different filter materials, the studies have
all incorporated constraints to the system under investigation. Equal energy
absorption in the energy receptor (or background density on a film) was a universal

requirement, and most have enforced equal contrast (Koedooder and Venema, 1986;

Gagne et al, 1993) and some equal tube load (Sandborg et al, 1994). Although such

methodology does allow an absolute ranking of filters it is not necessarily a

reflection of clinical practice. Clinical use of a filter would certainly require that the
images obtained were still approximately the same background density, and that
images were still of diagnostic quality, but equal 1s not always the most relevant
term for an X-ray reporting room. The complexity of spectral behaviour - influenced
by filter, kV, patient tissues and thicknesses efc - means that slight fluctuations in

one parameter, eg contrast, might be accompanied by relatively large changes in

another parameter eg dose. Constraining system parameters may thus result in some
interesting effects being missed, or poor understanding of the underlying behaviour.
»  Although many filter types have been studied, and a number of image receptors and
contrast media, fewer data are available for paediatric than for adult thicknesses even

although that which has been presented shows more potential for the use of K-edge
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filtration (Gagne et al, 1993).

»  Experimental verification of the theoretically determined results is, in general, sparse
and insufficiently detailed (Koedooder et al, 1985), and for some studies no such
verification has been carried out at all (Gagne, 1993). There has also generally been

no extrapolation to the clinical environment.

A smaller number of purely experimental studies have been carried out (Regano and Sutton,
1992; Heggie, 1992; Hansson et al, 1997). The first of these used heavy metal salt solutions

as filters with bone/soft tissue contrast, and took the approach of matching a range of
phantom thicknesses and tube potentials to a given filter, from a consideration of the K-edge.
The results give some insight into the effect of the K-edge and tube potential on the different
parameters, but the method of calculating absorbed energy contains large uncertainties.
Heggie (1992) studied the use of a number of filters in Automatic Brightness Controlled
(ABC) Fluoroscopy and Digital Subtraction Angiography (DSA), using phantoms and test
objects. The results are highly dependent on the operation of the ABC algorithm. The study
reported by Hansson et al (1997) contains high quality data but again is for one highly
specific examination, with only one filter tested. It is also worth noting that the examination

in question (double contrast enemas) is not one that is performed on paediatrics in this

region.

To summarise, those authors who advocate the use of K-edge filtration have in general
focussed on the dose reductions achievable, and assessed the associated effect on contrast
subjectively, often looking only for ‘acceptable’ contrast. In many cases only the impact on
entrance dose has been assessed. This is a serious flaw as it has been shown to be very

different to the impact on integral dose, which is the more important quantity. Direct

comparison with beam hardening filters, such as copper, have not usually been made. Those
who reject the superiority of K-edge filters over more conventional materials have usually

done so on the basis of a more theoretical study in which various constraints are put on the

system, such as equal contrast or tube loading. Although this may seem to be a logical way

forward, in practice the concept of ‘acceptable’ contrast may be more in keeping with the
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principles of dose limitation than that of ‘equal’ contrast. More importantly, tube loading
will now often not be a major factor to be taken into consideration, particularly for paediatric
examinations where exposures are small. A filter that may be appropriate for a particular
examination, and perhaps a particular range of patient sizes, may not necessarily be
appropriate for general use. Optimisation of beam spectra should ideally be applied on an
examination and patient specific basis. This then raises the important consideration of the
practicality of using a given filter, if it is not suitable for permanent installation on a piece

of equipment.

4.5 Methodology for optimisation study

4.5.1 Aims

Three stages were identified in the development of an optimisation strategy:

(1) A theoretical analysis of the behaviour of a wide range of filters with variation of

different parameters, and interpretation of the results.
(2) Experimental verification of the theoretical results, and assessment of the influence
of practical and clinical constraints.

(3) Clinical implementation of results
The theoretical analysis was necessary in order to carry out as complete a study as possible,
and to avoid prejudicing results by artificially constraining the system eg by forcing equality
of tube load or contrast. Experimental validation was essential not only to ensure that the
results were correct, but also so that practical considerations could be accounted for. The
clinical implementation, and assessment, of an optimised technique had to be the final

objective of any such study, as the increased benefit to the patient is the motivation for

performing it.

The specific aims of the theoretical study, which was carried out using Monte Carlo
techniques as described in the next chapter, may be listed as follows:-

. For each simulation, to calculate both the entrance surface dose and the total energy

imparted to the patient, plus the absorbed energy contrast and total absorbed energy

in the screen.
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. To study a wide range of filter materials and thicknesses, in order to explore the
characteristics of different filter materials without imposing numerous constraints.

. To consider a number of different contrast scenarios, eg bone in soft tissue;
barium/iodine in soft tissue; lung in soft tissue.

. To use a simulation geometry that could be reproduced experimentally, in order to

verify the results.

. To carry out simulations for a range of paediatric patient sizes.

The reasoning behind the choice of dose and image descriptors has been discussed above.
It could be expected that optimal beam spectra might depend crucially on the patient

thickness and also on the tissues and contrast media being imaged, so the effect of these
factors needed to be studied as far as possible. As neonates comprise the extreme of the size

range - differing the most from adults, for whom the majority of filtration work has been
carried out - this age group was the focus of the initial set of simulations. The criteria of

experimental reproducibility was essential in order to validate the Monte Carlo results

obtained.

4.5.2 Geometry

The geometry used for the simulation is shown in Figure 4.2.
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Figure 4.2 : Geometry for Simulation

An X-ray beam is incident normally on a thin filter, with the patient phantom a fixed
distance beyond. The phantom is represented by a defined thickness of uniform tissue,
containing a small disc of contrasting material at its centre. Below the patient is an optional

thickness of table top (which is not required when simulating irradiation of an infant lying
directly on a film cassette) followed by the image receptor, which may be an intensifying

screen, as used with film, or a phosphor used directly in fluoroscopy. The incident spectrum

is prefiltered with aluminium, and produces a circular field of variable size.

4.5.3 Range of variables to be tested

The filter materials included in the computer study are listed in Table 4.1 together with the
range of thicknesses used. The choice of filter thickness was made initially from study of

previous work, using a range of thicknesses similar to those recommended by others. For

most materials, this meant multiples of 0.05 mm thicknesses, although filters of samarium
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and tin have commonly been used in smaller thicknesses (Jangland and Axelsson, 1990;

Gagne et al, 1994) Early results were then used to assess where extension of the range of
simulations would be useful, leading to simulations incorporating slightly greater thicknesses
of tin and samarium and intermediate thicknesses of both copper and dysprosium, to give

more closely spaced data points for these graphs on subsequent analysis.

Filter Material Thicknesses (mm)

Aluminium 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0
Dysprosium ' 0.050, 0.075, 0.100, 0.125, 0.150, 0.175, 0.200, 0.225,
Erbium 0.250
Copper 0.05, 0.10, 0.15, 0.20
Gadolinium 0.050, 0.075, 0.100, 0.125, 0.150, 0.175, 0.200
Holmium 0.05, 0.10, 0.15, 0.20
Samarium 0.05, 0.10, 0.15
Tin 0.04, 0.05, 0.08, 0.10, 0.15, 0.20
Terbium 0.04, 0.05, 0.10, 0.15
Ytterbium 0.05, 0.10, 0.15, 0.20, 0.25
0.05, 0.10, 0.15, 0.20

Table 4.1 : Filters used in simulation

The thickness of tissue being irradiated could be varied to represent patients of different
ages. Initially all simulations were carried out for 5 cm tissue, to represent a neonate. This
thickness is less than that of a ‘standard’ newborn, as the babies receiving most radiographic
examination are those born prematurely, as they tend to have a range of clinical problems.
The chosen thickness thus corresponds to a typical patient size in a special care baby unit.
Consideration was later given to how the techniques might be applied to other age groups.
Appropriate tube voltages were selected for the study. For the neonates, the reference voltage
was 60 kV and simulations were carried out at 55, 60 and 70 kV to investigate the effect
of varying tube voltage. When considering thicker phantoms, the reference voltage was
70 kV. The reference voltages were determined from routine practices in the department

where the clinical trial was carried out.
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The composition of the irradiated tissue was either soft tissue or lung, with contrasting inset
of bone, lung, iodine or barium, enabling a range of radiographic conditions to be simulated.
The tissue compositions were taken from White et al (1977) who describes a number of
epoxy resin systems for use in constructing simple phantoms. He showed that the
composition of a child may be simulated by the same resin as for an adult. The materials
used chosen for use here were MS20 was for soft tissue, LN10 for lung, and SBS for bone.

The relative compositions and densities of these materials are given in Table 4.2. The
method by which these materials were incorporated into the Monte Carlo simulation are

described in Chapter 5, and blocks of the material were obtained for the experimental

measurements.

Material Name Composition (% by weight of each element) Density
---- (g o)

Y NN
LN10 (lung) 8.4 173 | 112 | 0.1 -m 0.288
P E T BN ETN I

Table 4.2 : Tissue equivalent materials used in simulation

Compositions were obtained of a number of commercially available intensifying screens, but
the majority of work was carried out for two screens - Agfa Gevaert Curix Ortho Regular
screens (Gd,0,S, phosphor thickness 60 mg cm™) and Agfa Gevaert MR200 screens (LaOBr,
phosphor thickness 43 mg cm™) - and for a Csl fluoroscopic phosphor. ;l"he majority of rare

earth screens contain either gadolinium or lanthanum, and the screens simulated correspond

to those available for experimental work and that used locally. The appropriate thickness of
phosphor to be used in the simulation was determined from the mass thickness and the

density of the material.

4.6 Summary of chapter

This chapter has presented a discussion on the general principles and techniques of
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optimisation in diagnostic radiology, with particular reference to paediatrics. A summary of
different image quality parameters has been given, along with an explanation of the choice
of both dose and image quality descriptors used for this work. The subject of beam filtration

in relation to the optimisation of dose with image quality has been explored in depth and the

published work in this area reviewed. In particular, the merits and drawbacks of the different
types of optimisation studies performed have been outlined. Finally, the strategy employed

for the optimisation study carried out in this work has been described.
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Chapter S
Development and testing of Monte Carlo

Code

5.1 Introduction

The theoretical investigation of the effect of beam filtration on paediatric dose optimisation
was carried out using Monte Carlo techniques. This chapter contains a general description

of these techniques and details of the specific code, EGS4, used for the simulations.
Modifications made to the code for the purpose of this work, and the development of the

user-written interface are also described, along with full details of the input parameters and
the format of the results obtained. A discussion of the variance reduction techniques

employed and the accuracy of the code are included at the end of the chapter. A complete

listing of the usercode that was written to run the simulations is given in Appendix B.

S.2 Monte Carlo techniques

Monte Carlo techniques are so named because they use the laws of chance to carry out

sampling of an event, or sequence of events. Monte Carlo techniques of radiation transport,
in particular, comprise the simulation of the random trajectories of individual particles. This
is carried out using machine-generated random numbers to sample from the probability

distributions governing the physical processes involved. A single particle history thus

comprises the simulation of the movement and interactions of that particle and all particles
arising from it until they have all either left the regions of interest or their energy has
dropped below a cut-off value. The number of histories simulated affects both the statistical

significance of the results and the execution time of the code.

Monte Carlo techniques of radiation transport have been in use for over forty years, and

many codes have been developed, including the EGS4 (Electron Gamma Shower) code

69



(Nelson et al, 1985). The initial use of such code was confined to the realms of high energy
physics, but applications in the field of medical physics were found and the code has been
extended and improved to allow simulation of low energy interactions. Another code that
was available was the ETRAN code, (Berger and Seltzer, 1968). This code treats low energy
processes in greater detail than the earlier versions of EGS4, as it was originally designed
for the energy regime below a few MeV whereas EGS was originally a high-energy physics

code, designed for energies up to the GeV range. Thus, ETRAN includes treatment of

fluorescence, sampling of the angular distribution of photoelectrons and the use of the Elwert

correction factor to modify bremsstrahlung cross-sections. It does not, however, include
coherent scattering which is an option in the EGS4 code. Other effects accounted for in
ETRAN are the atomic binding effect on atomic electrons, and energy loss straggling. The
chief disadvantage of ETRAN is its lack of flexibility. It is designed as complete codes,
allowing the user to select one of a wide variety of geometries and elect a variety of outputs
in each region. While this makes the code easy to use, it restricts the user’s options and

ability to extract information. The code has not generally been in widespread use, but was

used extensively in testing EGS4. The remaining code of note that has been in general use
is the MCNP code (Thompson, 1979) which consists of continuous-energy coupled neutron-

photon transport, with an arbitrary configuration of materials using generalised geometry.

5.2.1 Use of Monte Carlo techniques in medical physics

Over the last twenty years there has been an increasing use of Monte Carlo techniques in the

field of medical physics, mainly in the fields of nuclear medicine, radiotherapy, diagnostic
radiology and radiation protection. A full review of this work has been given by Andreo

(1991). Microscopic Monte Carlo techniques have also been used in the study of electron

microscopy, radiation track structure and microdosimetry.

In the field of diagnostic radiology, the energy response of detectors used in the
measurement of X-ray spectra has been investigated by Chen et al (1980), and Yamaguchi
(1983) has investigated the influence of a tungsten absorption edge filter on X-ray spectra.

Several authors have studied scatter fractions and scatter to primary ratios, using
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monoenergetic photon pencil beams on a parallelpiped or slab water phantom (Neitzel ez al,
1985), and Chan and Doi (1984) looked at the spatial distribution of energy deposition from
pencil beams in water slabs. Monte Carlo techniques have been used extensively by
Sandborg, Persliden and their colleagues for a number of diagnostic radiology problems,
including studies of grid performance (Sandborg et al, 1994), performance of contrast agents
(Sandborg et al, 1995), calculation o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>